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1,2,3,4-Dibenzylidene-D-sorbitol

By Joun K. WoLFg, RayMonDp M. HANN aND C. S. HuDsON

In 1890 Meunier! reported that two dibenzyli-
dene-p-sorbitols could be obtained by the con-
densing action of strong mineral acids on a mixture
of benzaldehyde and sirupy D-sorbitol. One of
these diacetals was a colorless powder (m. p.
162°) which was insoluble even in boiling water;
the second one was soluble in boiling water and
deposited from the cooled aqueous solution in the
form of a gel, which could be dried to a powder
melting at 200°. The present communication
outlines the experimental procedures necessary
to obtain the latter compound in pure condition
and describes the reactions which lead to the
definitive conclusion that its structure is that of
1,2,3,4-dibenzylidene-p-sorbitol. Under the ex-
perimental conditions which were employed, we
did not encounter the compound reported as
melting at 162°.

Initial efforts to obtain a dibenzylidene-D-
sorbitol by condensation of fwo molecular equiva-
lents of benzaldehyde with one equivalent of
p-sorbitol through the influence of various con-
centrations of hydrochloric acid yielded a mixture
of tribenzylidene-n-sorbitol and a gel which
could not be readily separated into its compo-
nents. However, when only one equivalent of
benzaldehyde was employed and the condensing
agent was 4 N hydrochloric acid, no formation of
tribenzylidene-sorbitol was observed and the
resulting condensate contained a small amount of
the 2,4-monobenzylidene-p-sorbitol described by

(1) Meunier, Ann. chim. phys., [6] 22, 412 (1891).

Vargha,? together with a second product which
could be converted in high yield (88%) to a crys-
talline dibenzoyl-dibenzylidene-p-sorbitol. This
pure recrystallized dibenzoate, upon debenzoyla-
tion in chloroform solution with sodium methyl-
ate, yielded a gel which could be dried to a crypto-
crystalline powder analyzing correctly for a di-
benzylidene-hexitol and showing a melting point
of 219-221° (cor.) and a specific rotation [«]2°D
of 4+21.6° in pyridine. A second portion of the
crude dibenzylidene-D-sorbitol was converted to a
crystalline diacetyl-dibenzylidene-p-sorbitol, and
the latter compound, upon deacetylation, re-
generated dibenzylidene-p-sorbitol agreeing in
melting point and rotation with that obtained
from the dibenzoate. The diacetal that was
obtained from the crystalline diacetate was in
turn converted in high yield (95%) to dibenzoyl-
dibenzylidene-p-sorbitol which was identical with
the dibenzoate previously mentioned. These
interconversions leave no doubt that the dibenzyl-
idene-D-sorbitol of m. p. 219-221° is a single chemi-
cal entity and not a mixture of isomers. The
problem of establishing its structure was first
studied through its reaction with lead tetraacetate
in glacial acetic acid solution. It was observed
that one molecular equivalent of lead tetraacetate
was reduced in three hours and that an addi-
tional four molecular equivalents were slowly con-
sumed over a period of twelve days; these results
suggested that a glycol group was oxidized in the
(2) Vargha, Ber., 68, 23, 1337 (1935).
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initial stage of the reaction and that the primary
oxidation products were then slowly attacked
by the reagents and further oxidized. A second
oxidation was therefore interrupted at the end of
four hours, and the oxidation products isolated
at once; they proved to be formaldehyde and an
aldehydo-dibenzylidene-pentose (isolated as a
crystalline methyl hemiacetal). These results
limited the structure of the dibenzylidene-D-sor-
bitol to 1,2,3,4-dibenzylidene-p-sorbitol or 3,4,5,6-
dibenzylidene-p-sorbitol. Decision between these
two structures depended upon whether the alde-
hydo-dibenzylidene-pentose was aldehydo-2,3,4,5-
dibenzylidene-L-xylose or aldehydo-2,3,4,5-diben-
zylidene-p-arabinose. ~The methyl hemiacetal
was therefore subjected to acid hydrolysis; the
resulting pentose sugar proved to be L-xylose as
shown by its melting point, final rotation and
mutarotation rate; the L-xylose was further char-
acterized by conversion to its phenylosazone and
phenylosazone triacetate, which were found to be
enantiomorphs of the corresponding derivatives
of D-xylose. The identity of the pentose with
L-xylose is a definite proof that the aldehydo-
dibenzylidene-pentose, obtained by oxidation of
dibenzylidene-p-sorbitol, is aldehydo-2,3,4,5-di-
benzylidene-L-xylose and this fact limits the struc-
ture of the dibenzylidene-hexitol to that of 1,2,3,4-
dibenzylidene-p-sorbitol.  Supporting evidence
for this structure was obtained by the observation
that dibenzylidene-p-sorbitol, upon reaction with
two equivalents of triphenylmethyl chloride under
mild conditions, yielded a mono-trityl derivative,
a result which indicated that a single primary
hydroxyl group was present in the diacetal. At-
tention has previously?® been directed to the diffi-
culty of assigning a definitive structural and
stereochemical formula to a dibenzylidene-hexitol.
Although Vargha? has demonstrated that mono-
benzylidene-p-sorbitol is 2,4-monobenzylidene-p-
sorbitol, we have not succeeded in condensing it
with further amounts of benzaldehyde to yield
the dibenzylidene-p-sorbitol melting at 219-221°
(cor.), and it is possible at the present time, there-
fore, to designate the latter compound only as
1,2,3,4-dibenzylidene-p-sorbitol.

‘We express our appreciation to Dr. A. T. Ness
for performing the microchemical analyses and
to Dr. C. P. Saylor, of the National Bureau of
Standards, for assistance in the microscopic ex-
amination of 1,2,3,4-dibenzylidene-p-sorbitol,

(3) Haskins, Hann and Hudson, THIS JOURNAL, 64, 138 (1942).
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which showed the substance to be cryptoerystal-
line.
Experimental

5,6-Dibenzoyl-1,2,3,4-dibenzylidene-p-sorbitol.—To a
solution of 10.0 g. of crystalline p-sorbitol in a mixture of 10
cc. of water and 5 cc. of concentrated hydrochloric acid, 5
cc. of benzaldehyde (1.1 molecular equivalents) was added;
the reaction mixture, upon agitation at room temperature,
formed a homogeneous solution which set to a gel after one
hour. The next day the mass was broken into small
pieces, transferred to a Biichner funnel, washed succes-
sively with water and ether, and dried; the dry powder was
pulverized and leached with 100 cc. of boiling water and the
undissolved solid was separated by filtration and dried to
constant weight. The yield was 7.1 g. (709 based on the
benzaldehyde used). The substance was dissolved in 35
cc. of pyridine and after addition of 15 cc. of benzoyl chlo-
ride the mixture was allowed to stand overnight at room
temperature; the next day 200 g. of ice was added and the
gummy precipitate of dibenzoate which formed, crystal-
lized slowly. The compound deposited from its solution in
10 parts of alcohol in the form of long silky needles, which
melted at 195-196 ° (cor.) and exhibited a specific rotation*
of —41.5° (¢, 0.69) in chloroform.

Anal. Caled. for CsaH30s: C, 72.06; H, 5.34; CgH;-
CO0, 37.1. Found: C,72.14; H, 5.28; C:H;CO, 36.4.

1,2,3,4-Dibenzylidene-p-sorbitol.—A solution of 91.0 g.
of 5,6-dibenzoyl-1,2,3,4-dibenzylidene-p-sorbitol in 700 cc.
of chloroform was cooled in ice and 50 cc. of 0.1 N
sodium methylate in methanol solution was added. After
eighteen hours the gel which had formed was dried 7n
vacuo at 65° to remove the chloroform and methyl ben-
zoate, and the residual powder was washed with water and
dried. The yield was 57.0 g. (99%). The compound
melted at 219-221° (cor.) and showed a specific rotation of
+21.6° (¢, 1.04) in pyridine. The substance was soluble
in warm ethyl alcohol, methyl alcohol, acetone, and acetic
acid, but the solutions on cooling deposited gels. The
homogeneity of the material was demonstrated, however,
by repeated solution and recovery from 65 parts of alcohol;
the material recovered after three such treatments, agreed
in melting point and rotation with the original sample and
also with 1,2,3,4-dibenzylidene-p-sorbitol obtained by the
deacetylation of the crystalline 5,6-diacetyl-1,2,3,4-di-
benzylidene-p-sorbitol that is described in the following
paragraph.

Examination of the substance under the petrographic
microscope by Dr. C. P. Saylor of the National Bureau of
Standards revealed that little or no birefringence was de-
tectable in mounts prepared with aqueous media, presum-
ably because of extensive scattering of light by dust of the
compound covering the surface of the crystals. However,
mounts in liquids of higher refractive index (methyl
phthalate, aniline) allowed observation of the high bire-
fringence characteristic of the compound. Since there
were complex changes of optical crystallographic direction
within the crystal units, the compound may be designated
as cryptocrystalline,

—(4) All of the crystalline compounds described in the experimental
part were recrystallized to comstant melting point and specific

rotation, [«]2D; cis the concentration in grams in 100 cc. of solution;
the tube length was 4 dm.



July, 1942

Anal. Calcd. for ConzzOs:
C, 67.08; H, 6.23. .

5,6-Diacetyl-1,2,3,4-dibenzylidene-p-sorbitol.— A solu-
tion of 2.0 g, of 1,2,3,4-dibenzylidene-p-sorbitol (obtained
by debenzoylation of 5,6-dibenzoyl-1,2,3,4-p-sorbitol) in a
mixtire of 5 cc. of pyridine and 5 ce. of acetic anhydride
was heated on the steam-bath for one hour and then cooled
and poured upon crushed ice. The yield of 2.35 g. (95%)
of diacetate was recrystallized from 15 parts of acetone and
it deposited in prisms which melted at 202-205° (cor.) and
rotated 4+4.1° (¢, 0.95) in chloroform. Upon deacetyla-
tiou with sodium methylate, 1,2,3,4-dibenzylidene-p-
sorbitol, agreeing in rotation and melting point with the
compound prepared from the dibenzoate, was obtained in a
939 yield.

Anal. Caled. for CyHy0s5: C, 65.15; H, 5.92; CHj;-
CO0,19.4. Found: C,65.25; H, 5.94; CH;CO, 19.2.

5,6-Dibenzoyl-1,2,3,4-tetraacetyl-p-sorbitol.—A  solu-
tion of 1.25 g. of 5,6-dibenzoyl-1,2,3,4-dibenzylidene-n-
sorbitol in 50 cc. of an acid acetylating solution (prepared
by adding 1 cc. of concentrated sulfuric acid dropwise to
an ice-cold mixture of 35 cc. of acetic anhydride and 15 cc.
of acetic acid) was allowed to stand at 20° for twenty-four
hours. The reaction mixture was poured upon crushed ice
and the thick sirup which precipitated was washed several
times with water and dissolved in warm alcohol. As the
solution cooled it deposited 5,6-dibenzoyl-1,2,3,4-tetra-
acetyl-p-sorbitol (0.95 g., 73%) in the form of prisms.
After two recrystallizations from 6 parts of alcohol, the
substance melted at 96-97° (cor.) and showed a specific
rotation of +14.4° (¢, 0.48) in chloroform.

Amnal. Caled. for CouHOs: C, 60.21; H, 5.42; sapn.
titer, 10.7 cc. of 0.1 N alkali for 100 mg. Found: C,
60.34; H, 5.43; sapn. titer, 10.5 cc. of 0.1 N alkali for 100
mg.

5,6-Ditosyl-1,2,3,4-dibenzylidene-p-sorbitol.—Five grams
of 1,2,3,4-dibenzylidene-D-sorbitol was dissolved in 15 ce. of
absolute pyridine on the steam-bath and the solution was
then cooled to 0° to form a gel; to this gel an ice-cold solu-
tion of 6.0 g. of p-toluenesulfonyl chloride in 10 cc. of
pyridine was added and the reaction mixture was agitated
vigorously at 0° for three hours and then allowed to stand
at 15° for a further eighteen hours. The solution was then
poured over crushed ice and the precipitated ditosylate
(7.9 g., 849,) was recrystallized from a mixture of 10 parts
of alcohol and 4.5 parts of acetone. The compound crys-
tallized in cotton-like needles, which showed a specific
rotation of +1.2° (¢, 0.6) in acetone. The melting point
of the compound varied with the rate of heating; when the
bath was heated at a rate of 1° in three minutes, it melted
at 155-156°, at a rate of 2° in one minute the melting
point was 159-160° (cor.). When the tosylation was con-
ducted at a temperature higher than 15°, the mixture of
products which was obtained gave a strong Beilstein test
for halogen, indicating that some substitution of chlorine
had occurred.

Anal. Caled. for C34H3401052Z
Found: C,61.12; H, 5.29.

6-Trityl-1,2,3,4-dibenzylidene-p-sorbitol.—A solution of
2.0 g. of 1,2,3,4-dibenzylidene-D-sorbitol and 3.4 g. (2.2
molecular equivalents) of triphenylmethyl chloride in 15

C,67.04; H,6.19. Found:

C, 61.24; H, 5.14.

1,2,3,4-DIBENZYLIDENE-D-SORBITOL
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cc. of pyridine was allowed to stand at room temperature
for seventy-two hours. The mixture was poured into 100
cc. of ice water and the supernatant liquor, which contained
crystalline triphenylcarbinol, was decanted from the in-
soluble gummy trityl derivative. The latter material was
suspended in 50 cc. of cold alcohol and in the course of one
week it crystallized in a yield of 3.3 g. (96%). This prod-
uct was recrystallized twice from 10 parts of ethyl acetate
and formed elongated prisms which melted slowly over a
range of 110-115° (cor.) to a clear oil, then solidified in the
form of needles and remelted at 182-183° (cor.). This
behavior is exhibited only by material freshly crystallized
from ethyl acetate; after drying at 50° overnight, the
transition to the needle form is complete and only the
higher melting point is observed; apparently the sub-
stance is dimorphic. The needles gave a specific rotation
of +16.8° (¢, 0.6) in ethyl acetate.

Anal. Caled. for CsHs0;:
Found: C,76.54; H,6.01.

5-Acetyl-6-trityl-1,2,3,4-dibenzylidene-p-sorbitol.—This
compound was obtained in quantitative yield by the action
of acetic anhydride and pyridine on 6-trityl-1,2,3,4-di-
benzylidene-p-sorbitol. It deposited from its solution in
80 parts of alcohol in long needles which melted at 117-
119° (cor.) to a clear oil, then resolidified in the form of
plates and remelted at 186-187° (cor.). The lower melting
form showed no change on preservation at room tempera-
ture for several months. It exhibited specific rotations of
—41.8° (¢, 0.6) in ethyl acetate and —46.5° (¢, 0.4) in
chloroform.

Anal. Caled. for C4Hs07: C, 76.61; H, 596; CH;-
CO,6.58. Found: C,76.54; H,6.01; CH;CO, 6.25.

Lead Tetraacetate Oxidation of 1,2,3,4-Dibenzylidene-
p-sorbitol.—A sample of 0.1198 g. of 1,2,3,4-dibenzylidene-
p-sorbitol was dissolved in 20 cc. of glacial acetic acid, and
after the addition of 16.22 cc. of 0.0904 A lead tetraacetate
(2.2 molecular equivalents) in glacial acetic acid, the
volume was adjusted to 50 cc. with glacial acetic acid.
Analysis of 5-cc. aliquots at the expiration of fifteen and
thirty minutes, one, three and nineteen hours showed that
0.43, 0.63, 0.79, 0.97 and 1.15 molecular equivalents of
oxidant had been consumed. In a second experiment, 5.5
molecular equivalents of lead tetraacetate were added and
it was observed that 1.0 equivalent was reduced in a period
of three hours and a further 4.0 equivalents was reduced
very slowly over a period of twelve days. The rapid
reaction was due to the oxidation of the glycol grouping at
carbons five and six (see the following section) and the
slower one occurred presumably as a result of a slow
hydrolysis of the benzylidene groups and subsequent
oxidation of the hydrolysis products. The final consump-
tion of lead tetraacetate (5.0 molecular equivalents) agreed
with that expected for such a series of reactions.

Isolation of Aldehydo-2,3,4,5-dibenzylidene-L-xylose
Methyl Hemiacetal.—A suspension of 21.5 g. of 1,2,3,4-
dibenzylidene-p-sorbitol and 40 g. of pulverized lead tetra-
acetate (1.1 molecular equivalents) in 400 cc. of glacial
acetic acid was agitated vigorously for four hours with
occasional cooling to maintain the temperature below 25°;
the amorphous reaction product was separated by filtra-
tion, pulverized and dried over potassium hydroxide until
free of acetic acid. The product (21.2 g.), which was

C, 76.61; H, 5.96.
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sufficiently pure for synthetic operations, was dissolved in
a warm mixture of 100 cc. of methyl alcohol and 100 cc. of
chloroform and as the solution cooled it deposited the
methyl hemiacetal of aldehydo-2,3,4,5-dibenzylidene-L-
xylose in the form of needles. The compound, after re-
crystallization to constant rotation from 80 parts of a 1:1
mixture of methyl alcohol and chloroform, melted at 187—
188° (cor.) and exhibited a rotation of +40.4° (¢, 0.46) in
pyridine, The yield of hemiacetal was 15.0 g. (70%).

Anal. Calcd. for CoHOs: C, 67.03; H, 6.19; OCHs,
8.65. Found: C,67.05; H, 6.38; OCHj, 8.38.

Identification of Formaldehyde as an Oxidation Product.
—The acetic acid filtrate from the oxidation mixture was
refluxed while a gentle current of carbon dioxide was
passed through it; the gas was led through an efficient
condenser and into 100 cc. of ice-cold water. At the end of
six hours, an aliquot of the aqueous solution was tested
with dimethyl-dihydroresorcinol; the characteristic
formaldimethone which formed, melted at 189-190°
(cor.) and no depression of the melting point was observed
upon admixture with authentic formaldimethone.

Aldehydo-2,3,4,5-dibenzylidene-L-xylose.—A sample of
the methyl hemiacetal of aldehydo-2,3,4,5-dibenzylidene-
L-xylose was sublimed in a vacuum at 140-145° and the
sublimate, which was partially crystalline, was recrystal-
lized from 5 parts of dioxane. The compound was ob-
tained in the form of small needles which melted at 186—
187° (cor.) and showed a rotation of —33.4° (¢, 0.52) in
pyridine.

Anal. Caled. for CiHisO5: C, 69.93; H, 5.56.
Found: C, 69.84; H, 5.66.
Aldehydo-2,3,4,5-dibenzylidene-L-xylose =~ Oxime.—A

suspension of 1.0 g. of aldehydo-2,3,4,5-dibenzylidene-L-
xylose in a solution containing 25 cc. of methanol, 5 cc. of
water, 1.0 g. of hydroxylamine hydrochloride and 1.0 g. of
fused sodium acetate was refluxed for twenty minutes,
during which period complete solution occurred; the
crystalline product, which deposited as the solution cooled,
was recrystallized from 240 parts of alcohol and yielded
0.9 g. (869%) of oxime in the form of colorless needles which
melted with decomposition at 239-240° (cor.) and gave a
rotation of —108.9° (¢, 0.41) in pyridine.

Anal. Caled. for CyH;y)NO;: C, 66.85; H, 5.61; N,
4.10. Found: C,66.86; H, 5.57; N, 4.28.

L-Xylose from Aldehydo-2,3,4,5-dibenzylidene-L-xylose
Methyl Hemiacetal.—A suspension of 10.6 g..of 1,2,3,4-di-
benzylidene-L-xylose methyl hemiacetal in a mixture of
280 cc. of methyl alcohol, 15 cc. of water and 3 cc. of con-
centrated hydrochloric acid was refluxed for one hour; dur-
ing which time complete solution occurred and a strong
odor of benzaldehyde developed. The solution, following
the removal of the hydrochloric acid by silver carbonate in
the usual manner, was concentrated in vacuo to a sirup,
presumably a mixture of - and B-methyl-L-xylosides.
The sirup, which resisted crystallization, was dissolved in
100 cc. of 19, sulfuric acid and hydrolyzed for two hours
on the steam-bath. The acid was neutralized with barium
hydroxide and the neutral solution concentrated % vacuo
to a sirup, which deposited crystalline L-xylose upon treat-
ment with 3 cc. of glacial acetic acid. The yield was 1.7 g.
(40%). The pentose melted at 143-145° (cor.) and gave
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an extrapolated initial rotation of —92° and an equi-
librium value of —19.4° (¢, 0.88) in aqueous solution. Its
mutarotation rate at 20° was 20.2 X 1073, which agrees
with the known rate for p-xylose. Vargha? records a
melting point of 144 ° and initial and equilibrium rotations
of —79.3°and —18.6°, respectively, for the L-xylose which
he prepared by the lead tetraacetate oxidation of 2,4-
benzylidene-p-sorbitol. Isbell® reports an initial rotation
of +94.8° and an equilibrium rotation of +18.3° for a
4.49%, aqueous solution of p-xylose.

Anal. Caled. for C;Hy,005:  C,40.00; H, 6.71.
C, 39.86; H, 6.57.

p,L-Xylose.—A mixture of 100 mg. each of p-xylose and
L-xylose was dissolved in 2 cc. of warm methanol and di-
luted with 5 cc. of glacial acetic acid. The p,L-xylose (110
mg., 55%,) obtained was optically inactive in aqueous
solution and melted at 128-130° (cor.) in good agreement
with the value of 129-131° recorded by Fischer® for p,L-
xylose. :

Racemic Xylose Phenylosazone.—A mixture of 0.5 g. of
L-xylose, 1.5 cc. of phenylhydrazine, 1.0 cc. of acetic acid
and 5 cc. of water was heated on the steam-bath for one
hour. The vL-xylose phenylosazone (yield, 0.8 g.; 74%)
was recrystallized from aqueous acetone and obtained as
fine yellow needles melting at 161-163° (cor.). Reich-
stein, Griissner and Oppenauer? reported a melting point of
160-162° (cor.) for p-xylose phenylosazone. A mixture of
100 mg. each of p- and L-xylose phenylosazones was dis-
solved in 10 cc. of warm acetone; the precipitate (171 mg.;
85%), which formed on cooling the solution, was recrystal-
lized from 10 cc. of acetone and obtained as fine needles
which decomposed at 207 ° (cor.) and were devoid of optical
activity in pyridine solution. These properties are in sub-
stantial agreement with those reported by Fischer® for the
racemic xylose phenylosazone which he obtained from
D,L-xylose and also from the oxidation of xylitol.

Anal. Caled. for C17H2003N2: C, 6218, H, 6.14.
Found: C,62.30; H, 6.13.

L-Xylose Phenylosazone Triacetate.—This compound
was obtained in a yield of 0.672 g. (97%,) by acetylation of
L-xylose phenylosazone (0.5 g.) in a mixture of 3 cc. of
pyridine and 2 cc. of acetic anhydride. The substance was
recrystallized by solution in 12 parts of alcohol and the
gradual addition of 8 parts of water. It was obtained in
fine yellow needles which melted at 116-117° (cor.) and
rotated +44.3° (¢, 0.34) in chloroform. Percival and
Percival® reported a melting point of 116-117° and a
specific rotation [«]'®D of —46 ° for the p-form. Wefinda
melting point of 116-117° (cor.) and a specific rotation
[a]?D of —44.2° (¢, 0.47) for p-xylose phenylosazone tri-
acetate.

Racemic Xylose Phenylosazone Triacetate.—A mixture
of 100 mg. each of the p- and L-forms of xylose phenylos-
azone triacetate was dissolved in 2 cc. of warm alcohol;
upon addition of 1 cc. of water the racemate deposited from
the solution in the form of fine yellow needles. The yield
was 165 mg. (82%). The recrystallized compound was

(5) Isbell, J. Research Natl. Bur. Standards, 13, 515 (1934).

(6) Fischer, Ber., 27, 2488 (1894).

(7) Reichstein, Griissner and Oppenauer, Helyv. Chim. Acta, 16,
1024 (1933). R

(8) Percival and Percival, J. Chem. Soc., 1320 (1937).

Found:
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devoid of optical activity in chloroform solution; it melted
at 131-132° (cor.), which is much higher than the melting
point of its components, from which fact it is evident that
the crystalline substance is a true racemate.

Summary

D-Sorbitol, in solution with 4 N hydrochloric
acid and ome molecular equivalent of benzalde-
hyde, condenses to yield principally a cryptocrys-
talline dibenzylidene-p-sorbitol melting at 219-
221°. The latter substance, upon oxidation with
lead tetraacetate in glacial acetic acid, produces
formaldehyde and aldehydo-2,3,4,5-dibenzylidene-
L-xylose, which is conveniently isolated as a crys-
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talline methyl hemiacetal. This hemiacetal is
converted by acid hydrolysis to L-xylose, which
was isolated as the crystalline sugar and further
characterized by preparation of L-xylose phenyl-
osazone; the latter compound combines with
D-xylose phenylosazone to yield the long known
racemic xylose phenylosazone. Also, L-xylose
phenylosazone triacetate forms a true racemate
with D-xylose phenylosazone triacetate.

The work constitutes a definitive proof that
the structure of dibenzylidene-D-sorbitol is that
of 1,2,3,4-dibenzylidene-p-sorbitol.

BETHESDA, MD. REecCEIVED APRIL 10, 1942

[CONTRIBUTION FROM THE CHEMICAL LABORATORY, UNIVERSITY OF MISSOURI]

The Action of Alkali on Cyclohexenecarbonals!

By H. E. FRENCH AND D. M. GALLAGHER

Although the cyclohexenecarbonals possess al-
pha hydrogens, one might reasonably expect re-
actions like those of the aromatic series toward
alkaline reagents, because of the steric effect of the
large radical attached to the alpha carbon. In
order to test this supposition, we have investi-
gated the reactions with several 3-cyclohexene-
carbonals, particularly the 3,4,6-trimethyl de-
rivative. Concentrated aqueous solutions of so-
dium or potassium hydroxide acted on this alde-
hyde forming a tripolymer. Similar tripolymers
of cyclohexanecarbonal and of 3-cyclohexenecar-
bonal had previously been prepared by the action
of mineral acids.? Saturated aqueous solutions of
barium hydroxide gave very small yields of the
polymer, most of the aldehyde being recovered.
A cold 109, solution of potassium hydroxide in
methyl alcohol was also without action on the
aldehyde. At 70°, using a methyl alcohol-water
solution, reaction took place with the formation of
the corresponding acid and the alcohol. The acid
had previously been prepared from ethyl croton-
ate and 2,3-dimethylbutadiene.® The structure
of the alcohol was shown by its synthesis from the
aldehyde using aluminum ¢sopropoxide, and by
carbon and hydrogen analyses of the naphthyl
urethan.

(1) This work is part of the thesis material to be submitted by Mr.
Gallagher to the graduate faculty of the University of Missouri.

(2) Wallach, Ann., 847, 336 (1906); Zelinsky and Gutt, Ber., 40,
3051 (1907); Chayanov, J. Gen. Chem. (U.S.S.R.), 8, 460 (1938).

(8) Farmer and Pitkethly, J. Chem. Soc., 11 (1938).

Under similar conditions, 3,4-dimethyl-6-phen-
yl-3-cyclohexenecarbonal, 6-methyl-3-cyclohex-
enecarbonal, and 3-cyclohexenecarbonal were
found to give the Cannizzaro reaction. In allcases
the acids formed were known compounds* but the
alcohols had not previously been reported. These
were identified by their syntheses from the alde-
hydes using aluminum isopropoxide, and analyses
of their phenyl or naphthyl urethans. VYields of
the pure acids were of the order of 809,. Varying
amounts of polymerization products were ob-
tained if the temperature of reaction was much in
excess of 70°.

Freshly distilled 6-methyl-3-cyclohexenecar-
bonal gave but a trace of reaction in the usual re-
action time, while aldehyde used after long stand-
ing, or through which air had been bubbled,
readily entered into the reaction. This is in ac-
cord with the observation that peroxide is a cata-
lyst for the Cannizzaro reaction.?

Each of the aldehydes was dissolved in aqueous
methyl alcohol and heated to approximately 70°
with potassium hydroxide and formalin solution.
Diols, in yields of from 50 to 609, of the pure re-
distilled or recrystallized compounds, were ob-
tained in all cases. The formation of these com-
pounds presumably follows the course indicated
by the equation

(4) Fujisi, Horiuchi, and Takahashi, Ber., 69, 2102 (1936); Chay-
anov and Grishiu, Colloid J. (U. S. S. R.), 8, 461 (1937); Perkin,
J. Chem. Soc., 85, 416 (1904).

(5) Kharasch and Foy, THis JourNaL, 57, 1510 (1935).
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The molecular weight of 3,4,6-trimethyl-3-cyclo-
hexene-1,1-dicarbonol in camphor and in diox-
ane was found to be 184 and 183.5, respectively,
and in the Grignard machine was found to possess
two active hydrogens. Each of the diols com-
bined with two molecules of phenyl isocyanate to
yield crystalline urethans. The ring unsatura-
tion of the 3-cyclohiexene-1,1-dicarbonol was re-
duced, and on oxidation the known cyclohexane-
1,1-dioic acid was obtained.$

Experimental

The cyclohexenecarbonals were prepared by the Diels—
Alder condensation, and their properties corresponded to
those given in the literature for the pure compounds.

3,4,6-Trimethyl-3-cyclohexenecarbonal with Alkali.—
Twelve and one-half grams of the aldehyde was allowed to
stand for twenty-four hours at room temperature with a
solution of 20 g. of potassium hydroxide in 12.5 cc. of
water. An insoluble oil was then separated from the aque-
ous layer and washed with water. In the course of a
month this oily material partly solidified. The pasty mass
was filtered with suction and was washed with ethyl
alcohol. The white solid thus obtained was found to be
soluble in benzene and in acetone, and insoluble in ethyl
alcohol and in ether; white, powdery material from ace-
tone; m. p. 132-134°; molecular weight in henzene, 482;
molecular weight of the original aldehyde, 152; yield of
polymer, 2 g.

A solution containing 20 g. of the aldehyde in 20 cc. of
ether was shaken for forty-eight hours at room tempera-
ture with 20 cc. of a saturated solution of barium hydroxide
in water. Practically all of the aldehyde was recovered
from the ether solution as the bisulfite compound, together
with a trace of an oily material, presumably a polymer of
the aldehyde.

A solution of 10 g. of the aldehyde in 20 cc. of methyl
alcohol was shaken for three days at room temperature
with 10 cc. of a 109 solution of potassium hydroxide in
methyl alcohol. Eight and a half grams of the aldehyde
was recovered.

The Cannizzaro Reaction.—The following procedure is
typical for the Cannizzaro reactions using the wvarious
aldehydes. A solution of 9 g. of potassium hydroxide in
5.5 cc. of water was added rapidly to 8.5 g. of the aldehyde
in 11 cc. of methyl alcohol, with mechanical stirring at
65-75° for two hours. At temperatures much in excess of
75°, considerable polymerization occurred. Addition of
an equal volume of water caused the separation of a second
layer, which was extracted with ether. After drying, the

(6) Wightman, J. Chem. Soc., 2541 (1926).
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ether and methyl alcohol were removed on the water-bath.
Vacuum distillation of the residue gave the carbinols as
colorless liquids which readily formed urethans with «
naphthyl isocyanate. In each case the identity of the
carbinol was demonstrated by its synthesis from the alde-
hyde with aluminum isopropoxide and a comparison of the
urethans. The acids were obtained from the alkaline
solutions remaining after the ether extraction, in yields
which were generally of the order of 78%,. Melting points
of the acids were found to correspond to those given in the
literature for those compounds

3,4-Dimethyl-6-phenyl-3-cyclohexenecarbonol.—Naph-
thyl urethan; white crystals from petroleum ether; m. p.
110-111°.

Anal. Caled. for CyHgO.N: C, 81.03; H, 7.01. Found:
C, 80.84; H, 7.32.

6-Methyl-3-cyclohexenecarbonol.—Phenyl urethan;

white crystals; m. p. 83°. Anal. Caled. for C;sHysO.N':

N, 5.71. Found: N, 5.86.
3-Cyclohexenecarbonol.—Naphthyl urethan;  white
crystals from petroleum ether; m. p. 106°.
Anal. Caled. for CisH;O.N: C, 76.86; H, 6.76.

Found: C, 76.92; H, 6.94.
3,4,6-Trimethyl-3-cyclohexenecarbonol.—Naphthyl ure-
than; white crystals from petroleum ether; m. p. 112°.

Amnal. Caled. for C21H2502N: C, 7801, H, 7.74.
Found: C, 78.35; H, 8.05.

The Cross Cannizzaro Reaction.—The following repre-
sents a typical reaction for these aldehydes. A mixture of
8 g. of the aldehyde, 10 cc. of methyl alcohol, and 5 cc. of
formalin in a 3-neck flask equipped with dropping funnel,
motor stirrer, and reflux condenser was heated to 70°, and
maintained at that temperature while a solution of 8.4 g.
of potassium hydroxide in 6 cc. of water was added. The
mixture was heated at 70° for forty minutes, then refluxed
for one hour. The reaction mixture was cooled, diluted
with an equal volume of water, and extracted with ether.
From this ether solution the diol was obtained. The un-
substituted and the monomethyl substituted compounds
were obtained as oils which solidified after vacuum distil-
lation and standing for several hours in an ice chest. The
others were obtained as crystalline compounds, and were
recrystallized from petrcoleum ether. The diols were ob-
tained in yields of 50-60% of the pure compounds. In
each case the diol combined with two molecules of phenyl
isocyanate, yielding crystalline urethans which were re-
crystallized from dilute alcohol.

3,4,6-Trimethyl-3-cyclohexene-1,1-dicarbonol.—White
crystals; m. p. 86.56°; molecular weight in camphor, 184;
in dioxane, 183.5; caled. for C;HO,, 184; active hydro-
gens, 1.91; urethan, m. p. 121.5-123°.

Anal. Caled. fOI‘ C25H3004N21 C, 71.09;
Found: C, 71.01; H, 7.34.

3,4-Dimethyl-6-phenyl-3-cyclohexene-1,1-dicarbonol.—
White crystals; m. p. 131.5°; phenyl urethan, m. p. 166°.

Anal. Caled. for CsoHszO;Ng: C, 7436, H, 661
Found: C, 74.22; H, 6.85.

6-Methyl-3-cyclohexene-1,1-dicarbonol.—White crys-
tals; m. p. 45°; phenyl urethan, m. p. 150°.

Anal. Caled. for CyHyOuN,: C, 70.05; H, 6.59; N,
7.10. Found: C, 70.28; H, 6.53; N, 7.06.

H, 7.10.
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3-Cyclohexene-1,1-dicarbonol.—White crystals; m. p.
92.5°; phenyl urethan, m. p. 118.5°.

Anal. Caled. for CpHON,: C, 69.45; H, 6.36.

Found: C,69.29; H, 6.57. Active hydrogens in the diol,
1.81.

Hydrogenation of 3,4,6-Trimethyl-3-cyclohexene-1,1-
dicarbonol.—The compound was reduced at 2500 1b. pres-
sure at 150°, using Raney nickel, to the known cyclohex-
ane-1,1-dicarbonol, m. p. 95-96°.7

Oxidation of Cyclohexane-1,1-dicarbonol.—Oxidation
with potassium permanganate in neutral and in alkaline
solutions, using water and water—acetone solvents, gave
only uncrystallizable oils. Nitric acid oxidation gave a
small yield of a solid acid which was not identified.

1.7 g. of the diol was dissolved in 10 cc. of pyridine. A
solution of 5.5 g. of potassium permanganate in 110 cc. of

(7) Franke and Sigmund, Monatsh., 46, 61 (1925).
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water was added with stirring, at a temperature of 0°.
The mixture was stirred for eight hours at that tempera-
ture and allowed to warm slowly to room temperature.
The excess permanganate was discharged with 1 cc. of
ethyl alcohol. After filtering, the solution was concen-
trated on a water-bath to 10 cc. using vacuum. Hydro-
chloric acid was added and the solution placed in the ice
chest. A yield of 0.8 g. of the known cyclohexane-1,1-
dioic acid was obtained.

Summary
1. The action of alkaline solutions on certain
cyclohexenecarbonals has been studied.
2. These aldehydes were found to undergo the
Cannizzaro reaction, and to react with formalde-
hyde to yield cyclohexene-1,1-dicarbonols.

CoLuMBIA, MISSOURI RECEIVED MARCH 30, 1942

|CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, THE UNIVERSITY OF TEXAS]

Sulfanilamido Derivatives of Nitrogen Bases from California Petroleum'

By LESLIE M. ScHENCK? AND HENRY R. HENZE

Bobranski® and Winterbottom®* have reported
syntheses in the sulfanilamidoquinoline series;
however, no alkylation in the quinoline nucleus
higher than methyl was included. Since detailed
pharmacological tests of their compounds have
not been published, it was considered of interest to
prepare sulfanilamido derivatives of a series of
alkylated quinoline homologs encountered in ni-
trogen bases extracted from California petroleum.
Since quinolines substituted in positions 2, 3 and 8
occur in appreciable quantity among the complex
petroleum base fractions, this series was selected
for investigation. The compounds prepared in
this work are sulfanilamido and acetylated sul-
fanilamido derivatives of 5-amino-2,3,8-trimethyl-
quinoline, and of the hitherto unreported 5-
amino-8-ethyl-2,3-dimethylquinoline and 5-amino-
2,3-dimethyl-8-z-propylquinoline.

Through the courtesy and cooperation of Parke,
Davis and Company, the 2,3,8-trimethyl and 2,3-
dimethyl-8-z-propylquinoline sulfanilamido de-
rivatives have received preliminary testing for
possible pharmacological activity. No activity
was found in mice infected with experimental

(1) Counstructed from a portion of a thesis presented to the Gradu-
ate Faculty of the University of Texas by Leslie M. Schenck in par-
tial fulfillment of the requirements for the degree of Doctor of Philos-
ophy, June, 1942,

(2) Parke, Davis Fellow, 1941-1942; present address. General
Aniline and Film Corporation, Grasselli, N. J.

(3) Bobranski, Arch. Pharm., 277, 75 (1939).

(4) Winterbottom, THIS JOURNAL, 62, 160 (1940).

Type I pneumococcus, Staph. aureus or Strep.
viridans. The slight activity toward hemolytic
streptococci indicates that the activity of sulfan-
ilamide is lowered by substitution of the quinoline
heterocycle at the N! position. Certainly the
compounds here reported do not have the desir-
able properties obtained with other heterocycles
such as pyridine, thiazole and pyrimidine.

Two of the new compounds reported herein have
received preliminary testing for antimalarial ac-
tivity (through the courtesy of Parke, Davis and
Company). It is of interest to note the activity
against avian malaria of 5-sulfanilamido-2,3,8-tri-
methylquinoline in the blood, whereas larger doses
of this material are inactive in the tissue.

Stage Dose,
. tested mg. Result
5-Sulfanilamido-2,3,8-trimethyl-  Blood 50 Active
quinoline Tissue 100 Inactive
5-(N*-Acetylsulfanilamido)-2,3-
dimethyl-8-#-propylquinoline Blood 50 Inactive
Experimental

2,3,8-Trimethyl-5-nitroquinoline.—Fourteen grams of
2,3,8-trimethylquinoline,’ isolated from petroleum nitro-
gen bases, was converted to 2,3,8-trimethyl-5-nitroquino-
line in accordance with Burger and Modlin.® There was
obtained 13 g. of purified product, crystallizing from pe-
troleum ether as pale yellow needles melting at 124 ° (cor.).

(5) Poth, Schultze, King, Thompson, Slagle, Floyd and Bailey,
ibid., 52, 1239 (1930).
(6) Burger and Modlin, ibid., 62, 1079 (1940).
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2,3,8-Trimethyl-5-aminoquinoline.—Burger and Mod-
lin® report the preparation of this compound by reduction
of the corresponding nitro derivative with stannous chlo-
ride and 17%, hydrochloric acid. When their method was
tried upon larger quantities of 2,3,8-trimethyl-5-nitro-
quinoline, the isolation was found unsatisfactory, and it
was necessary to steam distil the amine from the reduction
mixture and to recover it from the large volume of distillate
by ether extraction.

As an alternate method, promising less difficulties in iso-
lation and purification of the desired intermediate, 12.5 g.
of 2,3,8-trimethyl-5-nitroquinoline (0.058 mole) was hydro-
genated over Raney nickel catalyst at 70° and 1000 1b./sq.
in. pressure for thirty minutes, employing ethyl alcohol as
the solvent. The catalyst was removed by filtration, the
solvent diluted with water and the precipitated amine
crystallized from dilute ethyl alcohol to give a quantitative
yield of 2,3,8-trimethyl-5-aminoquinoline melting at 110-
111° (cor.) identical with that prepared by the more
laborious method of Burger and Modlin.

5-(N4-Acetylsulfanilamido)-2,3,8-trimethylquinoline.—
The amine (0.059 mole) was dissolved in 100 cc. of pyridine
which had been dried by prolonged contact with potassium
hydroxide pellets. To the solution was added 18 g. (0.077
mole) of acetylsulfanilyl chloride which had been purified
by crystallization from acetone-benzene and thoroughly
dried through vacuum desiccation over calcium chloride.
Heat was immediately developed, and the solution was
agitated until all the acid chloride was in solution. At this
point, the reaction mixture was heated three hours on the
steam-bath, a calcium chloride tube being employed to
protect against atmospheric moisture.

The crude 5-(N*acetylsulfanilamido)-2,3,8-trimethyl-
quinoline was precipitated by pouring its pyridine solution
into 500 cc. of ice water. Separating first as a highly dis-
colored oil, the product soon solidified and was removed by
filtration. One-half the product was purified by repeated
treatment with Norite in boiling ethyl alcohol. The puri-
fied compound, prepared in 479, yield, crystallized from
this solvent as hair-like needles melting undecomposed at
260.5-261.5° (cor.).

Anal. Caled. for CyHyuN3;0;S: N, 10.95. Found:
N, 10.78.

5-Sulfanilamido-2,3,8-trimethylquinoline.—One-half of
the crude 5-(N*-acetylsulfanilamido)-2,3,8-trimethylquino-
line described above was dissolved in 100 cc. of 4 N hydro-
chloric acid and hydrolyzed by refluxing thirty minutes.
After cooling, the acid solution was neutralized with am-
monium hydroxide and the product removed by filtration.
Purification was effected by three crystallizations from
ethyl alcohol, Norite being employed during the initial
process. The final product, realized in 587, yield, was in
the form of fine colorless needles melting without de-
composition at 225.5-226° (cor.).

Anal. Calcd. for C;sHoN3;0,S: N, 12.31.
12.26.

8-Ethyl-2,3-dimethyl-5-nitroquinoline.—Six grams of 8-
ethyl-2,3-dimethylquinoline” (0.032 mole) was added
slowly to 60 cc. of fuming nitric acid (sp. gr. 1.49) and
heated on the steam-bath for five hours. Upon neutraliza-

Found: N,

(7) Key and Bailey, THIS JoOURNAL, 60, 3028 (1938).
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tion of the diluted acid with sodium carbonate, the ni-
trated base was recovered by filtration and crystallized in
83% yield from ethyl alcohol as fine needles melting unde-
composed at 107-109° (cor.).

Anal. Caled. for CleuNzOz:
Found: C, 67.88; H, 6.37.

5-Amino-8-ethyl-2,3-dimethylquinoline.—Six grams of
the nitro compound was hydrogenated under the identical
conditions used in the reduction of the trimethyl analog to
yield 5 g. (94%) of amine which crystallized from ligroin
as irregular shaped needles melting at 101-102° (cor.).

Anal. Caled. for CisHgNa: N, 13.99. Found: N,
13.97.

5-(N*-Acetylsulfanilamido)-8-ethyl-2,3-dimethylquino-
line.—In the manner previously described, 5 g. of 5-amino-
8-ethyl-2,3-dimethylquinoline was dissolved in 50 cc, of
dry pyridine and heated with acetylsulfanilyl chloride for
three hours on the steam-bath. The product was recov-
ered from the pyridine by dilution with water, and crystal-
lized only after prolonged standing. The crude material
was divided into two equal portions, one of which was puri-
fied. Unlike its 2,3,8-lower homolog, 5-(N*-acetylsul-
fanilamido)-8-ethyl-2,3-dimethylquinoline is extremely sol-
uble in alcohol. Since no suitable solvent for recrystalliza-
tion was found, purification was achieved by repeatedly
dissolving the discolored compound in boiling ethyl alco-
hol, treating with Norite, and precipitating the colorless
acetyl derivative by addition of water. Only 1 g.
(20%) of pure material, melting at 244-245° (cor.), was
obtained.

Anal. Caled. for CuHyN;05S:
Found: N, 10.74; S, 8.20.

5-Sulfanilamido-8-ethyl-2,3-dimethylquinoline.—The

second portion of the crude product referred to above was
hydrolyzed as in the previous case by thirty minutes of
refluxing with 60 cc. of 6 IV hydrochloric acid. The prod-
uct, precipitated by the addition of ammonium hydroxide,
was purified to the constant melting point of 241-242°
(cor.) by recrystallization from ethyl alcohol, from which
solvent it crystallizes in fine needles.

Anal. Caled. for CgHaN3;0.S: N, 11.83. Found: N,
11.81.

C, 6781; H, 6.13.

N, 10.57; S, 8.07.

2,3-Dimethyl-5-nitro-8-#-propylquinoline.—Fifteen

grams (0.075 mole) of 2,3-dimethyl-8-z-propylquinoline?
was nitrated by heating at steam-bath temperature with
150 cc. of nitric acid (sp. gr. 1.49) for three hours. The
nitro derivative, precipitated by neutralizing the diluted
solution with sodium carbonate, was recrystallized from
petroleum ether in 939, yield. A small sample was further
purified to a constant melting point of 97-99° (cor.).

Anal. Caled. for CiaHgN2O;: N, 11.47. Found: N,
11.51.

5-Amino-2,3-dimethyl-8-z-propylquinoline.—Reduction
was realized in 959, yield by hydrogenating the nitro
compound (17 g.) over Raney nickel at 70-100° and 1000
Ib./sq. in. pressure. Following crystallization from petro-
leum ether, the amine melted at 90-92° (cor.).

Anal. Caled. for CisHisN2: N, 13.08. Found: N,
13.15.

(8) Axe and Bailey, ibid., 60, 3028 (1938).
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5-(N%-Acetylsulfanilamido)-2,3-dimethyl-8-x-propyl-
quinoline.—Fourteen grams of 5-amino-2,3-dimethyl-8-»-
propylquinoline (0.065 mole) reacted with 22 g. of acetyl-
sulfanilyl chloride (0.094 mole) in 140 cc. of dry pyridine
for three hours. The product, recovered by dilution with
water, separated as an oil which did not crystallize upon
standing. The aqueous layer was decanted, and the tarry
product divided into two fractions of approximate equality.
By repeatedly dissolving one portion of the oil in ethyl
alcohol, refluxing with Norite, and precipitating the prod-
uct with water, the acetyl derivative was obtained (in
159, yield) and melted at 208-209° (cor.).

Anal. Calcd. for szHzaNaOaS: N, 10.21.
10.26.

5-Sulfanilamido-2,3-dimethyl-8-#-propylquinoline.—The
residual oil referred to above was refluxed for one hour
with 150 cc. of 4 N hydrochloric acid. Following neutrali-
zation with ammonium hydroxide, the hydrolysis product
was filtered and crystallized from ethyl alcohol with the

Found: N,
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aid of Norite as fine needles in 70%, yield; melting point
237-238° (cor.).

Anal. Caled. for CyuHzxN;0.S: N, 11.38;
Found: N, 11.46; S, 8.48.

S, 8.66.

Summary

The preparation of a series of sulfanilamido de-
rivatives of nitrogen bases from California petro-
leum has been described. Preliminary pharmaco-
logical tests of these 2,3,8-trialkyl-5-sulfanilamido-
quinolines show them to be practically inactive as
sulfa drugs, indicating that such substitution of
the quinoline nucleus for hydrogen of the amide
group reduces the therapeutic effectiveness of sul-
fanilamide. One of the compounds exhibits some
activity against avian malaria at the blood stage.

AvusTIN, TEXAS RECEIVED MARCH 23, 1942

[ConTRIBUTION FROM THE CHEMICAL LABORATORY OF THE STATE UNIVERSITY OF IowA]

Azoyl Derivatives of Sugars and Separation by Chromatographic Adsorption’

By GeorGE H. CoLEMAN, ALFORD G. FARNHAM AND AARON MILLER

Reich? has reported the chromatographic sepa-
ration of the p-phenylazobenzoyl esters of a-D-
glucose and B-p-fructose on both alumina and
silica as adsorbents.

The present work was undertaken to determine
the applicability of the chromatographic adsorp-
tion method to similar derivatives of other sugars
with the thought of applying the procedure to mix-
tures such as ‘“‘hydrol.”

p-Phenylazobenzoyl derivatives were prepared
from the following sugars by the method described
in the experimental part: a-D-glucose, B-p-glucose
B-p-fructose, a-D-galactose, a-lactose, trehalose,
sucrose, (-cellobiose, [-gentiobiose, B-maltose,
D-xylose and melezitose. The compounds were
analyzed for percentage azoyl and the specific
rotations were measured in chloroform solution
using both sodium and cadmium vapor lamps.

Several pairs of the sugar esters were separated
by the chromatographic adsorption method. The
following pairs of azoates were separated using
Magnesol® as adsorbent with Dicalite as a filter
aid: «-lactose and a-D-galactose, trehalose and
B-p-glucose, a-lactose and sucrose, a-D-glucose

(1) Presented at the meeting of the American Chemical Society,
St. Louis, Missouri, April, 1941.

(2) Reich, Compt. rend., 208, 589, 748 (1939);
1000 (1939).

(3) ‘“Magnesol” is a hydrous magnesium silicate manufactured by
the Magnesol Co.

Biochem. J., 38,

and (-p-fructose, B-maltose and a-D-glucose, su-
crose and a-D-glucose. On silicic acid* as adsorb-
ent a-p-glucose and pB-p-fructose, a-D-galactose
and B-p-fructose, sucrose and B-b-fructose, a-D-
glucose and melezitose were separated. Several
other pairs of derivatives did not give satisfactory
separation under the conditions employed.

Experimental

Preparation of Azoyl Derivatives.—The p-phenylazo-
benzoyl or ‘“‘azoyl’” derivatives were prepared by allowing
the sugars to react in pyridine solution at 0° with p-
phenylazobenzoyl chloride over a period of eight to twenty
days. The mole ratio of azoyl chloride to sugar was
about eight to one for monosaccharides and twelve to one
for disaccharides. At the end of this time the excess acid
chloride was decomposed by adding methanol. The prod-
ucts were precipitated by pouring the reaction mixture
into water. The precipitate, after drying, was purified
by dissolving in chloroform and reprecipitating by pouring
into alcohol. The monosaccharide derivatives were re-
crystallized, the glucose derivatives from dioxane and the
galactose and fructose derivatives from mixtures of chloro-
form and carbon tetrachloride. The disaccharide esters
were purified by several reprecipitations.

Specific Rotations.—The specific rotations were meas-
ured at 25° in chloroform solution at a concentration of
0.5 g. per 100 ml. of solvent using a water-jacketed 2-
decimeter tube. Two light sources were used, the sodium
and cadmium vapor lamps, giving, respectively, the read-
ings for the sodium D line and the cadmium 6438 A. line.

(4) Merck Reagent Silicic Acid.
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The cadmium lamp gave more satisfactory readings, espe-
cially at higher concentrations. Physical constants are
listed in Table I.

TABLE I
SPECIFIC DATA ON AzOoYL DERIVATIVES
Sugar azoate M. p., °C.¢  [a]®%D [«]®s % Azoyl

a-D-Glucose 234-236 +282° +226° 85.14
B-p-Glucose 204-206 111 + 86 86.00
B-p-Fructose 128-130 —511 —394 82.64
a-D-Galactose  224-226 4504 +399 85.77
«-Lactose 218-220 +355 +274 83.32
I'rehalose 123-125 4276 +217 82.89
Sucrose 125-126 -+ 43 + 35 82.92
B-Cellobiose 206208 +101 82.00
B-Gentiobiose  159-161 + 28 82.03
p-Xylose 146-148 4285 +225 84.83
B-Maltose 242-244 — 30 - 22 78.50

253-255 80.20
Melezitose 135-137 4110 + 81

Calculated per cent of azoyl:

Hexose pentaazoate = 85.66
Hexose tetraazoate = 82.61
Pentose tetraazoate = 85.13
Pentose triazoate = 81.01
Disaccharide octaazoate = 83.35

Disaccharide heptaazoate = 81.37

“ The melting points were determined between cover
glasses using a Fisher Johns apparatus.

Some of these constants may be revised when perfectly
pure derivatives unmixed with isomers are prepared. In
certain cases complete azoylation and purification of the
product was difficult by the methods used. Since the pri-
mary interest in the present work was to determine the
value of these derivatives in the separation of sugars, ex-
tended study was not given to methods of preparation and
purification. The work is being continued and special
attention given to modification of the method of prepara-
tion and the characterization of the pure compounds.

Analysis for Percentage of Azoyl.—The derivatives were
analyzed by hydrolyzing the esters and weighing the free
p-phenylazobenzoic acid formed. The azoyl derivative
was dissolved in 20 ml. of dioxane, and 15 ml. of methanol
containing about 12 mg. of sodium methylate was added.
The mixture was refluxed for thirty minutes and then 3 ml.
of sodium hydroxide (6 N) and 30 ml. of water were added.
Refluxing was continued for another half hour and the
solution was diluted to about 200 ml. with water and 125-
150 ml. removed by distillation. The residual solution
was filtered, cooled, and made slightly acid with dilute
hydrochloric acid. After cooling for some time to allow
complete precipitation, the solid acid was collected in a
crucible with sintered glass bottom, dried and weighed.

Chromatographic Adsorption.—For chromatographic ad-
sorption a column (23 mm. by 30 cm.) was packed by
suspending the solid adsorbent in petroleum ether contain-
ing about 109, of benzene and filtering under a pressure of
10 cm. of mercury. A solvent mixture of equal volumes
of chloroform, benzene and petroleum ether was passed
down the column followed by a solution of the azoyl deriva-
tives. The solution contained 120 mg. of each of a pair of
sugar azoates dissolved in 35-50 ml. of chloroform to which
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were then added corresponding volumes of benzene and
petroleum ether. The solutions were all filtered through
the column under a nitrogen pressure of 10 cm. of mercury
and the column was not allowed to run dry, as this caused
channeling.

After adding all of the solution of sugar derivatives the
chromatogram was developed using a solvent mixture of
the same composition as the solution. When development
was complete the column was allowed to run partially dry,
the adsorbent was removed, and the bands were separated.
Elution of the adsorbed materials was accomplished by
extracting the adsorbent layers with hot chloroform con-
taining a small amount of methanol. The solvent was
evaporated from the eluted materials, which were then
transferred in chloroform to volumetric flasks. The optical
rotations were measured and the weights determined by
evaporating aliquot portions of the solutions.

Typical Chromatographic Adsorption Separations

a-D-Glucose and Sucrose Azoates.—From 100 mg. of
each derivative was obtained an upper band of 106.7 mg.
[a]% +47° as compared to -+35° for the pure sucrose
derivative; caled. sucrose azoate, 93.8%. The lower band
of 88.1 mg. had a specific rotation of [aliys +212° as
compared to +225° for the pure a-p-glucose derivative;
caled. a-D-glucose azoate, 93.29%,.

B-p-Fructose and «-p-Galactose Azoates.—From 120 mg.
of each derivative was obtained an upper band of 128 mg.
[a]% —340° as compared to —394° for the pure fructose
derivative; calcd. fructose azoate, 93.29,. The lower
band contained 104 mg.; [a]is +413° as compared to
4-399° for the pure galactose derivative; caled. galactose
azoate, 101.6%.

a-Lactose and Sucrose Azoates.—From 120 mg. of each
azoate was obtained an upper band of 144.5 mg., [a]%s

206° as compared to +274° for the pure lactose deriva-
tive; caled. lactose azoate, 71.6%,. The lower band con-
tained 89.2 mg., [«]5s +36° as compared to +35° for
the pure sucrose derivative; calcd. sucrose azoate, 99.4%,.

a-p-Glucose and Melezitose Azoates.—From 55 mg. of
each derivative was obtained an upper band of 52.5 mg.,
[«]%D + 115° as compared to +110° for the pure melezi-
tose azoate; caled. melezitose azoate, 82.8%. The lower
band of 50.5 mg. had a specific rotation of [«]?*D 4 261° as
compared to 4 282° for the pure a-D-glucose azoate; caled.
a-D-glucose azoate, 89.3%,.

Summary

1. The p-phenylazobenzoyl esters of several
sugars have been prepared. These derivatives
were analyzed for percentage azoyl and the spe-
cific rotations measured in chloroform solution.

2. Several pairs of these sugar esters have been
separated by the chromatographic adsorption
method using silicic acid and mixtures of Magne-
sol and Dicalite as adsorbents. This included the
separation of two monosaccharides, a monosaccha-
ride and disaccharide, two disaccharides, and the
separation of a monosaccharide and trisaccharide.

Iowa City, lowa RECEIVED MARCH 18, 1942
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[CONTRIBUTION FROM THE CHEMICAL LABORATORY OF BRYN MAWR COLLEGE}

Synthesis of 2-Alkylaminoethanols from Ethanolamine

By ArTHUR C. CoPE AND EVELYN M. HANCOCK

Certain disadvantages are inherent in the meth-
ods which are available for the preparation of
2-alkylaminoethanols, RNHCH.CH,OH. The
reaction of primary amines with ethylene oxide!
and with ethylene chlorohydrin? produces a mix-
ture of mono and dialkylaminoethanols. The re-
action of ethanolamine with alkyl halides® may
lead to either secondary or tertiary amino com-
pounds. The method described by Goldberg and
W. F. Whitmore,* in which an alkyl aniline is
converted into a dialkylaminoethanol with ethyl-
ene oxide, and then cleaved to a monoalkylamino-
ethanol by nitrosation and hydrolysis, leads to
pure products but involves several steps.

We have investigated the preparation of 2-alkyl-
aminoethanols by the reduction of mixtures of
ethanolamine with ketones and aldehydes.

The catalytic reduction of mixtures of ethanol-
amine with various ketones proved to be a re-
markably successful method for the preparation
of 2-alkylaminoethanols containing secondary
alkyl groups. Of the aminoalcohols listed in
Table I, seventeen were prepared in this manner,
from ketones containing three to ten carbon atoms.
The yields in many cases are nearly quantitative.
The 2-alkylaminoethanols are produced in a state
of exceptional purity, as indicated by constant
boiling points and refractive indexes, and uniform
agreement between calculated and observed mo-
lecular refractions.

Adams platinum oxide-platinum catalyst was
used in preparing all of the aminoalcohols. Most
of the reductions were exothermic and proceeded
rapidly without heating in alcohol solution, the
rates of the various reductions corresponding to
the reactivity of the ketones. The reductions
were much slower in acetic acid, and still slower
when paliadinized charcoal was used as the cata-
lyst. Raney nickel and copper chromite proved
to be suitable catalysts at elevated temperatures
and pressures.

(1) Knorr and Matthes, Ber., 31, 1069 (1898); Knorr and Schmidt,
ibid., 31, 1072 (1898); Matthes, Ann., 8315, 104 (1901); Bain and
Pollard, THis JOURNAL, 61, 2704 (1939).

(2) Knorr, Ber., 22, 2081 (1889); cf. Adams and Segur, THIS
JourNAL, 45, 785 (1923).

(3) Goldberg, U. S. Patent 2,139,818; English Patent 482,886;
¢f. Frinkel and Cornelius, Ber., 51, 1660 (1918).

(4) Goldberg and W. F. Whitmore, THIS Journar, 59, 2280
(1937).

Five 2-primary alkylaminoethanols were pre-
pared in a similar manner in 60 to 90% yield by
reducing mixtures of aldehydes with ethanolamine.
By-products were formed from the aldehydes,
but they could be removed by distillation, or by
dissolving the amino-alcohols in dilute hydro-
chloric acid and extracting with ether or benzene.

Skita® has prepared a number of amines (differ-
ent in type from the aminoalcohols herein de-
scribed) by the reduction of aldehydes and ke-
tones in the presence of ammonia and amines, or
by the reduction of the alkylidene amines (Schiff
bases) which are the intermediates. We have
isolated the products formed by the reaction
of four ketones with ethanolamine and found
that in three cases the compounds formed by
elimination of water are not alkylidene amino-
alcohols, R,C=NCH.CH,OH, I, but oxazolidines,

By refluxing a benzene solution of cyclohex-
anone and ethanolamine under a constant water
separator until the separation of water became
very slow, an anhydro compound was formed in
about 909, yield. It is very readily hydrolyzed
back to ethanolamine and cyclohexanone. Cat-
alytic reduction converts the anhydro compound
into 2-cyclohexylaminoethanol. The low boiling
point of the anhydro compound [89-90° (16
mm.)] compared to that of 2-cyclohexylamino-
ethanol [122-123.5 (13 mm.)] suggests a more
fundamental change in structure on reduction than
simple saturation of a double bond.® The molecu-
lar refraction of the anhydro compound (39.55)
is in much better agreement with the value cal-
culated for the oxazolidine (40.00) than the cal-
culated value for the alkylidene aminoalcohol
(41.48). A similar easily hydrolyzed anhydro
compound regarded as an oxazolidine was formed
from methyl amyl ketone and ethanolamine;
b. p. 88-90° (7 mm.), in contrast to the b. p. of
115-116° (10 mm.) observed for its reduction
product, 2-(2-heptylamino)-ethanol; Mp found
46.86, calculated for the oxazolidine 46.82, for the
alkylidene aminoalcohol 48.30.

(5) Skita and Keil, Ber., 61, 1452 (1928), and subsequent papers.
(6) Alkylidene amines derived from citral (ref. 5) boil higher than
the corresponding saturated amines.
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® Matthes
M. p. of the picrolonate 211—

¢ Reported by Goldberg (ref. 4) as

¢ Previously prepared by Matthes (ref. 1).

(ref. 1) reports m. p. 98°.
having b. p. 214-216°; refractive index (conditions un-

213°, in fairly good agreement with the value of 218° re-
specified) 1.4508; sp. gr. 0.8814; picrate m. p. 57-58°.

ported by Matthes.
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¢ Reported by Bain and Pollard (ref. 1), whose physical
constants are in good agreement with ours.

solidified on standing, m. p. 40-41°,
were determined on the supercooled liquid.

on standing, m. p. 30-32°.
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/ We are indebted

to Mr. C. S. Miller and Mr. J. P. Lutz for semi-micro

Kjeldahl analyses.

Physical constants were de-

termined on the supercooled liquid.
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The reaction of methyl propyl ketone and etha-
nolamine also gave an anhydro compound with

physical properties indicating an oxazolidine
structure; b. p. 62-62.5° (16 mm.) compared to

98-99° (15 mm.) for its reduction product; Mp
found 37.06, calculated for the oxazolidine 37.58,
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fractive index of this compound increased rapidly
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Redistilla-

tion reconverted the material into the form with

1.4400 to a final value of 1.4502, which remained
the original refractive index, which again in-

on standing for a few hours from an initial value of

practically constant for two months.
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creased to 1.4502 on standing. These data are
interpreted as meaning that this particular anhy-
dro compound exists as an oxazolidine (II) in
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is the lower boiling oxazolidine, which reaches an
equilibrium with I on standing. The conversion
fraction of the material at equilibrium is 37.81,

is apparently not complete, for the molecular re-
a value too low for structure I.
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The condensation of diisobutyl ketone with
ethanolamine produced an anhydro compound
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tion product [110-111° (8 mm.)] compared to
[118-114 (7 mm.)], and had a molecular refrac-
tion (57.21) closer to the value for the alkylidene
aminoalcohol (57.54) than the oxazolidine (56.06).
Presumably it is largely or completely in the form

which boiled only slightly lower than its reduc-
of the alkylidene aminoalcohol.
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It is of interest to note that the three anhydro

compounds which appear to exist predominantly

Whether the oxazolidines are formed

in the form of oxazolidines are derived from the
directly from these intermediates by the elimina-

three reactive, relatively unhindered ketones. Pre-
tion of an addition product, R«C(OH)NHCHS,-

sumably the first step in the reaction is the forma-

CH,OH.
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tion of water, or whether the reaction takes the
course of dehydration to an alkylidene amino-
alcohol followed by an intramolecular addition
to give the oxazolidines, the presence of large
branched alkyl groups would be expected to re-
tard or prevent their formation. '

Knorr and Matthes” have prepared anhydro
compounds from aldehydes and ethanolamine,
and considered that their low boiling points and
ease of hydrolysis proved them to be oxazolidines.
Knorr and Réssler® obtained anhydro compounds
formulated as oxazolidines from the reaction of
ethanolamine with acetyl acetone and aceto-
acetic ester. They did not obtain pure products
from either acetone or acetophenone. Oxazoli-
dines derived from ketones and ethanolamine are
mentioned as intermediates in the patent litera-
ture,® but were not isolated.

Experimental Part

Most of the ketones and all of the aldehydes listed in
Table I were obtained from commercial sources and puri-
fied by distillation before use. Methyl heptyl ketone was
prepared from caprylyl chloride and methyl zinc iodide;
dibutyl ketone from valeronitrile and butylmagnesium
bromide; methyl octyl ketone from ethyl #n-heptylaceto-
acetate; 2,2,6-trimethylcyclohexanone by reducing iso-
phorone in the presence of palladinized charcoal.

Preparation of 2-s-Alkylaminoethanols.—Details of
the preparation of 2-(2-octylamino)-ethanol may be cited
to illustrate the method used for the 2-s-alkylamino-
ethanols listed in Table I, with one exception. Platinum
oxide catalyst (0.5 g.) was placed in a one-liter bottle con-
taining 50 cc. of absolute alcohol and reduced to platinum
by shaking in an atmosphere of hydrogen. Ethanolamine
(61 g., 1 mole) was dissolved in 100 cc. of absolute alcohol
and methyl hexyl ketone (166 g., 1.3 mole) was added.
The mixture became warm from the heat of reaction. The
solution was rinsed into the bottle containing the platinum
catalyst with 50 cc. of alcohol and reduced by shaking with
hydrogen at one to two atmospheres pressure for seven
hours. The reduction was rapid and exothermic. The
catalyst was removed by filtration and the bottle and
catalyst rinsed with 75 cc. of benzene. The benzene and
alcohol were removed from the filtrate by distillation at
atmospheric pressure, and the residue was distilled in
vacuum through a Widmer column. The excess ketone
was recovered as a fore-run. There was practically no
distillation residue.

Mixtures of ethanolamine with all of the methyl ketones
except acetophenone reduced rapidly, preparations of one-
half to one mole requiring three to ten hours for comple-
tion. The cyclic ketones, except /-menthone, gave equally
rapid reductions. The reduction was slightly slower in
the case of diethyl ketone, but went to completion without
heating. The mixtures of ethanolamine and acetophe-

(7) Knorr and Matthes, Ber., 34, 3484 (1901).
(8) Knorr and Réssler, ibid., 36, 1282 (1903).
(9) French Patent 730,760; English Patent 388,874.
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none, dipropyl ketone, dibutyl ketone and /-menthone were
heated to 50 to 60°, and complete reduction of one-half
mole quantities required 20 to 30 hours. No reduction
occurred with diisobutyl ketone under these conditions.
An excess of ketone was used in each reduction in order to
eliminate the possibility that the products might be con-
taminated with ethanolamine. It is noteworthy that no
dialkylaminoethanols were formed through further reaction
of the monoalkylaminoethanols with the ketones present
in excess.

The following facts concerning the reductions were
established during the development of the procedure illus-
trated above. It is advantageous to reduce the catalyst
separately before adding the mixture of ethanolamine and
carbonyl compound, in order to avoid a long induction
period which otherwise occurs before the catalyst reduces.
Palladinized charcoall® is a much less effective catalyst for
the reduction. Thus a half-mole preparation of 2-s-
butylaminoethanol required a total of 3 g. of palladinized
charcoal added in three portions and thirty-one hours for
complete reduction at 60°. A number of reductions were
carried out in acetic acid (2 moles per mole of ethanol-
amine). With platinum catalyst under these conditions
the reductions required twenty to thirty hours at 60°,
while palladium gave even slower reductions. The yields
were also 10 to 209, lower than those obtained by the
above procedure, due to the loss of the aminoalcohols which
occurred because of their solubility in water when they
were liberated from their acetate salts by treatment with
alkali. Raney nickel and copper chromite are satisfactory
catalysts for the reductions either in alcohol solution or
without a solvent. Thus the reduction of 28 g. of methyl
ethyl ketone and 18 g. of ethanolamine in the presence of
3 g. of Raney nickel at 150 ° and 1000 to 2000 1b. hydrogen
pressure gave 27.2 g. (869%) of 2-s-butylaminoethanol. A
similar reduction in the presence of 1 g. of copper—barium
chromite!! at 160° gave 28.5 g. (88%) of the aminoalcohol.

Preparation of 2-primary-Alkylaminoethanols.—The
method described in detail above was followed, except that
the alcohol solution of ethanolamine was cooled in ice
while the aldehyde (15% molar excess) was added slowly,
in order to avoid polymerization. One attempt to prepare
2-butylaminoethanol in acetic acid solution was unsuccess-
ful due to extensive polymerization of the aldehyde under
these conditions.

The picrates described in Table I were prepared by
heating to boiling alcohol solutions of the aminoalcohols
with equivalent quantities of picric acid, followed by
cooling. Water was added if necessary. They were re-
crystallized from alcohol or alcohol and water.

Condensation of Ketones with Ethanolamine. Spiro-
[cyclohexane-1,2’-0xazolidine].—A mixture of 30.5 g. of
ethanolamine, 63.7 g. of cyclohexanone and 100 cc. of
benzene was refluxed under a constant water separator!?
for thirty minutes, while 9.4 cc. of water collected. The
benzene was removed in vacuum and the residue distilled
in vacuum through a Widmer column. The yield of spiro-
[cyclohexane-1,2’-0xazolidine] was 66.8 g. (949%); b. p.

(10) Hartung, THIS JOURNAL, §0, 3372 (1928).

(11) Connor, Folkers and Adkins, ibid., 54, 1140 (1932).

(12) Cope, Hofmann, Wyckoff and Hardenbergh, ibid., 68, 3452
(1941).
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89-90° (16 mun.); 2D 1.4803; d25; 1.0178; Mbp caled.
40.00, found 39.55.13

Anal. Caled. for CgHiON: N, 9.92. Found: N,
9.81.

Reduction of 28.2 g. of the oxazolidine in 40 cc. of alcohol
with the platinum from 0.3 g. of platinum oxide gave 26.3
g. (92%) of 2-cyclohexylaminoethanol.

2-Methyl-2-amyloxazolidine.—Ethanolamine (30.5 g.),
methyl amyl ketone (74 g.) and 100 cc. of benzene were
refluxed under a water separator. After thirty-five min-
utes 9.2 cc. of water had collected. Distillation gave 50 g.
(649%) of the oxazolidine; b. p. 88-90° (7 mm.); %D
1.4501; d%%;50.9047; Mbp caled. 46.82, found 46.86.

Anal. Caled. for CgH;gON: N, 8.92. Found: N,

9.16.
2-Methyl-2-propyloxazolidine.—Ethanolamine (30.5

g.), methyl propyl ketone (56 g.) and 100 cc. of benzene
were refluxed under a water separator for one hour, when
9.0 cc. of water had collected. Distillation gave 49.5 g.
(85%) of the oxazolidine; b. p. 62-62.5° (16 mm.); 72D
1.4400; d%950.9215; MD caled. 37.58, found 37.06.

Anal. Caled. for GGHi;ON: N, 10.84. Found: N,
11.01.

The refractive index of this oxazolidine increased notice-
ably on the refractometer. After one day its refractive
index was 1.4502, after two months, 1.4510. The density
remained constant; d?%; 0.9216. Redistillation converted
the sample without appreciable loss into material with
72D of 1.4400, which again increased to 1.4502 after
standing for one day.

In a quantitative reduction with platinum catalyst 2.50
g. of this oxazolidine took up 99.3% of one molecular
equivalent of hydrogen. Distillation gave 2.0 g. of 2-
(2-pentylamino)-ethanol, identified by its physical proper-
ties and the melting point of its picrate,

2-[4-(2,6-Dimethylheptylidene)-amino J-ethanol.—A
mixture of 30.6 g. of ethanolamine, 92 g. of diisobutyl ke-
tone and 150 cc. of benzene was refluxed under a constant
water separator for thirteen hours, during which time 124
cc. of water collected. The mixture was not homogeneous
at the beginning of the reaction, but was at the end.
The water which collected in the separator contained some
ethanolamine. After the benzene had been removed in
vacuum, the residue was distilled through a Widmer

(13) The following atomic refractions were used in obtaining
calculated molecular refractions: nitrogen in the oxazolidines, 2.50
as in secondary amines; Eisenlohr, Z. phys. Chem., 79, 134 (1912).
Double bond-nitrogen in the Schiff bases, 4.10 as in alkylidene
amines; von Auwers, tbid., 147, 436 (1930). Other values (C, 2.42;
H, 1.10; O, 1.64) are the usual Eisenlohr values; ibid., 75, 605
(1910). ‘‘Optical depression’ is frequently observed in (unmsatu-
rated) heterocyclic compounds [see Briihl, 7bid., 79, 38 (1912); von
Auwers, Ber., 57, 461 (1924)]. Consequently it is probable that the
low molecular refractions observed for spiro[cyclohexane-1,2’-
oxazolidine] (deviation —0.45) and 2-methyl-2-propyl-oxazolidine
(—0.52) are characteristic of the oxazolidine ring system, while the
agreement of calculated and found values for 2-methyl-2-amyl-
oxazolidine (deviation +0.04) is fortuitous and may indicate the
presence of some of the corresponding Schiff base.
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columu. The yield of the alkylidene aminoalcohol was
52 g. (56%); b. p. 110-111° (8 mm.); 72D 1.4568; d25y
0.8844; Mp caled. 57.54, found 57.21.

Anal. Caled. for CyHuON: N, 7.56.
7.66.

Reduction of 29.6 g. of the above anhydro compound
with platinum catalyst in alcohol solution gave 28 g.
(94%) of 2-[4-(2,6-dimethylheptyl)-amino]-ethanol (Table
I).

All of the above anhydro compounds were very readily
hydrolyzed. Samples which were freshly distilled or
stored in sealed containers had a distinct amine-like odor,
but after exposure to moist air for a few minutes the odor
of the ketones appeared.

Methyl hexyl ketone and acetophenone were also con-
densed with ethanolamine in benzene solution. A molecu-
lar equivalent of water was formed in both cases, but the
condensation products did not have constant boiling
points and appeared to polymerize slightly on distillation
in vacuum.

In order to determine whether condensation products
could be prepared from ketones and 2-alkylaminoethanols,
32.8 g. of 2-(2-pentylamino)-ethanol, 28 g. of methyl
propyl ketone, 1.5 g. of acetic acid and 50 cc. of benzene
were refluxed under a constant water separator for 48
hours. Although 1.4 cc. of water collected, on distillation
29 g. (889%) of the aminoalcohol was recovered.

Found: N,

Summary

The reduction of mixtures of ethanolamine
with ketones and with aldehydes provides a con-
venient synthesis for 2-alkylaminoethanols.
Nearly quantitative yields of 2-s-alkylaminoetha-
nols are obtained from ketones and ethanolamine.

The substances which are presumably inter-
mediates in this synthesis were isolated in four
cases by condensing four ketones with ethanol-
amine. The condensation products obtained from
cyclohexanone and methyl amyl ketone had phys-
ical properties which indicated that they were
not alkylidene aminoalcohols (I) but oxazolidines
(IT). The product obtained from methyl propyl
ketone and ethanolamine had the properties of an
oxazolidine when distilled, but rapidly changed in
refractive index on standing, probably because of
ring-chain tautomerism and the establishment of
an equilibrium between I and II. The conden-
sation product obtained from diisobutyl ketone
and ethanolamine had physical properties indi-
cating that it was largely in the alkylidene amino-
alcohol form.

BRYN MAWR, PENNSYLVANIA RECEIVED MARCH 5, 1942
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The Constitution of Arabo-galactan.

III. The Location of the Arabinose

Component

By E. V. WHITE

It has been shown that the water-soluble gum!
of the western larch, Larix occidentalis, yields the
glycosides of 2,4-dimethyl-d-galactose, 2,3,4-tri-
methyl-d-galactose, 2,3,4,6-tetramethyl-d-galac-
tose, and 2,3,5-trimethyl-/-arabinose in the ap-
proximate molecular ratio 3:1:2:1 upon alcoholy-
sis of the methyl ether derivative.? Furthermore,
by partial methanolysis of arabo-galactan methyl
ether,® two methylated disaccharides have been
obtained in crystalline form. These are, respec-
tively, octamethyl-6-d-galactosidogalactose (I)and
heptamethyl-6-d-galactosidogalactose (IT).*

CH,OMe

CETN o

MeO

NH
H\OMe H / .
H  MeO| MeO / \ oM
/ €
H\OMe H /\H
I H OMe
CHzOMe

MeO

’
o B

MeO

MeO

Y O\ OMe
H\OH H <H

1I H lOMe

Apparently the terminal galactose anhydride
units of the polysaccharide are engaged by oxygen
linkage through the 1 position to the 6 position of
adjacent galactose residues and the question
arises as to the mode of union of the terminal ara-
bofuranose unit.

As is well known, the furanopentosides are con-
siderably more susceptible to acid hydrolysis than
are the corresponding derivatives of the pyrano-
pentoses and especially the pyranohexoses, al-
though, under similar conditions, the rate of hy-
drolysis is a function of the particular saccharide
under consideration. Advantage has been taken

(1) Schorger and Smith, Ind. Eng. Chem., 8, 494 (1916).

(2) White, THIS JOURNAL, 63, 2871 (1941).

(3) White, ibid., 64, 302 (1942).

(3a) In Part IT the structures (I) and (II) are incorrectly repre-
sented in the relative location of H and OMe at position 4 of the
monosaccharide units involved.

of this phenomenon in the investigation of certain
oligosaccharides,? xylan® and arabic acid.t
Hirst and co-workers’ report its successful applica-
tion to arabo-galactan but do not give details of
the experiment.

The relative rates of hydrolysis of the galacto-
pyranosides as compared with those of the corre-
sponding arabofuranosides under similar condi-
tions are not known, although it is indicated in-
directly that the difference is not as large as might
be expected. Thus, since the methyl arabopy-
ranosides are hydrolyzed about 1.5 times as
rapidly as the methyl galactopyranosides® and
since the only known methyl arabofuranoside is
hydrolyzed about 10 times as rapidly as the corre-
sponding pyranoside,® it is to be expected that
the arabofuranosides would hydrolyze about 15
times as rapidly as the galactopyranosides. In the
case of arabo-galactan, therefore, wherein six
molecules of galactose are associated with one
residue of arabofuranose, hydrolysis of the fur-
anopentose unit should be accompanied theo-
retically by concomitant hydrolysis of 0.4 unit
of galactose.

The strictly preferential hydrolysis of the ara-
bofuranose component of arabo-galactan is thus a
matter of some difficulty. However, after mild
treatment, any substantial change in the ratio of
the components isolated upon alcoholysis of a
partially hydrolyzed, fully methylated material as
compared with those obtained upon similar treat-
ment of the methyl ether derivative would indi-
cate the method of linkage of the pentose unit.

With these considerations in mind, a quantity
of arabo-galactan was separated from larch saw-
dust and divided into two portions. One of these
was subjected to partial hydrolysis. Samples of
the hydrolyzing solution were removed at inter-
vals and analyzed for residual polysaccharide.
The non-hydrolyzed pentose fraction of the latter
was then determined by the Tollens method. The

(4) (a) Bourguelot and co-workers, Comp. rend., 126, 280 (1898);
182, 571 (1901); (b) Kuhn and Grundherr, Ber., 59, 1655 (1926).

(5) Hirst and Peat, J. Chem. Soc., 1983 (1937).

(6) Smith, ibid., 744 (1939).

(7) Hirst, Jones and Campbell, Nature, 147, 25 (1941).

(8) Isbell and Frush, J. Research N.B.S., 24, 125 (1940).

(9) Montgomery and Hudson, THIS JOURNAL, §9, 992 (1937).
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TABLE 1
PArTIAL HYDROLYSIS OF ARABO-GALACTAN
Acidity, 0.020 N H,SO,; temp., 90°
Time, % Residual 9% Arabinose in
hours polysaccharide residual polysaccharide
0 100 13.6
7 94.2 9.91
16 90.0 7.24
23 88.4 6.16

results obtained, given in Table I, are represented
graphically in Fig. 1.

Residual

Per cent.
polysaccharide

!
Arabinose in
residual |
polysaccharide

12 16 20 24
Time, hours.

Fig. 1.—The hydrolysis of arabo-galactan (acidity, 0.02 N
H,SO,; temp., 900).

Hydrolysis of the gum obviously proceeds with
gradual decrease in the pentose fraction of the
residual polysaccharide and apparently tends
toward a final value. Furthermore, within the
range investigated, the decrease in yield of residual
polysaccharide parallels approximately the loss of
pentose, indicating that simultaneous galactose
fission was relatively slight under the conditions
employed.!® No attempt was made to completely
remove the arabinose component lest prolonged
treatment promote undue galactose hydrolysis.
The hydrolyzate, therefore, is to be regarded as a
mixture of unchanged arabo-galactan and ara-
binose-free arabo-galactan together with some
more extensively hydrolyzed material. The par-
tially hydrolyzed product was methylated with

(10) After twenty-three hours of treatment, arabinose removed
by hydrolysis = 13.6 — (6.16 X 88.4/100) = 8.2%; residual galac-
tan = (88.4 — 5.4) = 83.0%; hydrolysis ratio galactose :arabinose =

82 = 8—————6'4 — 830 X @) = 13.6:1.

13.6 86.4 160
approximates the theoretical hydrolysis ratio 15:1 and indicates 4.5%,
galactose fission under conditions hydrolyzing 629, of the arabinose
component. Similar calculations made after sixteen and seven hours
of hydrolysis yield the ratios 13.8:1 and 16.2:1, respectively. How-
ever, these evaluations of hydrolysis ratio must be regarded as ap-
proximations since galactan hydrolysis may occur leaving an alcohol
insoluble residue without formation of galactose.

‘The experimental value

E. V. Wurre

Vol. 64

dimethyl sulfate and alkali and subjected to si-
multaneous complete hydrolysis and glycoside
formation with methanolic hydrogen chloride.
The resulting sirup was distilled fractionally and
the yield of the components compared with those
obtained from the second portion of arabo-galac-
tan which was methylated directly and subjected
to alcoholysis.

An analysis of the results obtained is given in
Table II as taken from Tables III and IV, respec-
tively.

An examination of this table shows a sharp de-
crease in the amount of dimethyl-galactoside ob-
tained from the glycosidic sirup of the partially
hydrolyzed, fully methylated product as compared
with that obtained from the ether of the original
polysaccharide. Correspondingly, an increase is
noted in the yield of trimethyl-galactoside. When
correction is made in the glycosidic sirup for those
components resulting from unchanged arabo-
galactan in the partially hydrolyzed product, a
substantially equimolecular ratio is obtained for
the di-, tri- and tetramethyl-galactoside compo-
nents’ derived from methylated, arabinose-free
arabo-galactan. The conclusion is reached, there-
fore, that the arabinose fraction of the polysac-
charide is joined by oxygen linkage to an already
di-linked galactose residue and that the new hy-
droxyl group formed by hydrolysis of the furano-
pentose residue and substituted in subsequent
methylation contributes to the increased propor-
tion of the trimethylated component in the glyco-
sidic sirup from the partially hydrolyzed, fully
methylated product.

The location of the new hydroxyl group, and
therefore of the arabinose residue, was revealed by
an examination of the trimethyl galactoside com-
ponent of the glycosidic sirup. Thus, while arabo-
galactan methyl ether yields only 2,3,4-trimethyl-
methyl-galactoside as trimethyl component upon
methanolysis, the partially hydrolyzed, methyl-
ated and hydrolyzed material provides a tri-
methyl galactoside fraction which furnishes
2,3,4-trimethyl-galactose and 2,4,6-trimethyl-gal-
actose. The latter evidently originates through
methylation of a hydroxyl group in the 6-position
of a galactose residue formed during partial hy-
drolysis by removal of the arabinose unit. The
same galactose residue normally occurs in the
alcoholysis products of arabo-galactan methyl
ether as 2,4-dimethyl-methyl-galactoside. In the
original arabo-galactan, therefore, the arabinose
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TaBLE I1
GLYCOSIDIC SIRUP ANALYSIS

From arabo-galactan Me ether

From partially hydrolyzed, fully methylated arabo-galactan

Unchangedb
arabo- Arabinose-free
Total yield Total yield galactan, arabo-galactan
Grams % Mol. ratio Grams ) grams Grams = Mol. ratio
Trimethyl-methyl-arabinoside 9.6% 12.9 1.00 3.6° 5.9 3.6 0 0

Tetramethyl-methyl-galactoside 21.2 28.2 1.82 20.2 33.0 8.7 11.5 1.97
Trimethyl-methyl-galactoside 12.5 16.7 1.14 15.3 25.0 4.1 11.2 2.01
Dimethyl-methyl-galactoside 31.5 42.2 3.04 22.1 36.1 11.5 10.6 2.02
Totals 74.7 100.0 7.00 61.2 100.0 27.9 33.3 6.00

¢ Caled. from arabinose content of arabo-galactan. ° Caled. from arabinose content of arabo-galactan and that of the

hydrolyzed product.

fraction occurs as a 1-6 linked arabofuranosido-
galactan III.

O
/ \-O—CHz
HOH,C \I(_)E]ﬁ H
H |OH HO /H O\ /
H/X Hl / \H
0

H OH

m

A consideration of these facts, together with
the knowledge that octamethyl- and heptamethyl-
6-d-galactosidogalactose have been isolated
through partial methanolysis of arabo-galactan
methyl ether, furnishes direct information con-
cerning six monosaccharide units of the polysac-
charide wherein six galactose residues are asso-
ciated with one unit of arabinose. The remaining
galactose anhydride occurs as the 2,4-dimethyl
derivative in arabo-galactan methyl ether and is
thus tri-linked in the original polysaccharide.
The exact location of this unit is not known, al-
though the problem resolves itself into two possi-

R—O0O—CH_

Ho / -ﬁ———o\
K

bilities. Thus, the tri-linked residue may be
R—O—CH, o o
B A O
AN
L
R—O—CH, . o m om
79/l \/

/

situated in the main chain of the branched struc-
ture previously indicated,® whereupon the con-
stitution of the polysaccharide is represented by a
‘“backbone” or main chain of 1-3 linked galactose
anhydride units IV each substituted in the 6 po-
sition by the radical R. The repeating unit of
arabo-galactan then becomes one of three main
chain units bearing the radicals R, respectively,
l-arabinose, d-galactose, and 6-d-galactosidogalac-
tose. In the event, however, that the final tri-
linked galactose anhydride is not part of the main
chain but that one or more such units are engaged
in side-chain linkage, a portion or all of the radicals
R become of polysaccharide character and the
nature of the main chain linkage is unknown.
This phase of the investigation is now being ex-
tended. '
Experimental

Extraction and Purification of Arabo-galactan.—Larch
sawdust was extracted with water and the extract, purified
by filtration through norite and Super-Cel, fractionally
precipitated with ethyl alcohol.? The precipitate thus ob-
tained was dissolved in water, evaporated under re-
duced pressure at 50° to remove residual alcohol, and di-
vided into Parts A and B, respectively. Part A was fully
methylated under nitrogen with dimethyl sulfate and
alkali, as described previously.? Part B was subjected to
partial hydrolysis.

Partial Hydrolysis of Arabo-
galactan.—A number of pre-
liminary experiments indicated
that hydrolysis of arabo-galac-
tan took place rapidly when the
gum was heated in sulfuric acid
solutions of greater concentra-
tion than 0.05° N. In more di-
lute solutions hydrolysis pro-
ceeded progressively slower until
in 0.01 N acid solution only
slight change was noted over
long periods of time. Accord-
ingly, Part B (72.6 g. of solid) of
the arabo-galactan extract was
heated at 90° on the water-bath

H

1v in 750 cc. of 0.02 N sulfuric acid.
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Samples of the hydrolyzing solution were removed at inter-
vals, cooled, and a 25-cc. portion precipitated into excess
rapidly stirred ethyl alcohol. The precipitate was washed
with fresh alcohol to remove residual monosaccharide, dis-
solved in water, and made up to 100 cc. volume. Aliquot
portions of this solution were then analyzed for total solid
and for furfural distilled by the Tollens method. The re-
sults are given in Table I and are illustrated graphically in
Fig. 1.

Methylation of Partially Hydrolyzed Arabo-galactan.—
The hydrolyzing solution of arabo-galactan after twenty-
three hours of treatment was cooled (635 cc.) and precipi-
tated into excess rapidly stirred ethyl alcohol. The pre-
cipitate was removed from the supernatant liquor (C),
washed with fresh alcohol, dissolved in water, and evapo-
rated to a thin sirup. The latter was methylated at 25°
under nitrogen using 300 cc. of methyl sulfate and 900 cc.
of 309, sodium hydroxide. The reagents were added drop-
wise and simultaneously over a period of five hours. Ace-
tone (200 cc.) was added over the interval to reduce foam-
ing. After complete hydrolysis of the methyl sulfate the
partially methylated product separated from the inorganic
reaction components. The latter were removed and the
residue remethylated under similar conditions. After four
methylations, retreatment effected no increase in methoxyl
content of the product, which was isolated by extraction
of the methylation liquors with chloroform. The extract,
dried over magnesium sulfate, decolorized with norite and
filtered, was evaporated to a sirup and precipitated into
excess rapidly stirred petroleum ether (30-60°). The pre-
cipitate, taken up in ether, filtered and evaporated to dry-
ness, yielded a friable glassy solid of light yellow color;
yield, 57 g. (Found: MeO, 44.7.).

Isolation and Identification of Arabinose.—The super-
natant alcoholic liquor (C) was neutralized with barium
carbonate, decolorized with norite, and evaporated to small
volume. The resulting solution was precipitated into
excess alcohol and a small quantity (1.5 g.) of residual gum
removed. The solution, containing 5.6 g. of arabinose by
the Tollens method, evaporated to a sirup and taken up in
fresh alcohol, crystallized, yielding crude arabinose identi-
fied as the benzyl-phenylhydrazone: m. p. 174°.

Methanolysis of Fully Methylated, Partially Hydrolyzed,
Arabo-galactan and of Arabo-galactan Methyl Ether.—
Fifty-six grams of fully methylated, partially hydrolyzed
arabo-galactan was dissolved in 360 cc. of anhydrous pure
methyl alcohol containing 29, of dry hydrogen chloridc.
After reaction in sealed tubes! maintained at 115° for five
and one-half hours, excess acidity was neutralized with
silver carbonate. The filtered solution was decolorized
with norite, evaporated to a sirup, and taken up in an-
hydrous ether. Filtration of the solution and evaporation
of solvent gave a sirupy mixture of variously methoxylated
glycosidic components; yield, 62.0 g. A similar experi-
ment performed on the methyl ether of non-hydrolyzed
arabogalactan (66.0 g.) gave a similar glycosidic sirup;
yield, 75.2 g.

Examination of the Glycosidic Sirups.—The sirup ob-
tained upon methanolysis of arabo-galactan methyl ether
was distilled fractionally under high vacuum, yielding the
portions indicated in Table III. No attempt was made
to separate trimethyl-methyl-arabinoside from tetra-

E. V. WHITE
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methyl-methyl-galactoside, although the separation of
these components from trimethyl-methyl-galactoside and
the latter from dimethyl-methyl-galactoside was relatively
complete. In calculation of the compouents, the arabino-
side fraction was determined upon the basis of the 6:1
molecular ratio of galactose to arabinose in arabo-galactan,
while the small intermediate portions and the trimethyl
fraction were apportioned on the basis of methoxyl con-
tent.

TaBLe II1

FrRACTIONAL DISTILLATION OF THE GLYCOSIDIC SIRUP FROM
ARABO-GALACTAN METHYL ETHER

— Components —
Distillate Grams OMe a b ¢
Fraction [ 28.3 61.3 9.6 18.7
Fraction II 3.2 55.0 2.4 0.8
Fraction IIT 12.2 51.5 10.9 1.3
Fraction IV 5.8 43.4 0.8 5.0
Fraction V 25.2 41.9 25.2
Total 74.7 9.6 21.1 12.5 31.5

¢ Trimethyl-methyl-arabinoside. ® Tetramethyl-methyl-
galactoside. ° Trimethyl-methyl-galactoside. ¢ Dimethyl-
methyl-galactoside.

A similar fractional distillation was performed upon the
glycosidic sirup resulting from methanolysis of the partially
hydrolyzed, fully methylated material. The results ob-
tained are listed in Table IV, wherein calculation of frac-
tion composition was again determined as previously. In
this case, the arabinose component is based upon un-
changed arabo-galactan in the partially hydrolyzed prod-
uct as determined from the arabinose content thereof.

TABLE IV

FRACTIONAL DISTILLATION OF THE GLYCOSIDIC SIRUP FROM
ParTIALLY HYDROLYZED, FULLY METHYLATED ARABO-

GALACTAN
— Components —

Distillate Grams OMe a b c
Fraction I 23.2 61.5 3.6 19.6
Fraction II 2.9 54.5 0.6 2.3
Fraction III 12.9 51.6 11.8 1.1
Fraction IV 6.7 43.8 1.2 5.5
Fraction V 15.5 41.9 15.5

Total 61.2 3.6 20.2 15.3 22.1

¢ Trimethyl-methyl-arabinoside. ® Tetramethyl-methyl-
galactoside. ° Trimethyl-methyl-galactoside. ¢ Dimethyl-
methyl-galactoside.

Separation of 2,4,6-Trimethyl-galactose from 2,3,4-
Trimethyl-galactose.—The distilled fraction containing the
major portion of trimethylgalactoside, Fraction III, Table
1V, was hydrolyzed (5.0 g.) in 50 cc. N sulfuric acid on the
boiling water-bath for twelve hours. The product was iso-
lated in the usual manner and distilled under high vacuum
[b. p. 150° (0.1 mm.)] yielding trimethyl galactose as a
sirup; yield, 4.8 g. (Found: OMe, 41.8. Calcd. for
CngsOs: OMe, 41.9).

A partial separation of 2,3,4-trimethyl-galactose from
2,4,6-trimethyl-galactose can be achieved through frac-
tional crystallization of the corresponding anilides from
ether—alcohol solution. A more satisfactory method was
developed through the preferential reaction of the 2,3,4-
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trimethyl derivative with triphenylchloromethane. Ac-
cordingly, 2.5 g. of the sirup was treated with 3.0 g. of
triphenylchloromethane in 12 cc. of pyridine solution at
room temperature for two days. The reaction mixture
was then triturated with a small quantity of water to dis-
solve pyridine hydrochloride and the solution poured into
an excess of rapidly stirred ice-water. The insoluble trityl
derivative settled out as a gum along with residual reactant.
After standing in the icebox with occasional stirring, the
solution (A) was decanted from the granular residue. The
latter, washed with fresh ice-water, dissolved in acetone,
dried over magnesium sulfate, decolorized with mnorite,
filtered and evaporated to a thin sirup, deposited crystals
of triphenylcarbinol. The mother liquor, upon evapora-
tion to a sirup (0.9 g.) and treatment with aniline (0.4 g.)
in absolute ethanol under reflux for three hours, crystallized
upon removal of solvent. Recrystallization from absolute
ethanol gave the anilide of 2,3,4-trimethyl-6-trityl-galac-
tose; yield, 0.7 g., m. p. 152°. (Found: OMe, 17.1.
Calced. for C3:HgO3N; OMe, 17.2).

The solution (A) containing unreacted 2,4,6-trimethyl-
galactose was neutralized with silver carbonate and filtered.
Silver ion was removed with hydrogen sulfide, and, after
filtering, decolorizing with norite, and evaporating excess
solvent, a sirupy residue was obtained; yield, 1.0 g.
(Found: OMe, 52.2. Caled. for CoH,;304: MeO, 52.5).

The sirup, upon treatment with aniline (0.5 g.) in the
usual manner crystallized upon removal of solvent. Re-

2-THIO-5-KETO-4-CARBETHOXY-1,3-DIHYDROPYRIMIDINE
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crystallization from ether-alcohol solution gave 2,4,6-
trimethyl-galactose anilide; yield, 0.9 g., m. p. 178°.11
(Found: OMe, 314. Caled. for C;sHaO:N: OMe,
31.4.)

Summary

1. Fractional distillation of the glycosidic
sirup obtained upon methanolysis of arabo-galac-
tan methyl ether yields three main fractions.
These are, respectively, dimethyl-methyl-galac-
toside, trimethyl-methyl-galactoside, and a mix-
ture of tetramethyl-methyl- galactos1de and tri-
methyl-methyl-arabinoside.

2. Based upon the 6:1 molecular ratio of ga-
lactose to arabinose in the original polysaccharide,
the molecular ratio of the glycosidic components
is 3:1:2:1, respectively.

3. The arabinose component of arabo-galac-
tan is joined to a tri-linked galactose residue.

4. The position of such linkage is through the
1 position of the arabinose component to the 6 po-
sition of the galactose residue.

(11) McCreath and Smith, J. Ckem. Soc., 390 (1939).

Moscow, IpaHO RECEIVED MARCH 4, 1942
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2-Thio-5-keto-4-carbethoxy-1,3-dihydropyrimidine and Related Compounds

By JouN H. YoE AND GEORGE R. Boyp, JRr.

Sheppard and Brigham! described the prepara-
tion of a heterocyclic compound which gave a deep
purple colored precipitate in the presence of silver
ions and suggested that it might be used as a sen-
sitive reagent for silver. Recently Yoe and Over-
holser? have employed this compound for the
colorimetric determination of silver.

The compound, 2-thio-5-keto-4-carbethoxy-1,3-
dihydropyrimidine, was prepared by the action of

carbon disulfide on the ethyl ester of glycine. An-

intermediate product was formed, diethylamino-
acetate dithiocarbamate, which upon further
treatment with carbon disulfide eliminated hy-
drogen sulfide and ethyl alcohol, closing the ring
and forming the desired product. The reaction as
outlined by Sheppard and Brigham!is as follows

(1) S. E. Sheppard and H. R. Brigham, THIS JoURNAL, 58, 1046
(1936).

(2) J. H. Yoe and L. G. Overholser, Ind. Eng. Chem., Anal. Ed.,
14, 148 (1942).

HNCH,COOCH, HS.__ NHCH.COOC;H;™

=—=C==S —_—>

H,NCH,COOC,H; s C\NHCH2C00C2H5
H

I
NH—C—COOC,H;

\NH-—————(IDHz
@

S=C + CHOH + H,S

M. L. Huggins prefers to regard the structure (I)
not as a closed heterocyclic ring, but as a chain
which is chelated through a hydrogen bridge,3
thus

(2a) Sheppard and Brigham wrote the formula of this intermediate

product with the following structure

—NH—CH—COOC,;H;
S=C
NH—CH;—COOC,H;

Consideration of the arrangement of the electrons about the atoms,
however, suggests that the structure first given is more likely.

(3) Private communication to the authors from Dr. S. E. Shep-
pard, Eastman Kodak Company.
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H OCH;
N=C—%O\\

—S—c/
\N—o—_c—o/

+ iy

L ik L

The compound prepared in this manner is an
orange solid which is very soluble in aniline,
phenol, thymol, and hot ethylenechlorohydrin.
It is soluble in hot acetophenone and slightly
soluble in acetone, acetic acid, and hot benzene.
It is insoluble in carbon tetrachloride, ligroin, and
water. Its melting point is 276-280°.

In an attempt to confirm the structure of this
silver reagent, Sheppard and Brigham! attempted
to synthesize it by the condensation of thiourea
with «,v-dichloracetoacetate, but obtained only
““a red oil which could not be crystallized.”

First attempts to synthesize the compound in
this Laboratory were made according to the pub-
lished directions of Sheppard and Brigham,! but
as the reaction gives only very small yields (on
the order of 19,) and since only small amounts of
ethyl glycinate were used, it was impossible to
isolate any crystalline material by this means.

In a private communication to the authors,
Sheppard and Brigham revised their procedure
slightly, saying that it gave somewhat higher
yields than their older one. Both procedures
required the use of absolute alcohol, but it has
been found in this Laboratory that the presence
of a small amount (19,) of water in the alcohol is
essential for the preparation of the cyclic com-
pound. >

Preparation of 2-Thio-5-keto-4-carbethoxy-1,3-dihydro-
pyrimidine.—The best method of synthesis was found to
be as follows: 50 g. of ethyl glycinate hydrochloride was
suspended in 25 ml. of water in a separatory funnel and
30 ml. of a 409, solution of sodium hydroxide was added
while shaking and cooling under running water. This was
saturated with anhydrous potassium carbonate and then
extracted with ether, using four 25-ml. portions. The ex~
tract was allowed to dry over anhydrous potassium carbon-
ate for twenty-four hours. At the end of this time, the
potassium carbonate was filtered off and washed twice
with ether that had been dried over sodium. The filtrate
was cooled in ice.

Eight milliliters of carbon disulfide was added to the
ether solution of ethyl glycinate while stirring and cooling
in ice. The diethylaminoacetate dithiocarbamate settled
out as an oil and froze to a white solid upon further cooling.
The ether was decanted and poured on 50 ml. of 999, alco-
hol at once (the intermediate product changed into a red
oil upon prolonged contact with the air); 2 ml. of carbon

JorN H. Yor AND GEORGE R. BoyD, JR.

H OC.H;

N—C=C—0
“SH == -S—c/ \H

\N—C—C=O///
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disulfide was added and the solution was refluxed
for forty-eight hours.4 At the end of this time,
the solution was quite dark in color. When the
solution was cooled in ice and stirred, a large
amount of precipitate appeared and was filtered
off. The solution from this precipitation was
evaporated to about one-half of its original vol-
ume; an orange red precipitate settled out, and
this was filtered off and recrystallized from ethylene
chlorohydrin. The compound so formed melted at 275°
and gave a very intense purple color when a 0.025%, solu-
tion in acetone was treated with silver nitrate solution.
The amount of the orange compound thus obtained was
about 0.3 g.

Following the same procedure except for the use of
absolutely dry reagents (absolute alcohol was prepared by
distilling alcohol dried over lime from sodium methylate
and ethyl phthalate; carbon disulfide dried over “Dri-
erite’’) and with the reactions carried out in an atmosphere
of nitrogen, a yellow compound was obtained. This com-
pound was purified by recrystallizing from dioxane. The
melting point was 181 ° and the compound gave a red color
reaction with silver.

If more than 19, of water is present in the alcohol, the
yield of (I) is decreased; only about 150 mg. was obtained
using alcohol containing 1.5%, of water.

Additional Compounds

Since the above procedures for the synthesis of the silver
reagent gave, at best, only very poor yields of the desired
product, several related compounds were prepared in an
attempt to find some compound which would be com-
parable in sensitivity toward silver, but which could be
more easily prepared. The starting material in every case
was diaminoacetone which was synthesized from citric
acid by the method of Kalischer? as improved by Koessler
and Hanke.6

The diamine, in the form of its dihydrochloride, can be
purified by recrystallizing from water, Anal. Caled.
for CHgON»-2HCl: N, 17.39. Found: N (Dumas),
17.24; (Kjeldahl), 17.31.

Diaminoacetone is quite reactive and can be coupled
with several reagents to give cyclic compounds. These
were investigated as possible sensitive reagents for silver.

Van Alphen? has shown that diamines react with carbon
disulfide forming cyclic compounds, and so it was thought
that diaminoacetone should react with carbon disulfide
according to the scheme.

(4) S. E. Sheppard reports that the yield of 2-thio-5-keto-4-carb-
ethoxy-1,3-dihydropyrimidine may be greatly increased by adding
hydrogen peroxide in aqueous solution just before refluxing the alco-
holic solution of diethylaminoacetate dithiocarbamate. In ome ex-
periment in which 20 ml. of 2.5% aqueous solution of hydrogen
peroxide was added to 80 ml. of an alcoholic solution of the dithio-
carbamate (obtained from 13 g. of ethylglycinate hydrochloride) be-
fore refluxing, a 12.6%, yield of the purified orange compound was ob-
tained. This is about a ten-fold increase in the yield previously ob-
tained. Stronger solutions of hydrogen peroxide and also sodium
peroxide are now being tried. Private communication from Dr.
S. E. Sheppard.

(5) G. Kalischer Ber., 28, 1519 (1895).

(6) K. K. Koessler and M. T. Hanke, THIS JOURNAL, 40, 1716
(1918).

(7) J. Van Alphen, Rec. trav. chim., 56, 412 (1936).
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HNCHa_
S—C—$ >e—0 —
H,NCH;y
NH—CH,
s—=c( Ne=0
\NH—CH/

Diaminoacetone dihydrochloride was dissolved in hot alco-
hol and hot alcoholic sodium hydroxide then added in suf-
ficient quantity to neutralize all hydrochloric acid. An
equivalent amount of carbon disulfide was then poured into
the solution, causing a vigorous reaction, A brown pre-
cipitate formed immediately, which was filtered off and
dried at 110°. This compound gives a white precipitate
with silver ions which decomposes into silver sulfide upon
standing.8 The compound decomposes without melting
at about 150°.

Chloroformic ester was added to a hot alkaline solution
of diaminoacetone, yielding a white precipitate which
Riigheimer and Mischel® say is probably a derivative of
urea having the formula

This compound gives a white precipitate with silver ions.
According to Pyman!® two products are obtained when
diaminoacetone is treated with potassium thiocyanate

(lle—NH o CH NI\

H SH
(llH————N/ ?H——AN/
CH,NHCSNH, CH,NH,

(1) (I11)

Diaminoacetone dihydrochloride was heated on a water-
bath for ninety minutes with the theoretical amount of
potassium thiocyanate causing the formation of a white
precipitate. The two products were separated by heating

(8) Sheppard and Brigham! also prepared this compound by an-
other method and report this reaction with silver.

(9) S. E. Riigheimer and E. Mischel, Ber., 25, 1562 (1892).

(10) F. L. Pyman, J. Chem. Soc., 99, 668 (1911).
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with water in which most of the precipitate dissolved leav-
ing only a small residue. This residue, which melts at 212°
with decomposition, is only very slightly soluble in acetone
and alcohol. In acid solution, however, it gives a yellow
precipitate with silver ions. This seems to be compound
(Ir).

If the aqueous solution is allowed to crystallize, another
compound is obtained which darkens at 240° but does not
melt even when heated to 350°. This compound gives a
white precipitate with silver and presumably is compound
(I11).

It is apparent from the reactions of the various com-
pounds with silver ions that those with simpler structures
give white or light colored precipitates and that only
compound (I) gives a highly colored precipitate and hence
is the most sensitive reagent for silver.

Rhodanine, which is closely related to these compounds,
behaves in an analogous manner. Thus, Feigl!! found that
the condensation product of rhodanine with p-dimethyl-
aminobenzaldehyde gave a more highly colored precipitate
with silver ions than did rhodanine itself.

Acknowledgment.—OQOur thanks are expressed
to Professors Robert E. Lutz and Alfred Burger

for helpful suggestions during the course of this
investigation.

Summary

2-Thio-5-keto-4-carbethoxy-1,3-dihydropyrimi-
dine has been prepared by a modification of the
Sheppard and Brigham method. Several related
compounds have also been made. The reactions
of these compounds with silver ions have been
studied; only the former is a sensitive reagent
for silver.

(11) F. Feigl, Z. anal. Chem., 74, 380 (1938).
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Adsorption of Organic Compounds.

I. Adsorption of Ampholytes on an Activated

Charcoal*

By VERNON H. CHELDELIN AND ROGER J. WILLIAMS

During recent years charcoal adsorption has
become an important operation in the purification
of materials of biological importance. It hasbeen
especially useful in the concentration and isola-
tion of several of the water-soluble vitamins, the
wound hormone traumatin! and the amino acid
methionine.?

Amino acids as a class might be expected to be
adsorbed considerably less than the parent car-

* QOriginal manuscript received August 5, 1941.
(1) English and Bonner, J. Biol. Chem., 121, 791 (1937).
(2) Mueller, Proc. Soc. Exptl. Biol. Med., 18, 14 (1921).

boxylic acids, due to their salt forming properties
and high water solubilities. A few experiments
by Phelps and Peters® and Bartell and Miller* in-
dicate that glycine and alanine are not adsorbed
at all on Norite or sugar charcoal, and that aspar-
tic acid and glutamic acid are only slightly ad-
sorbed; with a maximum near the isoelectric
point.  Ito® observed marked adsorption of the

(3) Phelps and Peters, Proc. Roy. Soc. (London), 1244, 554 (1929).

(4) Bartell and Miller, THIS JOURNAL, 45, 1106 (1923).

(56) Ito, J. Agr. Chem. Soc., Japan, 12, 204 (1936);
Chemical Abstracts, 30, 62652 (1936).

through
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basic amino acids lysine, histidine and arginine.
Wunderly® obtained adsorption isotherms for
phenylalanine, leucine, alanine, serine and as-
partic acid on animal and sugar charcoals.

Further information regarding the charcoal ad-
sorption of organic ampholytes is lacking. It was
therefore decided to begin a systematic study of
the problem by obtaining adsorption isotherms for
thirty-three amino acids, vitamins and related
compounds on one charcoal, with emphasis upon
discovering differences in adsorption produced by
constitutive differences within the molecules of the
different adsorbates.

Experimental

Adsorbent.—The adsorbent used in the present investi-
gation was Darco G-60, a commercial grade lignite charcoal
which is in general a very effective adsorbent.’® Its ash
content (practically all non-leachable) is 49}, and the char-
coal was used as received since information was first de-
sired with respect to an adsorbent which finds common
laboratory and commercial use. Adsorption studies using
other charcoals will be discussed in another communication.

Method of Measuring Concentrations.—Measurements
of all amino acid solutions and some of the others were
made by the interferometric method.” The instrument
used was of the Zeiss portable water type and was cali-
brated for each adsorbate by obtaining readings of several
solutions of known concentrations. After adsorption and
centrifuging, readings were made and the residual concen-
trations were calculated by comparison with the standards.
The inorganic constituents of the charcoal were not
leached away by this procedure, so that it was possible to
detect concentration changes as small as 10 mg. per liter.

The lower concentrations of calcium pantothenate, B-
alanine, biotin, pyridoxin and thiamin after adsorption
were determined by microbiological assay methods de-
veloped in this Laboratory.®?

Duplicate determinations were made for each experi-
mental point. The number of duplicate experiments
ranged from three to ten for each substance tested, averag-
ing five or six.

- Procedure.—Samples of the adsorbent were weighed
into 50-cc. Erlenmeyer flasks. To these were added the
desired volumes of various concentrations of a given
solution. The amounts varied from 25 ml. to 2 liters per
gram of carbon, depending upon the solute used. The
flasks were stoppered and shaken for thirty minutes, after
which the solutions were centrifuged, decanted and their
concentrations determined in the interferometer.

Experiments were run at room temperature, which was
usually about 25° but at times rose to 35°. Other work-

(6) Wunderly, Helv. Chim. Acta, 1T, 523 (1934).

(6a) Thanks are extended the Darco Corporation for their dona-
tions of materials used in this work.

(7) Bartell and Sloan, THis JOURNAL, 61, 1637 (1929).

(8) Williams, Lyman, Goodyear, Truesdail and Holaday, ibid., 65,
2912 (1933).

(9) Williams, et al., The University of Texas Publications, No. 4137
(1941).
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ers!® have found little change in adsorption over this
temperature range.

Preliminary experiments with asparagine showed that
adsorption was essentially complete in a very few minutes.
This is in line with general experience in so far as adsorp-
tion is a reversible process.

The substances tested were adsorbed from pure solutions
with no special effort being made in most instances to con-
trol their pH, since ampholytes in solution tend to maintain
pH values near their isoelectric points. Comparison of
the pH values of many amino acid solutions before and
after adsorption revealed relatively little change in pH
(Table I). In the cases of pantothenic acid and biotin
dilute solutions of aspartic acid (0.0025 M) were added to
buffer the systems near the isoelectric points of these sub-
stances. )

Treatment of Adsorption Data.—Any attempt
to reduce adsorption behavior to a simple mathe-
matical expression usually results in the adoption
of the well-known Freundlich equation.!* In al-
most all cases in the present study the Freund-
lich equation was found applicable. The Lang-
muir equation!? has been found in our work to be
less useful.

Data and Results

The data obtained for each adsorbate are listed
in Table II. The values of 1/7 and %k were deter-
mined from adsorption isotherms (not shown) de-
rived from the experimental data.

It may be observed from Table II that, con-
trary to previous reports,®* glycine and alanine
are definitely adsorbed, although only slightly.
The amounts adsorbed are less than for the parent
carboxylic acids, but increase with increasing
members of a homologous series. This is in ac-
cordance with adsorption experience in general.

The introduction of an amino group into the
carboxylic acid molecule more than doubles the

values of 1/# in the Freundlich equation. The
TaBLE I
pH oF AMINO ACID SOLUTIONS BEFORE AND AFTER ADSORP-
TION
Maxi- ——pH. Mini- — _
mum Before  After mum Before  After
concn., adsorp- adsorp- concn.,, adsorp- adsorp-
Substance g./1. tion tion g./1. tion tion
Serine 13.4 6.0 6.2 0.84 6.1 6.7
Aspartic
acid 7.2 3.3 3.3 .90 3.4 3.8
Threonine 14.6 5.7 5.5 .91 5.6 6.0
Glycine 50.0 5.8 5.7 3.1 6.1 5.9
Nicotinic
acid 1.00 3.4 3.4 0.250 3.6 3.7
Valine 3.94 6.2 6.2 .246 6.6 6.4
Creatine 5.00 7.1 6.8 .313 6.9 6.2
5.9 5.8 .156 6.2 5.8

Leucine 2.50

(10) Yajnik and Rana, J. Phys. Chem., 28, 267 (1924).
(11) Freundlich, Z. physik. Chem., 87, 385 (1906).
(12) Langmuir, THIS JOURNAL, 40, 1361 (1918).
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TaBLE 1T
ADSORPTION OF AMPHOLYTES ON DARrRcoO G-60
Equilibrium concn., moles/liter Mg. carbon Average
Substance Maximum Minimum per cc. of solution 1/7 k dev., %
Acetic acid 1.69 0.0070 20 0.34° 0.0032 =(.8%
Propionic acid 1.26 .0201 20 .31° .0044 =0.5
Glycine 0.659 .082 50°, 20 .76 .00023 =5
dl-Alanine 225 .0145 20 .86 .00083 =2
B-Alanine 1394 0000057 20°, 40 .64 .00050 =7
dl-a-Aminobutyric acid L280 L0168 20 .75 .0015 *=1.7
dl-Norleucine L0402 .00079 20 .45 .0048 =0.4
dl-Valine L0276 .001566 20 .82 .0056 =1
dl-Leucine L0124 00051 207, 10 .50 .0054 +0.3
dl-Isoleucine 137 . 00092 20 .50 .0054 +=0.5
dl-Serine .125 .0076 20) .63 .00051 =8
dl-Threonine .125 .0098 20 .83 .0014 *=2
dl-Methionine .0161 .00055 10 .61 .011 =0.4
l-Lysine . 0446 .00522 10 .68° .0051 =2
l-Aspartic acid .0414 .00315 20 .70 .0059 =0.8
.0360 .00377 .667 .0041 =0.1
l-Asparagine .164 .00377 20 .64 .0022 =0.3
.65 .0023 =2
Benzoic acid .0081 .00042 2 .24 .013 =0.6
Aniline .164 .0041 10 .26 .010 =0.2
o-Aminobenzoic acid .0113 .00090 2 .16 .0071 +=0.5
m-Aminobenzoic acid .0125 .00145 2 .16 .0057 +=0.3
p-Aminobenzoic acid L0117 .00140 2 .12 .0045 =0.3
Nicotinic acid .00593 .00067 1 .22 .0069 =3
dl-Phenylalanine .0489 .00075 1 .10° .0023 =1.3
I-Tyrosine .00014 .000031 0.5 .30° .011 =10
dl-Tryptophan . 00340 .00284 0.5 .10° .0032 +=0.3
Urea 762 .0419 40 .66 .0021 =1
d-Glucose .093 .0042 20 .54 .0033 =0.4
4-Inositol .0570 .00536 20 .86 .0042 =1
I-Hydroxyproline . 0500 .00250 20 .79 .0032 =1
Caffeine .0145 .00124 2 .10 .0033 =1
Creatine .0367 .00170 1 .15 .0023 +=4
Creatinine .0862 .00448 1 .26 .0044 0
Calcium pantothenate (dextro) .024 .00000019 0.5 .69 .39 =10
Calcium pantothenate (from liver
extract) . 00334 . 000000230 .5 .56 .026 =10
Biotin .000000037 .000000000092 .1 .69 .53 =10
Pyridoxin hydrochloride .00335 .00000097 2 .38 .0062 =15
Thiamin hydrochloride’ .00107 .00000013 0.3 .66 .30 =10

¢ The per cent. average deviation is the average of the deviations obtained at all concentrations. ° 50 mg. carbon per
cc. solution in the first two cases, 20 mg. per cc. in the last three. ° 20 mg. carbon per cc. solution for the five highest
concentration levels, 40 mg. per cc. for the lower five. 4 90 mg. carbon per cc. solution at the highest concentration, 10
mg. per cc. in the others. ¢ In this case the logarithmic plot is not a straight line. The value of 1/# increases with dilu-
tion. 7 Duplicate determinations made nine months later with a different sample of charcoal. ? This value does not
fit in well with generalizations presented later, but is only very approximate due to experimental difficulties involved in
obtaining sufficient data regarding a compound of such low solubility. In several similar cases the 1/% values increased
with dilution.

higher homologous alpha amino acids have some-
whatlower 1/n values compared to the lower mem-
bers and branched chain amino acids seem to have
higher 1/# values than the corresponding straight
chain acids.
pears to be important, for 3-alanine has a lower 1/»
value than either a-alanine or a-aminobutyric acid.

The position of the amino group ap--

The introduction of additional functional groups
causes at most a slight rise in the 1/# value. The
effect of these additional groups on the amount of
adsorption is in the opposite direction, however,
as was the case with the monoamino monocar-
boxylic acids mentioned above.

Striking differences exist between aromatic and
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aliphatic compounds, both in the values of 1/n
and in the amounts adsorbed.

While the difference in 1/ for the representa-
tive carboxylic acids (acetic, benzoic) is not large,
the difference becomes much greater when amino
groups are introduced; for whereas among ali-
phatic acids the 1/» values are increased by the
presence of polar groups, the effect of these
groups when placed on the aromatic nucleus is to
lower the 1/n values. The difference in 1/# for
alanine and phenylalanine is most striking, and
illustrates the influence of the benzene nucleus
on adsorption.

The relation between the amounts of adsorption
and the trend in 1/7 values is opposite in aromatic
compounds to that found among the aliphatic
compounds.

The adsorption data for various nutrilites is as
varied as might be expected on the basis of the
structures of the nutrilites themselves.

Calcium pantothenate, B-alanine, thiamin hy-
drochloride and inositol are all non-aromatic
compounds with several polar groups. Their
1/n values are high (above 0.6) in accordance with
the previous discussion. The aromatic com-
pounds nicotinic and p-aminobenzoic acids and
pyridoxin hydrochloride have low 1/% values (be-
low 0.4). Biotin, the structure of which is un-
known, on this basis would be expected to be non-
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Vol. 64

aromatic (1/7 = 0.69), provided of course that the
extrapolated curve is valid over the extremely
wide range for which as yet no experimental data
are available.

It is worthy of note that the adsorption data for
several of the nutrilites follow the Freundlich
equation through extremely wide concentration
ranges. By using microbiological tests it has
been possible in some cases to measure adsorption
from solutions far more dilute than has hitherto
been possible in dealing with organic compounds.
The application of the Freundlich equation through
a wide range is somewhat contrary to results ob-
tained with certain other substances studied
within a much narrower range.

Summary

1. Adsorption isotherms have been obtained
for thirty-three amino acids, vitamins and related
substances using Darco G-60 as the adsorbent.
The experimental data fit the equation commonly
known as the Freundlich adsorption isotherm.

2. Several generalizations have been evolved
from the data which show certain trends (based
upon structure) in adsorption and in the 1/x
values of the Freundlich equation. The presence
and position of polar groups and the presence or
absence of aromatic nuclei are important factors.

AvusTIN, TEXAS RECEIVED MARCH 23, 1942

[CONTRIBUTION FROM THE RESEARCH LABORATORY OF ARMOUR AND COMPANY]

Studies on High Molecular Weight Aliphatic Amines and their Salts.

VII. The

Systems Octylamine—, Dodecylamine— and Octadecylamine-Water

By A. W. RaLstoN, CHARLES W. HOERR AND EVERETT J. HOFFMAN

Previous studies upon the behavior of aliphatic
amines in water have been concerned only with
amines of low molecular weight, and the literature
pertaining to the higher homologs in water is con-
fined to statements regarding their solubility.
Preceding papers of this series have reported some
aspects of the behavior of the hydrochlorides and
acetates of primary aliphatic amines containing
from 8 to 18 carbon atoms in the paraffin chain.
This paper reports the behavior of octyl-, dodecyl-
and octadecylamines in water. Since these three
amines represent a cross-section of the series of
normal primary aliphatic amines, a comparison
of their water systems illustrates the effect of in-
creased length of the alkyl chain upon such systems.

The applicability of the phase rule to colloidal
systems has been demonstrated with respect to
soap phases by McBain and his. co-workers.!
While they have shown that the phase rule can be
applied in its usual form without the introduction
of any new variable, they point out several of the
assumptions and interpretations which must
necessarily be made to fit the phase rule to some
of the phenomena encountered in colloid chem-
istry. Of course, the original Gibbs deduction of
the phase rule specifically excludes the effects of
surface and boundary forces which are so impor-
tant in connection with colloidal behavior; hence,
in some cases certain observations must be omitted

(1) McBain, Vold and Vold, THiS JOURNAL, 60, 1866 (1938),
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or ignored. In other cases relative importances
must be determined before an interpretation can
be made. For example, no absolute meaning can
be attached to the definitions of homogeneity and
heterogeneity, since in dealing with colloids the
degree of dispersion of the various phases has
. considerable bearing on their behavior.

Further complexities in the application of the
phase rule to colloidal systems, aside from the
confusion of the terminology, arise from the ex-
perimental difficulties encountered in dealing with
these systems. The problem of establishing and
maintaining equilibrium conditions is often an
obstacle presented by the nature of the substances
under observation. At certain temperatures the
liquid phases may possess a very high viscosity,
or the solid phases may exist in gelatinous or
mesomorphic states. Hence, there is a problem
of maintaining intimate admixture of the phases
to bring about an equilibrium between them.
In some cases, too rapid cooling may introduce a
false phase which may not disappear for such a
length of time that it would appear to be a true
equilibrium phase. While these metastable
phases have a given place in the phase diagram,
they are misleading in the investigation of the
stable phases. Thus it is essential, in studying a
given phase, to demonstrate that equilibrium can
be attained from higher and lower temperatures,
and from higher and lower concentrations.

Procedure

Preparation of Materials.—Caprylonitrile, lauronitrile
and stearonitrile were prepared by the action of ammonia
upon the respective acids.? The caprylonitrile and lauro-
nitrile (#25p 1.4184 and 1.4342, respectively) were purified
by vacuum distillation,? and the stearonitrile (m. p. 42.0-
43.0°) was crystallized from 959, ethanol. These nitriles
were hydrogenated to the corresponding amines, which
were then purified by fractional distillation in vacuo.*
The amines used in this investigation had the following
boiling points: octylamine, 46.5° (4 mm.); dodecyl-
amine, 81.4° (1 mm.); and octadecylamine, 153.2° (1
mm.). Their freezing points, determined by the cooling
curve method (vide infra), were —1.0, 28.0 and 52.5°,
respectively. Titration with standard hydrochloric acid
solution using methyl red as the indicator, in all cases
yielded values exceeding 99.95% amine. These com-
pounds were exposed to the atmosphere as little as possible
in order to minimize absorption of carbon dioxide.

The water used in most of these experiments was dis-
tilled from an alkaline potassium permanganate solution
in an all-Pyrex glass still, and was used in making up the
amine samples directly after cooling without access to the

(2) Ralston, Harwood and Pool, THiS JOURNAL, §9, 986 (1937).

(3) Ralston, Selby and Pool, Ind. Eng. Chem., 88, 682 (1941).
(4) Ralston, Selby, Pool and Potts, ¢bid., 82, 1093 (1940).
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air. Its specific conductance was 0.8 X 10~8 mho at 25°,
The carbon dioxide content, therefore, was at a minimum.
For the cooling curve measurements, boiled distilled
water was used.

Experimental.—Five methods of investigation were
followed. In every case, each amine-water sample pre-
pared was first heated until it became a homogeneous
liquid, or, in the ranges of concentrations where the sys-
tems do not become homogeneous at ordinary tempera-
tures, until both components were liquefied and could be
intimately mixed by shaking or stirring. This precaution
has been stressed as a most desirable prerequisite in dealing
with colloidal substances.!

The first experimental procedure was a synthetic method
in which weighed amounts of the two components were
sealed in glass tubes. After preliminary heating, the
samples were suspended in a constant temperature water-
bath and shaken regularly. The temperature of the bath
was changed 0.1 to 0.2° about every half hour and the
samples were observed visually to determine what phases
were present. Since the various phases were arrived at
both from higher and lower temperatures, and since the
observed transition temperatures obtained in this manner
could be duplicated within =0.1°, it was considered that
equilibrium had been attained.

The second method was an analytical procedure.
Various compositions of amines and water (of approxi-
mately 50 g. total weight) were prepared in tightly stop-
pered flasks and, after preliminary heating, were placed in a
constant temperature water-bath at several given tem-
peratures. The flasks were shaken intermittently for two
to three hours to allow the samples to attain equilibrium.
Preliminary experimentation indicated that equilibrium
was reached well within this time. After this interval, the
separate phases were removed by means of a pipet and
analyzed for amine content by titration with standard
hydrochloric acid solution using methyl red as the indi-
cator. The results obtained by this method showed that
the analyses of samples existing in given phases at given
temperatures gave calculated compositions of amine which
agreed within 0.19%, of those predicted by the synthetic
method.

Cooling curves were run on amine—water mixtures in the
following manner: an amine—water sample (10 g.), after
being prepared in a tightly stoppered flask and heated to
liquefaction, was transferred to a transparent Dewar flask
(100 ml.) fitted with a rubber stopper through which were
inserted a glass stirrer and a glass thermocouple well.
This flask was swept with nitrogen before the introduction
of the sample, and the stirrer was sealed at its insertion
through the stopper with stopcock lubricant to minimize
diffusion of carbon dioxide into the sample. Iron—con-
stantan thermocouples were employed, and the reference
junction was immersed in melting ice kept in a silvered
Dewar flask (21.). Ice and water were used as the cooling
bath for the amine—water samples above 0°, and acetone
and solid carbon dioxide were used below this temperature.
The thermal analyses thus obtained, for the most part, gave
transition temperatures which agreed within =0.1° of
those obtained from the visual observations. However, in
the cases in which samples containing the most highly
hydrated forms of the two higher amines went through
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Fig. 1.—Transition temperatures of the system octylamine-water.

mesomorphic changes before crystallization, the cooling
curves gave less accurate results because of the slower rate
of heat transfer within the samples and the slow rate of
formation of the crystalline phases.

Several of the transitions, chiefly the lowering of the
freezing point of water by solution of the amines, were
determined with a Beckmann thermometer in the usual
manner. The transition temperatures obtained by this
method agreed well within 0.1° of those obtained by the
above procedures. ’

Finally, microscopic examinations with polarized light
were made on a number of samples of varying composition
in order to determine more definitely what pl}ases were
present. The samples were placed on ordinary glass
slides and inclosed with thin glass cover slips sealed with
paraffin. Observations were made chiefly at room tem-
perature. However, some samples were heated gently
over a small flame and were examined as they cooled.
These observations verified the existence of the various
phases in their given order as previously found by gross
examination. Further observations of the order of ap-
pearance of certain phases were made by cooling the stage
of the microscope below room temperature by means of a
small piece of solid carbon dioxide.

Since transition temperatures could, in general, be dupli-
cated to =0.1°, and since the agreement of the results
obtained by the various experimental procedures was also
within =0.1°, the transitions shown in the phase diagrams
presented in this paper are probably accurate to =0.2°.

Experimental Results

Octylamine-Water.—The temperature—com-
position relations of octylamine and water are
shown graphically in Fig. 1. On this diagram,

point A represents the freezing point of octyl-
amine (—1.0°). Area 1 is isotropic solution. Two
hydrates are formed, one having a composition
of (C8H17NH2)2'3H20 and the other C8H17NH2‘
6H,0. The sesquihydrate exists as a crystalline
solid below —5.0°, and above this temperature
it breaks down to a mixture of hexahydrate and
solution (area 3). The hexahydrate changes from
a crystalline solid to a mesomorphic state at
—14.5° (R). Between this temperature and
—0.4° (G) it exists as a firm semi-solid of the
smectic type of liquid crystal. From —04° (G)
to its melting point, 34.6° (C), it exists as a ne-
matic type of liquid crystal.

The portion of the diagram ABCED repre-
sents the equilibrium between octylamine and its
hexahydrate. Octylamine precipitates from the
isotropic solution (area 1) along AB and the hy-
drate precipitates along BC, giving a eutectic at
B. Thus area 2 consists of a two-phase mixture
of solid amine and solution, and area 3 of meso-
morphic hydrate and solution. Below DBE (area
4) the system consists of a heterogeneous mixture
of crystals. Microscopic examination of solutions
at temperatures just below BC with polarized
light shows the presence of inverted focal conics,
indicating that the hydrate molecules are begin-
ning to aggregate in liquid crystalline arrange-
ments as the system cools below BC.
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Examination of samples in area 5 shows a micro-
scopically homogeneous fluid of a viscosity such
that it will barely flow under its own weight at the
lower temperatures, but of lower viscosity as the
temperature is increased. Under polarized light,
samples in this region reveal delicate thread-like
lines of light, showing the presence of molecular
layers in the liquid. The samples in this region
can be considered to be one phase in accordance
with the phase rule, analogous to the solid solu-
tions of mixtures of metallic elements. In this
case, however, instead of being a crystalline solid,
the system consists of a highly dispersed mixture
of amine and hydrated amine molecules in a meso-
morphic state.

Octylamine sesquihydrate crystallizes from the
isotropic solid solution (area 5) along EF while
one of the forms of the hexahydrate precipitates
out along FG, giving a eutectoid at F. Below
HF]J (area 8) the system consists of a heterogene-
ous mixture of crystals.

The equilibria between the several forms of oc-
tylamine hexahydrate and water are in the con-
centration range of 0.857 to 1.0 mole fraction of
water. The equilibrium between the nematic
form of the hexahydrate and water is not shown
clearly in the diagram. The eutectic between
them (P) is located near 0.9996 mole fraction of
water. Investigations in this neighborhood were
considered relatively inaccurate since it was im-
possible to prevent contamination of such neces-
sarily small amounts of amine with some carbon
dioxide. However, measurement of the lowering
of the freezing point of water along NP indicated
that 0.0004 mole fraction of amine was in solution.
The nematic octylamine hexahydrate precipitates
from the isotropic solution (area 1) along CP,
giving a two-phase mixture in area 9. On cross-
ing CN, the microscopically homogeneous solid
solution (area 5) is obtained.

On further cooling of the solid solution, smectic
hexahydrate precipitates along GL, while water
freezes along LN, giving a eutectoid at L. Thus
below KLM (area 10) the system consists of a
heterogeneous mixture of mesomorphic hydrate
and ice. Since the crystalline hexahydrate forms
at —14.5°, the system consists of a mixture of ice
" and hydrate crystals in area 11.

Cn being heated above TVW, the isotropic
solution separates into two conjugate solutions,
the layer of lower density being rich in amine, and
the more dense one being water-rich. Analysis of
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the amine-rich layer by titration showed that the
amount of octylamine at any given temperature
was of the composition corresponding to that tem-
perature on TV. The composition of the water-
rich layer could not be determined accurately
by analysis because small amounts of amine re-
mained as a suspension of microscopic droplets in
the water-rich layer.

Dodecylamine—-Water.—The temperature—
composition relations of dodecylamine and water
are shown graphically in Fig. 2. On this diagram
A represents the freezing point of dodecylamine
(28.0°). Area 1 is isotropic solution. Three hy-
drates are formed, one having a composition of
(C12H25NH2)3‘2H20, another CmH25NH2'2H2O and
the third Ci2HsNHy-4H,O. The lowest hydrate
exists as a crystalline solid below 24.4° (F), while
above this temperature it breaks down to a mix-
ture of higher hydrate and solution. The dihy-
drate exists as crystalline solid below 15.4° (H),
while between this temperature and 35.5° it exists
as a smectic type of liquid crystal. At 35.5° the
mesomorphic hydrate begins to liquefy, while at
36.5° (C) this mixture of hydrate and solution
changes to isotropic solution. The dodecylamine
tetrahydrate exists as crystalline solid below 14.0°
(R), while above this temperature it exists as a
smectic type of liquid crystal, changing to a form
of the nematic type at 34.2° (P) and to another
form of the latter type at 38.0° (O). At 48.0°
(M) the tetrahydrate decomposes.

The equilibrium between dodecylamine and
its dihydrate is similar to that between octylamine
and its hexahydrate. Dodecylamine precipitates
out of the isotropic solution (area 1) along AB,
while the dihydrate freezes out along BC, giving
a eutectic at B. Thus areas 2 and 3 consist of two
phase mixtures, solid amine and solution, and
solid dihydrate and solution, respectively. Below
EBF (area 4) the system consists of a heterogene-
ous mixture of crystals of dodecylamine and its
dihydrate.

Area 5 of this diagram is similar to area 5 of the
octylamine-water system. Again the solid solu-
tion consists of a microscopically homogeneous
mesomorphic mixture of amine and amine hy-
drate. As samples in this area are cooled, the
lower hydrate precipitates out along FG and di-
hydrate freezes out along GH, giving a eutectoid
at G. Below JGK (area 6) the system consists of
a heterogeneous mixture of crystals of the two
hydrates. :
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Fig. 2.—Transition temperatures of the system dodecylamine-water.

As the isotropic solution above CL is cooled,
dodecylamine tetrahydrate freezes out, giving a
two phase mixture of solid hydrate and solution
in area 7. Below NM this mixture changes to a
solid solution similar to that in area 5, while along
NO the tetrahydrate transforms to another meso-
morphic form giving a two phase mixture (area

9). On cooling this mixture, solid solution (area
5) is obtained.
M \%
©) Wi
P X
9
£ R Y
(%)
=
U 0.000
7 |—o0.011
|
0.99995 1.0

Mole fraction of water.

Fig. 3.—Diagram of eutectic between dodecylamine tetra-
hydrate and water (not drawn to scale).

Along HQ crystalline dodecylamine dihydrate
freezes from the solid solution, while crystalline
tetrahydrate appears along QR, giving a eutectoid

at Q. Below SQT (area 10) the system consists
of a mixture of these crystalline hydrates.

Beyond 0.8 mole fraction of water (MOPRTU),
Fig. 2 shows the practically independent behavior
of the various forms of dodecylamine tetrahydrate
and of water. Measurements of the freezing point
of water (along UZ) indicated that the eutectic
between the tetrahydrate and water lies in the
neighborhood of 0.99995 mole fraction of water.
Hence, the isothermals (LMV, OW, PX, RY
and UZ) intersect a curve (VWXYZ) representing
the solubility of dodecylamine tetrahydrate in
water. This region is illustrated by the enlarged
diagram in Fig. 3. Thus, beyond 0.99995 mole
fraction of water above Z to 0.0°, the system
exists as isotropic solution.

In the part of the diagram between Z’LMO-
PRTU and VWXYZ in the temperature range
investigated the system exists in all regions as
two phases. In areas 11, 12 and 13 one of the
phases is solution, and the other is the appropriate
mesomorphic form of tetrahydrate (vide supra).
In area 14 one of the phases is crystalline tetra-
hydrate, and the other is solution. In area 15 one
phase is crystalline tetrahydrate, and the other is
ice. Above LMYV the system exists as two con-
jugate solutions similar to those occurring in the
octylamine-water system (area 12, Fig. 1). The .
lines LMV, OW, PX and RY are isothermals.
Their depression with increasing concentration is
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well within the experimental accuracy of their
measurement.

The portion of the diagram in the neighborhood
of area 12 is a region of formation of a fibrous,
curd-like solid of hydrated amine. This is a
metastable compound which is frequently ob-
tained on cooling the two phase mixture of meso-
morphic tetrahydrate and solution, and is never
obtained on heating the system. It is not found
in the octylamine- and octadecylamine—-water
systems. If samples in which this metastable
product is obtained are held at room temperature,
transformation to the smectic form of the tetra-
hydrate and solution takes place slowly. The
metastable compound, in some cases, has re-
mained for several months.

In Fig. 4 are shown photomicrographs of the
crystalline forms of dodecylamine and of its
three hydrates, together with the appearance
of the metastable curd-like compound.

Octadecylamine—-Water.—The  tempera-
ture—composition relations of octadecylamine
and water are shown graphically in Fig. 5. On
this diagram A represents the freezing point of
octadecylamine (52.5°). Area 1 is isotropic
solution. Two hydrates are formed, one hav-
ing a composition (CisH3NHs)s-HeO, and the
other C;sHssNH2-2H,O. The lower hydrate
exists as crystalline solid below 50.5°, while
above this temperature it breaks down to a
mixture of dihydrate and solution. The di-
hydrate exists as crystalline solid below 43.3°,
while above this temperature it transforms to
a smectic state. At 64.0° the dihydrate de-
composes.

In Fig. 5 octadecylamine crystallizes from
the isotropic solution (area 1) along AB, while
the dihydrate precipitates along BC, giving a
eutectic at B. Thus areas 2 and 3 consist of
two-phase mixtures of solid amine and solid
dihydrate, respectively, and solution. Below
EBF (area 4) the system consists of a hetero-
geneous mixture of crystals.

Samples in area 5 are solid solutions micro-
scopically indistinguishable from the corre-
sponding phase of the other amines (area 5,
Figs. 1 and 2). On cooling this solid solution,
the lower octadecylamine hydrate freezes out
along FG and the dihydrate along GH, giving
a eutectoid at G. Below JGK (area 6) the
system consists of a mixture of the two crystal-
line hydrates.
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The part of the diagram beyond 0.667 mole
fraction of water (DHKL) represents the behavior
of the several forms of the dihydrate with water.
As in the case of dodecylamine tetrahydrate, there
is a eutectic between the octadecylamine dihy-
drate and water similar to that shown in Fig. 3.
As far as was determined, the solubility of this
dihydrate in water must be less than 1.8 X 10~¢
g./liter, since this amount must be in solution
to lower the freezing point of water 0.001°. How-
ever, no such depression was observed by meas-
urement with a Beckmann thermometer. Hence,
the eutectic in this case is beyond 0.999991 mole
fraction of water. No further attempt was made
to determine more accurately the location of the
solubility curve through MNP in Fig. 5.

Between DHKL and MNP the octadecyla-

(a) C12H25NH2 . (b) (ClezsNHz) 3‘2H20 .

() Ci2HysNH,-2H,O0.

(d) CioHasNH,-4H,O.

Fig. 4.—Crystalline forms
of dodecylamine and its hy-
drates, with polarized light at
%200.

(e) CiHgNHyxH,O.
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Fig. 5.—Transition temperatures of the system octadecylamine-water.

mine-water system exists as two phases in the
temperature range investigated. In areas 7 and
8 one of these phases is solution and the others are
mesomorphic dihydrate and crystalline dihydrate,
respectively. Area 9 consists of a mixture of ice
and dihydrate crystals. Above RCDM the

system exists as two conjugate solutions similar

(a) C18H37NH2. (b) (CwH;ﬂNHz)a'HaO.

at X200.

(C) C13H37NH2'2H20.

Fig. 6.—Crystalline forms
of octadecylamine and its
hydrate, with polarized light

to those in the other two systems investigated.
The lines DM and HN are isothermals.

In Fig. 6 are shown photomicrographs of the
crystalline forms of octadecylamine and its hy-
drates.

Discussion

Qualitatively the three systems investigated
are similar. All three amines form hydrates;
the higher the molecular weight, the lower the
degree of hydration. Microscopic examina-
tions indicated that hydrates of the lower
amines tend to form more nearly perfect crys-
tals than hydrates of the higher amines. As
would be expected, the lower amines and their
hydrates are considerably more soluble in water
than the higher homologs. Of the systems in-
vestigated, that of octylamine—water is the only
one in which there is an isotropic liquid region
across the whole range of concentrations.

The amine hydrates found, with the excep-
tion of the lowest hydrate of each amine, pass
through one or more mesomorphic states be-
fore their melting or decomposition points are
reached. The hydrates of the lower members
of the series tend toward the nematic type of
liquid crystal, while those of the higher mem-
bers tend toward the smectic type.

In the case of octylamine, the hexahydrate is
relatively unstable, the water of hydration being
very loosely bound to the amine molecules.
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This is shown by the relative flattening of the curve
as the melting point of the hydrate is approached
from higher and lower concentrations, indicating
that considerable change in the water content of
the hydrate is necessary to change the melting
point to any great extent. Since the addition of
an impurity (in this case one of the decomposi-
tion products) tends to cause lowering of the
melting point of a given compound, and since the
lowering is greater with greater compound sta-
bility, the relative instability of this hydrate is
indicated. The decomposition of the other amine
hydrates is evidence of their instability.

The fibrous, curd-like, metastable compound
formed only in the dodecylamine system sug-
gests the behavior of dodecylamine hydrochloride
in water.® In the latter system, also, a similar
fibrous, curd-like, metastable compound was
found on rapid cooling of systems containing large
amounts of water. This behavior is not observed
in the case of the octadecylamine hydrochloride—
water system, and likewise it is absent in the pres-
ent case of octadecylamine—-water.

In each of the three diagrams presented the

dotted lines at the left of the figures show the ex-
istence of a small region of solid solution of amine
and amine hydrate. While these areas were
indicated, their exact location was not verified by
direct measurement.

With the interpretations and limitations which

(5) Ralston, Hoffman, Hoerr and Selby, TH1S JOURNAL, 63, 1598
(1941).
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have been placed upon the mesomorphic states,
and since equilibrium conditions have been evi-
denced by the agreement of the transition tem-
peratures obtained by several different experi-
mental methods, the applicability of the phase
rule to these colloidal systems has been demon-
strated. The equilibria between the amines and
their respective hydrates are similar to phase
diagrams for ordinary crystalloidal compounds.
In the case of the higher amine hydrates, their in-
solubility and their mesomorphic changes ac-
count for the numerous isothermals which are
present in their diagrams.

The authors are indebted to Drs. J. A. Wilkin-
son and H. A. Wilhelm of Iowa State College for
their assistance and helpful suggestions during
the course of this investigation.

Summary

1. The systems octylamine-water, dodecyl-
amine-water and octadecylamine-water have
been investigated.

2. The phase rule has been applied to these
systems.

3. The following hydrates have been found:
(C3H17NH2)2‘3H20 (dec. "“5.00); C8H17NH2'
6H20 (m P 3560), (C12H25NH2)3'2H20 (dec.
24.4°);  CpHyNH,-2H,0 (m. p. 36.5°); CiHas
NH2'4H20 (dec. 48.00); (C18H37NH2)3'H20 (dec.
5050); and C13H37NH2‘2H20 (dec. 6400)
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Plumbic Acetate—Anhydrous Acetic Acid Solutions

By ARTHUR W. DAvVIDSON, W. CLARENCE LANNING AND SR. M. MAXINE ZELLER

It is well known that whenever a comparison is
made between two hydroxides of the same metal,
the one in which the metal is in the lower state of
oxidation is the more basic and the more soluble
in water. A partial qualitative explanation of this
fact may be based upon the distribution of elec-
trons about the metal atom.! Evidence of an
analogous relationship in non-aqueous systems
has hitherto been limited to observations on the
solubilities of sulfates in sulfuric acid.?

(1) See, for example, O. K. Rice, ‘Electronic Structure and
Chemical Binding,” McGraw-Hill Book Company, Inc., New York,
N. V., 1940, pp. 4289,

(2) Kendall and Davidson, THIS JOURNAL, 48, 979 (1921).

The fact that plumbic acetate (lead tetraace-
tate), unlike most plumbic salts, is stable at or-
dinary temperatures and may, in fact, be pre-
pared rather readily, affords an opportunity for a
comparison of the solubilities of the two acetates
of lead in anhydrous acetic acid, solutions of
plumbous acetate in this medium having already
been studied.® Hutchinson and Pollard,* who
were the first to make an extensive study of the
properties of plumbic acetate, reported that it is

(8) (a) Davidson and MecAllister, ¢bid., 52, 507 (1930); (b)
Davidson and Chappell, ¢bid., 65, 4524 (1933).

(4) Hutchinson and Pollard, (a) J. Chem. Soc., 63, 1136 (1893);
(b) ibid., 69, 212 (1896).



1524

not acted upon at ordinary temperatures by con-
centrated sulfuric acid, and it was confirmed in
this Laboratory that plumbic acetate in acetic
acid solution, unlike the plumbous salt, does not
take part in rapid metathetic reactions (except
with water); the compound behaves in this re-
spect like a non-electrolyte. It seemed of inter-
est, therefore, to compare the electrical conduc-
tivities of the two solutions.®® Another property
of the acetates which might be expected to vary
greatly with the valence state of the lead is the
tendency to form addition compounds with alkali
acetates. Griswold and Olson’ found the solu-
bility of plumbous acetate in acetic acid to be in-
creased in the presence of sodium acetate, al-
though they were unable to obtain an addition
compound of the two acetates in the solid state;
Lehrman and Leifer,® however, showed the exist-
ence of potassium acetatoplumbites analogous to
the hydroxoplumbites of the aqueous system.

In the present work, the solubility of plumbic
acetate in acetic acid over a range of tempera-
tures has been determined, the conductances at
30° of both plumbous and plumbic acetates have
been measured, and the effect of sodium acetate
upon the solubility of the plumbic compound has
been studied. The results, in every case, were in
accord with the hypothesis that plumbic acetate is
an extremely weak electrolyte in this solvent.

Method

Preparation of Materials.—Anhydrous acetic acid, and
sodium and plumbous acetates, were prepared as de-
scribed in previous papers from this Laboratory. Plumbic
acetate was prepared by crystallization from a solution
made by adding red lead to hot glacial acetic acid, as
described by Hutchinson and Pollard*®; their method was
slightly modified, however, in that the product was re-
crystallized from anhydrous acetic acid and was dried over
phosphorus pentoxide in a current of dry air. The product
was analyzed by treatment with water to give lead dioxide
and acetic acid; the precipitate was filtered off and
weighed, while the filtrate was titrated with sodium hy-
droxide solution. A typical analysis gave: PbO,,
54.00%; (CH;CO):0, 46.07% (calculated for Pb(C;H;0,)4:
PbO,, 53.95; (CH;CO):0, 46.05%).%

(5) Conductance data for solutions of plumbous acetate in 99.49,
acetic acid are given by Schall and Meltzer, Z. Elcktrochem., 28, 474
(1922). Molar conductances observed by them for this medium,
however, are very much higher than for the anhydrous acid.

(6) A determination of the conductance of plumbous acetate in
pure acetic acid at a single concentration is reported by Kolthoff and
Willman, THis JOURNAL, 56, 1014 (1934).

(7) Griswold and Olson, ibid., 69, 1894 (1937).

(8) Lehrman and Leifer, ibid., 60, 142 (1938).

(9) Since the completion of the experimental work here described,
an improved method of preparation of lead tetraacetate, similar to
the above, has been described by Bailar, in “Inorganic Syntheses,”
Vol. I, McGraw-Hill Book Co., Inc., New York, N. V., 1939, p. 47.
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Solubility of Plumbic Acetate in Acetic Acid.—The solu-
bility at various temperatures was determined both by
synthetic and by analytic methods. In the former
method, equilibrium temperatures were determined for
samples of known composition as described in previous
papers. The chief source of error in these determinations
lay in the difficulty of preventing hydrolysis of the plumbic
acetate by atmospheric moisture. Because of the extra-
ordinary sensitiveness of the dry salt to hydrolysis, samples
which had been moistened with acetic acid and subse-
quently analyzed were used in many of the determinations.
It may be of interest to mention that the atmospheric
humidity was an important factor in determining whether
or not the dry salt could be handled successfully. When
the humidity was high, even the briefest exposure to the
atmosphere brought about appreciable discoloration,
whereas at low humidity several samples could be removed
successively from the same weighing bottle without dis-
coloration of the residue. At several temperatures, also,
mixtures containing an excess of solid salt were allowed to
come to equilibrium, from both higher and lower tempera-
tures, in a constant temperature bath. Samples of the
liquid phase were drawn off, weighed, and analyzed for
plumbic acetate content. Points obtained by both
methods fall upon the same smooth curve. *

Conductance Measurements.—These were all made at
30°, by means of a Leeds and Northrup bridge, an audio
oscillator as a source of alternating current, and a type A
‘Washburn cell; the conventional method was suitably
modified for the measurement of low conductances. The
specific conductivity of the acetic acid used was 3.8 X 10~
reciprocal ohm, which is within the range of variation of
the values given in the literature.

Solutions were made up by weight in stoppered 50-ml.
flasks; each such solution was diluted several times with
known weights of acetic acid, and the conductance meas-
ured after each dilution. In the case of plumbic acetate,
the conductivity of the solutions differed so little from that
of pure solvent that only specific conductivities have been
reported. For plumbous acetate, which was found to
approximate a weak binary electrolyte in behavior, the
molar conductances were calculated.!® Since the con-
ductance of the solvent would probably be greatly de-
creased in acetate solutions, because of the common ion
effect,!! no solvent correction was applied.

Solubility of Plumbic Acetate in Sodium Acetate Solu-
tions.—The method used for these determinations was the
same as that described in a previous paper!? for a similar
study on zinc acetate. Acetic acid solutions were prepared
containing six different concentrations of sodium acetate,
and the solubility of plumbic acetate in each of these solu-
tions, over a limited range of temperature (22 to 46°), was
determined just as in the binary solutions. From these
solubility curves data were obtained, by interpolation, to
show the isothermal variation of solubility of plumbic
acetate with sodium acetate concentration.

(10) In this calculation, the molar concentration was taken as the
molality multiplied by 1.039, the density of acetic acid at 30°.
Since the highest concentration used was less than 0.1 molar, no
significant error was introduced by this simplification.

(11) Kolthoff and Willman, TuIis JOURNAL, 56, 1007 (1934).

(12) Davidson and McAllister, ibid., 62, 519 (1930).
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Results
1. Solubility of Plumbic Acetate in Acetic
Acid.—In the following table, .S denotes the mole
percentage of plumbic acetate, and I the corre-
sponding equilibrium temperature. The syn-
thetic method was used except as otherwise noted.
The data are presented graphically in Fig. 1.

TABLE 1
PLuMBIC ACETATE—ACETIC ACID
K T s T
Solid phase HC;H;0, Solid phase
0 16.60 Pb(C.H;0,)4
0.088 16.52 (cont.)

.193 16.45 0.638" 37.0
.280 16.40 .798% 45.0
1.03 53.0
Solid phase 1.29 59.8
Pb(C.H;0,)s 1.64 68.4
0.354 18.2 1.96 74.6
.427 25.2 2.55 82.3
.512* 29.9 3.31 90.7
.582 33.5 3.74 94.4

¢ These data were obtained by the analysis of solutions
saturated at the given temperature.

Since analysis by the method already described
had already shown that crystallization from acetic
acid at ordinary temperatures yielded pure un-
solvated plumbic acetate, and since there was no
indication of a break in the curve except at the
eutectic point, no further analysis of solid phases

was necessary.
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The solubility of plumbic acetate in anhydrous
acetic acid at 25° is found by interpolation to be
0.43 mole 9, or 0.072 molal; this is in marked
contrast to the solubility of the plumbous salt
(hemisolvate) at the same temperature, 16.75 mole
%, or 3.35 molal. By a very short extrapolation,
the solubility of the plumbic compound at 17° is
found to be 0.34 mole 9, or 0.057 molal; the
latter figure may be compared with Hutchinson
and Pollard’s™ value of 0.062 molal, which, how-
ever, applies to the solubility in ‘“glacial” (not
anhydrous) acetic acid.

2. Conductance Data.—Specific conductivi-
ties, k, of solutions of plumbic acetate of molality
m are shown in Table II, and of plumbous acetate
in Table III. Here cis the concentration in moles
of solute per liter of solution, A the molar conduct-
ance. The data for plumbous acetate are shown
in a log c-log A plot in Fig. 2.

TABLE II
CONDUCTANCE OF PLUMBIC ACETATE SOLUTIONS AT 30°
m & X 108
0 3.80
0.00593 3.80
.0186 4.05
.0262 4.82
.0616 5.56
TasBLE III
CONDUCTANCE OF PLUMBOUS ACETATE SOLUTIONS AT 30°
¢ x X 107 A
0.00195 0.556 .0.0286
.00626 .880 .0141
.00705 .937 .0133
.0181 1.76 .00973
.0284 2.62 .00921
.0432 3.83 .00887
.0822 8.03 .00977
.0866 8.80 .0102

It is evident from the data of Table II that the
specific conductivities of plumbic acetate solu-
tions differ so little from that of the pure solvent
that any attempt to calculate molar conductances

—1.4
S -18 ~
-2.2
—-2.8 —2.4 —2.0 —1.6 -1.2 -038
Log c.

Fig. 2.—Molar conductance of solutions of plumbous ace-

Fig. 1.—Solubility of plumbic acetate in acetic acid. tate in acetic acid.
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would have been meaningless. In Table III, the
value of A is found to go through a minimum (at
about 0.04 molar), as is usual in this solvent!® and
in others of low dielectric constant. The molar
conductance of a 0.02 molar solution obtained
from these data by interpolation is 0.00942;
Kolthoff and Willman!! found the value of 0.00855
for a similar solution at 25°.

3. Solubility of Plumbic Acetate in Sodium
Acetate Solutions.—In Table IV, the mole frac-
tion of sodium acetate in the binary solvent is
represented by R, while .S denotes the mole per-
centage of plumbic acetate in the ternary solu-
tion in equilibrium with solid plumbic acetate at
the temperature 7.

TaBLE IV
SOLUBILITY OF PLUMBIC ACETATE IN SODIUM ACETATE
SOLUTIONS
S T S T S T
R = 0.003 R = 0.007 R =0.015
0.390 24.1 0.404 25.2 0.3%4 25.7
417 26.2 .425 27.3 .445 28.3
.460 28.3 .523 34.5 .457 30.2
.501 31.7 . 589 38.3 .489 31.6
.525 32.8 .654 40.8 .524 34.7
. 560 34.7 .688 42.6 . 586 38.1
.638 38.8 772 46.0 .607 39.3
R =0.025 R = 0.050 R = 0.07°
0.321 22.5 0.266 23.1 0.339 32.1
.446 32.7 .294 26.3 .368 34.3
.507 36.2 .356 31.9 .379 36.3
. 597 41.3 .451 37.8 .429 40.5
.634 43.2 .471 39.0 .461 42.8

¢ This mole fraction is barely below the solubility of
sodium acetate (7.06%) in acetic acid at 25°, Hence, in
the ternary solutions, NaC,H;3O0,2HC,H;0, appeared as
solid phase at temperatures in the neighborhood of 25°.

Samples of the solid phase from several different
solutions were filtered off, dried between porous
tiles, and analyzed. The percentages of lead
dioxide were found to vary only between 53.6 and
53.9%; hence the solid phase was undoubtedly
unsolvated plumbic acetate.

The data of Table IV were plotted in a series
of curves, not reproduced here, none of which
showed any discontinuity of slope. From these
curves were obtained, by interpolation, the iso-
thermal data shown in Table V, where R and S
have the same significance as in Table IV.

Thus, contrary to the statement of Schall and
Meltzer,® the solubility of plumbic acetate is not
increased by the presence of sodium acetate, but

(18) Weidner, Hutchison and Chandlee, THIS JOURNAL, 60, 2877
(1938).
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TABLE V

SOLUBILITY OF PLUMBIC ACETATE IN SODIUM ACETATE-
AcEeTIc AcID SOLUTIONS AT 30°

R S
0 0.51
0.003 .48
.007 .46
.015 .45
.025 .41
.050 .33
.070 .31

decreases markedly with increasing concentration
of the sodium salt.

Discussion

A comparison of the behavior of plumbous and
plumbic acetates in acetic acid brings out the
following differences.

1. The plumbic compound forms no solvate,
and its solubility is little more than one-fortieth
as great as that of the plumbous salt. This varia-
tion corresponds to the difference between plum-
bous and plumbic oxides in water; the solubility
of the former, at 25°, is about 0.0002 mole per
1000 g. of water,'* while that of the latter is so
small (less than 1 X 10~° mole per 1000 g.)! that
it has never been accurately determined.

2. As was pointed out by Kolthoff and Will-
man,® plumbous acetate is a much poorer conduc-
tor in acetic acid than are the acetates of the al-
kali metals; the lead salt must be regarded as
being but very slightly dissociated.” The course
of the log A-log ¢ curve, with its slope of —1/; at
the lowest concentrations measured (as indicated
by the straight line in Fig. 2), is characteristic of
the behavior of electrolytes in solutions of low di-
electric constant,'®6 while the minimum molar
conductance at a concentration of 0.04 molar, and
the increase in A with increasing concentration be-
yond this point, may be attributed to the forma-
tion of triple ions.” In thie case of plumbic ace-
tate, however, the increase in specific conductance
brought about by its addition to acetic acid is so
small that this solute appears to be altogether
non-ionic in character.

3. Although no compound of sodium and
plumbous acetates has as yet been isolated from -
acetic acid solutions, it has been shown’ that the
solubility of plumbous acetate increases with in-

(14) Garrett, Vellenga and Fontana, ibid., 61, 367(1939).

(15) Topleman, J. prakt. Chem., 229, 320 (1929).

(16) Xraus and Fuoss, TaiS JOURNAL, 66, 21 (1933); Fuoss and
Kraus, tbid., 55, 476 (1933).

(17) Fuoss and Kraus, ibid., 55, 2387 (1933).
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creasing concentration of sodium acetate. In the
case of plumbic acetate, the solubility is decreased
by the addition of the sodium salt. There is no
evidence for the existence of compounds corre-
sponding to the plumbates of the aqueous system.
The absence of amphoteric properties of plumbic
acetate would, by itself, be difficult to reconcile
with the generally analogous behavior of corre-
sponding compounds of the water and the acetic
acid systems. In view of the other facts here pre-
sented, however, the decrease in solubility of
plumbic acetate in the presence of sodium ace-
tate appears merely as an instance of the “salting
out” of a non-electrolyte.

DecoMposITION OF CYCLOHEXENE OXIDE

Summary

1. The solubility of plumbic acetate in acetic
acid over a wide range of temperature was deter-
mined. No solvate was isolated.

2. The conductivities of solutions of plumbous
and plumbic acetates in acetic acid at 30°, over a
range of concentrations, were measured. The
former was found to behave as a typical weak
base, the latter as a non-electrolyte.

3. The solubility of plumbic acetate was found
to decrease with increasing concentration of so-
dium acetate. There was no evidence of ampho-
teric behavior.

LAWRENCE, KANSAS RECEIVED M ARCH 20, 1942

[ConTRIBUTION FROM THE CHEMICAL LABORATORY OF THE CATHOLIC UNIVERSITY]

The Decomposition of Cyclohexene Oxide and 1,4-Cyclohexadiene from the Stand-
point of the Principle of Least Motion®

By Francis OWEN RICE AND ADRIAN L. STALLBAUMER

(I) Cyclohexene Oxide.—In this paper we
propose to discuss the homogeneous thermal
decomposition of organic compounds in the gase-
ous state, more particularly with reference to two
compounds which we have investigated experi-
mentally. The principle of least motion which
we use to interpret our results has been discussed
in a recent paper.”

Before taking up in detail the decomposition of
cyclohexene oxide, we should like to point out
that under certain conditions™ cyclohexene de-
composes according to the following equation, in
which ethylene and butadiene are the sole prod-
ucts

CH: CH,
AN N
CH, CH CH, CH
Lol — I+ | 1)
CH, CH CH. CH
N Z
CH2 CH2

This decomposilion illustrates the value of the
principle of least motion because this reaction
obviously requires less motion of the constituent
atoms and involves less disturbance of the elec-
tronic system than any other thermodynamically
possible reaction that can be written.

(1) This is taken from the dissertation presented by Adrian L.
Stallbaumer for the Degree of Doctor of Philosophy in the Catholic
University.

(2a) Rice and Teller, J. Chem. Physics, 6, 489 (1938);
(1939).

(2b) Ri{:e, Ruoff and Rodowskas, THIS JOURNAL, 60, 955 (1938).

7, 199

A second reaction that we wish to discuss in this
connection is the decomposition of ethylene oxide.?
The decomposition is obviously complicated yield-
ing methane and carbon monoxide as the final
products presumably produced from the decom-
position of acetaldehyde which appears as an
intermediate product. We exclude a direct migra-
tion of a hydrogen atom according to the equation

CH—CH,; CH;—CH
N S Il @

both from the principle of least motion (attack of
a hydrogen atom on a shielded carbon atom) and
also on the experimental basis that ethylene oxide
produces free radicals (Paneth effect) under con-
ditions* where acetaldehyde is stable. Accord-
ingly we are forced to assume that the change of
ethylene oxide into acetaldehyde is not a single
step reaction merely involving the migration of a
hydrogen atom.

The first step of the decomposition of ethylene
oxide may occur in two ways. The first way rep-
resented by the equation

CH,—CH, CH,—CH,
NS | 3)
(6] o
seems unlikely because migration of a hydrogen
atom to the exposed end carbon atom could read-
(3) Heckert and Mack, #bid., 51, 2706 (1929).

(4) Rice and Rice, “The Aliphatic Free Radicals,” The Johns
Hopkins Press, Baltimore, Md., 1935, p. 160.
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ily occur and acetaldehyde would form in the same
way that ethylene forms from diazoethane.” The
second possible method of decomposition may be
represented by the equation

CH,—CH. O
NIDZ —> CH,—O0—CH; @

and is, we believe, followed by a radical chain
decomposition leading to the formation of acet-
aldehyde. The radical CHy—O—CH; cannot
isomerize to any molecule unless the constituent
atoms undergo a very large amount of motion
indeed.

We are now prepared to discuss the thermal
decomposition of cyclohexene oxide. If we assume
that the decomposition occurs by rupture of a
carbon—carbon bond in a manner similar to that
shown in Eq. 4, we may expect the production of
ethylene and divinyl ether according to the equa-
tion

A N
CH, CH CH., \CH
e —] + o o
CH, CH CH, H

N/ VA

CH, CH.

Actually no divinyl ether was found in the decom-
position so that we may assume that incorporating
the two carbon atoms of ethylene oxide into a six-
membered ring somewhat strengthens the bond
between them.

On the other hand, if the carbon-oxygen bond
breaks in a manner similar to that shown for
ethylene oxide in Eq. 3, we may expect that this
will be followed by exceedingly rapid isomeriza-
tion to cyclohexanone. Our experiments show
that there is indeed extensive formation of cyclo-
hexanone. However, this decomposition is ac-
companied by another because we find in the
products appreciable quantities of water, acetyl-
ene, butadiene and a hydrocarbon which we be-
lieve is 1,4-cyclohexadiene. The appearance of
these products would seem to indicate that the
following reaction occurs

HH H H
SN
HCH CH ¢  tH
| — H “ +HO (6)
HCH CH HC CH
N/ o’
H H HH

(4a) Rice and Glasebrook, THis JoUrNAL, §6, 741 (1934).
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The occurrence of small amounts of water and a
Cs diolefin would not appear to be unreasonable
in spite of the relatively large hydrogen—oxygen
distances in cyclohexene oxide since these dis-
tances become smaller during the normal vibra-
tions of the molecule. The partial decomposition
of 1,4-cyclohexadiene into acetylene and buta-
diene is exactly parallel to the decomposition of
cyclohexene into ethylene and butadiene shown
in Eq. 1.
Experimental

The cyclohexene oxide was prepared according to a
method given in “Organic Syntheses.”® A second sample
was prepared by oxidizing cyclohexene with perbenzoic
acid in chloroform solution.® The only point requiring
special notice in this preparation is that after both re-
actants have been added, the homogeneous solution must
not be allowed to rise above 0° and must be stirred for
about ten hours. This is because the reaction is slow and
exothermic and, even if kept in an ice-bath, stirring is
necessary to prevent local heating. The pyrolytic appa-
ratus used was essentially the same as that described in
a preceding article.?® The cyclohexene oxide was passed
through a quartz tube at a known temperature, the
condensable products were caught in traps and the per-
manent gases were collected over saturated aqueous zinc
sulfate solution after leaving the glycerol pump. Pod-
bielniak distillations supplemented by gas analysis enabled
us to make a satisfactory analysis of the products and ob-
tain a weight balance. Table I shows the results of three
experiments in which cyclohexene oxide was decomposed.

TABLE I
THERMAL DECOMPOSITION OF CYCLOHEXENE OXIDE
I I I

Moles used 1.00 1.15 0.95
Decomposed, % 25 6 27.6
Press., mm. 10 10 6
Temperature, °C. 780 630 735
Contact time, sec. 0.030 0.038 0.048
Water recovered, g. 2.0 1.3 3.6
-“1,4-Cyclohexadiene,” g. 1.1 4.9
Cyclohexanone, g. 22.3
Butadiene, moles 0.016 0.001 0.005
Acetylene .015 .003 .016

The cyclohexanone was identified by its boiling point,
refractive index and conversion into the oxime. We did
not make a satisfactory identification of the material, which
we assumed to be 1,4-cyclohexadiene. However, this ma-
terial had two double bonds, boiled at 88°, was liquid at
—80° and its refractive index was #2°p 1.4680. The hydro-
carbon, 1,4-cyclohexadiene, does not seem to have been
very well characterized and its boiling point is variously
reported’? from 84-89° (760 mm.) and #2°p 1.47==0.003.

(5) ‘““Organic Syntheses,” Vol. V, John Wiley and Sons, Inc., New
York, N. Y., 1925, pp. 31, 35.

(6) Godchot and Bedas, Compt. rend., 174, 462 (1922); see also,
Bartlett and Bavley, THIS JOURNAL, 60, 2418 (1938).
(7) Egloff, ‘“Physical Constants of Hydrocarbons,”” Reinhold

Publishing Corp., New York, N. V., 1940, Vol. 2, p. 407.
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(II) 1,3-Cyclohexadiene.—We studied this
compound because we hoped it would throw
light on the decomposition of ethane which yields
ethylene and hydrogen according to the equation

C,Hs —> CH,—CH, + H, (7)

This may occur by the direct separation of mo-
lecular hydrogen in a single elementary act or it
may occur by the primary separation into two
methyl radicals according to the equation

C:Hs —> 2CH; (8)

followed by a radical chain.

It seemed at the commencement of this investi-
gation that we could distinguish between these
two possibilities in the case of 1,3-cyclohexadiene
because the final product would be different
depending upon whether the process represented
by Eq. 7 or that of Eq. 8 was followed. The
process analogous to Eq. 7 would be

H H
C [
7\ 7\
HC CH, HC CH
Lol — Ll +H O
HC CH, HC CH
N/ N/
CH ¢

in which the separation of hydrogen occurs in a
single elementary act; on the other hand, the
process analogous to Eq. 8 is

H
C CH
7N\ AN
CH CH, CH CH
I — (10)
CH CH, CH CH,
N N7
CH CH

Actually the experimental results showed that
benzene and hydrogen are the only products and
that there is no 1,3,5-hexatriene formed. How-
ever, after further consideration we concluded
that our experiment is not after all decisive, and
the reaction shown by Eq. 9 may not be the sepa-
ration of a hydrogen molecule in a single elemen-
tary act. This is because the separation of a hy-
drogen atom from 1,3-cyclohexadiene according
to the equation

H
cH

7\ 7\
CH CH, CH Cu
| l — | 4+ H 11)
CH CH. CH CH,
N/ N/

cu cH

results in a large gain of resonance energy in the
ring so that the C-H bond may be as weak or even

DEecoMPoSITION OF CYCLOHEXENE OXIDE
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weaker than a C-C bond. Consequently reaction
9 may also occur by a hydrogen atom chain in a
manner similar to that postulated for ethane.

It is not even necessary to assume the initial
separation of a hydrogen atom as shown in Eq. 11
because a trace of free radicals produced by im-
purities or initiated at the wall could start a hy-
drogen atom chain.

Experimental

Six moles of a commercial sample of o-cyclohexanediol
was acetylated according to standard procedure and 4.4
moles of diacetate [b. p. 240° (760 mm.) and 133° (33
mm.)] were obtained; the yield was 73%,. The decom-
position of the diacetate to 1,3-cyclohexadiene and acetic
acid was performed in the apparatus previously described
in which 820 g. (4.1 moles) was pyrolyzed at 750° and 6
mm., the time of the run being six hours; a 50%, yield was
obtained.

In Table IT we show the results of a preliminary experi-~
ment on the decomposition of cyclohexane diacetate in
which we made an over-all balance and established the fact
that hydrogen is formed to the extent of less than 5% and
that the main product is 1,3-cyclohexadiene.

TaBLE II
PvroLvYsiS OF CYCLOHEXANE DIACETATE AND 1,3-Cycro-
HEXADIENE
Cyclohexane
diacetate 1,3-Cyclohexadiene

Moles used 0.897 0.67
Moles recovered None
Decomposed, % 84 100
Mm. Hg 6 4-6
Temperature, °C. 660 960
Moles permanent gas 0.123 0.518
Contact time, sec. .186 .157

Gaseous products (moles per mole decomposed)
Hydrogen 0.034 0.53
Methane .054 .15
Carbon monoxide .031 -
Ethylene .021 .05
Carbon dioxide .012 .
Propylene .009 .13
Acetylenes .004 .07

Liquid products (moles per mole decomposed)
Cyclohexadiene 0.45 e
Benzene Trace 0.70

In Table II we also give the results of the pyrolysis of 1,3-
cyclohexadiene. We performed the experiment at high
temperature because we wanted to attain 1009, decomposi-
tion and thus avoid the difficulty of separating the products
from undecomposed substrate; since we anticipated that
all the possible products would be very stable we felt that in
this particular experiment the procedure would not lead to
difficulties due to decomposition of the products. Further-
more, we performed the experiment at a rather low pressure
in an attempt to avoid as far as possible the initiation of
chain decompositions by the adventitious formation of
traces of free radicals. As will be seen in the table we ob-



1530

tained a 709% yield of benzene and 539, of hydrogen.
Since 159, of methane was formed it is evident that some
sort of secondary chain reaction accompanies the main de-
composition into benzene and hydrogen in spite of the
low pressure. In these circumstances we feel that we can-
not neglect the possibility that 1,3-cyclohexadiene may
have been formed by a chain reaction in which a hydrogen
atom is one of the chain carriers.

Summary

1. We have discussed the thermal decom-
position of organic compounds from the standpoint
of the principle of least motion and have pointed

F. E. BARTELL AND PauL H. CARDWELL
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out that organic decompositions may consist of a
comparatively few elementary (s. e., single step)
reactions.

2. On heating cyclohexene oxide the main
change is a rearrangement to cyclohexanone. This
is accompanied by a decomposition of the cyclo-
hexene oxide into water and a hydrocarbon, prob-
ably 1,4-cyclohexadiene.

3. 1,3-Cyclohexadiene decomposes into ben-
zene and hydrogen.

‘WasHINGTON, D. C. RECEIVED JANUARY 14, 1942

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, UNIVERSITY OF MICHIGAN |

Reproducible Contact Angles on Reproducible Metal Surfaces.

II. Interfacial

Contact Angles between Water and Organic Liquids on Surfaces of Silver and Gold

By F. E. BarTELL AND PauL H. CARDWELL

The angle formed at the line of contact of two
liquids, such as water and an organic liquid,
against a solid phase is generally referred to as an
interfacial contact angle.  Reliable data pertain-
ing to interfacial contact angles could be of much
importance, but such data as do exist are for the
most part of questionable value, for seldom do
data presented by different investigators show
good agreement.

One difficulty which besets the investigator
is that, for a given system, he may obtain differ-
ent and apparently stable angles anywhere be-
tween two fairly wide limits. The limits of vari-
ation are the values of the angles which have
usually been referred to as ‘“‘advancing” and ‘“‘re-
ceding” contact angles. This same variation
exists also with contact angles of solid-liquid—air
systems and has been discussed in an earlier paper.!

In the majority of investigations the fact that
the two liquids of a solid-liquid-liquid system
possess at ledst limited miscibility has been largely
disregarded. Furthermore, it appears that no one
has given much consideration to the possibility
that adsorption of the dissolved material might
occur at either or both of the solid-liquid inter-
faces, nor to the fact that highly condensed and
firmly held layers might be formed which could
not easily be removed and which, by their pres-
ence, would cause considerable alteration of inter-
facial tension.

In the present investigation it has been quite

(1) Bartell and Cardwell, THis JOURNAL, 64, 494 (1942).

‘and heptane.

conclusively demonstrated that all of the factors
mentioned above must be taken into considera-
tion. In addition it has been shown that time
must be allowed for any given system to attain
equilibrium. Moreover, in case the experimental
procedure is such as to bring about a slight dis-
placement of the liquid-liquid interface at the
line of contact with the solid, there then exists a
tendency for a comparatively great readjustment
of conditions at and near the line of intersection
of the interfaces. Such readjustment would in-
volve partial or total removal or deposition of con-
densed layers as well as both adsorption and
desorption processes and might require consid-
erable time before the reattainment of equilib-
rium.

The solid surfaces selected for study in the pres-
ent investigation were silver and gold surfaces
formed by vaporization and subsequent conden-
sation on Pyrex tips.! The liquids were ‘“‘con-
ductivity”” water and purified isoamyl alcohol,
n-butyl acetate, benzene, oa-bromonaphthalene
The interfacial contact angles
were formed with each of these different organic
liquids against water on the solids. To save time
in attaining equilibrium conditions each pair of
liquids (%. e., water and each of the organic liquids)
used in this research were mutually saturated be-
fore use and it is to be understood that when refer-
ence is made to one of the liquids it refers to that
liquid as being saturated with the other liquid of
the pair.
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The apparatus used for the formation of the
interfacial contact angles was described in an
earlier paper.! This apparatus made possible the
formation of water drops on metal surfaces im-
mersed in organic liquid as well as of organic
liquid drops on metal surfaces immersed in water.
In recording contact angles the convention has been
observed of expressing the value as that obtained
when measured through the water phase. -

The results obtained in this investigation have
shown that for a given solid-liquid-liquid drop
system there exist two definite, stable, closely
reproducible, contact angles.

Stable Solid—Organic Liquid—Water Contact
Angles.—In order to obtain a stable and repro-
ducible contact angle with a drop of water on a
solid immersed in an organic liquid, one must
form the drop on a solid which was in a fresh and
clean condition when it was immersed in the
organic liquid and which had been allowed to re-
main for a sufficient time in the organic liquid
before the water drop was formed. If left undis-
turbed after its formation, the water drop will
spontaneously adjust itself so as to reach the
stable water advancing angle provided the drop
as initially formed had an initial advancing angle
greater in value than the value of the stable water
advancing angle. In case the water drop as ini-
tially formed had an advancing angle smaller
in value than that of the stable water advancing
angle, no movement of the drop will occur spon-
taneously until the system has stood awhile longer
and the volume of the drop has been expanded by
addition of water to such an extent that the con-
tact angle becomes greater than the stable water
advancing angle. The drop will then adjust itself
so as to form the siable water advancing angle.
This stable angle does not change with time nor
with further addition of water to the drop.

If, after one obtains a stable water advancing
(solid—organic liquid-water drop) contact angle,
one progressively withdraws liquid from the
water drop, causing it to decrease in volume, the
angle will progressively decrease until finally a
definite and stable water receding angle is obtained.
The value of this angle remains constant even
though the volume of the drop is materially altered
by withdrawal of liquid and even though the line
of contact of solid-liquid-liquid drop is caused to
move inward to a considerable extent. This angle
we have designated as the stable water receding
contact angle.

INTERFACIAL CONTACT ANGLES BETWEEN WATER AND ORGANIC LIQUIDS
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The values obtained for stable angles of water
drops are presented in Table I. The stable water
advancing angles for each of the organic liquid-
water systems have practically identical values
for a given metal. For silver this value is ap-
proximately 128° and for gold approximately
117°. Earlier investigators have found a similar
constancy of interfacial angles for corresponding
systems with other solids.?2 The stable water re-
ceding angles for the different organic liquid sys-
tems on a given metal were not identical and,
moreover, in each case they were considerably
different from the stable advancing angle.

TaBLE I
STABLE SoLID-ORGANIC LIQUID-WATER DROP CONTACT
ANGLES

‘Water angle on silver =~ Water angle on gold

Organic liquid Advancing Receding Advancing Receding
Isoamyl alcohol 127 72 117 61
n-Butyl acetate 129 68 116 57
Benzene 129 58 116.5 45
a-Bromo-

naphthalene 127 65 118 55
Heptane 127 58 116.5 45

TaBLE II

STABLE SOLID-WATER-ORGANIC Liguip Drop CoNTACT
ANGLES

Water angle on silver = Water angle on gold

Organic liquid Advancing Receding Advancing Receding

Isoamyl alcohol 126 71 117 59
n-Butyl acetate 129 68 115.5 57
Benzene 129 57 116 45
a-Bromo-

naphthalene 126 65 116 55
Heptane 127 57 115.5 45

In the formation of stable interfacial contact
angles by organic liquid drops on solids immersed
in water the instructions for the formation of
stable angles with drops of water can be used.
For the use with the organic liquid drops the terms
advancing and receding must be interchanged,
however, since an advancing (¢. e., expanding)
organic liquid drop produces a receding water
angle. It must be kept in mind also that a spon-
taneous movement of the organic liquid drop,
while giving a smaller angle through the organic
liquid phase, will give a larger angle through the
water phase which is the phase through which
the contact angle measurements must be made.

The results obtained with organic liquid drops
are given in Table II. It will be noted that for
the different organic liquids on a given metal the
water advancing angles were all practically iden-

(2) Bartell and Bartell, TaiS JoURNAL, 56, 2205 (1934).
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tical. The angles obtained for silver were, as be-
fore, somewhat larger than those obtained for
gold. The water receding contact angle values
were considerably smaller than the water advanc-
ing angle values and were not identical for all the
different organic liquids. As was the case also for
the water drop measurements, with the non-polar
liquids benzene and heptane the receding angle
values were the same for a given solid while with
the heteropolar organic liquids the receding angle
values varied according to the solubility of the
organic liquids in water, the greater the solubility
the larger the stable receding angle.

A comparison of the data of Tables I and II ob-
tained by the two methods, the one using the
water drop and the other using the organic liquid
drop, shows that all the corresponding values for
the two methods of operation agree within the
limit of two degrees. Each value reported in the
tables or in the text is the average of at least
twenty measurements. The maximum deviation
for individual measurements was =1.5°, but the
deviation of many of the measurements was not
more than =0.5°. Maximum deviation occurred
in the measurement of angles having maximum
difference in advancing and receding angle values.

Initial Solid-Liquid-Liquid Contact Angles.—
When a water drop was formed upon a new and
clean metal surface immediately after immersion
of the metal in one of the organic liquids, the water
advancing contact angle thus initially obtained
was not the same as the stable water advancing
angle. On the other hand, when a drop of one of
the organic liquids was formed upon a new and
clean metal surface immediately after immersion
of the metal in water the water receding contact
angle thus initially obtained was in all cases, ex-
cept that of isoamyl alcohol, the same as the cor-
responding stable angle. Values obtained from
measurements made on drops formed within two
minutes after immersion of the metal are shown
in Table III and are designated ¢nitial angles.

TaBLE III

INITIAL INTERFACIAL CONTACT ANGLES

Solid-organic liquid~ Solid-water-organic
water drop liquid drop

Water advancing ‘Water receding
angle on angle on

Organic liquid Silver Gold Silver Gold
Isoamyl alcohol 107 83 79 65
n-Butyl acetate 111 88 69 58
Benzene 180 95 57 45
a-Bromo-

naphthalene 151 108 65 55
Heptane 180 107 58 45

F. E. BarTELL AND PAUuL H. CARDWELL
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These initial angles were closely reproducible when
identical methods of procedure were used, but they
werenot in all cases stable angles since some of them
changed upon standing or upon addition of liquid.

Theory of Condensed Liquid Layers on Solids.
—The experiments on stable interfacial angles
and on initial interfacial angles demonstrate
clearly that there are two, and only two, stable
contact angles for any one of these solid-liquid-
liquid systems. One stable angle, the water re-
ceding angle, can be obtained (except for the
liquid systems containing isoamyl alcohol which
has the highest solubility in water of any of the
organic liquids used) immediately after the mu-
tually saturated immiscible liquids are brought
into contact with the solid surface. The other
stable angle, the water advancing angle, can be
obtained only after these liquids have been al-
lowed to stand in contact with the surface for an
optimum period of time which is different for
different systems. This indicates that alteration
of surface properties at the solid-liquid interfaces
must occur before stable water advancing inter-
facial angles can be obtained.

In the case of the stable receding angles, which
are obtained immediately, the interface is moving
over an area previously occupied by water. In
the case of the advancing angles, where the
stable advancing angle cannot be obtained im-
mediately, the interface is moving over an area
previously occupied by organic liquid. It seems
‘probable that the organic liquids produce on the
metals highly condensed and firmly held layers
which take time for their formation, whereas
water produces no such layers on the metals. The
organic liquids used, with the exception of alpha
bromonaphthalene which forms small angles, do
not form contact angles when placed upon silver
or gold in air. The work of adhesion of silver or
gold against one of these liquids is greater than the
work of cohesion of the liquid. As a result of the
attraction of the liquid molecules to the solid
phase, the liquid immediately adjacent to the
solid apparently tends to become denser and to
form, in effect, a condensed layer. The force of
attraction may extend through a distance repre-
senting a number of molecular diameters. Water,
which forms a fairly large contact angle both on
silver and gold in air, apparently does not tend
to form condensed layers on these metals since
the work of adhesion of water against the metals
is less than the work of cohesion of water.
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Condensed layers formed on solids by the non-
angle-forming liquids appear to be tenaciously held
and not quickly removed from the solid surface
by water. The time that elapsed between the
measurements of the initial water advancing
angles of Table ITT and the stable water advancing
angles of Table I, shown in Table IV, appears to

TABLE IV
TiME NECESSARY FOR TRANSFORMATION OF INITIAL AD-
VANCING ANGLES TO STABLE ADVANCING ANGLES FOR
SYsSTEM SOLID~ORGANIC L1QUID-WATER DROP

Silver, Gold,

Liquid-liquid system ~ hours hours
Isoamyl alcohol-water 2 1
n-Butyl acetate—water 4 1
Benzene-water >72 11
a-Bromonaphthalene—water 12 2
Heptane-water 12 2

be approximately the length of time which was
necessary for formation of the fully condensed
organic liquid layers on the solid plus the time
(. e., in those cases in which the initial contact
angles are larger than the stable contact angles)
for the water to partially remove this condensed
organic liquid so as to give the stable water ad-
vancing contact angle. The shortest time was
required for isoamy] alcohol (slightly less than one
hour with gold) and the longest time was required
for benzene (over 72 hours with silver). The
water drop in the silver—benzene-water system
had not broken through the benzene layer at the
end of seventy-two hours as was evidenced by the
fact that at the end of that time the contact
angle was still approximately 180°. The value of
129° reported in Table I for the stable water ad-
vancing angle of the silver-benzene-water system
was obtained on a silver surface which had been
immersed in benzene no longer than half a minute
before the water drop was formed.

The time required for producing stable inter-
facial water advancing angles formed by receding
drops of organic liquids upon the metal surfaces
immersed in water was much shorter than the
time required for producing the corresponding
angles by means of advancing water drops. In
general it was found that the systems which re-
quired the shortest time to give the stable water
advancing angle when the water drop was used
required the longest time to give the stable water
advancing angle when a corresponding organic
liquid drop was used. Drops of heptane, a-bromo-
naphthalene and benzene on silver gave stable
angle values if the organic liquid drops were re-
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ceded within a few seconds, while with drops of
n-butyl acetate and isoamyl alcohol it was neces-
sary to let the drops stand for a period of about
one minute. If the drops of benzene and heptane
were allowed to stand on the solid for an hour or
more before being withdrawn, the water advancing
contact angles thus obtained approached 180°. As
with the water drop system, if the benzene was
allowed to remain in contact with the metal too
long before the water was advanced over it, the
water did not sufficiently remove the firmly held
organic liquid layer, at least within any reason-
able period of time, to give the stable advancing
interfacial contact angles.

Adsorption Effects.—Some adsorption of water
from the organic liquid phase at the solid—organic
liquid interface probably occurs, but in the sys-
tems studied such adsorption is probably less than
the adsorption of organic liquid from the water
phase at the solid~water interface. Any effect due
to adsorption appears to be of much smaller mag-
nitude than the effects due to condensed layers,
but the exceptional effects obtained with iso-
amyl alcohol may be due to its greater solubility
in water and the consequently greater amount of
this solute available for adsorption at the water—
solid interface.

“Hysteresis” of Contact Angles.—The causes
for the “‘hysteresis” of contact angles, that effect
responsible for the existence of a definite advanc-
ing and a definite receding angle, have been ob-
scure.® A rational explanation of the ‘“hystere-
sis’’ of contact angles can be made if it is assumed
that formation of condensed layers does occur,
and if, in addition, consideration is given to the
fact that there is adsorption from the fluid
phases in contact with the solid. The changes
brought about at the various solid-liquid inter-
faces by adsorption and by the formation of con-
densed liquid layers would be sufficient to provide
very different conditions at the line of contact of
the phases when the water is caused to advance
and when it is caused to recede. These different
conditions account for the existence of stable
advancing and stable receding angles. It is prob-
able that both the advancing and the receding
angles are equilibrium angles for the system as it
exists at the moment of measurement, and that
there is no single “equilibrium” angle for any
system unless the system is so arranged that the

(8) Adam, “The Physics and Chemistry of Surfaces,” Oxford
Univ. Press, New York, N. V., 1938, 2nd ed., p. 180.
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same conditions prevail whether the water is ad-
vancing or receding.

During the course of this work it was demon-
strated that for many systems one can obtain
receding angles which have the same value as
the advancing angles (including the stable ad-
vancing angles). This can be accomplished by
permitting the solid to stand in contact with the
organic liquid for a comparatively long period
of time before forming the water drop, then by
immediately receding the drop after its forma-
tion. It seems probable that the advancing angles
(including the stable advancing angles) thus ob-
tained are formed by water drops advancing over
a condensed organic liquid layer, and that the
receding angles are formed by water drops with-
drawn before the water has an opportunity to re-
move the condensed organic liquid layer. If the
water drop is allowed to stand it begins to remove
the condensed layer and not only is the receding
angle then obtained different from the advancing
angle, but a new advancing angle, immediately
reformed over the area that had been under the
drop, is not the same as the advancing angle pre-
viously obtained.

With metal surfaces and other solid surfaces
less inert chemically than gold and silver other
complicating factors are introduced which affect
the magnitude of contact angles and of interfacial
contact angles. Studies carried out in this Labora-
tory on antimony, bismuth and cadmium have
shown that for these more active substances still
further factors must be considered in explaining
differences between advancing and receding
angles. The results of the work on antimony,
bismuth and cadmium will be presented in a later

paper.
Summary

1. With the sessile drop apparatus described
in a previous paper interfacial contact angles were
measured for water drops on silver and on gold
immersed in organic liquids and for organic liquid
drops on these solids immersed in water.

2. TFor each of the solid-organic liquid-water
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systems it was possible to produce two stable and
reproducible interfacial contact angles. These
two angles have been designated as ‘‘stable ad-
vancing” and ‘‘stable receding” interfacial con-
tact angles.

3. The stable advancing and stable receding
interfacial contact angles given by water drops
on silver and on gold immersed in organic liquids
were the same (4. e., within the limits of experi-
mental error, 2° or less) as the corresponding
angles obtained by using organic liquid drops on
the solids in water. -

4. The values of the stable advancing inter-
facial contact angles were found to be approxi-
mately the same for all the different organic liquids
on a given metal, silver or gold. For silver this
value was 128° and for gold 117°.

5. The stable receding interfacial contact
angles were smaller than the stable advancing
interfacial contact angles of the same system. For
the non-polar organic liquids (benzene and hep-
tane) the stable receding angles were practically
of the same value against a given solid. For silver
this value was 57.5° and for gold 45°. For the
heteropolar organic liquids on silver and gold the
stable receding contact angle values of the differ-
ent liquids were not the same for a given solid but
varied according to the solubility of the organic
liquids in water. The greater the solubility of
the organic liquids in water the larger were the
stable receding angles. :

6. The existence of two different stable inter-
facial contact angles for a given system has been
explained by the theory that the solid surfaces,
or interfaces, contiguous to the fluid phases be-
come altered through adsorption from the fluids or
by formation of condensed layers of fluid upon the
surfaces. The experimental evidence obtained
supports this view.

7. When a given system could be so acted upon
by special manipulation that conditions at the
interfaces were the same whether the water was
advancing or receding, the water advancing angle
was the same as the water receding angle.

ANN ARBOR, MICHIGAN RECEIVED MARCH 16, 1942
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Magnetism and the Third Law of Thermodynamics.

The Heat Capacity of Man-

ganous Fluoride from 13 to 320°K.

By J. W. Stout anD H. E. Apams

The multiple electronic states present in para-
magnetic compounds cause at sufficiently low
temperatures a contribution to the heat capacity
due to the changing population of the magnetic
ions among the various states. Calorimetric in-
vestigation yields information about the number
and separation in energy of the electronic states
in the solid. For example, from low temperature
heat capacity measurements on NiSO,7H.O! it
has been possible to infer the magnetic energy
spectrum in the solid. At high temperatures the
random distribution of the magnetic ions among
the various states gives rise to a magnetic con-
tribution to the entropy. In order to apply the
third law of thermodynamics to the calculation
of entropies from low temperature heat capacity
measurements, it is necessary to correct for any
magnetic entropy remaining at the lowest tem-
perature of measurement. The investigation of
the thermal behavior of typical paramagnetic
salts contributes to our knowledge of and ability
to allow for such magnetic entropy.

The measurements of Bizette and Belling? and
of de Haas, Schultz and Koolhaas® show that the
magnetic susceptibility of anhydrous manganous
fluoride exhibits a sharp maximum at 72°K.
At the temperatures of liquid hydrogen the sus-
ceptibility varies with the field strength and there
is a small remanent magnetization when the field
is removed. We have measured the low tempera-
ture heat capacity of manganous fluoride in order
to investigate the calorimetric phenomena asso-
ciated with the behavior of the susceptibility
curve as well as to obtain, through the application
of the third law of thermodynamics, the entropy
at 2908°K. for use in thermodynamic calculations.

Apparatus.—The calorimeter consisted of a cylindrical
copper can 5.1 cm. in diameter and 10.2 cm. long. An
open copper tube, 1.27 cm. i. d., extended axially along the
center of the calorimeter. The resistance thermometer
made a snug fit inside this tube. A chamber of volume 11
cc. in the top of the calorimeter was connected to a reflux

tube in thermal contact with the shield and the liquid
hydrogen and nitrogen reservoirs. The portion of the re-

(1) Stout and Giauque, Turs JOURNAL, 68, 714 (1941).
(2) Bizette and Belling, Compt. rend., 209, 205 (1939).
(3) de Haas, Schultz and Koolhaas, Physica, T, 57 (1940).

flux tube between the calorimeter and the surrounding
shield consisted of a nickel-silver tube, 6.5 cm. long, 0.32
cm. o. d. and 0.010 cm. in wall thickness. The reflux tube
and chamber were used to cool the calorimeter before the
start of measurements. The volume of the sample cham-
ber in the calorimeter was 169.5 cc. The sample was intro-
duced through a nickel-silver tube, 0.63 cm. i. d., opening
into the bottom of the sample chamber. After the intro-
duction of the sample a copper cap with a small pinhole
was soldered on the filling tube. The air was removed from
the sample chamber and helium gas at one atmosphere
pressure introduced through the pinhole which was then
closed with solder. The outside of the calorimeter was
gold plated in order to reduce the radiation loss and to
prevent tarnishing. The weight of the empty calorimeter
was 126.8 g. and of the resistance thermometer 46.6 g.

The calorimeter was mounted in the cryostat which has
been described by Blue and Hicks.* The inside of the
shield surrounding the calorimeter was covered with
aluminum foil to decrease the heat radiated to the calorim-
eter and the lead wires were heat stationed at the top of
the shield. A copper—constantan difference thermocouple
read the temperature difference between the shield and
the calorimeter and another couple measured the difference
between the top and bottom of the shield. The current
in the shield heaters was manually controlled so as to keep
the shield always at the same temperature as the calo-
rimeter. The readings of the difference couples were re-
corded and corrections have been applied when necessary
for the small heat interchange between the shield and
calorimeter when the conditions were not completely
adiabatic. The maximum correction for non-adiabaticity
between 25 and 310°K. was 0.2% of the measured heat
capacity. Below 25°K. the shield was not kept at exactly
the same temperature as the calorimeter and the corrections
for heat interchange were made as in the Nernst-type ap-
paratus. Above 200°K., where radiation is important,
the adiabatic apparatus permits a more accurate deter-
mination of heat capacities than does the Nernst-type
apparatus since the heat interchange can be made very
small and corrected for accurately. Furthermore, the
temperature difference between the outside radiating sur-
face of the calorimeter and the surrounding shield is meas-
ured directly and no assumptions as to the temperature dis-
tribution throughout the calorimeter during energy input
are necessary. This is particularly important when the
thermometer-heater is on the inside of the calorimeter, as
in the present case.

Energy was introduced and the temperatures measured
by means of the platinum-rhodium resistance thermometer
of laboratory designation R222. The calibration of the
thermometer has been described by Blue and Hicks.*
During the present measurements the thermometer was

(4) Blue and Hicks, Tuis JoURNAL, 59, 1962 (1937).
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checked at the ice point and at the triple point of hydrogen
and found to agree with the original calibration to within
0.01°. The leads to the resistance thermometer (No. 30 B.
and S. gage D. 8. C. copper) were wrapped once around
the calorimeter. Each of the four lead wires was con-
nected to a corresponding lead from the heat station on the
shield by one inch of No. 40 B. and S. gage copper wire
so as to minimize the heat conduction. Electrical meas-
urements were made with a Leeds and Northrup Wenner
potentiometer.

The method of measurement and the corrections applied
to the heat capacities, other than those discussed above,
followed the standard practice® in low temperature calo-
rimetry. The ice point was taken as 273.16°K. The tem-
. peratures calculated from the resistance thermometer
calibration of Blue and Hicks* were corrected for the
change in the choice of the ice point. The defined calorie,
4.1833 international joules, was used throughout.

Material.—The manganous fluoride used for the heat
capacity measurements was prepared by the method de-
scribed by Kurtenacker, Finger and Hey.® Manganous
carbonate was precipitated from a solution of analytical
reagent manganous sulfate by means of a solution of so-
dium carbonate containing sufficient sodium bicarbonate to
prevent the formation of basic carbonates. Only about
90% of the available manganese was precipitated as the
carbonate in order to avoid precipitating any magnesium
which was a probable impurity in the original manganous
sulfate. The manganous carbonate, after being washed
free of soluble impurities, was added to a 50%, solution of
hydrofluoric acid contained in a platinum dish. A fine
precipitate of pink manganous fluoride was obtained. In
order to remove all the volatile impurities from the precipi-
tated manganous fluoride it was necessary to heat the
sample at 250° for five hours. During the heating the
manganous fluoride was kept in an atmosphere of carbon
dioxide in order to prevent reaction with the oxygen of the
air. When the resulting material was examined under a
microscope individual crystals could not be distinguished
but from the extinction of polarized light it was estimated
that the crystals were between 10~5 and 1076 c¢m, in size.
A sample of the manganous fluoride was analysed for man-
ganese by Professor G. G. Marvin of this Laboratory. He
obtained 58.99 Mn; caled. for MnF; 59.11%,. Two of
the heat capacity points just below the ice-point are about
0.3% high. If this is due to the fusion of ice it would cor-
respond to 0.019, by weight of water in the sample. The
presence of this amount of water would produce a negli-
gible effect upon the observed heat capacities so no correc-
tion has been made for it.

The Heat Capacity of Manganous Fluoride.—The
calorimeter contained 1.7604 moles (163.593 g. in vacuo) of
manganous fluoride. The heat capacity measurements are
presented in Table I and represented graphically in Fig. 1.
In Table I Series I and II are exploratory runs. The meas-
urements of Series III extend from 13°K. to above the
maximum in the heat capacity curve. In the neighbor-
hood of the maximum the temperature increments were
made small in order to determine the shape of the curve.

(5) (a) Giauque and Wiebe, THis JourNaL, 50, 101 (1928)
Giauque and Johnston, ébid., 51, 2300 (1929); (c) Hicks, #bid., 60,;

1000 (1938).
(6) Kurtenacker, Finger and Hey, Z. anorg. Chem., 211, 83 (1933).
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Series IV consists of measurements with small tempera-
ture increments extending through the region of the maxi-
mum. Immediately before the start of Series IV the calo-
rimeter was cooled from above 80°K. to 65.86°K. The
good agreement with the points of Series III shows that
there was no supercooling of the heat effect associated
with the maximum in the curve, At no time during the
measurements was there evidence of thermal hysteresis or
slowness in the attainment of equilibrium. Series V and
VI extend the measurements to room temperatures. The
point in Series VII was measured after the completion of

TasBLE I

THE HEAT CAPACITY OF MANGANOUS FLUORIDE
0°C. = 273.16°K. Molecular weight 92.93

Co, Cp,
T, Approx. cal. deg.™! T, Approx. cal deg.~!
°K. AT mole~? °K. AT mole-1
Series I 67.25 0.48 8.532
264.62 7.12  15.61 67.74 .52 7.520
271.67 6.98  15.78 68.27 .52 7.309
278.61 6.88  15.87 68.79 .53 7.164
Series IT Series V
61.94 2.99 8.419 80.12 5.05 7.091
65.53 4.17 9.333  85.60 5.90 7.426
70.04 4.84 7 053  91.85 6.61 7.865
74.81 4.70 6.902  98.98 7.44 8.388
79.40 4.47 7.057 106.35 7.29 8.939
. 113.78 7.57 9.474
Series ITT 121.47 7.80  10.01
13.18 0.53 0.458  129.06 7.38  10.50
14.68 1.39 622 136.20 7.23  10.94
16.60 1.59 .802  143.72 7.66  11.37
18.82 2.40 1.050  151.23 7.33  11.79
21.56 2.93 1.384  158.77 7.73  12.20
24.49 3.15 1.762  166.35 7.45  12.56
27.49 2.84 2.182  173.67 7.20  12.89
30.36 2.90  2.605 181.11 7.77  13.19
33.16 2.91  3.024 18877 7.54¢  13.48
36.44 3.63  3.514  196.56 8.04 13.78
40.32 4.14 4121 204,57 7.82  14.03
44.33 3.90  4.780 212.28 7.62  14.29
48.68 4.67  5.551 22014 8.10 14.53
53.47 4.91 6.460 ]
58.51 5.19  7.536 Series VI
62.29 2.36 8.520 221.52 5.31 14.59
64.08 1.26 9.076 228.09 7.85 14.75
65.23 1.05 9.550 235.84 7.65 14.99
66.05 0.58 9.802 243.44 7.54 15.14
66.55 .43 9.087 250.96 7.37 15.35
66.99 .45 9.332 258.26 7.22  15.55
67.47 .50 7.903 265.77 7.80 15.71
67.98 .52 7 385 273.38 7.67  15.80
68.59 .71 7 194 280.98 7.54  15.93
69.48 1.06 7.036 288.46 7.41 16.07
70.72 1.42 6.026 295.60 7.28  16.20
72.67 2.48 6.875 303.11 7.17 = 16.32
75.77 3.73 6.925 310.22 7.05  16.45
Series IV Series VII
66.11 0.49  9.932  78.02 3.52 6.999
66.50 .29 9.996
66.83 .36 9.802
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Fig. 1.—Heat capacity in calories per degree per mole of manganous fluoride.

Integral Heat No. 2 mentioned below. During each series
of measurements the calorimeter was under continuous
observation.

Values of the heat capacity read from a smooth curve
through the observations are given in Table II. These
values are believed accurate to 0.2% above 35°K., to 1%,
at 20°K. and to 5% at 15°K.

TaABLE IT

THE HEAT CAPACITY OF MANGANOUS FLUORIDE. VALUES
FROM A SMOOTH CURVE THROUGH THE OBSERVATIONS
0°C. = 273.16°K. Molecular weight, 92.93

Cop, Cp,
cal. deg. 1 cal. deg.”1
T, °K. mole ™1 T, °K. mole ™1
15 0.638 140 11.16
20 1.189 150 11.73
25 1.830 160 12.25
30 2.551 170 12.73
35 3.297 180 13.14
40 4.067 190 13.52
45 4.895 200 13.88
50 5.791 210 14.22
55 6.769 220 14.53
60 7.896 230 14.82
66.5 10.0 (max.) 240 15.08
70 6.978 250 15.32
75 6.900 260 15.54
80 7.086 270 15.73
90 7.733 280 15.91
100 8.471 290 16.10
110 9.207 300 16.27
120 9.908 310 16.44
130 10.56 320 16.60

The heat capacity measurements listed in Table I are
values of AH/AT and when AT and the curvature of the
heat capacity—temperature curve are large, as is the case
with some of the measurements in Series 1I, may differ
appreciably from the differential heat capacity. The val-
ues in Table II represent the true differential heat capacity.

The heat capacity curve of manganous fluoride rises
smoothly to a maximum of about 10.0 cal. deg.”! mole™?
at 66.5°K. and then falls rapidly, but not discontinuously,
on the high temperature side of the maximum. The
measurements indicate that the maximum is rounded at
the top, that is, there is no discontinuity in the slope of the
heat capacity curve. Measurements of the rate of warm-
ing under a small temperature head qualitatively confirmed
the shape of the curve given by the short heat capacity
measurements. The maximum in the magnetic suscepti-
bility curve?3 is at 72°K.

Two measurements were made of the total energy neces-
sary to heat the sample from 61.00 to 76.50°K. In Table
III these values are compared with those obtained from
the heat capacity measurements. Corrections have been
applied in order to convert the different measurements to a
common temperature interval for comparison.

TABLE III

CHANGE oF HeAT CONTENT OF MANGANOUS FLUORIDE
BETWEEN 61.00° AND 76.50°K.

Temp. interval, H (76.50) — H (61.00),
Measurement °K. cal. mole~1
Integral heatno. 1  61.34-76.67 121.76
Integral heat no. 2  60.97-76.26 121.79
ZCy AT, Series II  60.46-77.17 121.72
2Cy AT, Series III  61.12-77.64 121.61
Accepted value 121.8
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The entropy was evaluated by graphical integration of
S CodInT. The calculation is summarized in Table IV.
In making the entropy extrapolation to the absolute zero
the function 3/4 D (119.6°K.) per mole of manganous
fluoride, which gave the best representation of the lowest
temperature heat capacity data, was used. D is the Debye
function.

TaBLE IV
THE ENTROPY OF MANGANOUS FLUORIDE

0-15°K., Debye extrapolation 0.22
15-298.16 °K., graphical integration 22.03

22.25 = 0.10 cal.
deg.”! mole—!

S at 298.16 °K.

Discussion.—The ground state of the free
Mn+*t ion is, according to Hund,” a 8S. The
magnetic susceptibility measurements as well as
theoretical considerations® show that in solid
manganous salts at high temperatures the mag-
netic ions are randomly distributed among the
six states per ion. As the temperature is lowered
the distribution of the magnetic ions among the
states changes until at the absolute zero they are
all in a completely ordered arrangement of zero
entropy. The maximum in the heat capacity
curve of manganous fluoride as well as the anoma-
lous behavior of the magnetic susceptibility®?® of
this substance is associated with the loss of the
magnetic entropy. The dotted line in Fig. 1 is
an estimate of the ‘“‘normal”’ heat capacity curve
due to the crystalline vibrations. The entropy
contributed by that portion of the measured heat
capacity lying above this curve is 1.2 cal. deg.™!
mole~!. This is to be compared with R In 6 =
3.56 cal. deg. —! mole~! which is the total amount
of magnetic entropy present at high temperatures
which must be acquired as the temperature in-
creases from the absolute zero. It is apparent
that a large portion of the magnetic entropy must
be acquired in regions of temperature other than
that in which there is the evident anomaly in the
heat capacity curve. It seems most probable
that there is a gradual increase in the magnetic
entropy at temperatures above the region of the

(7) Hund, “Linienspektren,” Berlin, 1927, p. 161.
(8) Van Vleck, “Electric and Magnetic Susceptibilities,”” 1932,
p. 301.
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maximum so that the magnetic contribution to
the heat capacity cannot be distinguished from
that due to the crystalline vibrations. A similar
conclusion was drawn in the case of anhydrous
copper sulfate® which also exhibits a maximum in
its heat capacity curve. Another possibility,
which we believe to be very unlikely, is that even
at 13°K. there remains a large amount of mag-
netic entropy which would be lost at lower tem-
peratures.

The maximum in the heat capacity curve is
much sharper and narrower than would be the
case if the energy states available to each magnetic
ion were independent of the situation of its neigh-
bors as is the case in NiSO;-7H,0.! The name
antiferromagnetism has been given to such a co-
operative phenomenon which occurs frequently
at low temperatures in concentrated paramagnetic
salts. Van Vleck!? has proposed a theory of anti-
ferromagnetism which is formally similar to the
Weiss theory of ferromagnetism. The theory pre-
dicts that the magnetic heat capacity would rise
gradually to a maximum and then drop discon-
tinuously to zero. At the temperature of the
maximum the complete magnetic entropy of R In
6 would have been acquired. These predictions
are not in agreement with our results.

Summary

The heat capacity of manganous fluoride has
been measured from 13 to 320°K. There is a
maximum in the heat capacity curve, due to the
changing distribution of the magnetic manganous
ions among the available energy states, at 66.5°K.
Short heat capacity measurements were taken in
the region of the maximum in order to define ac-
curately the shape of the curve. Measurements
were also made of the total heat absorbed between
61.00 and 76.50°K.

The entropy of manganous fluoride calculated
from the heat capacity measurements is 22.25
cal. deg.7! mole! at 298.16°K.

CAMBRIDGE, M ASSACHUSETTS RECEIVED APRIL 3, 1942

(9) Stout, J. Chem. Phys., 9, 285 (1941).
(10) Van Vleck, ibid., 9, 85 (1941).
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The Distribution of Acetyl Groups in a Technical Acetone-Soluble Cellulose Acetate’

By TaoMAS S. GARDNER? AND C. B. PURVES

The p-toluenesulfonyl (tosyl) esters of primary,
as opposed to secondary, alcoholic groups in car-
bohydrates are quantitatively converted to the
corresponding halides by heating with sodium
iodide dissolved in a suitable solvent.? This
analytical method made it possible to determine
the molar amount of unsubstituted primary
hydroxyl group in the sixth positions of acetone-
soluble cellulose acetate, to estimate the corre-
sponding rate of tosylation under standard condi-
tions and to obtain, by difference, the total amount
of secondary alcoholic groups distributed in the
second and third positions of the anhydroglucose
residues. More recent work with a partly ethyl-
ated cellulose showed that hydroxyl groups in the
second position were tosylated very much more
rapidly than those in the third and that a mathe-
matical analysis of their combined tosylation rate
plot gave the molar amount of each.® The im-
proved experimental and mathematical methods
developed in this ethylcellulose study have now
been applied to the high grade, commercial ace-
tone-soluble cellulose acetate IT used in the pre-
vious work.*

Experimental

Materials.—Acetyl analysis of the cellulose acetate by a
modification of a standard method,® as yet unpublished,
gave values of 39.73, 39.72, 39.79, 39.60%, corresponding
to an average substitution of 2.44. The substitution value
of 2.33 formerly accepted as correct for du Pont sample I
was accordingly too low.” All samples were dried before
use or before analysis over phosphorus pentoxide in vacuo
at 65°.

High grade pyridine was dried over barium oxide and re-
distilled shortly before use. Commercial p-toluene-
sulfonyl chloride was purified by washing the benzene solu-
tion with cold water, drying and decolorizing with carbon.
After recovery, the acid chloride was recrystallized from
ether—petroleum ether until the colorless product melted
at 69°.

The acetonylacetone was freshly distilled under dimin-

(1) Presented before the Division of Cellulose Chemistry at the
Memphis Meeting of the American Chemical Society, April, 1942.

(2) du Pont Cellulose Research Fellow, 1941-1942.

(3) Oldham and Rutherford, THIS JOURNAL, 54, 366 (1932).

(4) Cramer and Purves, ibid., 61, 3458 (1939).

(5) Mahoney and Purves, ibid., 64, 9 (1942).

(6) Freudenberg and Harder, Ann., 433, 230 (1923).

(7) We are indebted to Doctors J. W. Hill and F. Schulze, of the du
Pont Company, for the gift of this acetate. The quoted acetyl
content was 39.3%. Cramer and Purves¢ found 38.6%.

ished pressure and the sodium iodide was a carefully dried
C. P. specimen.

Rate of Tosylation.—The experiment was carried out as
formerly* but on a four-fold scale. The mixture of 80 g. of
the cellulose acetate (1 mole hydroxyl) and 424 g. of tosyl
chloride (13.1 moles), dissolved in a total of 1420 ml. of
pyridine, was contained in a large, glass stoppered bottle
kept in the dark at 20 = 0.5°. Discoloration of the solu-
tion set in very slowly. From time to time a 30 to 50 ml.
sample was withdrawn in a glass dipper and the tosylated
product was isolated and prepared for analysis as previ-
ously described.* The first samples were colorless and
fibrous but those withdrawn after one week, when replace-
ment of tosyl by chlorine began to be apparent (Notes e, f,
g, Table I) had a little color and gave light brown solutions
in acetone.

Sulfur analyses were conveniently carried out on the
semi-micro scale by a recently published method.® Acetyl

-was determined by the modified technique, in which the

carefully shredded sample was heated in alcoholic sodium
methylate before the mixture was acidified with excess p-
toluenesulfonic acid and acetyl was recovered in the form
of methyl acetate by distillation. The analyses in Table I,
columns 3 and 4, are the mean of closely concordant dupli-
cates and obvious simultaneous equations made it possible
to calculate the moles of acetyl present at each stage of
the tosylation. The data (column 5) show that the acetyl
substitution did not change during the first five days from
the original value of 2.44 and the reliability and accuracy
of the analytical methods were thereby confirmed. After
seven days, when the presence of combined chlorine ren-
dered the acetyl values high, an acetyl content of 2.44 was
assumed and the total substitution was calculated from the
sulfur and halogen values (Table I, notes f and g). The
last sample isolated (eighty days) was a light brown fibrous
material that was soluble in pyridine, acetonylacetone and
acetone. Tests for nitrogen were negative. The assump-
tion that this sample had the usual acetyl substitution of
2.44 was justified because on this basis the 1.65% of
chlorine and 3.899, of sulfur gave a combined acetyl,
chloro and tosyl substitution of 2.99 where theory was 3.00.
A Staudinger viscosity determination made with this sam-
ple dissolved in glacial acetic acid at 25 = 0.1°, gave an
7sp/¢ value of 54.8. This value checked very well with
those of 53.3 and 52.5 previously found for a 6-chlorotosyl
acetate and for the original cellulose acetate I1.4? The
absence of degradation during prolonged tosylation and the
consistency of the acetyl analyses justified the calculation
of the molar tosyl substitution (column 6) from the ob-
served sulfur content (column 4) and the average acetyl
substitution of 2.44 (column 5).

(8) Mahoney and Michell, Ind. Eng. Chem., Anal. Ed., 14, 97
(1942).

(9) Cramer and Purves’ 5gp/c valuest become 54.0 and 53.3 when
based on an acetyl substitution of 2.44 instead of 2.33.
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TABLE 1
ANALYTICAL DATA OF TOSYLATION AND IODINATION REACTIONS

‘Tosylation

Tosylated, Acetyl, Sulfur, Acetyl,® Tosyl,®

Sample hours 0 % moles moles
a ® @ @ ® ®
1 0.25 37.85 0.92 2.443 0.079
2 0.50 36.52 1.66 2.441 .149
3 0.75 35.78 2.02 2.437 .185
4 1.00 35.43 2.26 2.448 .210
5 2.00 34.43 2.69 2.428 255
6 3.00 34.05 2.94 2.439 .290
7 4.00 33.97 3.01 2.445 .291
8 5.00 33.92 3.09 2.457 .301
9 6.00 33.76 3.17 2.449 .310
10 7.00 33.73 3.22 2.464 .316
11 8.00 33.66 3.27 2.468 .322
12 9.00 33.57 3.38 2.483 .336
13 10.00 33.38 3.42 2.469 .338
14 11.00 33.07 3.49 2.443 .347
15 12.00 32.73 3.65 2.444 .366

Days

16 0.71 32.48 3.72 2.428 .374
17 1.11 32.23 3.84 2.427 .389
18 1.57 31.97 3.97 2.425 .405
19 2.08 31.56 4.17 2:422 .430
20 2.58 31.52 4.26 2.453 .444
21 3.08 31.33 4.33 2.432 .451
22 5.16 30.90 4.59 2.440 .487
23 7.08 30.95¢ [4.60] 2.448 .489
24 9.12 31.60° [4.51] 2.493 .471
25 11.12 [4.42]

267 21.12 4.17 .5217

279 80.12 3.89 .5539

¢ Caled. from columns (3) and (4) by means of simultaneous equations.
¢ Caled. by (0.56 — 0.198) = Zs = Za + Zs; 1log 0.139/(0.139 — Z4) = 2.16 ¢; log 0.223/(0.223 — Z) =

tion of 2.44.

JTodinatio:

Tosyl, Caled. tosyl®
Iodine, Sulfur, Calcd.b Iodine, moles moles

A A , %0 moles (Zg) (Za + ZB)
@) 8) ) (10) (11) (12)
3.76 0.10 0.00 0.081 0.007
5.98 .28 .20 .133 0.016 .015
6.94 .42 .31 157 .028 .021
7.60 .55 .45 .170 040 .029
8.51 .65 .61 .198 057 .052
.092¢ .071
8.42 1.08 .95 .200 .093 .088
.1034 .100
1124 .112
1184 122
8.05 1.25 1.33 .194 1244 .129
1384 .136
.1409 .143
. 1494 149
1684 .153
7.98 1.73 1.81 .196 .1769 174
.1914 .192
.2074 210
7.95 2.39 2.38 .203 .232¢ 228
.2469 .243
.253¢ .257
.2899 .299
.2914 .322
.3234 .361
.3559 .362

b Caled. from % iodine and acetyl substitu-

0.106¢. ¢ Column 11 was obtained by subtracting a constant iodine substitution of 0.198 (average value) from column 6.
¢ Replacement of tosyl by chlorine gives high acetyl values. 7 9% Cl = 0.93, giving 0.434 mole of tosyl and 0.087

mole of chlorine, and if acetyl is 2.44; total = 2.961 moles.

of chlorine, and if acetyl is 2.44 moles; total = 2.993 moles.

Chlorine in later tosylated acetates was determined by
heating 20-30 mg. samples under reflux for two hours with
100 ml. of 959 ethanol containing 2 g. of chloride-free
sodium hydroxide (made from metallic sodium). Nitrite-
free, 6 N nitric acid was used to acidify the mixture before
the halogen was estimated by the Volhard method!® with
nitrobenzene to coagulate the silver chloride.

Todination.—The dry, tosylated sample, 1 g., sodium
iodide, 2 g., and acetonylacetone, 75 ml., were heated to-
gether to 120°, when solution was complete in all cases.
After two hours at that temperature, which was again
shown to be sufficient*® for maximum iodination, the solu-
tion was cooled, poured into 1 liter of ice water, allowed to
stand for one hour and filtered. The residue was washed
with distilled water, dried and purified by reprecipitation
from aqueous acetone. A final drying at 65° 4n vacuo over
phosphorus pentoxide preceded the analyses for sulfur and
for iodine. Iodine analyses were carried out as described
in the work on ethylcellulose.?®

The assumption that iodination replaced a portion of the
tosyl groups by iodine without altering the original acetyl
substitution was checked by calculating the per cent. of
sulfur in the iodinated specimens from the observed iodine
content (Table I, column 7) and an assumed acetyl sub-

(10) Kolthoff and Sandell, “Textbook of Quantitative Inorganic
Analysis,” The Macmillan Company, New York, N. V., 1938, p. 543.

7 9 Cl = 1.65, giving 0.400 mole of tosyl, and 0.153 mole

stitution of 2.44. Calculated sulfur values (column 9)
agreed well with the observed ones (column 8) except with
the first four samples, in which the sulfur content was
too small to be estimated accurately. The corresponding
data for the molar substitution of iodine (column 10) were
therefore accepted as reliable. All attempts to iodinate
later specimens containing chlorine gave dark colored
products which were not amenable to purification and
were not further examined.

Results

The molar amount of tosyl groups replaced by
iodine (Z) corresponded to the primary hydroxyl
groups that had been esterified at any given time.
Reference to Table I, column 10, shows that a
total of 0.198 mole of hydroxyl was originally
present in the sixth position of the cellulose ace-
tate and that all were tosylated within two hours.
The total agreed excellently with the earlier value
of 0.197 mole,* and, as the cellulose acetate aver-
aged 0.56 mole per glucose unit, about 35% of the
hydroxyl groups were primary. The earlier work
showed that the amount lay between one-third
and one-half. Substitution in the first order rate
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equation, log 0.198/(0.198 — Z) = kt, of the data
in columns 2 and 10 gave values for %k of (21.4),
23.2, 21.9 and 25.0 corresponding to (0.25), 0.50,
0.75 and 1.00 hour, respectively. The average
rate constant for the last three samples was 23.4
when reckoned in days and decimal logarithms.
Calculation by the method of least squares, using
the same time intervals, gave 24.9 when most
weight was given to the hour interval. No ad-
vantage was gained by assuming a second order
rather than a first order equation for the tosyla-
tion.

Subtraction of 0.198 from 0.56 gave 0.362 as
the total moles of hydroxyl group in the second and
third positions of the cellulose acetate. Subtrac-
tion of the data in column 10 from those in column
6 gave the amount of tosylation, Zg, in both of
these secondary positions at various times.
Points corresponding to the function log 0.362/
(0.362 — Zs) were plotted against time ¢ (in days)
and those within the limits 0.71 to 3.08 days in-
clusive were found to lie about a straight line whose
position was determined by the method of least
squares® (Fig. 1). The conclusion was that the
amount of tosylation, Zp, of 0.223 mole of the
secondary hydroxyl groups at any time was given
by the equation

log 0.223/(0.223 — Zg) = 0.106 ¢ )

The remaining 0.139 mole was esterified at a faster
rate. If Z, represented the amount of this more
rapid tosylation at any time, Z, + Zp = Zs.
By the use of Eq. 1, the amount of Zg was calcu-
lated for times between 0.125 and 0.5 days and
was subtracted from Zg (column 11). The values
of Z4 so obtained were found to fit the following
first order rate equation

log 0.139(0.139 — Z,) = 2.16 ¢ 2

In order to check the data, the sums Z, + Zjp, as
calculated from Eqgs. 1 and 2, were tabulated in
Table I, column 12. The agreement with the ob-
served values of Zg (column 11) was always within
0.02 mole, and usually within 0.01 mole, until the
replacement of tosyl by chlorine became appreci-
able from sample 23 onward. It is interesting to
note that no such replacement complicated the
equally prolonged tosylation of the ethylcellulose.®

Discussion

The above work was an experimental duplicate
of that on the ethylcellulose, when it was demon-
strated that hydroxyl groups in the sixth, second
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Fig. 1.—Logarithmic plot of rate of tosylation of 0.362
mole of secondary hydroxyl group. Solid line is calculated
relationship log 0.223/(0.223 — Zg) = 0.106 day.

and third positions of the anhydroglucose units
were tosylated at rates in the approximate ratio
of 15:2.3:0.07. Rates for acetone-soluble cellu-
lose acetate were 23.4 for the sixth position with
2.16 and 0.106 for the two kinds of hydroxyl
groups occupying the other two positions.
Comparison with ethylcellulose values justified
the conclusion that the faster rate (2.16) was
characteristic of the second position in the acetyl
cellulose and the slower one (0.106) pertained to
the third. There was no reason to expect that the
rates for ethylcellulose and acetyl cellulose would
be absolutely the same in magnitude, because
steric and other effects caused by the different
substituents would not necessarily be the same in
the two cases. These effects, however, could
hardly be large enough to obliterate or reverse a
ratio of rates, one of which was twenty or thirty
times the other. It therefore appeared that the
deacetylation of cellulose triacetate to the acetone-
soluble condition removed 0.223 mole of acetyl
from the third position and only 0.139 mole from
the second, which was more than twenty times as
reactive in tosylation. While it is possible that
the reactivities displayed toward acetylation and
deacetylation may be reversed, it seems probable
that the original ‘‘triacetate” contained a few un-
acetylated hydroxyl groups in the sluggishly react-
ing position three. Further experiments are re-
quired to decide between the alternative explana-
tions.

If secondary hydroxyl groups in the acetone-
soluble cellulose acetate were distributed in ran-
dom order but with uniform average density along
the length of the macromolecules, the probability
of a particular glucose residue containing a com-
pletely unsubstituted 2,3 glycol group was 0.139 X
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0.223 or 0.031.1!  If the hydroxyl groups occurred
in sharply localized patches along the macro-
molecule, the probability of a glycol grouping
was obviously 0.139 and if deacetylation in one
position tended to preclude deacetylation in the
other, the probability was 0.139 + 0.223 — 1 or
zero.®

The oxidation of the cellulose acetate with lead
tetraacetate was carried out as before® and the
results (Table II) showed that 0.0071 to 0.0079,
or almost zero, moles of glycol were actually pres-
ent. This confirmation of the earlier low value of
0.0067 to 0.01 mole!! supports the inference that
the number of 2,3 glycol groups in acetone soluble
cellulose acetate, as well as in the partly ethylated
cellulose,’ is depressed by factors still unknown.
It also suggests that the partial deacetylation of
the triacetate was carried out in a practically
homogeneous system and that the loss of acetyl
from one of the two secondary alcoholic positions

TaBLE II

* Ox1DATION OF 0.01 MoLE oF CELLULOSE ACETATE WITH
Excess LEAD TETRAACETATE AT 20°

0.01 N Moles Moles
Hours Thio., Pb(OAc)s AM/ At glycol®
@ ml. X 102 (1059) (10%x)
0 0
24 0.81 0.41
48 1.50 0.75
72 2.07 1.04
82.5 2.42 1.21 6.2
102 2.65 1.33 (2' 7) 7.9
120 2.76 1.38 4'7 7.4
168 3.22 1.61 5'0 7.1
192 3.45 1.73 ’ 7.1
Average 5.3 7.4

¢ Per glucose residue. Calcd. as previously described.5

(11) Cramer, Hockett and Purves, THIS JoUrRNAL, 61, 3463
(1939).
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had a marked tendency to stabilize the adjacent
group in the same anhydroglucose residue.

Summary

1. A technical cellulose acetate, averaging 2.44
acetyl and 0.56 hydroxyl groups per glucose resi-
due, was esterified by p-toluenesulfonyl chloride.
Analyses of samples removed at intervals showed
that 0.198 mole of hydroxyl groups was present
in the sixth or primary positions of the original
cellulose acetate.

2. The data in (1) give, by difference, a value
of 0.362 mole of total secondary hydroxyl in the
cellulose acetate and mathematical analyses of the
rate of esterification showed that there was a first
order, fairly rapid tosylation of 0.139 mole of
hydroxyl, on which was superimposed a slow tosyl-
ation of 0.223 mole. The 0.139 mole was assigned
to the second position and the 0.223 mole to the
third by analogy with previous experience on an
ethylated cellulose.

3. The first order rate constants for the tosyla-
tion of unsubstituted hydroxyl groups in the cellu-
lose acetate were found to be in the ratio of 2.16
for the second, 0.106 for the third and 23.4 for
the sixth position.

4. Lead tetraacetate oxidation of the cellulose
acetate indicated that 7.4 X 10—? mole of un-
substituted 2,3 glycol was present per glucose res-
idue. The amount calculated for a random dis-
tribution of hydroxyl groups in the two positions
was 3.1 X 10~% mole and for localized concentra-
tions of hydroxyl, 13.9 X 102 mole. If deace-
tylation in either the second or third position of
cellulose triacetate stabilized the adjacent acetyl
group, the probability of 2,3 glycol groups in the
resulting acetone-soluble acetate was zero.

CAMBRIDGE, M ASS. RECEIVED APRIL 4, 1942
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[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, THE JouNs HoPKINS UNIVERSITY]

The Preparation of Several Deuterium Derivatives of Pyrrole

By FoiL A. MILLER!

In the course of some studies on the vibrational
spectrum of pyrrole? it became necessary to pre-
pare several of the symmetrically substituted deu-
terium derivatives. Inasmuch as the methods of
preparing these compounds add some interesting
facts to our knowledge of pyrrole chemistry, and
since other workers may have occasion to prepare
deuteropyrroles, it seems worth while to describe
the preparations in some detail.

Very little earlier research has been reported on
this subject. Pyrrole-N-d has been prepared by
Redlich and Stricks® and by Bonino and Manzoni-
Ansidei.* The extent of exchange between pyrrole
and heavy water has been determined by Koizumi
and Titani.® They conclude that at pH = 2 only
one hydrogen exchanges, but that at pH = 1allfive
hydrogens exchange rapidly. However, noattempt
was made to prepare and isolate an isotopically pure
product. This paper reports the application of
Koizumi and Titani’s findings to the preparation
of 8 ml. quantities of pyrrole-N-d, sym-pyrrole-d;,
and pyrrole-d;. Spectroscopic evidence is offered
as convincing proof for the course of the exchanges.

Experimental

Pyrrole-N-d. 1. Preparation from Potas-
sium Pyrrole.—This is the method used by both
Redlich and Stricks and by Bonino and Manzoni-
Ansidei. It was deemed necessary to repeat the
work, however, because the Raman spectra of the
two samples differed considerably,®* and because
pyrrole-N-d was needed for purposes of com-
parison in a later experiment.

The reactions involved are

2C.H,NH + 2K —> 2C,H,NK -+ H.
CHNK + DyO —> C4H4ND -+ KOD

Clean potassium was added slowly in slight excess to 10 ml.
of freshly-distilled pyrrole® dissolved in 80 ml. of toluene.

(1) Chemical Foundation Fellow, 1938—-1942.

(2) R. C. Lord, Jr., and Foil A. Miller, J. Chem. Phys., 10, June
(1942)

(3) O. Redlich and W. Stricks, Monatsh., 68, 47 (1936).

(4) G. B. Bonino and R. Manzoni-Ansidei, Ricerca sci., T, 11, Nos.
3-4 (1936); or Atti accad. Lincei, Classe sci. fis. mat. nat., 26, 494
(1937).

(5) (a) M. Harada and T. Titani, Bull. Chem. Soc. Japan, 11, 465—
474 (1936); (b) M. Koizumi and T. Titani, ¢bid., 12, 107-108 (1937);
(¢) M. Koizumi and T. Titani, ¢bid., 18, 85-94 (1938).

(6) The pyrrole was obtained through the kindness of Dr. Saul R.
Bue, formerly of this Department. It had been prepared from
ammonium mucate according to the method of Blicke and Powers
[Ind. Eng. Chem., 19, 1334 (1927)].

The mixture was warmed and later refluxed in a water-free
atmosphere until the precipitate became white. Most of
the excess potassium was removed mechanically. The
solid was filtered off on a sintered glass funnel in a gas box,
washed with ether which was sufficiently dry to give a blue
color with sodium and benzophenone, and dried; yield of
potassium pyrrole, 809%,. The solid was suspended in 40
ml. of dry ether, and heavy water (99.6%) was added drop-
wise with continued shaking until a second layer of liquid
was formed. Five and one-half ml. of heavy water was
used, which is about 2.5 times the theoretical amount.
The ether-pyrrole-N-d solution was filtered through a
sintered glass funnel and removed from the gas box, and
the ether was evaporated with a stream of dry nitrogen.
The pyrrole-N-d was dried over sodium carbonate and dis-
tilled four times in succession at low pressure in an all-glass
apparatus; yield on the second reaction, 70%,.

This synthesis, while extremely wasteful of heavy
water and pyrrole, is useful because one knows
that the deuterium atom introduced into the mole-
cule has bonded to the nitrogen atom of the ring.

Pyrrole-N-d. 2. Preparation by Exchange.
—Koizumi and Titani suggest that the one hydro-
gen which exchanges in solutions of pH = 2 is
the N-hydrogen. It was necessary to confirm
this, however, for it was hoped that the sugges-
tion could be applied later to the preparation of
sym-pyrrole-d;. One can test the suggestion by
carrying out an exchange between pyrrole and
neutral heavy water. Comparison of the Raman
spectrum of the resulting compound with that of
the pyrrole-N-d prepared from potassium pyrrole
will show whether the exchange proceeds on the
nitrogen atom alone. An experiment of this kind
has been performed.

Four 2.5-ml. samples of freshly-distilled pyrrole were
shaken for one hour with 2-ml. portions of heavy water
(99.6%) in 6-ml. cylindrically-shaped separatory funnels.
Each portion of the heavy water was used with each of the
pyrrole samples in turn. The exchange was continued
until calculation indicated that the deuterium content was
at least 999 of the total exchangeable hydrogen. The
united product was dried over sodium carbonate and dis-
tilled as before. Practically no pyrrole was lost.

The Raman spectrum of this product agreed
exactly with that of the pyrrole-N-d prepared
from potassium pyrrole. Hence exchange between
pyrrole and neutral water involves only the N-
hydrogen.

Pyrrole-ds.—XKoizumi and Titani®® have
pointed out that pH 1 is optimum for exchanging
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all five hydrogens of pyrrole. At pH > 1.5, all the
hydrogens do not exchange; at pH < 1, acid-
induced decomposition of the pyrrole becomes
serious. Pyrrole-ds was prepared by an exchange
between pyrrole and heavy water at this optimum
pH.

Adjusting the heavy water to pH 1 without contami-
nating it with light hydrogen required special methods.
Deuterium chloride was made from heavy water and
thionyl chloride, using the apparatus of Langseth and
Klit.” The deuterium chloride was bubbled into heavy
water to which had been added a trace of dry methyl
violet, until the color of the solution matched that of a
comparison solution of ordinary hydrochloric acid whose
pH had been adjusted to 1.0. Trials with ordinary water
and hydrogen chloride showed that the pH could readily be
adjusted in this manner to 1.0 = 0.2 unit, which is suffi-
ciently close. The procedure for exchange was similar to
that for pyrrole-N-d. Because decomposition of the
pyrrole resulted in the formation of a scum, and because
the liquids did not separate as nicely as in the former case,
the separatory funnels were rotated rather slowly in a
large centrifuge to hasten the separation. The product
was dried and distilled as before. About 1 ml. of pyrrole
was lost during the exchange.

Symmetrical Pyrrole-d,.—This compound was
prepared from pyrrole-ds by an exchange with
neutral water. It has already been shown that
under these conditions only the N-deuterium will
be involved. The procedure for carrying out the
exchange and purifying the product was identical
with that for pyrrole-N-d. There was practically
no loss of material.

(7) A. Langseth and A. XKlit, Kgl. Danske Videnskab Selskab,
Math. fys. Medd., 16, No. 13, p. 7 (1937).

NorMmaN C. C. L1 aND Hsine FANG
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Spectroscopic Results.—It is well known that
C-H stretching frequencies in aromatic rings are
in the 3000-3100 cm.™! region, while the corre-
sponding C—-D frequencies are found at 2200-2300
cm.~!. The N-H stretching frequency in liquid
pyrrole occurs at 3400 cm.~!, and the N-D at
2530 cm.—%. Thus the vibrational spectrum offers
a good criterion for the isotopic purity of the prod-
ucts. Each of the deuteropyrroles has been stud-
ied by the Raman effect.? In every case valence
frequencies were found only in the expected re-
gions; even on long exposure there was no trace
of lines due to an improper isotope. This is
thought to mean that the isotopic purity was at
least 99%,. It also offers convincing proof that
exchange between pyrrole and water at pH 1 in-
volves all five of the pyrrole hydrogens, but that
at pH 7 only the N-hydrogen is involved.

Acknowledgment is made for a grant-in-aid
from the Hynson, Westcott and Dunning Fund.
The author also wishes to thank the Chemical
Foundation, Incorporated, for a fellowship for
graduate study. .

Summary

Simple and efficient methods of preparing pyr-
role-N-d, sym-pyrrole-ds, and pyrrole-ds are de-
scribed. It is confirmed that exchange between
pyrrole and water at pH 1 involves all five of the
pyrrole hydrogens. In neutral solution only the
N-hydrogen exchanges.

BALTIMORE, M ARYLAND RECEIVED MARCH 20, 1942

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, YENCHING UNIVERSITY]

Conductivity Studies.!

III. The Limiting Equivalent Conductances of Potassium

Chloride in Water at Temperatures between 15 and 40°

By NormaN C. C. L12 aAND HsiNG FaANG?

The determination of the electrical conductivity
of electrolytes has been the subject of many in-
vestigations. A search of the recent extensive
literature in this field shows that many investi-
gators study conductivity as a function of concen-
tration at some particular temperature or conduc-

(1) Earlier papers in this series: Li and Fang, J. Chinese Chem.
Soc., 6, 32—-39, 44-50 (1938).

(2) Present address: Department of Chemistry, The Catholic
University, Peiping, China.

(3) British Indemnity Research Assistant in Chemistry. This
article is based on part of a thesis presented by H. Fang to the Faculty
of the Graduate Yuan of Yenching University in partial fulllfiment
for the degree of Master of Science, June, 1941,

\

tivity as a function of temperature at some par-
ticular concentrations, and only few study the
variation of the limiting equivalent conductances
with temperature.

Since aqueous solutions of potassium chloride
have been used as standard solutions for deter-
mining cell constants, extensive conductivity
studies on these are desirable. Recently Jones
and Bradshaw* and Bremmner and Thompson®
studied the variation in conductance of ‘‘demal”

(4) Jones and Bradshaw, THiS JOURNAL, 55, 1780 (1933).
(5) Bremner and Thompson, ibid., 59, 2372 (1937),
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potassium chloride solutions and Clews® applied
the Debye-Hiickel-Onsager equation to data on
0.1, 0.01 and 0.001 N potassium chloride solutions
at different temperatures. Except at 18 and 25°,
however, there are no precise values of the limit-
ing equivalent conductance, A, of potassium chlo-
ride in water. It was the purpose of this investi-
gation to study the electrical conductances of
potassium chloride solutions over a wide range of
concentrations and temperatures in order to deter-
mine the temperature coefficient of A,. In the
paper following this one, certain transference data
will be used together with the conductance data
reported in this paper to calculate the limiting
equivalent conductances of several univalent ions
at different temperatures.

Experimental

The Wheatstone bridge and accessory apparatus
used in conductivity determinations have been de-
scribed.! The temperatures investigated were 15,
20, 22, 25, 30 and 40°. For each temperature the
bath was adjusted and the temperature variation
observed by a Beckmann thermometer which had
been compared against a standard thermometer.
The temperature variation was 0.005°. The
standard solutions for the determination of cell
constants were the 0.1 and 0.01 demal solutions
defined and measured by Jones and Bradshaw*
at 0, 18 and 25°. The measured specific conduct-
ance was corrected in each case for the conductiv-
ity of the water used, amounting to about 1.2 X
10—% at 25°. The potassium chloride was of
Merck reagent quality and was further purified by
repeated recrystallization from conductivity water,
dried and fused. Solutions were prepared by
direct weighing of both solute (or concentrated
stock solution) and solvent, the balance used for
weighing the dry salt being sensitive to 0.01 mg.
with a 50-g. load and that for the solvent sensitive
to 0.1 mg. The weights were carefully calibrated
on each balance and all weighings were corrected
to vacuum, taking the density of the air to be
0.0012 g./ml. and the density of potassium chloride
to be 1.987.

Since the salt solutions were made up by weight
and the concentrations used in the theory are on a
volume basis (moles per liter, C), it was necessary
to know the density of the solutions. It was found
that the density of the aqueous solutions of potas-
sium chloride was a linear function of the concen-

(6) Clews, Proc. Roy. Phys. Soc. (London), 46, 764 (1934).
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tration up to the highest concentration used, and
obeyed the equation
d = do + bfxc (€))

where d is the density of a solution of fxc weight
per cent. concentration in potassium chloride and
dy is the density of pure water, both at the same
temperature. The values of the density coeffi-
cients at 20, 22, 25, 30 and 40° were calculated
from the density data in the ‘“International Criti-
cal Tables.” These were confirmed by the
experimental determination of the density of the
potassium chloride solutions at 25 and 30°.
The density values for 15° are not given, but
were calculated by the equation:

d = 1.00661 4 0.0000407 ¢ — 7.95 X 10~%2 4 4.83 X 1083

the equation obtained from an analysis of the
data given in “I. C. T.” for 19, potassium chlo-
ride solutions. The equations for density at
different temperatures are listed

dis = 0.99913 4 0.00646f

dao 199823 4 .00640f

d2o 199780 + .00637f

ds 99707 4 .00635f

dw 99567 + .00631f

diw 99225 + .00622f

The solutions were kept in seasoned and steamed

Pyrex glass-stoppered bottles. In determining
the resistance of a given solution, each cell was
rinsed with four or five portions of the solution
and allowed to stand, filled with the same solution,
for fifteen to thirty minutes. The cell was then
refilled with a fresh portion of the solution and
immersed in the thermostat until temperature
equilibrium was reached. The leads were placed
in position and the bridge balanced. The leads
were then shifted to the next cell and the bridge
rebalanced.

Results

Table I gives the results of measurements on
the potassium chloride solutions at different tem-
peratures. The third column gives the equivalent
conductances calculated from the Shedlovsky-
Onsager equation

A+8+C
Ao ==2TPVE_ BC
’ 1—a+C
The fourth column lists the values of Ag

_A+8VC

1—-a+C
In order to calculate the theoretical coefficients «
and B3, we made use of the viscosity data given in
“I. C. T.” and the dielectric constant data of

A
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Drake, Pierce and Dow?” and substituted them in
the equations?®

a = 8147 X 105/(DT)/: B = 81.86/(DT)m (2)

where D and 7 are the dielectric constant and
viscosity of the medium at temperature 7. These
constants are collected in Table II for reference.
Graphs corresponding to the data in Table I
for the various temperatures are shown in Fig. 1,
where the values of A are plotted against v/ C and
A{ plotted against C. The values of A, and B

TaABLE I
EQuivALENT CONDUCTANCES OF Porassium CHLORIDE
SOLUTIONS
C X 102 Aobs, Acaled, As
15°
0.22312 117.43 117.58 120.89
.30737 117.09 117.04 121.16
.57183 115.82 115.76 121.38
.62728 115.70 115.54 121.53
.99925 114.29 114.29 121.64
1.1657 113.83 113.81 121.77
1.2696 113.64 113.55 121.94
2.3693 111.25 111.32 122.61
4.7486 108.36 108.31 124.54
5.0481 108.09 108.03 124.77
9.9195 104.79 104.76 128.45
9.9209 104.73 104.76 128.39
20°
0.07603 132.89 132.82 135.19
.15061 131.95 131.96 135.18
.15564 131.88 131.90 135.17
. 28941 130.73 130.82 135.21
.30709 130.59 130.71 135.21
.31715 130.59 130.64 135.28
. 58989 129.23 129.15 135.64
.64944 128.96 128.89 135.68
1.2035 126.93 126.92 136.09
1.2685 126.85 126.73 136.26
1.3220 126.66 126.59 136.27
2.4451 124.14 124.05 137.53
2.7090 123.74 123.67 137.54
9.9809 116.66 116.66 143.58
22°
0.07599 138.71 138.62 141.12
.13626 137.64 137.82 140.88
.15558 137.65 137.62 141.10
.27833 136.66 136.60 141.35
.31702 136.46 136.32 141.39
. 56759 134.93 134.87 141.53
.64919 134.59 134.49 141.65
1.1627 132.45 132.54 141.88
1.3215 132.12 132.06 142.20
2.3789 129.50 129.53 143.06
4.8709 125.85 125.81 144.36

(7) Drake, Pierce and Dow, Phys. Rev., 35, 613 (1930).
(8) MaclInnes, “Principles of Electrochemistry,” Reinhold Pub-
lishing Corp., New York, N. Y., 1939, Chapter 18.
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. 25°
0.03977 148.05 148.05 149.92
.06037 147.67 147.63 149.98
.08092 147.25 147.29 149.92
.12184 146.71 146.72 149.99
.16497 146.19 146.22 150.01
.33649 144.65 144.75 150.10
.49651 143.58 143.73 150.20
.68358 142.85 142.75 150.62
.99646 141.40 141.44 150.63
1.3802 140.01 140.14 151.06
1.3896 139.99 140.10 151.09
30°
0.16040 160.64 160.59 164.45
.19252 160.14 160.22 164.74
.31781 159.05 159.04 164.96
.38429 158.49 158.51 165.00
.63086 156.92 156.95 165.25
.68514 156.67 156.65 165.55
. 76056 156.21 156.26 165.37
1.2504 154.21 154.17 165.97
1.5025 153.23 153.28 166.12
2.4956 150.69 150.60 167.33
4.9813 146.23 146.17 169.89
5.9252 144.92 144.96 170.77
40°
0.06189 191.10 191.08 194.29
.09635 190.31 190.33 194..28
.24763 188.14 188.11 194.51
.49164 185.79 185.80 194.77
98778 182.65 182.64 195.40
1.9761 178.52 178.54 196.59
3.9341 173.50 173.43 199.12
7.7969 163.43 163.48 199.53
TaBrg II
CONSTANTS PERTAINING TO EQUATION (2)
¢, °C. Do log » 7 a B
15 82.32 —1.9413 0.011447 0.2231 46.44
20 80.41 —1.9962 .010087 .2252 52.86
22 79.67 —2.0174 .009608 .2260  55.57
25 78.57 —2.0482 .008949 2273  59.77
30 76.79 —2.0967 .008004 .2294  67.04
40 73.41 —2.1847 .006536 .2338 82.61

are obtained graphically from Fig. 1 and are listed
in Table III.

TaBLE III
LiMITING EQUIVALENT CONDUCTANCES AND SLOPES, B
t, °C. Ao B
15 120.88 75.9
18 129.4° 80°
20 135.06 85.3
22 140.96 89.4
25 149.84 94.9
30 164.62 104.5
40 194.18 123.7

The limiting conductance at 25° as obtained by
Shedlovsky? and recalculated by Krieger and Kil-
(9) Data taken from Shedlovsky, THis JOURNAL, 54, 1410 (1932).
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Iig. 1.—Variation of equivalent conductance with concen-
tration.

patrick!® is 149.86, with which our value of
149.84 is in good agreement. Figure 2 brings out
the relationship between A, and temperature.
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Fig. 2—Variation of conductance at infinite dilution with
temperature.

The relationship in Curve I can be expressed by
the empirical equation Ag = 75.94 4 2.956 ¢ It

(10) Krieger and Kilpatrick, THis JoURNAL, §9, 1881 (1937).
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is also interesting to note that the relationship
between B and temperature is linear and can be
expressed by the equation B = 46.9 + 1.92¢.

Curves 2, 3 and 4 in Fig. 2 are plots taken from
data by Brescia, LaMer and Nachod!! and Owen
and Waters!? and the limiting conductances can
be expressed by the equations

NaCl in H,O Ao = 64.08 + 2.462 ¢
NaCl in D,O 50 + 2.2¢
HClin 709, dioxane 45.9 + 1.91¢

It was shown by Owen and Waters!? that vis-
cosity and equivalent conductance in a given sol-
vent at various temperatures are simply related
by an equation Agn; = ». Figure 3 gives such a
plot between log Ay and log w and the constants s
and r are found to be 0.872 and 3.039, respectively.

I T I I
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S —199F
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5 —2.03F
z
1]
8 —2.07
B
¥ 211
—
—2.15-
| l ! |

2.10 2.15 220 225
Log equivalent conductance, A,.

Fig. 3.—Variation of conductance at infinite dilution with
viscosity of medium.

Summary ‘

1. The equivalent conductances of potassium
chloride solutions have been measured at 15, 20,
22, 25, 30 and 40° in the concentration range
0.0004 to 0.1 N. The experimental data follow
closely the Onsager limiting slope at high dilutions.
At other concentrations orly one empirical con-
stant B is needed.

2. The temperature dependence of the limiting
conductance is linear between 15 and 40°. The
variation with viscosity can be expressed by A
= 7, s being less than 1.

PEIPING, CHINA RECEIVED APRIL 10, 1942

(11) Brescia, LaMer and Nachod, #bid., 62, 615 (1940).
(12) Owen and Waters, ibid., 60, 2377 (1938).
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The Thermodynamic Theory of Electrocapillarity*

By Davip C. GRAHAME AND ROBERT B. WHITNEY

The Gibbs adsorption theorem (Gibbs’ equa-
tion 508) is a relationship between the change in
the interfacial tension between two phases, the
change in chemical potential of the components of
the phases, the change in the superficial density of
entropy in the system and the amounts of the
various independent components adsorbed at the
interface.® When some of the components of the
system are electrically charged particles, as in an
electrocapillary system, the Gibbs equation cannot
be applied directly in its original form for reasons
which will be pointed out below. In the study of
electrocapillary phenomena it is desirable to have
a thermodynamic equation analogous to the Gibbs
adsorption theorem. The Lippmann equation?
is a special case of such an equation.

Many discussions of this problem have focussed
attention on the ‘“‘potential-determining’ ion, as
though the causal agent producing the potential
difference between the phases at equilibrium were
the ions of the metal in the non-metallic phase
(often present in amounts so small as to be mean-
ingless except in a statistical sense) instead of the
external apparatus by means of which the potential
difference is fixed. The difficulties of this line of
approach led Koenig? to give up the hope of ex-
tending the Gibbs equilibrium treatment and to
regard the polarized electrode as a system in which
equilibrium does not subsist between the phases.
He assumed, instead, that n the interface there
exists a barrier impermeable to charged particles.
On this basis Koenig has derived a general equa-
tion of electrocapillarity for the ideal polarized
electrode and has applied it to the deduction of
equations referring to special experimental condi-
tions which may be realized in the laboratory. It
is the purpose of this paper to show that the equa-
tions developed by Koenig are not peculiar to the
type of system which he postulates but may be
derived for a polarized electrode af equilibrium
with respect to the distribution of its charged
components and 7ot possessed of a barrier im-
permeable to charged particles. It appears to the

(1) Original manuscript received July 14, 1941.

(la) J. W. Gibbs, “Collected Works,” Vol. I, Longmans, Green
and Co., New York, N. Y., 1928, pp. 219 ef seq.

(2) G. Lippmann, Pogg. Ann., 149, 547 (1873); Ann. chim. phys.,
5616, 494 (1875); 12,265 (1877); see also Gibbs’ equation 690.

(8) F. O. Koenig, J. Phys. Chem., 38, 111, 339 (1934).

present authors that real systems are best char-
acterized in this manner and may be made to
approach the postulated ideal condition of equilib-
rium as closely as the physical perfection of the
experimental apparatus will permit. In addition,
we shall show that the equations here developed
have a wider scope and a slightly different signifi-
cance from those of identical form given by Koe-
nig.

Qualitative Considerations.—Consider a sys-
tem composed of a metal in contact with an
electrolytic solution and provided with some ex-
ternal means whereby the potential difference be-
tween the phases may be altered at will. It need
not concern us that the absolute magnitude of the
potential difference must remain unknown. We
exclude from consideration all cases in which the
system just postulated is not at equilibrium as re-
gards ordinary chemical action or as regards the
distribution of charged particles between the
phases. In a system at equilibrium there will be
no net transfer of charge from one phase to the
other, and therefore there will be no current flow-
ing through the external circuit by which the
superimposed potential is applied. From a prac-
tical standpoint the systems we are considering
form three classes of electrodes, ideal polarized
electrodes, ideal non-polarizable electrodes and
partially polarizable electrodes. We distinguish
these three classes by the magnitude of the con-
tinuous current which flows through the external
circuit when the potential difference between the
phases is altered slightly from its value in the
original (equilibrium) state. In an ideal polarized
electrode no continuous current flows; in an ideal
non-polarizable electrode a continuous current
flows, limited only by the ohmic resistance of the
system, whereas in a partially polarizable elec-
trode a continuous current flows, but of magnitude
less than that predicted by Ohm’s law (if polari-
zation e. m. f.’s are ignored). These distinctions
are practical rather than thermodynamic criteria
of polarizability, since Ohm’s law and the con-
cepts associated with that law are not a part of
thermodynamics. Indeed, the distinction between
ideal non-polarizable electrodes and partially
polarizable electrodes appears to have no meaning
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for thermodynamics, and the concept will not be
used in the thermodynamic treatment which
follows. The distinction between ideal polarized
electrodes and the two types of electrodes just
mentioned (regarded as a single class) may be
made on the basis of the amounts of the charged
components present in the two phases at equilib-
rium, as will presently appear.

When the potential difference across the phases
of an electrode at equilibrium is altered slightly,
there is a momentary surge of current through the
external system as a result of a readjustment of the
composition of the electrical double layer at the
interface, but this readjustment takes place very
quickly and in no way obscures the slow readjust-
ment which may be observed as a continuous flow
of current in a partially polarizable or non-
polarizable electrode.

Although the two ideal types of electrode cannot
be attained in practice, it is possible to prepare
electrodes which approach ideal conditions almost
as closely as desired. Thus a large reversible elec-
trode is practically non-polarizable under favor-
able conditions, and a system composed of mer-
cury in contact with aqueous potassium chloride is,
to all intents and purposes, ideally polarized over
a considerable range of superimposed potentials.
The same system becomes partially polarizable
when the potential difference between the phases
is such that the concentration of mercurous ions
in the aqueous phase is not negligible at equilib-
rium.

It will be recognized that at equilibrium the
concentration of the so-called potential-deter-
mining ion in the non-metallic phase varies with
the applied potential difference between the phases.
In an ideal polarized electrode this concentration
is necessarily extremely small in one of the two
phases, for if it were not so, a change in the po-
tential difference between the phases would result
in a finite current flow during the relatively long
period of time required for the system to attain a
new state of equilibrium. Since any ion in the
system might be regarded as a potential-deter-
mining ion, it follows that in an ideal polarized
electrode the concentration of every charged
species must be negligibly small in one of the two
bulk phases. It is this circumstance which makes
it unnecessary to postulate a barrier impermeable
to charged particles in an ideal polarized electrode.

From the standpoint of thermodynamics it is
desirable to defire the ideal polarized electrode as
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one in which each charged species is present in
appreciable amounts in only one of the two bulk
phases. This definition is equivalent to the prac-
tical definition first given. An electrode at equilib-
rium and containing one or more charged com-
ponents at finite concentrations in both phases
would be classed as a non-polarized electrode. It
should not be inferred from this nomenclature that
the electrode is necessarily non-polarizable, how-
ever.

On the Application of the Gibbs’ Adsorption
Theorem to Systems in which Charged Sub-
stances Are Regarded as Independent Compo-
ents.—The Gibbs’ adsorption theorem, in its
original form, applies to systems in which all com-
ponents are regarded as neutral substances. (Any
actual system may be so regarded, of course, pro-
vided the system as a whole remains electrically
neutral.) It would appear reasonable to rewrite
the equation, substituting electrochemical poten-
tials for chemical potentials,* and to assume that
the rewritten equation would apply to systems in
which charged components are regarded as inde-
pendent components. Such an assumption would
not be strictly correct, however, as we now pro-
ceed to show.

The physical system treated by Gibbs is chosen
as an internal part of a larger system of the same
kind in order to eliminate from the discussion
phase boundaries other than the one specifically
under consideration. This is an important char-
acteristic of the derivation not easily dispensed
with if thermodynamic rigor is to be maintained.
Such a system must remain electrically neutral
as a result of the fact that any excess charge will
accumulate on the external surfaces of the con-
ducting system.5 In a system constrained to re-
main electroneutral, the principal charged com-
ponents® cannot be added or removed independ-
ently of one another. One of these components
is not an independent component, yet the system
cannot be regarded as formed from its independent

(4) For an uncharged component, the electrochemical potential
may be regarded as identical with the chemical potential.

(5) It is debatable whether or not one may consider infinitesimal
deviations from electrical neutrality in the interior of a conducting
system. We avoid this question, and at the same time simplify our
treatment, by restricting the allowable variations to those which can
be carried out without destroying the electrical neutrality of the
system as a whole. Since actual systems do remain electroneutral,
the applicability of our final equations is not thereby impaired.

(6) By principal charged components we mean those substances
which must be added to make up the system under consideration.
Electrolytes which dissociate into two or more ionic species we regard
as mixtures of these substances. Water is regarded as a single sub-
stance. Metals are regarded as mixtures of ions and electrons, each
of which is a principal component.
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components only. One of the principal charged
components may be singled out and called a de-
pendent component, yet its presence must be
taken into account, either explicitly or implicitly,
in any equation relating to the energy content of
the system.

In the derivation of the adsorption theorem in
its original form the chemical potentials enter as a
substitution for the quantity 0E/On; where E is
the energy of the system (regarded as a function of
the entropy and the number of moles of the inde-
pendent components) and #; is the number of
moles of the component X;. In the particular
kind of system we are now considering, it is not
valid to write OE/On; = u;” where p; is the elec-
trochemical potential, because the addition of a
charged component necessitates the addition or
removal of another charged component, regarded
as a dependent component. It is this fact which
makes it incorrect simply to write y; for y; in the
Gibbs’ adsorption theorem.

Derivation of the General Equations of Elec-
trocapillarity.—If we choose to regard the elec-
trons of the metallic phase as the dependent
component whose amount varies with the addition
or removal of charged components in such a way
that electrical neutrality is always preserved, we
may write

OE/On; = i + ziks o)
where z; is the ‘“valence” (including sign) of X,
and J, is the electrochemical potential of the elec-
trons in the system.

The derivation of the adsorption theorem can be
carried through in the usual manner without sub-
stituting any new symbol for the quantity 0E/0n;.
Then Gibbs’ equation 508 becomes

¢
do + SdT = —3°rud (g-n@) )

In this equation ¢ is the interfacial tension of the
interface under consideration, T'; is the excess of
the component X;, in moles per unit area, over
that which would be present in the system if the
density of X; in each phase remained constant (at
its value in the internal parts of the bulk phases)
right up to a mathematical surface drawn parallel
to, but not necessarily coincident with, the physi-
cal interface. The physical interface is assumed
to be effectively plane, by which it is meant that
its radius of curvature is very large relative to the
thickness of the region of discontinuity at the

(7) E. A. Guggenheim, ““Modern Thermodynamics,”” Methuen and
Co., London, 1933, p. 133.
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interface. S; is the superficial density of entropy
(entropy per unit area) defined in a manner analo-
gous to the IVs. T is the (absolute) temperature.
The summation is carried out over the ¢ inde-
pendent components. If charged substances are
regarded as independent components, ¢ will be less
by one than the number of principal components.
Equation 2 is valid for any two-phase system at
equilibrium, subject only to the usual limitations
with regard to gravitational and electric fields,
strains in solids, etc.'® If we agree to adopt the
conventions appropriate to Eq. 1, we may write

c c
do + SdT = =D Tudi —  Tuzdp, 3)

It may be noted in passing that this equation
may be obtained somewhat more readily, if not so
rigorously, by overlooking the requirement of
electrical neutrality imposed upon the system by
its physical arrangement. In that case the ad-
sorption equation would be written

c+1
do + SdT = —) Lidu

where the ¢ 4 1 components include the electrons.
Expanding this equation, and noting that when
c

the system is electrically neutral > I';z; = T,, we
obtain

c
do + SdT = — ) Tidis — Todiia

c c
= —Zl‘idﬁs - Zl‘izidﬁa

In these equations, as elsewhere, the subscript e
refers to the electrons.

We may express electrochemical potentials in
terms of chemical potentials and electrical poten-
tials by the substitution’

dus = dus + 2z Fde; (4)
where F is the faraday and de¢; is the change in
the electrical potential of the phase in which the

chemical potential, u;, is reckoned. Equation 4 is
valid for electrons, as for ions. It is also valid for

uncharged substances, since for these latter, z; =

0. Substitution of Eq. 4 into Eq. 3 gives
(4 c 23
do + SdT = — Y Tidws — Y Tizdpe — FY Tizde —
B « B8
FY Tizdef + F Zl‘izcdtp"‘ + FY Tizndex (5)

c I:] c
= — 3 Tudpi — Fy Tuzd(ef — @) — ) Tizdus (6)

In these equations we have divided the summa-
tions containing ¢’s into two parts according to the
phase in which the chemical potential of each
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particular component has been reckoned. The
symbols « and B over the signs of summation
signify that the summation is to include those in-
dependent components whose chemical potentials
have been reckoned in the metallic and non-
metallic phases, respectively. ¢* and ¢ are the
electrical potentials of these phases. It will be
noted that in a system at equilibrium the electro-
chemical potential of every component is the same
in the two phases, and it will therefore make no
difference in which phase a component is reckoned.
But it will usually be more convenient to measure
the chemical potential in one phase rather than in
the other, and this consideration will generally
indicate the phase in which a given component
may most conveniently be reckoned. Equations
5 and 6 have been written on the assumption that
the electrons will be regarded as a component of
the metallic phase. This is a matter of conven-
ience rather than of thermodynamic necessity.

Equation 6 may be regarded as a general equa-
tion of electrocapillarity. It is applicable to
polarized and non-polarized electrodes alike. In
order to apply it more conveniently to ideal polar-
ized electrodes we may define a quantity ¢ by
the equation

[}
B = FZ]_“,-zi (7

Because of the electrical neutrality of the system
as a whole we may write

i:r;z.‘ =TI, (8)

Substitution of Eqs. 7 and 8 into Eq. 6 yields the
simplest form of the general equation, when this is
to be used in connection with ideal polarized elec-
trodes, as follows .\
c+1
do + SdT = —eBd(ef — ) ~—Zl‘¢dui (9)

Like Eq. 6, this equation applies to any elec-
trode at equilibrium. It is restricted only by the
requirement that the physical interface be essen-
tially plane, as defined above. This restriction
limits the possible variation of & — ¢*and of the
w’s to values such that the pressures within the two
phases are (nearly) equal. Since this is also the
requirement that the interfacial tension be measur-
able by the usual methods, the equations may be
applied to any system for which the interfacial
tension is measurable.?

(8) Our equations are valid for a system in which the interface is
not essentially plane if the position of the dividing surface, with
reference to which the IVs are reckoned, is sensibly coincident with
the physical interface. This point is discussed in detail by Gibbs,
ref. la.
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It is particularly to be noted that the position
of the surface of reference, with respect to which
S and the I'’s are reckoned, is not specified in the
foregoing treatment but may be taken as any sur-
face parallel to the (essentially plane) interface.
This makes it possible to set any one of the I's
equal to zero, whereby the position of the surface
of reference is fixed. The component for which T
is set equal to zero may be called the reference
component. If it is desired to place the surface of
reference as nearly coincident with the physical
interface as possible, the reference component
must be chosen as that component which may
most reasonably be assumed not to undergo con-
centration or dilution at the physical interface.
From the standpoint of thermodynamics alone, it
is a matter of indifference which component is
selected as a reference component except in certain
very unusual cases discussed by Gibbs, ref. 1a, p.
234.

In an ideal polarized electrode the value of € will
be independent of the position of the surface of
reference. This results from the fact that every
charged component is to be found in only one of
the bulk phases, and since the interior of each
phase is electrically neutral, the excess of charge
is uninfluenced by changes in the assumed volume
of each such neutral phase.

For an ideal polarized electrode the quantity
& is nearly identical with what is commonly called
the surface charge density, but it happens that the
thermodynamically significant quantity is ¢ and
not the surface charge density, as that term is
commonly understood. For example, it is ¢
which is actually measured in experiments which
purport to measure the surface charge density.*!?
If physical interfaces are as sharply defined as is
generally believed, the practical difference between
these quantities is wholly negligible, but it is im-
portant from the standpoint of thermodynamics to
realize that the quantities are not identical. The
differential capacity of an ideal polarized electrode
is identical with the quantity 3¢&/d(¢® — ¢%).10
Thus it appears that the experimentally observable
properties of an ideal polarized electrode form a
self-consistent system independent of any concepts
relating to the ‘‘true’ surface charge density. It
will be noted that the concept of a “