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Intrinsic Viscosities.—The intrinsic viscosi-
ties of all samples are plotted against number-
average molecular weight in Fig. 4, together with
values for several other linear fractions from unpub-
lished data. For the cross-linked samples, [4] in-
creases much faster than for the linear samples.
This is primarily due to a distortion of the molecular
weight distribution function and the fact that [n]
reflects an average which is closer to My than to
M,. The weight average molecular weights of the
cross-linked samples can be estimated by an equa-
tion due to Stockmayer,!? which is in our notation
My = MP/(1 — peMy®/M,), taking My as
approximately equal to M.°. When the intrinsic
viscosities are plotted against the estimated weight
average molecular weights, the linear and cross-
linked samples fall much closer together.

Values of u~—The thermodynamic constant
p is expected to increase with cross-linking.!41
However, in our results this effect is barely per-
ceptible (Table I).
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Summary

1. A copolymer of styrene and maleic anhydride
has been cross-linked in concentrated dioxane
solutions by hexamethylene glycol and by benzi-
dine. The proportion of anhydride groups reacted,
pr, was calculated from the amount of cross-linking
agent added, and the proportion reacted to form
intermolecular linkages, pg, was calculated from the
change in number-average molecular weight.

2, The ratio pr/pr decreased with decreasing
concentration of polymer during reaction. The
data for benzidine were in rough agreement with
an approximate theory based on estimating the
volume pervaded by a single polymer coil from
intrinsic viscosity. The data for hexamethylene
glycol showed a deviation which is attributed to a
tendency to chelate linkage on the polymer.
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The Mechanism of the Chromic Acid Oxidation of Isopropyl Alcohol.

The Chromic

Acid Ester!

By FrRaNk HorLLoway, MERRILL COHEN AND F, H. WESTHEIMER

Introduction

A series of investigations?3*% carried out over
the past eleven years has suggested that the
chromic acid oxidation of isopropyl alcohol takes
place by way of an ester of chromic acid. In
dilute acid, the proposed mechanism!? is as follows

rapid
HCrO,~ 4+ CH;CHOHCH, + HT >
(CHy),CHOCrOH + H.O (1)
rate

determining

BH* + (CHy)CO + HCrO;~ (2)

Here the symbol B represents a molecule of water
or of some other base. The scheme here outlined
corresponds to the correct kinetics in dilute aqueous
acid: the rate is first order in the acid chromate
ion,? in alcohol® and in hydrogen ion. (In more
concentrated acid solutions, the reaction rate is
second order in hydrogen ion,? and the ester must
be further protonated.) The mechanism of equa-
tions (1) and (2) also corresponds to the fact that
the first unstable chromium intermediate is a com-
pound of tetravalent chromium?; the subsequent

(1) Presented in part at the 117th Meeting of the American Chemijcal
Society, Detroit, April 19, 1950.

(2) F. Westheimer and A, Novick, J. Chem. Phys., 11, 508 (1943),

(3) W. Watanabe and F. Westheimer, sdid., 17, 61 (1940).

(4) F. Westheimer and N. Nicolaides, THI$ JOURNAL, T4, 25 (1940),
(5) F. Westheimer, Chem. Revs., 48, 419 (1949); Errata, June, 1950,

reactions of the tetravalent chromium compound
are discussed elsewhere.? Furthermore, the mech-
anism here advanced explains the fact* (determined
from studies with CH;CDOHCH;) that the rate
controlling step of the oxidation involves the
cleavage of the C-H bond.

The data, here reported, consist of two parts.
(I) A chromic acid ester of isopropyl alcohol can
be prepared in benzene or toluene solution; in
these solvents the ester is decomposed rapidly by
bases (such as pyridine) to form acetone. (II) In
aqueous solution (where the base, B, of equation
(2) is generally water) the reaction is also catalyzed
by pyridine. The relationship of these new facts
to the mechanism represented by equations (1)
and (2) is then discussed.

I. Chromic Acid Esters

Di-f-butyl chromate® and several analogous
chromic acid esters®? of tertiary alcohols have
been prepared by Wienhaus and others. Wien-
haus pointed out that when an aqueous solution of
chromic acid and of a secondary alcohol was shaken
with hexane or carbon tetrachloride, an unstable
yellow compound was extracted into the non-
aqueous layer. Presumably this was an ester of
chromic acid and the secondary alcohol; the ex-
treme ease with which the esters decompose in

(6) H. Wienhaus, Ber,, 47, 332 {1014).
(7) W. Hilckel and M, Blohm, Ans., 808, 114 (1838).
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these solveuts prevented any extensive work with
them. It has now been discovered, however, that
the esters can be extracted from aqueous solutions
of chromic acid and secondary alcohols by benzene
or toluene and in these solvents the esters are some-
what more stable. Although all attempts to iso-
late the solid esters have so far failed, and although
the esters are decomposed photocheinically and
spontaneously, dilute solutious of the esters
dry benzene or dry toluene cau be handled at roomn
temperature and in dinr light for about half un
hour.

The ester, 111 solutions of the order of 0.0002-
0.002 molar, is bright vellow; the color approxi-
mates in quality that of aqueous cliromic acid.
The analysis of the ester, in such dilute solutions,
is obviously very difficult and is complicated by
the fact that the solutions decompose so rapidly.
Nevertheless, the purest solutions of the ester
which were obtained contaiited approxiniately two
utoles of alcohol for each grawu atout of chroniunt,
therefore suggestiig the formula (CH;):CHOCrO.-
OCH(CH3).. Furthermore, the fact that the
vellow solute in benzene is actually a neutral ester
1s confirmed by the facts (a) thut chromic acid
itself cannot he extracted from aqueous solutions
into benzene, or into benzene plus acetone, aud (b}
that the solution of the ester in benzene cannot be
extracted into water by washing with aqueous
bicarbonate or carbonate solutions.

When a drop of pure, dry pyridiue is added to a
few milliliters of a solution of the ester in benzene,
the ester is instantly destroyed; the solution be-
comes brown and turbid and acetone is formed.
When the coucentration of pyridine is 0.001 molar,
the decomposition requires fifteen to thirty seconds.
A similar decomposition can be accomplished with
dimethylaniline or quinoline; diphenylamine
(which is a strong reducing agent but a weak base)
decomposes the ester only slowly. It is therefore
probable that pyridine is functioning as a base.

Qualitative experiments, similar to those here
reported for the isopropyl ester of chroumiic acid,
have been carried out with the secondarv butyl
and horueol esters.

II. Base Catalysis of Chromic Acid Oxidation in
Aqueous Solution

Previous experimeiits? ou the chromic acid oxida-
tion of isopropyl alcohol suggested that the reaction
1s second order i hydrogen ion in 0.2-0.5 molar
acid, but that it is first order in hydrogen ion in
more dilute acid. This has proved to be the fact,
and the rate data have been aualvzed in termms of
two simultaneous reactions

A(Cr =Y/ dt = ke (HCrOH(CH,.CHOHCH,) (3

where
ko, = ks(H ) 4 k1712

Representative data coufirming equation 3 are
presented in Table I. TFor the range of acidity
under consideration in the present problem, only
the term (in equation 3) involving k; is important.

It was here found that, in the presence of pyri-
dine and pyridiniuin ion, the rate of the chromic
acid oxidation of isopropyl alcohol was accelerated,
in some cases, by more than 507. Since the ion-
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TABLE 1

Frrect oF AcipiTY ON THE RATE oF Caromic Acip OxXi1DA-
TION OF 1SOPROPYL ALCOHOL

(CrQ;) = 0.00100 m./l., CH;CHOHCH; = 0.200 m./l.,
w = 025, T = 40°
k= 0.073 min, 71 ks = 1.66 min 1
m./1.) 2 (m./1,) =3
104%obad., min, =1 10%%calcd,, min. 71

H* m.’l. {m./1) 1 (m. 1)~}

0, 00”0 4.4 4.1
L0108 .8 9.8
S01H0 4.8 14.7
L0520 828 83.2
1224 RES 338
C2008 1200 1200

ization coustaut of pyridinium ion® is about o
X 107%, and since the concentration of acid here
used was in the range of 0.003-0.01 molar, the con-
centration of free pyridine in these solutions was
very smmall (of the order of 0.00005 molar), and
therefore the observed effect on the reaction rate
shows that pyridiue is a very powerful catalyst for
the oxidation. The reactions were carried out at

Tasre 11

Tun Pyriping CaTanysis orF THE CHROMIC Acip OXIDATION
0¥ 18SOPROPYL ALCOHOL

(CrOy) = 0,000200 m./1., (CH;CHOHCH,;) = 0.260 n1./1,,
wo= 0206, T = 25°
104 otsd,, min. =%
H" m,L HPy ¥, m, . 108y, m. /1. {m./1.) "¢
1. 0090 1.62
L0090 0. 060 33 1.92
L0090 J190 100 2.33
L0046 . 391
COO4G 180 200 1.22

25°, where the ionization constant of pyridine 1s
better known than at 40°. The acceleration in rate
here 1oted was uot caused by errors in the cal-
culated concentrations of hydrogen ions (or of
other reagents) since the acidity of these solutions
was checked by an indicator method.

Experimental

Materials -—The chromic acid and isopropyl alcohol used
inn these experiments were purified as in previous work.?
Mallinckrodt A.R. pyridine was dried over barium oxide
and then distilled, with adequate protection from moisture,
through a 24" column packed with single-turn glass helices.
It boiled at 115.3 = 0.1° and had a density,? 425, = 0.9778.
It did not decolorize dilute chromic acid in a mixture of
perchloric acid and acetic acid, and was therefore free froni
reducing impurities. The perchioric acid was reagent
grade; the sodium perchlorate (used to maintain constant
ionic strength) was recrystallized from water and gave u
negligible test for chloride ion. Reagent grade, thiophene-
free benzene was distilled through an 18" Podbielniak col-
umn; reagent grade toluene was used directly.

Preparation of the Chromic Acid Ester.—Twenty milli-
liters of 0.1 molar aqueous CrO; and 1 ml. of isopropyl alco-
hol were shaken with 20 ml. of benzene. The benzene layer
became yellow at once, and the yellow color deepened as
the shaking continued., After 5 minutes, the layers were
ullowed to separate. The benzene layer was rapidly washed
with a 100-mi. portion of cold calcium chloride solution, and
then with 100 ml. of cold water; the solution was then dried
with calcium chloride. More thorough washing than that

(8) 1. Haliy, Ber., 62, 727 (1929); R. Bruehlman and F. Verhoek,
Tris Journat, 70, 1401 (1948); B. Hughes, H. Jellinek and B. Am-
brose, J. Phys, and Calloid Chem,, 88, 410 (1949).

(9) J. lMeap, W. Joues aud J. Speakunl, 1'H1s Journatr, 48, 1836
(1yzl)
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here described generally results in extensive and prompt
decomposition of the ester, Washing with carbonate
solution does not result in much more extensive decompo-
sition than does washing with water, presumably because
the inorganic base (NayCQj) is insoluble in benzene. The
washing is necessary to reduce to a minimum the concentra-
tion of free isopropyl alcohol in the benzene layer; for many
experiments, the alcohol is not undesirable, and the benzene
layer can be dried after only one washing. Since the par-
tition coefficient of isopropyl alcohol between benzene and
water?®® is around !/4 the washing here described reduces the
concentration of ulcohol in the benzene to about 0.0001
mole/liter. There is also a trace of acetone in the benzene
layer. The acetone is formed both during the preparation of
the ester and by its decomposition while it is washed. Since
the partition coefficient of acetone between water and ben-
zene is of the order of unity,!! not all the acetone is removed,

If aqueous chromic acid, or aqueous chromic acid contain-
ing acetone but no alcohol, is shaken with benzene, the ben-
zene layer remains colorless.

Analysis of the Ester.—Since the ester, even in dilute
solution in aromatic solvents, is extremely unstable, the
quantitative analyses here reported are necessarily crude.
The analysis was conducted as follows: A solution of the
ester in toluene was prepared, washed twice with ice-cold
79 calcium chloride solution, and dried. The chromium
analysis was conducted by reducing an aliquot of the toluene
solution of the ester with aqueous sulfur dioxide. The
chromium was quantitatively extracted into the aqueous
layer as Cr™* ", and was then converted into the complex
with ethylenediaminetetraacetic acid.!? This complex,
which is advantageous because it has a high extinction co-
efficient, was then deterniined spectrophotometrically with
a Beckman model DU-8 quartz spectrophotometer.

The analysis for isopropyl alcohol in the chromic acid
ester was accomplished by converting the alcohol (and the
acetone formed by decomposition of the ester) to iodoform;
the iodoform was determined spectrophotometrically!® at
3500 A. The detailed procedure was as follows: A 10-ml.
sample of the toluene solution of the ester was decomposed
by light, and then refluxed for sixty minutes with an aque-
ous solution 0.3 molar in I,, 0.6 molar in KI and 0.4 molar
in NaOH. The iodoform produced during the reaction was
extracted into the benzene layer; excess iodine was removed
by washing the toluene solution with a sinall amount of
aqueous alkali. The toluene solution of iodoform was
dried and examined spectrophotometrically; the absence
of iodine was demonstrated, since these solutions showed
essentially no absorption at 5000 A, The procedures here
outlined were carried out in dim light to avoid the photo-
chemical decomposition!* of iodoform; the brief exposure
to the beam of the spectrophotometer did not cause meas-
urable decomposition. Control experiments gave an aver-
age yield of iodoform of 68 = 59}; acetone gave roughly
the same yield as did isopropyl alcohol. The analyses for
the isopropyl alcohol in the ester solutions were corrected
for the yield of iodoform determined in these control experi-
ments, An additional set of control experiments was per-
formed in which dilute aqueous perchloric acid was sub-
stituted for the aqueous chromic acid employed in the
preparation of the chromic acid ester. The toluene layer,
obtained in these control experiments, contained a dilute
solution of isopropyl alcohol; these solutions were washed
and analyzed as described above. The results of these
experiments showed that a correction (usually amounting
to about 10%;,) had to be subtracted from the amount of
iodoform determined spectrophotometrically.

A series of seven experiments with approximately 0.002
molar ester, conducted in the inanner here outlined, gave the
following values for the ratio of isopropyl alcohol to chro-
mium: 1.80, 1.94, 2.16, 2.03, 2.40, 1.91 and 2.07. The
average value is 2.04 = 0.14. Considering the instability
of the ester, the analyses correspond reasonably well to the
formula for diisopropyl chromate.
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Identification of the Oxidation Product.—The acetone,
formed by the pyridine-catalyzed decomposition of a ben-
zene solution of diisopropyl chromate, was isolated and iden-
tified as the 2,4-dinitrophenylhydrazone. Twenty-~five ml.
of a 0.00107 molar solution (chromium analysis) of the ester
in benzene was decomposed with pyridine, and the insoluble
chromium compounds removed by centrifugation. The
clear benzene layer was shaken with a sulfuric acid-water—
alcohol solution of 2,4-dinitrophenylhydrazine, When this
solution was shaken with pure benzene, the hydrocarbon
remained colorless. However, when the solution of de-
composed ester was used, acetone 2,4-dinitrophenylhydra-
zone was extracted into the benzene layer. The benzene
was washed, dried and evaporated in vacuum. The residue
was redissolved in ether, and the evaporation repeated.
The crude residue weighed 7.8 mg.; after two recrystalliza-
tions from absolute alcohol it melted at 124-126°; a mixed
melting point with an authentic sample of acetone 2,4-di-
nitrophenylhydrazone showed no depression. The yield
of crude acetone 2,4-dinitrophenylhydrazone was 60%,
based on diisopropyl chromate. This probably corresponds
to one mole of acetone per mole of ester; the fact that the
yield somewhat exceeds 509, may be due either to impuri-
ties in the crude derivative, or to air oxidation induced by
the decomposition of the chromic acid ester.1®

An additional test for acetone was conducted colorimet-
rically. The benzene solution of the decomposed ester was
extracted with water, and the acetone estimated with sali-
cylaldehyde.!® When the test was conducted with an un-
deconiposed solution of the ester, from 10 to 309 as much
acetone was found as in the solution of ester decomposed by
pyridine. Presumably acetone is formed by the decompo-
sition induced by water; continued washing completely de-
stroys the ester. This decomposition, which necessarily
accompanies the washing of the ester, contributes to the
inaccuracy of the analysis.

Kinetic Method.—The concentration of chromic
acid in aqueous solutions was followed spectro-
photometrically.* The kinetic equations employed
were generally similar to those of Westheimer and
Novick?; the rate constants here reported are
those for the reaction of the acid chromate ion,
HCrO,~. Since in general the concentrations of
acid and alcohol were, as a first approximation,
unchanged during any particular kinetic experi-
ment, a simple first order equation could be used,
and the rate constant corrected for the fact that
only a fraction (with 0.001 molar chromate, the
fraction is 0.906) of the total hexavalent chro-
mium is present as HCrO,~. However, in the
very dilute acid solutions, some further refinement
was necessary. It can be shown!” that the in-
tegrated form of equation (3) may be approximated
by (4), where ¢ is the initial concentration of al-
cohol, b the initial concentration of CrQ; ¢ the
initial concentration of hydrogen ion and x the
concentration of Cr*++ present at time ¢.

b 2Lx?
- + _Zcﬁ = (ks'ac + kis'ac®)t (4)

Equation (4) is valid provided that ¢ >b and @ >>b.
In this equation, the synibol L is defined by equa-
tion (5).

2.303 log

5 o_ Lt 2kSe/RY
” 1+ kA'[/k':{
Approximate values of &5’ and k.’ allow an approxi-
mation of L, the final values of the constants can
theu be found by successive approximations.
The rate constants k; and k, differ from k3’ and
ks respectively, in that the former have been
(15) W. Waters, J. Chem. Soc., 1151 (1946).
(16) F. D. and C. T. Snell, "*Colorimetric Methods of Analysis,”

Vol. 11, D. Van Nostrand Co., Inc., New York, N. Y., 1937, p. 93.
(17) F. Hollaway, Dissertation, University of Chicago, 1950.
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corrected? for the fact that only HCrOs~ is the
reactive oxidizing agent.

The acidity of solutions containing perchloric acid
was compared to those containing perchloric acid,
pyridine and pyridinium ion, using thymol blue as
indicator. The method outlined by Brode!® was
used; at a pH of 2 the indicator is in its most
sensitive range. The acidities of the perchloric
acid solutions were identical, within experimental
error, with the corrésponding solutions containing
pyridine; certainly the difference did not exceed
1%, of the hydrogen ion concentration.

Conclusions

The objective of the present series of investiga-
tions is the elucidation of the mechanisms of
chromic acid oxidation in aqueous solution. The
ester in benzene is most probably diisopropyl
chromate. By contrast, the kinetics of the oxida-
tion in aqueous solution shows that, if the ester
mechanism is correct, the intermediate must be
monoisopropyl chromate. Since the C-H bond
of the alcohol is cleaved in the rate controlling
step of the reaction,* and since it has here been
shown that pyridine catalyzes the reaction in
aqueous solution, the mechanism represented by
equations (1) and (2) becomes highly probable.
Furthermore, a mechanism analogous to that
represented by (1) and (2) probably explains the
pyridine-catalyzed decomposition of the ester in
benzene or toluene solution. (It is possible that
the pyridine may also, or in some cases alterna-
tively, complex with the chromium atom of the
ester. The mechanism for the reaction in aprotic
solvents is not yet completely understood.) The
parallel between the decomposition of the ester
in benzene and in water is strengthened by the
fact that the reaction in aqueous solution!® as
well as that in benzene, can be photochemically
accelerated.

The ester mechanism for the chromic acid oxida-
tion of isopropyl alcohol in aqueous solution is con-
sistent with numerous other facts concerning
oxidation in polar media. For example, the by-
products obtained in the oxidation of methyl-t-

(18) W, Brode, THis JoURNAL, 46, 581 (1924).
(19) E. Bowen and C. Bunn, J. Chem. Soc., 2353 (1927).
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amylcarbinol® may be explained® by the ester
mechanism. The chromic acid ester of this
alcohol can decompose by either of two mech-
anisms; one of these is the normal oxidation to the
ketone, analogous to that shown in equations (1)
and (2); the other mechanism is represented by
equations (6) and (7); where R represents the ¢-
amyl group.

CH; H
3 C//

’ —> CH;CHO + HCrOy~ + R* (6)
R SOCrOH

fast
R* + H,O—— ROH + H* (7)

(The fate of the HCrO;~, a compound of tetra-
valent chromium, has been discussed elsewhere.®?)
In reaction (8), a solvated {-amyl carbonium ion
splits from the ester and reacts with water to form
t-amyl alcohol. This type of by-product will pre-
sumably only be formed in those instances where
the solvated carbonium ion has reasonable stability,
i. ., only where the ion is of the tertiary or benzyl
type.?!

It is pertinent to note that several other oxidizing
agents also function by way of esters as inter-
mediates.??

Summary

1. A dilute benzene solution of a neutral ester
of chromic acid and isopropy! alcohol (presumably
diisopropyl chromate) has been prepared.

2. The ester is very unstable; its decomposition
is strongly catalyzed by bases such as pyridine.

3. The chromic acid oxidation of isopropyl
alcohol in 0.01 molar aqueous acid is also catalyzed
by pyridine.

4. These facts, together with those previously
known about chromic acid oxidations, indicate
that an ester is an essential intermediate in the
oxidation of isopropyl alcohol by aqueous chromic
acid.
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Mechanism of the y-Ray Induced Oxidation of Formic Acid in Aqueous Solution

By EpwiN J. HarT

Recent work of Allen,! Dainton,? Krenz,? Miller,*
and Weiss and Stein® has given considerable sup-
port to the suggestion of Weiss® that free hydrogen
atoms and hydroxyl radicals are the principal
active species liberated in liquid water by ionizing
radiation. This present communication reports

(1) A, O. Allen, J, Phys. Collotd Chem., 62, 479 (1948}
(2) F. S. Dainton, ibid., 52, 400 (1948).

(3) F. H, Krenz, Can. J. Research, B26, 647 (1948).
(4) N. Miller, J. Chem. Phys., 18, 79 (1950).

(5) J. Weiss and G, Stein, Nature, 161, 850 (1948).
(6) J. Weiss, sbid,, 163, 748 (1944).

work on the specific action of the hydroxyl radical
in aqueous solutions of formic acid.

According to present concepts hydrogen and
hydroxyl radicals are produced in equal numbers
during irradiation of water or aqueous solutions
with #v-rays. Unless a complete analysis of all
reaction products can be made, it is difficult to
differentiate between the chemical effects of these
two radicals. This is particularly true in solutions
containing organic molecules. However, it is
found that the effect of the hydroxyl radical can be



