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It should be noted that the nitrogen atoms orig-
inally contained in the hydrazine remained united
in the chain propagation steps and form the end
product, nitrogen. Exception is made of the atoms
of nitrogen used to form triazane. These will be
mixed in the products. If it is desired that this
mechanism predict substantially no scrambling of
nitrogen atoms in the process, it is only necessary
to suppose that relatively few molecules of triazane
are used in initiating the chains which are them-
selves of relatively great length. In any case,
the nitrogen atoms of the chloramine molecules
which are consumed in the chain propagation steps
finally appear in ammonium chloride.

It is reported by Higginson and Sutton?! as a re-
sult of studies using isotopically marked hydrazine
that there is no scrambling of nitrogen in the oxida-
tion of hydrazine observed in alkaline solution.
The mechanism proposed here conforms to their
experimental results if, as has already been sug-
gested, the chains are thought to be long.

They and also Cahn and Powell?? (following a
similar technique) arrive at a mechanism which for
the oxidation of hydrazine under these conditions
leads from hydrazine by oxidation to the hydrazyl
radical, -NHNH,. The latter is oxidized further
to diazene, NH=NH, which suffers rapid oxidation
to nitrogen. This mechanism also predicts no ran-
domization of isotopic nitrogen but has the defect
that it does not predict properties usually asso-
ciated with chain reactions, such as the low tem-
perature coefficient and the induction period found
in the present work.

The three mechanisms proposed by Kirke and
Browne?? for the oxidation of hydrazine under most
conditions are non-chain processes. They involve
among them six hydrogen—nitrogen intermediates,
including diazene, tetrazane and two tetrazenes.
They do not predict the several extents of randomni-
zation of isotopic nitrogen observed by Cahn and
Powell?** using a variety of oxidizing agents at sev-
eral acidities.

A numnber of attempts were made to find a sim-

(21) W. Higgiuson and D. Sutton, J, Chem. Soc., 287, 1402 (1953).

(22) J. Cahn and R. Powell, T1us JourNaL, 76, 2568 (1951),

(23) R. L. Kirk and A. W. Browne, ibid., §0, 337 (1928).
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ple relation between the concentrations of react-
ants and the observed rates of the decomposition
reaction. The results were indecisive. Calcula-
tions were made to test the free radical chain mech-
anism proposed in equations 28 through 42. It was
not found possible to correlate quantitatively the
time for the inflection point in the rate data (Figs.
2 and 3) with the concentrations of the known re-
actants. A quantitative fit of all the data was not
expected since some duplicate experiments gave
greatly different induction periods.

However, in view of the large number of phe-
nomena that the mechanism accounts for, it is
thought that complications must result from par-
tial heterogeneous character and/or metal catalyzed
initiation of the reaction. The mechanism is, in
general, consistent with the stoichiometry, the pe-
riod of induction, the relatively large reaction rate,
the temperature insensitivity and the lack of ran-
domization of isotopic nitrogen associated with the

decomposition reaction. Further tests of the
mechanisin of the decomposition reaction are in
progress.

Extrapolation to the Water System.—The au-
thors are aware that a considerable measure of ex-
trapolation is necessary in order to extend conclu-
sions based on reactions in liquid ammonia to those
in water, and vice versa. Such extensions as have
been made or inferred are hereby qualified for, as
has been pointed out,?* the reactions in liquid am-
monia differ from those in water in several features:
(a) the absence of the catalytic effect of trace metal
ions to the extent that this effect is observed in wa-
ter, (b) the absence of an effect of potassium amide
on hydrazine yield, (c) the absence of any effect by
gelatin and other inhibitors.
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Solvent Effect on a Primary Carbon Isctope Effect—Decarboxylation of Trinitrobenzoate
Ion in Water and Ethanol-Water Mixture!
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Carboxyl carbou, C2-Ct3, isotope effects llave been determiined for the decarboxylation of trinitrobenzoate ion in water

and 90% ethunol between 30 and 8)°.
The difference is correlated with solvation effects.

Introduction

The kinetics of decarboxylation of 2,4,6-trinitro-
benzoic acid have been studied in ethanol® and in

(1) Research carried out under the auspices of the U. S. Atomic
Energy Commission.

(2) National Cancer Ilustitute,
Bethesda 14, Maryland.

National Institutes of Health,

A small but significant difference is foun- in the isotope effects in the two solvents.

dioxane-water mixtures* by Verhoek and Trivich.
The rate-determining step was shown to be the
unimolecular decomposition of the trinitrobenzoate
ton. The rate of decarboxylation was found to in-
crease with decreasing dielectric coustant of the

(3) F. H. Verhoek, T'H1s JOURNAL, 61, 186 (1939).
(4) D. Trivich and F. H. Verhoek, #4id., 65, 1919 (1043).
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TABLE I
Isororic ComposiTioN OF CO: SAMPLES FROM THE DE-
CARBOXYLATION OF SODIUM TRINITROBENZOATE SOLUTIONS

IN WATER
Nx X 10¢
T, °C. f (uncor.) F12/ k13
79.8 (3.0563 134.46 1.0328
.2749 134.82 1.0341
4614 135.28 1.0347
L7756 136.53 1.0345
Av, 1.0340 == 0.0006
50.0 0.0651 134.19 1.0353
L2857 134.54 1.0370
.4606 134.99 1.0380
. 5580 135.43 1.0369
.7013 136.19 1.0343
Av, 1.0363 &= 0.0012
79.8 0.975 138.42
75.0 .991 138.44
Tank CO. 138.37
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Hthanol was dried as described by Fieser.?

Highly deuterated ethanol-1-d was prepared by mixing
ethanol and deuterium oxide (1:1 mole ratio) and distilling
off tlie azeotrope. The same procedure was repeated three
times altogether. Finally, the water was removed from the
azeotrope.” The resulting ethanol-1-d was calculated to
be more than 909, deuterated.

Apparatus and Procedure.—The apparatus and procedure
were similar to thiose described by Bigeleisen and Allen®
except for the method of purifying CO;. It was not found
possible to remove the last traces of volatile impurities in
every sample by absorption in base and subsequent regen-
eration of CO;. Instead, CO; was distilled thirough spiral
traps at —120°, and the last traces of impurities were re-
moved by combustion with copper oxide and oxygen at 700°
for four hours. In every case the volume of CO; before and
after combustion was unchanged within experimiental error
(0.39%). Hence, the dilution of fractionated CO. by CO;
from tlie combustion of impurities cannot change the 45/44
ratio by more than 0.01%,. The absence of any significant
cffect on the 45/44 ratio due to O exchiange during tlie coni-
bustion was demonstrated by experinients with tank CO..

In all experinients using water as the solvent, thie concen-
tration of sodiwn trinitrobenzoate was 0.2 4. For experi-
ments i1 909, ethianol-109) water (by volunie) tlie concern-
tration was 0.06 .

TABLE II

Isotoric ComposIiTiON OF CO, SAMPLES FROM THE DECARBOXYLATION OF SODIUM TRINITROBENZOATE SOLUTIONS IN 909,
EtnanoL-109; WATER

T, °C. f Nx kia/ ks f Ny (k12/k13)’
30.0 0.0564 135.02 1.0281 0.0425 133.83 1.0380
.0629 134.99 1.0285 .0492 133.97 1.0368
.2263 134.93 1.0320 .2149 134.67 1.0341
2764 134.84 1.0339 .2658 134.61 1.0359
. 4929 135.19 1.0369 4854 135.09 1.0378
.6481 135.78 1.0369 .6429 135.72 1.0875
L7678 136.50 1.0343 L T644 136.40 1.0347

Av. 1.03829 £ 0.0029 Av., 1.0364 4= 0.0013
50.0 0.0652 135.26 1.0262 0.0514 134.34 1.0837
2775 135.07 1.0317 .2669 134.87 1.0334
L5027 135.63 1.0322 . 4954 135.54 1.0329
6452 136.19 1.0310 .6400 136.13 1.0316
L7578 136.63 1.0312 7578 136.60 1.0315

Av. 1.0305 4= 0.0017 Av. 1,0326 &= 0.0008

solvent. Thus, the specific rate constant is about Thermostats were coutrolled to &= 0.02° at 30.00° and

one thousand times greater in ethanol than in water
at 50°, and the energy of activation is about 9 kcal.
lower. The increased distribution of charge in the
transition state has been discussed by Glick.?

Tn view of the usefulness of carbon isotope effects
inn the study of reaction mechanisms in solution, it
secems desirable to obtain some information about
the effect of solvent. Such dataare also of interest
in connection with the limits of applicability of the
simplified theoretical models,® in which solvent in-
teraction is neglected. Because of its remarkable
dependence on solvent and its simple kinetics, the
trinitrobenzoate decarboxylation is particularly
suitable for this purpose. We therefore have stud-
ied the carbon isotope effect in water and in 909,
ethanol at two temperatures.

Experimental

Materials.—Sodium trinitrobenzoate was prepared by
the metliod of Vertioek.? The viceld of CO, from this mate-
rial was 99.147 of the thieoretical.

(5) R. L. Glick, Chemistry and Indusiry, 717 (1933).

(6) J. Bigeleisen und M. Wolfsberg, in “‘Advances iun Cliemical
Physics,” Vol. I, I. Prigogine, Editor, Interscience Publishers, Inec.,
New York, N. Y., 1958, pp. 65-72.

50.00°, to == 0.10° at 79.8°,

Rates i1 anhiydrous deuteruted cthanol-1-¢ were meus-
ured by a niethiod simiilar to that of Verlioek,? using o Beck-
man pH meter for titrations.

Isotopic Analysis.—Mass spectromctric analyses of CO;
samples were made on a Cousolidated Nier ““Isotope Ratio””
mass spectrometer.  The niethiods used and the treatient of
the experimental data lave been described in a previous
paper.? The total correction of the 45/44 ratio for resolu-
tion and O 1s 9.82 X 107 *in these experiments.  The results
of the analvses and thie ratios of thie rate coustauts, ki/kig,
caleulated from them are given in Tables I and II. The
svmbols k); and ks refer to reactions in which thie carbon of
the carboxylate group is C12and C13, respectively. .V is the
observed ratio C130,/C!?0, of the cumulative CO. sample
collected up to a fraction, f, of complete reaction, corrected
only for fluctuation of the reference tank CO,.

For experinients i1 whichi 909, cthanol-10%, water was
used as the solvent, thie caleulated isotope cffect, kie/kis,
inncreases markedly withh inereasing fraction of decarboxyla-
tion. Thisisshown in Table II. The specific rate constants
obtained from the same series of experiments were approxi-
ntately 20¢ liglier at 59, decarboxylation thau at 5047, A
treud i & as a function of the amount of reaction is evident.
All of thiese observations are consistent with thie assumption

(7) 1., I, Ficser, “Lixperiments in Organic Chemistry,” D. C. Heath
aund Company, Bostow, Mass., 1941, p. 358,

(8) J. Bigcleisen and T. 1.. Allen, J. Chem. Phys., 19, 760 (1951).

(9) A. A. Bothner-By and J. Bigelecisen, ¢bid., 19, 755 (1451); sce
also ref. 6, pp. 35-32.
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TaBLE III

SeeciFic RaTte ConstanTs® IN 909, ETHANOL aT 30°
CORRECTION FOR 1,459, IMpURITY IN TNB

kX 105,
7 sec, —1 f k' X 103, sec, 1
0.0564 1.93 0.0425 1.43
.0629 2.07 .0492 1.61
2263 1.69 .2149 1.59
.2764 1.48 . 2658 1.34
.4929 1.60 . 4854 1.56
.6481 1.65 .6429 1.63
Av. 1.53+0.09
e k = observed rate coustants; £k’ = corrected rate cou-

stants.

that the sodiwm trinitrobenzoate used in these experiments
contains a small amount of another substance which decar-
boxylates rapidly compared to trinitrobenzoate. The CO,
from this source will be essentially unfractionated and will
have a tenfold greater dilution effect i a sample at 59, de-
carboxyvlation than one at 509;. Hence the effect on the ob-
served isotopic ratio will be most pronounced for samples of
low conversion.

All data in Table II were recalculated assuming that the
trinitrobenzoate contains 1.459, of such an impurity and that
the rate of production of CO; from this source is rapid com-
pared to the main reaction. The corrected isotope effect,
(ki2/k13)’, does not show large non-random drifts as a func-
tion of the amount of decarboxylation. The same correction
also results in improved agreement between specific rate
constants calculated from samples at 5 and 509, decarboxy-
lation (Table III).

Results and Discussion

The C!2-C'* decarboxylation isotope effects in
trinitrobenzoate are compared with those for the
decarboxylation of other monobasic acids in Fig. 1.
The results obtained for aqueous solutions are quite
close to those found for the decarboxylation of mesi-
toic acid in sulfuric acid and trichloroacetate ion in
water. The isotope effect found for trinitrobenzo-
ate ion in 909, ethanol-109, water is significantly
lower.

An experiment was designed and carried out to
investigate the possible role of the hydroxylic hy-
drogen in ethanol in determining the rate. The
rate of decarboxylation of trinitrobenzoate ion in
anhydrous deuterated ethanol was found to be
within 39 that in anhydrous ordinary ethanol at
35°. The change in the carbon isotope effect in go-
ing from water to ethanol should therefore be cor-
related directly with the differences in enthalpy and
entropy of activation in the two media.

The large positive entropy of activation for aque-
ous solutions and the fact that the entropy of ac-
tivation is smaller in alcohol (¢f. Table IV) is indica-
tive of the fact that the ground state is the more
highly solvated. In water solution charged reso-
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Fig. 1. —C'2-C! isotope effects in the decarboxylation of
mono-basic acids as a function of temperature: ©, mnesitoic
acid; O, trichloroacetate ion; , trinitrobenzoate ion in
water; @, trinitrobenzoate ion in 909} ethanol-109; water.

nance forms are stabilized by solvation. Such reso-
nance forms will serve to give the bond between the
aromatic ring and the carboxylate group some

double bond character. The solvation in the
TaBLE IV
DECARBOXYLATION OF TRINITROBENZOATE
kso X 107, .
Solvent sec, =1 AHF, keal. ASF, e
H;0 5.6 35.8 £ 0.4 25
909, EtOH 2950 27.4 £ 1.0
1009, EtOH 5540 27.4 £ 1.2 12

transition state will also be different in the two me-
dia. An estimate of the magnitude of the solvation
effect can be made by the relation

k * v T\t
8 (E)[l +% (%) 3 o = wo(an - am]

where pci and pcis are the reciprocals of the masses
of C1? and C!3, respectively. It has been shown!!
that this equation gives a reasonable fit to the data
on the decarboxylation of monobasic acids. The
major contribution to k/ki; comes from the zero
point energy effect. A decrease of 109, in (az —
a;¥) in going from water to ethanol suffices to ex-
plain the observed change in isotope effect. Such a
change does not seem unreasonable in a system
with such large solvation.
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(10) Ref. 6, equation (I1.30).
(11) Ref. 6, Fig. 7.



