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The deuterium content of the methane formed by radiolysis of deuterated acetic acids, and the tritium content of methane
formed from tritiated acetic acids, both indicate that methane is formed from acetic acid almost exclusively by a radical
process in which the intermediate methyl radicals abstract hydrogen almost entirely from the methyl group of acetic acid.
The isotope content of the hydrogen produced in these irradiations, together with the rates of hydrogen production (G(H,))

values) suggest, although less conclusively than for methane, a radical process as the origin for hydrogen.

The origin of

methane by a radical process in the irradiation of liquid acetic acid is compared with the evidence for a similar radical process
in the fragmentation of CH;COOH. by electron impact in the highly dilute gas (mass spectrum).

Introduction

The present work is concerned with the mecha-
nisms by which methane and hydrogen are formed
in the vy-ray irradiation of pure liquid degassed
acetic acid. A survey of the literature indicates
that there is apparently no information about the
effects of electron or v-irradiation on pure liquid
degassed acetic acid, nor about the non-volatile
products formed in any irradiation of pure acetic
acid. The effect of 27 Mev. a-particles upon acetic
acid is to form COs (4.0),® methane (1.38), ethane
(0.85), hydrogen (0.52), and CO (0.4).* The data
of Garrison,* et al., suggest that non-volatile prod-
ucts are not formed in the helium ion irradia-
tion of pure acetic acid. The action of a-particles
from radon® on solid acetic acid at 0° produced
hydrogen (0.8), methane (1.1), CO. (2.8) and CO
(0.5)

Methane may be considered to be formed by
either one or a mixture of two mechanisms: a
molecular process (1), or a radical process (2)

CH;COOH — CH; + COOH (2)
CH,; + CH,COOH —> CH, + CH,COOH or CH,COO

Similarly, the formation of hydrogen may be con-
sidered to occur through either a molecular process
(3) or a radical process (4)

2CH;COOH —» H, 4 CH,COOH 3)

H,COOH
CH,COOH — H + CH:COOH or CH,C00- (4)
H 4 CH;COOH —> H, 4+ CH,COOH or CH;COO-

The radical processes present further problems
worthy of examination: namely, whether the hy-
drogen abstraction reactions of the methyl radical
and the hydrogen atom with substrate acetic acid
molecules occur selectively or statistically. Solu-
tions to these problems have been sought by study-
ing the irradiation of acetic acid molecules which
have been selectively labeled with deuterium or tri-
tium. The substances which have been prepared
and irradiated are CD,COOH, CH,COOD, CH;-
() COOH, and CH,;COOH ().

(1) Atomics International, P. O. Box 309, Canoga Park, California.

(2) Work done at the Oak Ridge National Laboratory.

(3) The numbers in parentheges are the G-values for yield in mole-
cules per 100 e.v. of energy absorbed.

(4) A. 8. Newton, AEC Report URCL-2455 (1954); similar data
may be obtained by extrapolation from the work of Garrison, Ben-
nett, Cole, Haymond and Weeks on aqueous acetic acid, J. Am.
Chem. Soc., T7, 2720 (1955).

(8) W. L. Whitehead, C. Goodman and I. A. Breger, J. Chem. Phys.,
48, 184 (1951).

Methods

1. Preparation of Labeled Molecules. CH;COOD and
CH;COOH(t).—These were each prepared by heating re-
distilled acetic anhydride with the calculated amount of DyO
in one case and tritiated Hz0 (72.5 uc./mmole tritium con-
tent) in the other case. The cooled homogeneous solution
was thoroughly dried over Drierite until both infrared spec-
tra and/or Vapor Fractometer analysis showed the isotopic
purity to be good and the water content negligible.

D;COOH.—A portion of completely deuterated acetic
acid, prepared by threefold exchange of equal weights of
malonic acid and DyO and subsequent thermal decomposi~
tion of the perdeuteromalonic acid, was neutralized with 5 N
sodium hydroxide. This solution was vacuum evaporated
in a Rinco rotary evaporator, and the salt was further dried
in high vacuum for one hour until no more water came off.
The salt was then mixed with 25 ml. of 100% phosphoric
acid, and this mixture heated at 100° in high vacuum until
all the lumps of sodium acetate had disappeared. The ace-
tic acid was collected in a liquid nitrogen-cooled trap, and
redistilled onto Drierite. Vapor Fractometer (Perkin-
Elmer) analysis showed a negligible water content, and the
infrared spectra suggested excellent isotopie purity.

CH;3(¢)COOH.—The preparation of this material was
similar to that of CD;COOH, except that the starting mate-
rial was tritiated malonic acid prepared by the exchange of
malonic acid with tritiated HyO (containing 72.5 ue./mmole
of tritium).

2. Irradiation of Isotopically Labeled Substances.—
Preparation of the acids for irradiation, and the irradiations
were carried out as described in the previous paper on deu-
terated ethanols.” The weight of acid in each sample was
3-4 g., and the electron density relative to water was 0.96.
The intensity of the y-source was about 8 X 107 e.v./g.
water-minute (ferrous sulfate dosimeter), and the total dos-
ages were about 1 X 10%? e.v./g. of acid. The infrared
spectra of the deuterated acids were observed before and
after irradiation (the irradiated materials were vacuum
line distilled twice to remove non-volatile products), and
were found to be identical. This demonstrates that there
was no randomization of the label during the irradiation.

3. Recovery and Analysis of the Radiation Products.—
Procedure for this was also as described in the previous
paper.” After recovery and analysis of the radiolytic hydro-
gen, a by-pass around the palladium valve was opened and
the methane 4 carbon monoxide fraction was collected, and
its volume measured in the gas buret. Hydrogen samples
from the deuterated materials were collected in ampules and
analyzed mass spectrometrically for deuterium content.
The methane fractions from the deuterated acids were simi-
larly collected and analyzed mass spectrometrically for car-
bon monoxide and the several deuterated methanes. Hy-
drogen samples from the tritiated materials were collected
in an ionization chamber which was filled with methane and
the chamber counted on a vibrating reed electrometer. The
methane fraction from the tritiated acids was similarly col-
lected and counted. This methane fraction was found to
contain only 2-59%, of carbon monoxide, and this has been
neglected in discussing the results.

(6) Owing to the great breadth of the associated OH stretching
band, estimates of the isotopic purity of this acid could not be made
from the C-H stretching vibrations but were estimated from the size
of the triplet peaks near 2600 e¢m. 1.

(7} J. G. Burr, Tuis JournaL, 61, 1477 (1857).
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All samples were irradiated at least in duplicate, and all
analyses were at least in duplicate.

Results

The data obtained from the irradiation of these
labeled molecules is shown in Tables I and II. In
Table I, it will be observed that the deuterium
contents of the radiolytic hydrogen from the two
acids do not add up to 1007, as they should in the
absence of any isotope effects. In order to provide
a comparison with the deuterium contents to be
expected if the hydrogen should originate statisti-
cally, the observed deuterium contents have been
arbitrarily normalized to total 1009%,.

TasLe I

HyprOGEN FORMATION FROM DEUTERATED ACETIC ACIDS
% Deuterium in radiolytie

hydrogen
Normal-  Statis-
T e
Substance G(up @ Obsd. basiso” tgon'-‘
CH;COOH 0.45 =0.05 ..
CD;COOH 30 £ 006 41.4 71.4 75
CH;COOD 38 005 16.5 28.6 25

@ These are the averages and average deviations observed
in two or three independent irradiations. °These are the
observed values multiplied by 1.00/0.579. ¢Evaluated
from the number of hydrogen atoms on the CH; and the
COOH group.

TasLE I1
MeTHANE FORMATION FROM I80TOPICALLY LLABELED ACETIC
Acips '
Tritium
con~-
tent of
meth-
Tritium Compn. of ane
Substance econtent? Gonsd methane fract.c fract.®
CH,;COOH 3.13+0.15
CH,;COOD 3.156 & .02 CH, —95%
CH;D— 59,
(CO — 4%)
CD;COOH 2.59 &= .01 CD;H—51%
CD, —499%
(CO — 2%)
CH,;COOH(t) 11.18 3.27 035
CH,({)COOH 35.68 3.24 £+ .2 34.9

¢ In microcuries per millimole. ? Neglecting the small
carbon monoxide content. ¢ Mass spectrometer analysis.

Discussion and Conclusions

The radiation chemistry of acetic acid is com-
plicated by the fact that this molecule exists al-
most entirely as a strongly bonded dimer at room
temperature® and indeed dimerization is strong up
to temperatures of over 150°. This dimer has the
structure I. Thus the radiation chemistry of acetic

/o. SH.. .o\
CHa——C/ C—CH,
N 7
0...H...0
I

acid is actually the radiation chemistry of the di-
mer, I. From this point of view, removal of car-

(8) J. T. Harris, Jr., and M. E. Hobbs, J. Am. Chem. Soc., 76, 1429
(1954), have shown that the equilibrium constant, K = M%/Dis 2.5 X
10-4 at 27°, This corresponds to less than 29 monomer in liquid
acetio acid. MacDougall (1bid., 88, 2585 (1938)) has shown that the
heat of dissociation is 16,400 cal./mole corresponding to a hydrogen
bond energy of about 8 keal./mole.

JouN G. Burr
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boxyl hydrogen from the dimer should be more
difficult than removal of this hydrogen from the
monomer by at least the heat of dissociation.

1. Mechanism of Methane Formation.—The
production of methane by a pure molecular process
(1) from CH;COOD should produce pure CH;D, and
from CH;COOH(¢) should produce methane with
a tritium content nearly equal to that of the sub-
strate acid. Inspection of Table II shows that
this is far from the case. The mixture of methanes
obtained from CH;COOD actually contained only
5% of CH;D, and the methane from CH;COOH(?)
had only a trace of tritium activity. It can be con-
cluded from this that such a molecular process
contributes only a very small amount, if any, to
methane formation; and that the radical process
(2) is the predominant mechanism for methane for-
mation from these deuterated acids. The pres-
ence of the deuterium substituent may have sup-
pressed a molecular process to some extent, al-
though hardly more than by a factor of three; this
would permit not more than 15%, of methane for-
mation by a molecular process,

It is apparent that the intermediate methyl radi-
cals formed must abstract hydrogen (to form meth-
ane) almost entirely from the methyl group of ace-
tic acid molecules. The case observed here thus
constitutes the only possible situation from which
conclusive data could be obtained by this method,
since the formation of methane by a radical process
in which the methyl radicals abstracted hydrogen
exclusively from the carboxyl hydrogen could not
easily be distinguished from the formation of
methane by a purely molecular process. The fail-
ure of CD;COOH to produce a correspondingly
large percentage of CDy, or of CH;(¢) COOH to pro-
duce methane with a higher tritium content than
the substrate molecule can thus be logically as-
cribed to preferential abstraction of H rather than
D or T by the methyl radicals.

The absence of such a molecular process in the
results of electron impact on gaseous acetic acid is
also strikingly evident in the mass patterns of ace-
tic acid where the peak at 44 (CO™y) is very small,
and where the peak at 45 (COOH) corresponding
to the radical process is quite large.® The signifi-
cance of this correlation, together with examples
of similar correlations, will be discussed in the
following paper.

From the effect of added HI + I, upon the meth-
ane yield in the radiolysis of 16 M aqueous acetic
acid with 27 Mev. o-particles, Garrison,* ef al.,
have concluded that a molecular process contrib-
utes about 509, to the formation of methane.
One possible reason for this disagreement is that
HI + I, mixtures are not sufficiently efficient traps
for the methyl radicals, perhaps because of regen-
eration of methane from the methyl iodide via re-
action with hydrogen atoms.

CHa -+~ Iz —— CH:;I 4 I.
H+ CH)I — CH, + L.

2. Hydrogen Formation.—Evidence for the
mechanism of hydrogen formation in the radiol-
ysis of acetic acid such as was reported in the

(9) G. P. Happ and D. W. Stewart, ¢bid., T4, 4406 (1852).
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previous paper for ethanol is not so easily forth-
coming in the case of acetic acid. Since G(H,)
for CDsCOOH appears to be significantly lower
than the values for the other two acids it can be
suggested that hydrogen formation is by a radical
process in which the hydrogen atoms originate
chiefly from the CHs— group; however, the data are
not sufficiently precise to allow the necessary de-
cision that G(H;) for CH;COOH and CH;COOD are
exactly the same.

Confirmatory evidence, however, for the radical
formation of hydrogen is available from the data
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on deuterium content of the radiolytic hydrogen
(Table I). These data indicate that the radiolytic
hydrogen originates almost statistically from the
four hydrogen atoms in the molecule. This is
contrary to what would be expected from a molec-
ular process which would require hydrogen for-
mation exclusively from the methyl group.

Unfortunately evidence bearing upon this point
cannot be obtained from the mass patterns, as was
done for ethanol, since the peaks corresponding to
hydrogen loss in gaseous acetic acid are too small
to be significant.®

A CORRELATION BETWEEN MASS SPECTRA AND RADIOLYSIS DATA

By Joux G. Burr

Contribution from the Research Depariment of Atomics International, P. O. Box 309, Canoga Park, Cal.
Received June 19, 1957

Four examples are given of an apparent similarity between the mechanisms of certain types of processes which can be ob-
gerved in the data from mass spectra and in the data from liquid phase radiolysis of isotopically labeled organic molecules.

The possible significance of this correlation is discussed.

Introduction and Data

Among the products formed by the action of
electron impact upon organic substances are often
materials whose formation can be discussed in
terms of two competitive processes—a radical proc-
ess such as (1) or (4), and a molecular process such as
(2) or (8). In many cases it is possible to obtain in-
formation both from the nature of the radiolysis
products and from the mass spectra of a particular
substance about the relative contribution of each of
these two kinds of processes to the formation of a
particular product such as hydrogen, methane or
ethylene from this particular substance. It is de-
sired to point out in this note what appears to be a
unique and potentially powerful correlation be-
tween the information obtained from mass spectra
and the information obtained from radiolysis prod-
ucts about the relative rates of these two types of
processes.

There are presently available four examples of
the correlation. The first of these is the apparently
similar mechanisms for hydrogen formation de-
duced from both the mass spectra of deuterated
ethanols and the radiolysis products of deuterated
ethanols. The data for this correlation were pre-
sented in the first paper of this series.!

The second example is the apparently similar
mechanisms for methane formation deduced from
both the mass spectra of acetic acid and the radiol-
ysis products of deuterated acetic acids. It was
reported in the previous paper? that the composi-
tion of the deuterated methane mixture produced
by radiolysis of CH;COOD indicated that methane
was produced almost exclusively by the radical proc-
ess (1) rather than by the molecular process (2).

CH;COOH —> CH; + COOH D)
CH, + CH;COOH — CH, + CH,COOH
CH,COOH —> CH, + CO, (2)

(1) J. G. Burr, THis JourNAL, 61, 1477 (1957).
(2) J. G. Burr, ibid., 61, 1481 (1957).

These two mechanisms may also be distinguished
in the mass pattern of acetic acid. The size of the
peak at m/e 45 (COOH*) should be characteristic
of mechanism (1) and the size of the peak at m/e 44
(CO;*) should be characteristic of mechanism (2).
The ratio of these two peak heights should be a
measure of the relative contributions of the two
mechanisms—this ratio is reported? to be 45+/44+
= 93.6/4.9. According to this measure of mecha-
nism, the decomposition of acetic acid by the
action of electron impact upon the dilute gas phase
proceeds also by a predominant fission into methyl
radicals and carboxyl groups.

A third case in which the mechanism for forma-
tion of a particular product may be compared in
radiolysis and mass spectra is the formation of
hydrogen from ethane. By examination of the
H,/HD/D, ratios in the hydrogen produced by the
action of an electron beam upon equal mole frac-
tion mixtures of C.H; and C:;Dy, Dorfman? has
concluded that not less than 509, of the hydrogen so
formed originates via a molecular process 3 rather
than a radical process 4.

C.Hy —> C,H, + H; (3)
CoHy —> C,H; + H (4)
H 4 CHe —> H, 4 C.H;

Analogous information may be obtained from
the mass pattern of ethane® where it may be as-
sumed that the ratio of the peaks at m/e’s 28 and
29 are indicative of the molecular versus radical
processes in this gas phase electron impact situa-
tion. The ratio of these peak heights is reported
to be 28/29 = 100/23.8, or a computed 807,
preponderance of the molecular process 3.

Finally, Burton and Patrick® have reported the

(3) Catalog of Mass Spectral Data of the American Petroleum In-
stitute Project 44, Spectrum Serial No. 640,

(4) L. M. Dorfman, Tris JourNaL, 60, 826 (1056).

(5) Catalog of Mass Spectral Data of the American Petroleum In-
stitute, Project 44, Spectrum Serial No. 61.

(6) M. Burton and W. N. Patrick, Disc. Faraday Soc., 13, 88
(1952).



