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C:D¢ decomposes at about one-third of the rate of C;Hs and is inhibited by NO. The inhibition curve for C;De~NO
mixtures is similar to that for C;He—NO mixtures, the maximum reduction being to 189, and 87, respectively, of the rate of

the uninhibited reaction.

When C;Ds is decomposed in the presence of an equal quantity of CH,, the amount of isotopic
mixing as measured by the CH;D/CH, ratio, depends only on the fractional decomposition.

When different amounts of

NO are added to the C2D_5-CH4 mixture, the CH;D/ _CH; ratio for constant fractional decomposition of the C:Djs is inde-
pendent of the concentration of NO. Our results indicate that the thermal decomposition of ethane-ds is a chain reaction
and that the direct separation of D, occurs to a negligibly small extent.

Introduction

The decomposition of ethane may occur (1) by
the separation of H, in a single elementary act in
accordance with the equation

CHs —> CH, + H;

or (2) by separation into two methyl radicals fol-
lowed by a chain such as that postulated by Rice
and Herzfeld.®* There is the further possibility that
both mechanisms may occur simultaneously to a
measurable extent.

If the decomposition were purely intramolecular,
it would be relatively easy to obtain conclusive ex-
perimental evidence. This could be done by de-
composing, to a small extent, a mixture of C;Hg and
(C;Dg and analyzing the products in the mass spec-
trometer. If the reaction were entirely intra-
molecular, no compounds would be found which
contained both hydrogen and deuterium. Unfor-
tunately this experiment is conclusive only in the
complete absence of any radical decomposition.
If the chain reaction is present even to a small
extent, there may be extensive mixing. For exam-
ple, in the Rice-Herzfeld mechanism for the de-
composition of ethane, the relatively stable chain
radical CH;CH; undoubtedly reacts with ethane
according to the equation

CHsCHz + CQHG —> Csz + CH3CH2

This regeneration reaction is of no importance in
the decomposition of C,He but may cause extensive
mixing when both C;Hg and C,Ds are present.

Hinshelwood! concluded from his work on the
inhibition of the thermal decomposition of various
substances by nitric oxide, that the fully inhibited
reaction, which in the case of CsHg had a rate con-
stant approximately !/;» that of the uninhibited
reaction, represents a situation in which the chain
decomposition is entirely suppressed by the cap-
ture of all radicals by the nitric oxide. In an effort
to settle this question, Hinshelwood and his co-
workerss compared the maximum inhibition
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brought about by nitric oxide with the maximum
inhibition brought about by propylene.c They
found that in the cases of propylaldehyde, diethyl
ether and #-pentane, the maximum inhibition
brought about by nitric oxide and propylene was
approximately the same. These experiments have
led to the general acceptance of the idea that an
intramolecular mechanism and a free radical mech-
anism occur simultaneously to an appreciable ex-
tent and the latter can be entirely suppressed by the
addition of appropriate amounts of nitric oxide or
propylene.

In a further attempt to settle this question some
ingenious experiments were performed by Wall
and Moore? using acetaldehyde, ethane and ace-
tone. In a typical experiment, 50~50 mixtures of
acetaldehyde and acetaldehyde-d; were decom-
posed to different extents and the products analyzed
on the mass spectrometer., It was found that
mixing occurred even in the earliest stages of the re-
action. They further found that while the pres-
ence of nitric oxide inhibits the reaction rate and
diminishes the isotopic mixing, the mixing still re-
mains extensive even in the initial stages of the nitric
oxide inhibited reaction but they concluded that
part of the nitric oxide inhibited reaction proceeds
intramolecularly and part as a free radical chain.

In contrast with the results of the work of Wall
and Moore, a very careful study of the mechanism
of acetone pyrolysis® in which 1:1.2 mixtures of
deutero- and normal acetone were decomposed,
showed that the mechanism is essentially free radi-
cal. Experimentally, it was found that the CD;H/
CD, ratio remained remarkably constant with
time in spite of the fact that the acetone-ds ratio
increased greatly. If the decomposition were ap-
preciably intramolecular, the CDH/CD,; ratio
should increase markedly as the acetone-d;/ace-
tone-ds ratio increases whereas only a slow increase
would be expected on the basis of a free radical
mechanism.

Since this matter is of major importance in study-
ing the kinetics of the thermal decomposition of or-
ganic compounds, we attempted to obtain an une-
quivocal answer by conducting a thermal decompo-
sition in presence of a stable indicator. By having
either the substrate or the indicator fully deuter-
ated, it is possible by mass spectrometric analyses
to measure the extent of mixing for a fixed fractional
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decomposition of the substrate. If the generally
accepted view is correct additions of nitric oxide
should diminish the mixing, which should approach
zero at maximum inhibition. If, on the other hand,
the decomposition occurs wholly through a chain
mechanism, additions of nitric oxide should have
little or no effect on the extent of mixing for a given
fractional decomposition of substrate. Our ex-
periments are described in the following sections.

Experimental

The apparatus used in this investigation was the conven-
tional static system for the study of reaction kinetics.
reaction vessel was of quartz, volume 30 cc., fitted with a 4
mm. thermocouple well and attached to a gas handling and
high vacuum system by a graded seal. The temperature
could be controlled manually to %0.5° for extended pe-
riods.

The ethane (99.3%) and methane (99.8%,) were Phillips
research grade gases. The methane-ds was synthesized by
Dr. Max Hellmann of the National Bureau of Standards and
contained according to otr analysis 85.5% CD,, 0.9% CDs-
H, 129, N; and 2.4% 0O;. We removed the oxygen by
passing the gas over heated sodium. The ethane-ds was
synthesized by Dr. L. A. Wall® of the National Bureau of
Standards by passing D,O over calcium carbide and deu-
terating the acetylene-d; over a nickel catalyst. Mass
spectrometric analysis showed 97.79, C:Ds, 2.3% C,D:H
and less than 0.19 of impurities. The nitric oxide was pre-
pared by the nitrometer reaction. Ina few runs tank nitric
oxide containing about 109, nitrous oxide was used, but no
difference could be detected from pure nitric oxide.

The mass spectrometric analyses were made in a modified
Westinghouse sector field instrument with a 90° tube.
Analysis for CH;D was based on the height of the peak at
mass 17, corrected for HO*+, C1¥H,* and CD,;H™*. Analysis
for CD;H was made on the basis of the ion current at mass
19, making a small correction for the spectrum of C;Ds.
Analysis for HD was made on the basis of the ion current for
mass 3. Analysis for C.DsH was made on the basis of the
ion current in mass 35. The contribution of the 2.3%
C.D;H in the original sample and CD;C!3D; + were subtracted
so that the analyses reported give the C;Ds;H formed during
the pyrolysis. Wherever possible we determined sensitivi-
ties of the particular peaks used for analyses but in the case
of CD;H, for example, we used published data.1?

Experimentally, CD.H; is the most difficult of the meth-
anes to analvze on the mass spectrometer because of the con-
tributions of H,O* and CD;*. We could not detect the
presence of CD,H; and, in any case, neglecting small per-
centages wotld not affect appreciably the analysis of CH;D.

The percentage conversion was calculated solely on the
basis of pressure changes during the course of the reaction.
Checks were made on the accuracy of the method of study-
ing the thermal decomposition of ethane manometrically
and also by means of mass spectrometer analyses. The
two methods were found to be in good agreement.

The Thermal Decomposition of C;H and C,D,4. Relative
Rates.—The speeds of decomposition of ethane and ethane-
dq were measured manometrically at 613° both alone and in
the presence of equal amounts of methane and methane-d;.
The results are given in Fig. 1 and summarized in Table I.

TaBLE I

InrTIAL RELATIVE RATES o DeEcoMposiTiON o CyHi AND
CzDg AT 613°

CsHs C2De
Pure hydrocarbon (100 mm.) 3.6 1
Hydrocarbon (100 mm.) with CH, (100 mm.) 4.0 1.3
Hydrocarbon (100 mm.) with CD, (100 mm.) 4.0 1.4

The Thermal Decomposition of C,Hsin Presence of CD;.—
We did three experiments on the decomposition of 50-~50

(9) We wish to thank Dr. Wall for making the necessary arrange-
ments to transfer this sample and that of the CDu.

(10) V. H. Dibeler and F. L. Mohler, J. Research Natl, Bur., Stand-
ards, 4B, 441 (1950); also private communication from the same
authors,

MECHANISM OF THERMAL DECOMPOSITION OF ETHANE-ds 32!

The.

[

10t
'g,; i © CpHg alone
g sl 4 50-50 CoHg-C Hy
g A 50-50 CoHg-C Da
8 -
k=]
2 6r
a
=
s |
b
& 4
g
5t
g i © CgDg alone
A2 ; ® 50-50 CoDg - CHa
o ® 50-50 CgDg- CDg
0 1 L L L 1 L 1 A ' e
0 2 4 6 8 10

Minutes.

Fig. 1.—Thermal decomposition of C;:Ds and C;Hs alone
and in presence of CD; and CH, at 613°. Initial ethane

pressure 100 == 5 mm. in all experiments; manometric

measurements.

mixtures of C;Hg and CD, at 600° in which we decomposed
the ethane to the extent of approximately 2%, 3% and 6%.
Mass spectrometric analyses of the products showed that in
all three experiments there was detectable formation of
CD;H, C;H;sD and HD but the amounts formed were only a
few tenths of a per cent., slightly greater than our experi-
mental error. In addition to these compounds there seemed
also to be present a few teuths of a per cent. of CH;D.
We did not, therefore, do further work with these mixtures.

The Thermal Decomposition of C;Ds in Presence of CH,.
Extent of Mixing.—1In this case there was considerable mix-
ing in contrast with C,Hs and CDy, so that it is possible to
follow accurately the changes in concentration of CH3D,
C;DsH and HD, with percentage decomposition of ethane-ds.
We found that the concentration of CH;D was approxi-
mately directly proportional to the fraction of C,Dg decom-
posed. This same relation holds also for C;:D;H and HD.
We also found that the amount of CH;D formed for a fixed
fractional decomposition of the ethane was approximately
independent of temperature. Our results are shown in
Figs. 2, 3 and 4.

Extent of Mixing in Absence of C;H; or C;Ds.—Mixtures
of CH; and CD, with or without NO show only very slight
mixing under the conditions of our experiments. The same
is true for mixtures of D; and CH,.

TaBLE II

Mass SPECTROMETRIC ANALYSIS oF CH~CD; anp D—CH,
MixTURES, HEATED AT 600° roR 30 MIN. WITH AND WITH-

outr NO
Mole per cent.

Mizxzture Ds HD CH: CH:D CD:H CDu
62 mm, CD4 Init. 0 0 50 0 0.6 49.4
62 mm. CH;y Final 0 0.5 49.8 © .9 48.8
56 mm. CDq Init. 0 0 45.1 0 .6 44.5
56 mm. CH,

12 mm. NO Final 0 .01 44.9 .2 7 44.2
75.6 mm, CH¢ Init. 10.0 © 90.0 0

8.4 mm, Ds Final 9.5 .5 90.0 .01

81 mm. CH, Init, 8.4 0 8.6 0

9 mm. Dz

5.5 mm, NO Final 8.9 .5 84.6 .01

The Rate of Decomposition of C;HeNO Mixtures and
C:D¢NO Mixtures.—In this section we describe a series of
runs in which the rate of decomposition was followed mano-
metrically. The inhibition of C:D¢ with NO is similar to
the C;Hs decomposition in the presence of NO (see Fig. 5)
except that at maximum inhibition the rate is reduced to
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Fig. 2—Thermal decomposition of 50-50 mixtures of
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189, and 89, of the uninhibited reaction for C;Hg and C;Ds,
respectively. We also ran a series of experiments (Fig. 5)
in which we showed that CH, had no significant effect on the
inhibition of C;Ds by NO.

100 - o GEDS inhibition
® CyHg inhibition
® C;Dg Inhibition in presence of
80 an equal concentration of G Hy

Initial rate relative to the uninhibited
rcaction (= 100).

0 8 16 24 32
Moles NO

Moles NO 4 moles ethane 100.

Fig. 5.—The nitric oxide inhibition of ethane-ds and ethane
at 614° and initial pressure of 135 mm. The nitric oxide
inhibition of 50-50 mixtures of C:Ds and CH; at 624° and
initial ethane pressure in range of 65-90 mm., manometric
measurements,

The Thermal Decomposition of C;De~CH~NO Mixtures.
—The decomposition of 50-50 mixtures of C;Dy and CH,
was studied in presence of various amounts of NO. For the
same fractional decomposition of the C;Ds, it was fouud that
the amount of CH;D formed was independent of the concen-
tration of NO. These results are shown graphically in
Fig. 6.
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Fig. 6.—Thermal decomposition of 50-50 mixtures of
C:Dg and CH; in presence of nitric oxide. Initial pressure
of C:Ds, 60-100 mm.; mass spectrometer measurements.
The curveis that of the uninhibited reaction as given in Fig. 2.

We have expressed the results in another way (Fig. 7a)
by plotting the ratio CH;D/CH, X 100 for an arbitrary
fraction decomposition of ethane against percentage of nitric
oxide present. If the decomposition occurs entirely through
a chain mechanism, the points should all fall on a horizontal
line whereas a quite different type of curve should be ob-
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tained for a composite type of decomposition. In Figs. 7b
and 7c we give the result of a series of studies of the extent of
formation of HD and C;Ds;H with the amount of inhibition.
The results for HD are quite similar to those of CH;D, but
on the other hand the results for C:D;H indicate that except
for rather small fractional decompositions, its concentration
is not independent of the concentration of NO. We are
conducting further experiments to elucidate this behavior.

Discussion and Summary

In this work we have tried to develop a general
method which will give a quantitative indication of
variations in the stationary state concentration of
free radicals when an organic compound is thermally
decomposed under different conditions. The
method, in principle, consists of conducting a
thermal decomposition in presence of a stable mole-
cule and having either this molecule or the sub-
strate fully deuterated. The extent of mixing, for
a fixed fractional decomposition of the substrate,
should be affected, if we do anything to alter the
ratio of chain to non-chain decomposition.

One drawback, which is inherent in this method,
makes it almost necessary to use the deuterated
substrate and the hydrogenated indicator. This
difficulty arises because®!! it is now fairly well es-
tablished that the reaction

CH; + RH—> CH: + R

proceeds several times faster than the reaction
CH; + RD —» CH;D + R

It would be quite difficult to make a quantitative
analysis of the slight mixing that occurs when C,He
is decomposed in presence of an equal quantity of
CD,, whereas considerable mixing occurs when
C:Ds is decomposed in presence of CH,.

While caution must be exercised in applying to
the hydrogenated substrate, conclusions derived
from a study of the deuterated substrate, we be-
lieve that the thermal decompositions of C,Hs and
C;Dg are very similar, especially in their behavior
to NO, and it seems reasonable to extend to the
thermal decomposition of C;Hsg, our conclusion that
the molecular mechanism of the C,Dg decomposition
is insignificant.

Qur selection of ethane as substrate has both
advantages and drawbacks. The chief drawback is
its high stability which greatly limits the choice of
indicators; in fact, methane seemed to be the only

(11) W, Whittle and E. W. R. Steacie, J. Chem. Phys., 31, 993
(1953).
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Fig. 7.—Thermal decomposition of 50-50 mixtures of
C:D¢ and CH, at constant fractional decomposition (4.5%)
of CyDe: initial pressures of C;Ds 75-100 mm.; tempera-
ture range 580° to 624°. The points were taken from the
curves in Figs. 2 and 6. The lower curves in a, b and ¢
were calculated from Fig. 5 on the assumption that the
thermal decomposition of CeDg consists of about 179 non-
chain reaction.

satisfactory possibility. A second drawback is the
rather pronounced back reaction which makes it
necessary to confine measurements to the early part
of the decomposition. On the other hand, the
molecular mechanism for the ethane decomposition
is very simple and should therefore be more marked
than the molecular mechanisms for such decompo-
sitions as acetone, butane or dimethyl ether. The
reasons for deciding between free radical mecha-
nisms and molecular mechanisms are discussed in
detail in a paper by Rice and Teller!? published
some years ago.

WasHINGTON, D. C.
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