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C!3 Isotope Effect in the Thermodecomposition of Ethyl Bromide

Henry L. FrRiepMAN, RicHARD B. BERNSTEIN,* AND HarrY E. GUNNING
Department of Chemistry, Illinois Institute of Tecknology, Chicago, Illinois
(Received June 11, 1954)

The C2—C® fractionation factor in the decomposition of gaseous ethyl bromide has been measured from
350-450°C, using samples of natural isotope abundance. The rate constants are defined as follows:
CH;CH,Br—CH;=CH,+HBr %,
CH;C*H,Br—CH,=C*H;+HBr k.,
C*H;CH,Br—C*H,=CH,+HBr %,
At 400°C, the C'? enrichment of the first fraction of ethylene from decomposition of the ethyl bromide is
2ky
kat-k;
with a temperature coefficient of —2.8X10~3/°C.
The primary and secondary isotope-effects are defined, respectively, as 8=k1/k;—1 and y=%,/k;—1; thus,
to a good approximation, 8-+~ =2e¢. According to theory, 82>v 20, so that o <8< 2e and e>v>0. From

the data of 400°C one then obtains as an upper limit (k1/%2)max<1.0159+0.0012. This is significantly lower
than the value %;/k2>1.036 calculated for the rupture of an isolated C—Br bond. The present results, there-

SQEI+60=

=1.0079-£0.0006,
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fore, favor a mechanism involving the direct intramolecular elimination of HBr.

INTRODUCTION

HE decomposition of ethyl bromide has been the
subject of a number of investigations.!=® The
free radical mechanism proposed by Daniels and
Veltman? involved the primary rupture of the C—Br
bond, followed by H atom abstraction from the sub-
strate by Br atoms producing C,H,Br- and HBr.
The CoHBr- was assumed to yield C;H, by dissociation
or reaction with CoHjy- radicals. Later, Peri and Daniels®
revised this mechanism slightly, on the basis of the
results of a series of isotope exchange experiments.
They stated that the primary step was wall-catalyzed,
i.e., C:HsBr+wall=C,H;- wall+Br-, with essentially
the same subsequent steps.

Blades and Murphy,® using the toluene carrier tech-
nique, found no evidence for dibenzyl, hydrogen, or
ethane, from which they decided that the reaction was
not of the free radical but rather of the intramolecular
elimination type. They represented the transition state
as a four-membered ring,

Bro—-—-Br
H—Czzomm==C—H

I l
H H

Similar results were obtained by Leigh and Szwarc.”
In view of the above it was thought worthwhile to
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make a study of the C® isotope effect on the rate of
decomposition of ethyl bromide, in order to obtain
independent mechanistic evidence. Considering first the
free radical mechanism, one would expect an appreci-
able difference in the rate of rupture of the C*—Br
and CB®—Br bonds. On the basis of current theoretical
considerations®*® the ratio of the rate of rupture of these
bonds should be at least as great as the square root of
the appropriate reduced mass ratio, 1.036. This lower
limit is based on Slater’s'® treatment for the rupture of
an “isolated” bond. In the case of the intramolecular
elimination mechanism one would expect the ratio of
the rates to be much closer to unity. The lower limit in
this case might be estimated to be 1.003, the Slater ratio
for the C**—H and C%3-H bonds.

The present study was carried out using ethyl
bromide of natural isotopic composition, with the
three principal isotopic (carbon) modifications: (1)
CH,;CPH,Br, (2) C*H;CBH,Br, and (3) C¥H;C?H,Br.
The primary isotope effect is concerned with the rela-
tive rate of decomposition of species (1) versus (2).
The secondary isotope effect is associated with the rela-
tive rate for (1) versus (3). Because the ethylene-C®
produced by the decomposition of (2) is indistinguish-
able from that of (3) it is not possible to measure
separately the primary and secondary isotope effects.
However, the observed C?—C% fractionation factor
(the quotient of the C'2/C® abundance ratio for the first
fraction of ethylene, divided by that of the ethylene
from total decomposition) is related directly to the sum
of these isotope effects. Thus it has been possible to set
upper and lower limits for the individual values of the
primary and secondary isotope effects. From these

8 J. Bigeleisen, J. Chem. Phys. 17, 675 (1949).

¢ J. Bigeleisen, J. Phys. Chem. 56, 823 (1952).
W N. B. Slater, Proc. Roy. Soc. (London) A194, 112 (1948).
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110 FRIEDMAN,
results, it appears that the mechanism is primarily of
the intramolecular elimination type.

EXPERIMENTAL

Ethyl bromide (Matheson, Practical) was purified
by shaking with concentrated sulfuric acid until all
color was removed. After neutralization with 10 percent
sodium carbonate solution the resulting ethyl bromide
was washed with water, dried over anhydrous calcium
chloride, and distilled from phosphorus pentoxide in a
one-meter column packed with glass helices. The puri-
fied sample boiled at 38.37°C at a pressure of 760 mm
Hg, in agreement with reported values"—'* which range
from 38.34°C at 760 mm Hg to 38.5°C at 765 mm Hg.
The refractive index, #p*® was 1.4212. Literature values
of the refractive index, 11416 interpolated to 25°C gave
1.4208--0.0005. The vapor pressure at 0°C, determined
with a Bodenstein quartz spiral gauge, was 163.5 mm
Hg, in agreement with the literature values'’!® which
ranged between 162.5 and 165.5 mm Hg. The infrared
absorption spectrum was determined on a Perkin-
Elmer Model 21 double-beam recording infrared spec-
trophotometer (NaCl optics). The bands corresponded
within experimental error to those observed by Cross
and Daniels.!®

The experiments were carried out in a high-vacuum
system provided with a 254-ml fused quartz reaction
chamber in an electric furnace whose temperature was
controlled to £=1°C with a Taco-West Model J Thermo-
regulator. Measurements of the temperature profile of
the reaction zone showed a maximum deviation of
+4°C from the kinetic temperature. The reaction zone
was conditioned by prolonged carbonization of ethylene
at 400°C4 Mercury vapor was excluded from the
apparatus.

The degassed ethyl bromide was decomposed at
initial pressures in the range 90-150 mm Hg, the de-
composition being monitored with a Bodenstein gauge.
When the desired extent of reaction was attained, the
mixture was removed from the reaction zone by freezing
with liquid nitrogen. There appeared to be no trend of
isotope enrichment with the initial pressure of ethyl
bromide.

Ethylene was distilled from the mixture using iso-
pentane slush (—160°C), and oxidized by Toepler-
pumping through a copper oxide converter at 720°C.
Mass spectrometric analysis of products formed showed
98.7 percent conversion to CO; at 600°C and 100 per-

1 A, 1. Vogel, J. Chem. Soc. 1943, 636.
2 E. L. Skau and R. McCullough, J. Am. Chem. Soc. 57, 2439
1935).
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18D, Tyrer, J. Chem. Soc. 105, 2534 (1914).

18 I'nternational Critical Tables (McGraw-Hill Book Company,
Inc., New York, 1926), Vol. VII, pp. 34, 81.

17D, R. Stull, Ind. Eng. Chem. 39, 517 (1947).

18 T, W. Smith, J. Chem. Soc. 1931, 2573.

1 P, C. Cross and F. Daniels, J. Chem. Phys. 1, 48 (1933).

BERNSTEIN, AND GUNNING

cent conversion at 720°C. Water was removed from the
oxidation products by freezing out at —78°C.

Specific reaction-rate constants based on the first-
order portion of the decomposition were determined
from partial decompositions whose initial pressures
were greater than 130 mm Hg. The &’s were consider-
ably higher than those found by Daniels and Veltman,*
but this is probably due to the fact that greater pains
were taken to remove O in the latter than in the
present work. The increase in & with increase in O, has
been observed previously.* An activation energy of
50 kcal/mole was approximated from the &’s and this
agrees with values in the literature**: which range from
52.3 to 54.8 kcal/mole. The rate-determining step should
therefore be the same in either case, and there seems to
be no reason to belive that the presence of traces of O,
should favor or retard the decomposition of any of the
isotopic species.

The CBO,/C20, ratio (m/e 45/44) of the carbon
dioxide was measured on a Consolidated-Nier Isotope
Ratio Mass Spectrometer, Model 21-201. The value of
the C80,/CM?0, ratio of the original ethyl bromide
was determined by total decomposition of two samples
at 500°C, using the procedure outlined above. Tank CO,
was used as the reference standard; and in the analyses
each unknown sample was run between two standard
analyses in the usual way. No correction for resolution
or O'7 was employed.

CALCULATIONS AND RESULTS

The over-all equations defining the rate constants are:

CH;CH;Br—CH,=CH, +HBr &,
CH,C*H;Br—CH,=C*H,+HBr &,
C*H;CH,Br—C*H,=CH,+HBr k,.

The following symbols are employed for concentrations:
a1=[CH;CH,Br], a;=[CH;C*H,Br],
a;=[C*H;CHBr], x,=[CH,=CH;],

xe=[ CH,=C*H,].

Superscript 0 refers to initial concentration ; the asterisk
denotes C.

Considering the first fraction of ethylene produced
by decomposition (assuming infinitesimal extent of
reaction), one obtains

dx1 kldlo
—= (1)
dx2 k2020+k3(130

For a normal isotope distribution @."= a3’ so that one
obtains
x° af k1
= . 2
% al\kyt-ks

We define the separation factor at zero extent of re-




Cuis

action, .Sy,

20 za+aly 2.0 72a 2k,
G CIE

2P\ @y 2\ ay kot-ks

One must now relate this separation factor, So, with
the measured one, S, based on the assay of CO; from
the combustion of ethylene samples. This may be done
using a procedure similar to that of Bigeleisen,” which
gives the result:

§ym 2K 70) , @)
[ K(l-l-f)f]
In[1— -
L S

where f=fraction of substrate decomposed=Zx/a.°,

) %1 (2" +ag
S=measured separation factor=— s

Xg a°
k* kgt kyt-rk; a3’

K= , L= , and r=—.
(k2+k3)2 ko-t-ks as?

Since ks and k; are believed to differ by less than 2
percent, K is taken to be 3. In addition, it is assumed
that r=1. This assumption produces a negligible error
in Sy even if the actual  differs from unity by as much
as 10 percent. A greater abnormality in the natural
distribution of C¥ in the ethyl bromide (isotopic
inhomogeneity) is very unlikely.

Equation (4) is then simplified to yield the result:

< 2%, In(1—f)
" heths In(1—f/S)

Equation (5) is used to correct to zero extent of reaction.

©)

TaBLE I. Summary of experimental results.

2k
Temp. °C ! S ’ kz+ks

(£3°) (=£0.003) (1 X1079) (2 X107)
351 0.053 1.0088; 1.0091
355 0.050 1.0088 1.00905
366 0.056 1.0087; 1.0090
366 0.057 1.0080 1.0082;
377 0.062 1.0086 1.0088;
379 0.057 1.0089; 1.00925
387 0.050 1.0075; 1.00775
389 0.059 1.0087 1.0090
402 0.061 1.00825 1.0085
403 0.059 1.0072 1.0074s
410 0.056 1.00665 1.0068;
410 0.057 1.00735 1.0076
423 0.054 1.0068 1.0070
433 0.063 1.0066 1.0068
442 0.089 1.0054 1.00565
442 0.078 1.0060 1.00625
453 0.123 1.0071; 1.00765
453 0.071 1.00635 1.0066

# J. Bigeleisen, Science 110, 14 (1949).
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For experiments carried out to a small extent of
reaction (f<0.1), Eq. (5) may be further simplified to
give the following useful approximation formula:

«o=e(1+f/2), (6)

where e=S5—1 and ¢=S5,—1.
An example of the original data and calculations for
a typical experiment follows.

T=423+3°C. f=0.054+0.004.

Mass spectrometer ratios (45/44) for CO, from:

(a) Product fraction C.H, 0.01496140.000006
(b) Total decomposition C;H, 0.0150594-0.000003
(c) Tank reference standard  0.0149384-0.000004

§=1.00684-0.0001; &= 0.0070-+-0.0002

2k
kat-ks

=1.007040.0002.

The data for eighteen experiments are summarized in
Table I. Figure 1 shows a graph of the data of Table I.
The least-squares line drawn through the data passes
through the point 1.0079 at 400°C, with a slope of
—2.8X10-5/°C. The average deviation of the points
from the line is £20.0006. The uncertainty in the slope
is approximately+1.0X10-5/°C.

DISCUSSION

It is of interest to evaluate the primary and secondary
isotope effects from the measured quantity

2k,
€= —1.

katks

Defining the primary isotope effect as

=—I1

2

’
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and the secondary isotope effect as

ky
'YE_—I’
ks

2 1 1
= + ,
I+e 148 1+«

so that B+v+28y=e(2+8+7v). Neglecting second-
order products, 8+7v=2e. Thus the sum of the primary
and secondary isotope effects is twice the observed
overall isotope effect.

According to any reasonable theory, >y >0. The
upper limit for 8 may be found by setting y=0; the
lower limit by assuming y=8. Thus Bumax=2e), and
Bmin= €o. Similarly v is found to lie between the limits
0 and €0.

In summary

one obtains

60<[3S 260,

€0>'y Z 0
and

B+ =2eo.

Figure 2 shows a graph of (Bi/k2)max versus T°C.
From the data at 400°C, at which e,=0.0079, (k1/%2) max
=1.0159-£0.0012.

This is significantly lower than the value k1/k; > 1.036
calculated for the case of the rupture of an isolated
C—Br bond.
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The theoretical treatment of Bigeleisen® based on the
transition-state theory is:

k m*iy ¢

2o () [T G5 Glud)aws]

k2 mi‘ i i

where m} and m*] represent the reduced masses of the
normal and isotopic activated complexes along the
decomposition coordinate and the other quantities
have their usual significance. For the free radical C—Br
rupture mechanism one would expect the reduced mass
term to be 1.036. The quantity in brackets, known as
the free energy term, is greater than unity, but de-
creases to unity as 7— . The observed negative tem-
perature dependence is of the proper sign, but its mag-
nitude is in doubt by such a large amount that it offers
no critical test of the theory.

For the intramolecular mechanism, the reduced mass
ratio would be expected to lie somewhere between 1.003
and 1.036. No explicit theoretical formulation is avail-
able to enable a calculation of the appropriate reduced
mass ratio for such a “four-center” reaction. However,
Bigeleisen and Wolfsberg? have shown that for 3-center
isotopic reactions the reduced mass ratio nearly always
shows an initial decrease with an increase in the “reac-
tion coordinate parameter” p, which is a measure of
the relative amount of bond formation to bond rupture.
It might be presumed that for the present case similar
qualitative considerations might apply.

It is therefore believed that the results of the present
investigation eliminate from consideration the simple

‘free radical mechanism and offer support for the direct

intramolecular elimination mechanism.
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