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The bromine-catalyzed cis—trans isomerization of 1,2-dibromoethylene has been studied in degassed carbon tetrachloride,
and the exchange reaction in the same system has been studied with the use of bromine-82. The reactions are autocatalytic
in the presence of oxygen, and the kinetics are complicated by the concurrent addition of bromine to the double bond, but
satisfactory rate constants have been obtained.

The data at 35° indicate that the rate constant for the reaction Br* 4+ Br, — BrBr* 4+ Br is about three times the rate
constant for the reaction Br* + C,H,Br, — C,H,BrBr* + Br. The rate constant for the latter reaction is about twice the
rate constant for thereaction Br -+ ¢is-CoHoBr; — Br + trans-C;H,Br,. Wehaveinterpreted the results to indicate that iso-
merization takes place through the interconversion of two isomeric CoyH,Br; radicals which differ by a rotation about the car-
bon—carbon bond. The energy barrier opposing this rotation appears to be almost identical in height with the barrier op-

posing dissociation of a bromine atom from the radical.

We believe that the height of this barrier is greater than 3 keal./

mole, but even this limiting figure must be regarded as very tentative.

Introduction

Halogens act as catalysts for the ¢cis—trans isomeri-
zation of compounds containing carbon-carbon
double bonds, and kinetic studies by Dickinson and
co-workers?~% have demonstrated that the free halo-
gen atoms are the active species in this type of re-
action. It was also shown* that the rate of the
iodine-atom catalyzed isomerization of 1,2-diiodo-
ethylene is much slower than the rate of exchange
of either isomer with labeled iodine atoms. These
observations were interpreted to indicate that ex-
change proceeds through a radical transition state
having the empirical formula C;H,I; and that the
transition states for exchange of the two isomeric
diiodoethylenes are different and resist intercon-
version with an energy barrier of about 4 kecal./
mole. We regard the process of interconversion to
involve a relative rotation of about 180° around the

carbon—carbon bond of a IHC-CHI, radical.

Although the experiments with iodine serve to
clarify the mechanism of the catalyzed isomeriza-
tion, they do not suggest whether the resistance to
rotation arises because of steric forces between the
bulky iodine atoms or because of interactions of the
unshared electron which give some residual double-
bond character to the carbon-carbon bond. In or-
der to obtain information which might bear on this
point, we have carried out similar studies with
bromine and dibromoethylene. The isomerization
and exchange reactions were both so rapid that ther-
mal rates were easily measurable at room tempera-
ture and photochemical rates were much greater;
therefore it was not feasible to make quantitative
studies of the influence of Jight on the reaction.

Our results are all explicable in terms of the fol-
lowing individual steps for the isomerization and
addition reactions.

(1) Based on a Dissertation submitted by Hyman Steinmetz to the
Faculty of Pure Science of Columbia University in partial fulfillment
of the requirements for the degree of Doctor of Philosophy. Persons
wishing to see the original Dissertation or to obtain a microfilm thereof
should address the Librarian, Columbia University, New York 27,
New York. .

(2) R. G. Dickinson and H. Lotzkar, Tris JournaL, 89, 472

1 .
( 333)11, E. Wood and R. G. Dickinson, ibid., 81, 3259 (1939).

(4) R. M. Noyes, R. G, Dickinson and V. Schomaker, 7bid., 67, 1319
(1?::)5)-12. G. Dickinson, R. F. Wallis and R. E. Wood. ibid., T1, 1238
(1949).

Br, < 2Br (81)

Br + ¢is-CyH,Brs < ¢is-CoH,Br, (S2)
Br + trans-CoHaBr: 2= trans-C;H,Br;  (S3)
cis-CeH,Bry <> trans-CoH,Bry (84)

Br, + C.H;Br; —> C,H,Br, + Br

Of these steps, all except the last are readily revers-
ible. The rate of the addition reaction (S5) may
depend upon the isomeric form of C,;H,Br;, but our
data do not permit any differentiation in the rate
constants.

Experimental

Materials—Dibromoethylene was prepared by the action
of zinc on techriical sym-tetrabromoethane, and the isomers
were separated by fractionation of the azeotropes formed
with absolute ethanol.®! Although it has been observed?
that pure trans-dibromoethylene isomerizes in the presence
of air, carbon tetrachloride solutions of the freshly-separated
isomer showed no isomerization even on standing for several
weeks. Analyses by infrared absorption as described below
indicated that the cis isomer contained not more than 0.29,
of trans as impurity and that the frans isomer contained
not more than 1.5% of cis.

The bromine was C.P. grade material which was distilled
twice from anhydrous calcium bromide. Only the middle
fraction of each distillation was retained.

Carbon tetrachloride was used as solvent in all experi-
ments, A liter of C.p. grade material was refluxed with
alkaline permanganate for 4 hours, washed, dried, and dis-
tilled. The middle fraction was retained and stored in the
dark.

The bromine-82 used in the exchange experiments was
obtained as pile-irradiated potassium bromide allocated by
the Atomic Energy Commission. The salt was dissolved
in water and shaken with a solution of bromine in carbon
tetrachloride. This latter solution was washed with water
and used directly.

Procedure for Kinetic Runs.-—Preliminary studies of the
isomerization reaction indicated that it was very sensitive
to light and that different rates were obtained under atmos-
pheres of air and of tank nitrogen. Therefore, the runs
described here were prepared in a vacuum system. Carbon
tetrachloride solutions of bromine and of dibromoethylene
were degassed separately by repeatedly freezing with liquid
nitrogen and evacuating with a mercury diffusion pump.
Each solution was distilled separately through phosphorus
pentoxide and trapped with liquid nitrogen. The combined
solution was degassed again. Finally, the melted solution
was distributed about equally in six ampules which were
chilled simultaneously and sealed off. The ampules were
warmed together to the reaction temperature, and one was
opened and analyzed to establish zero time.

(6) H. vande Walle, Bull. soc. chim. Belg., 27, 209 (1913).
(7) R. M. Noyes and R. G. Dickinson, THIS JouRrRNAaL, 65, 1427
(1943).
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Analysis for Extent of Isomerization.-——In isomerization
experiments, the solution from an ampule was thoroughly
mixed with aqueous bisulfite until all of the free bromine
had been reduced. The organic layer was then washed with
several portions of water and dried with calcium chloride.
The extent of isomerization was determined by infrared ab-
sorption with a Perkin—Elmer Model 12B spectrometer.
trans-Dibromoethylene absorbs strongly at 900 cm.—l
Carbon tetrachloride and sym-tetrabromoethane (the prod-
uct of bromine addition to dibromoethylene) are trans-
parent in this region, but the purest samples of ¢is-dibroino-
ethylene showed a slight absorption. This absorption was
assumnied to be due to about 0.2%, of trans impurity.

Analysis for Free Bromine.—Since bromine also added
slowly to the double bond, it was necessary to analyze some
of the amnpules for free bromine. In these determinations,a
pipetted 2-ml. sample from an ampule was shaken with
freshly-boiled water containing potassium iodide and dilute
sulfuric acid. The resulting iodine was titrated with thio-
sulfate.

Analysis for Isotopic Exchange.—In experiments con-
taining bromine-82, the contents of an ampule were poured
into a separatory funuel containing carbon tetrachloride
and dilute aqueous bisulfite. The funnel was shaken imme-
diately to reduce the bromine, the layers were separated,
and the water layver was washed with two portions of carbon
tetrachloride which were added to the other layer. Both
layers were made up to volume and counted with a liquid
counter described previously.® The counts were corrected
for background and for the fact that the counting rute for
bromine-82 in carbon tetrachloride was observed to be
(2.4 =% 0.6)% higher than for the saue amount of activity
i water.

Results

Rates of Isomerization.—If the rate of isomeriza-
tion is first-order in the isomerizing species and half-
order in molecular bromine, then we may write

_2303K:  dlog (1 — [Tr]/[Trls) %

(1 4 Ki)[Bry '/ d¢
where k; is the rate constant for the isonierization
of the cis isomer, K is the equilibrium constant for
the reaction ¢zs 2 trams, [Tr]is the concentration of
the trans isomer, and [Tr].q is the concentration at
equilibrium.

In Table I are presented the results of a series of
runs carried to equilibrium in solutions containing
0.525 mole per liter (at 25°) of initially ¢ts-dibromo-
ethylene. The values for the fraction of frans at
equilibrium are almost certainly good to 273 and
probably to half that amount. In thefollowing cal-
culations we have assumed that the fraction of
trans isomer at equilibriun is 0.441 at 59°, 0.438 at
49°, and 0.435 at 39°. These data indicate that
for the equilibrium reaction c¢is-C.H,Bry & trans-
C.H,Br, in carbon tetrachloride solution at 50°,
K; = 0.78 = 0.02, AF' = 160 %= 20 cal./mole,
AH" = 260 =% 200 cal./mole, and AS" = 0.3 == 0.5

by =

TasLe 1

IsoMERIC F.QUILIBRIUM OF DIBROMOETHYLENE IN CARBOXN
TETRACHLORIDE
Time af reaction,

Temperature, Fraction of traus
°C

. hours isomer

58.9 60 0.440
0 . 446

100 -440

100 441

150 .440

44.0 120 0.435
120 . 440

(8y J. Zymumernen armsd R, M Noves, J. Clew. T'iec, 18, 38

1930
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cal./mole deg. Olson and Maroney® report that
an equilibrium mixture of pure dibromoethylenes
at room temperature has 0.37 = 0.02 mole fraction
trans. An extrapolation to 50° of the vapor-phase
equilibrium studies of Noyes and Dickinson’ indi-
cates 0.49 =+ 0.02 mole fraction trans. The differ-
ences between the various results are in the direc-
tion to be expected if the more polar isomer is more
strongly solvated and if the effect is increased by
increasing polarity of the solvent.

The results of the rate measurements are suin-
marized in Table II. The fraction of {rans isomer
in each run was ineasured as a function of time, and
—log (1 — [Tr]/[Trleq) was plotted against ¢
Plots for two representative runs are illustrated in
Fig. 1. The slope of the straight line fromn each run
was used in equation (1) to calculate the rate con-
stant, &;, for isomerization of c¢is-dibromoethylene.
In making the calculations, it was also necessary to
correct for the fact that an average of about 49
of the bromine was consumed in side reactions dur-
ing the course of a run. Therefore, the concentra-
tion of bromine used in the calculation of k; was the
average concentration present during the run rather
than the initial concentration reported in Table 11.
The data do not justify any more refined treatment
for this eflect.

TABLE II
RATE 0rF BROMINE-CATALYZED [SOMERIZATION OF DIBROMO-
ETHYLENE
Temper:-
ture, [C:H,Bral Initial [Br.],2 £ 104k
°C. mole/liter mole/liter (mole/ml.) “1/1 gec -1
38.04 0.510 0.01343 3.32
510 01343 3.30
510 01343 3.28
510 00672 3.32
510 00672 3.42
.510 .00672 3.97
Av. 3.37 £+ 0.12
49.03 0.300 0.01316 9.70
500 .01316 10.31
200 .01316 10.08
.o00 .00638 9.49
500 .00658 10.02
.00 .00658 9.86
Av. 9.91 0.33
58.82 0.4589 0.01288 27.8
. 489 .01288 27.3
489 .01288 28.6
.4&9 .00643 26.8
489 . 00643 253.8
480 .001288 28.4
245 .01288 26.5

Av. 27.3 =*=1.1
2 The reported coucentrations have been corrected for
thermal expansion of the carbon tetrachloride.

The variation of the rate constant with tempera-
ture is such that it can be fitted by the equation

Bt = 1011.71 2087 p,—(21,700 2800 /RT (mp0le /ml.)~1/2 sec. ™!
Two other experiments were made to test the ef

fects of air and water on the reaction. In one run
about 10 mmn. of air was introduced into the systein;

(93 A. R, Olson amd W. Maroney, Tuis Jour~av, 56, 10020 {1051,
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and in the other, enough water was added to form a
second phase. In both experiments, the rate of
isomerization increased autocatalytically.

Rates of Addition of Bromine.—Several tests
indicated that negligible amounts of inorganic bro-
mide were formed even when considerable amounts
of bromine were consumed. It was therefore
assumed that the bromine disappeared through
addition to dibromoethylene. Since this addition
had a measurable effect on the apparent rate of ex-
change and an almost significant effect on the rate
of isomerization, a few semi-quantitative rate ex-
periments were carried out with the ¢is isomer.
These experiments, which are summarized in Table
111, represent three separate rums, in two of which
some of the ampules were placed in thermostats
at different temperatures. The data are neither ex-
tensive nor accurate enough to establish the kinet-
ics of the addition reaction, but they are consist-
ent with the rate expression

—d[Br,])/dt = ka[Br;]*/2[C;H;Br,] (2)

where k., is the rate constant for the addition reac-
tion. Values of k. are included in Table 1II. In
spite of the crudeness of these measurements, they
are sufficiently precise to establish the corrections
to apply to the other rate expressions.

TaBLE III

RATE OF ADDITION OF BROMINE TO DIBROMOETHYLENE

[CoHs- Initial

Br:],¢ [Brz],e Br consumed ka,
Temp., mole/ mole/ per hour, (mole/ml.) “%/2

°C. liter liter %% sec, 1

45.05 0.504 0.0132 0.24 =£=0.02 0.36 =£=0.03
45.05 .101 .0663 .124 =+ 012 42 = .04
29.93 .104 .0684 .037 = ,007 .120 = .023
45.05 L1562 .0198 .088 = .009 36 = .04
29.93 .156  .0204 .014 + .002 .055 4 .008

o The reported concentrations have been corrected for
thermal expansion of the carbon tetrachloride.

Rates of Exchange of Bromine.—The reaction
with radioactive bromine was not a simple ex-
change reaction because of two complicating ef-
fects. The first complication arose because con-
siderable but not complete isomerization of di-
bromoethylene occurred during a run. However,
runs in which the frans isomer was used as starting
material gave exchange rates that agreed within
experimental error with those obtained when the
cts isomer was used. Also, if the two isomers ex-
changed by rates that differed by 509, significant
deviations from linearity would have been observed
in the logarithmic plots used to determine the rate
of exchange. Therefore, changes in isomeric com-
position of dibromoethylene will be neglected in fur-
ther considerations of the exchange reaction.

The second complication arose because up to 59,
of the bromine added to the double bond during the
course of a run. Since our experimental procedure
distinguished only between free and organically-
bound bromine, we measured radioactivity present
in C,H,Br; because of exchange and in C,H,Br be-
cause of addition. Fortunately, the amount of
addition was small enough to permit the use of some
approximations in correcting for the effect on the

HaLoGEN-ATOM CATALYZED cis—trans ISOMERIZATINS
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0.25

0.15

— log (1 — % trans /43.8).

0 8 16 24 32
‘Time, hours.
Fig. l.—Two isomerization runs at 49.03°: © [C;H,Br;] =
0.500 M, [Br:] = 0.01316 M; @ [C;H,Br.] = 0.500 M,
[Br,] = 0.00691 M.

apparent rate of exchange. We have postulated
that the following processes are involved

Br,* == 2Br* (E1)

Br* + C;H;Br, —E{) CH,BrBr* + Br (E2)

Br + Br,* ji) BrBr* 4 Br* (E3)

CyH:Bry + Br -+ Bry* —fi) C,H:Br;Br* 4+ Br* (E4)

In these equations, the asterisks are used merely to
indicate the way in which bromine atoms present
in the reactants are distributed in the products,
and they do not necessarily indicate radioactive
species. Presumably processes E2 and E4 take
place through the formation of a C;H,Br; radical
intermediate which subsequently either dissociates
or reacts with a Br, molecule; however, it is permis-
sible to treat them mathematically as simple proc-
esses obeying second- and third-order kinetics, re-
spectively.

Let us define the quantity I' as the fraction of
free bromine atoms which came from Br, molecules
in the step which produced them, and 1 — T as the
fraction of free bromine atoms which came from
C,H,Br, molecules.

r = k3 [Brs] + ki [C.H:Br;][Br,] (3)
ko [CoHeBrs] + ks[Brs] 4 k4 [CoHeBr:] [Brs] .

This treatment assumes that at least some of the
processes E2, E3 and E4 occur at a much greater
rate than E1 so that there is a negligible probability
that a specific free bromine atom was formed by the
dissociation of a bromine molecule. It also assumes
that the concentrations of Br atoms and C,H,;Br;
radicals are negligible compared to the concentra-
tions of non-radical species containing bromine.
We have previously used a similar treatment of a
somewhat simpler exchange reaction.™

Let R be the rate at which atoms from Br; be-
come incorporated in CoH,Br;. In terms of the
mechanism we have proposed

R = kz[CszBrz][Br]P (4)

where the factor T' is introduced because the iso-
topic composition of the free Br atoms is not the
same as that of the Br; molecules.

If all of the organically-bound bromine were

(10) R. M. Noyes and J. Zimmerman, J. Chem. Phys., 18, 656
(1950).
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produced by the exchange process E2, we could
evaluate R from our data by means of the standard
exchange expression

2ab d (a + b) I .
Srran [-i @
where @ is the concentration of molecular bromine,
b is the concentration of dibromoethylene, and x is
the fraction of radioactivity (initially all present in
the bromine) extractable with aqueous bisulfite at
time ¢, Figure 2 illustrates a plot used to obtain
such a preliminary value of R from the individual
observations taken in one of our runs. Values of R
obtained in this way were corrected for that portion
of the activity which became organically-bound be-
cause of addition rather than exchange. The
method of correction involved a complicated alge-
braic treatment described in the original Disserta-
tion! and in a manuscript available from the Ameri-
can Documentation Institute.!’ The corrected
values of R were less by 3 to 129, than those calcu-
lated on the assumnption that only the exchange re-
action was important. Our use of the corrected
values of R is justified by the fact that they gave
better straight-line relationships in the plots which
were used to determine the rate constants for the
individual exchange steps. The values obtained
in our individual runs are available elsewhere.!1!

(

0.50 ¢

R=—

0.30 ¢

log (1.078x — 0.078).

jond
—
(=)

0 10 20 30 40 50
Time, hours.

Fig. 2.-—Exchange run at 45.05°: [C,H.Br.] = 0.1680 M,
IBr:] = 0.01327 A. The estimates of error for individual
points are calculated from the statistical fluctuations antici-
pated in counting the radioactive events.

In order to use values of R at different concen-
trations to evaluate individual rate constants, we
have found it convenient to define the quantity A.

= [ « B[CHBr]T
4= [1 k3[Br,] ,—J ! (@
In this equation, the term in brackets is the recipro-
cal of the value of I' if there is no addition of bro-
mine. Therefore, A would be unity if there were no
addition. In our experiments, A varied between
1.01 and 1.04.
By combining Equations (4) and (6), we obtain
ICH:Brp][Br]a _ 1 ko[CoH,Br ] 7
R -] @

The evaluation of absolute rate constants requires

(11) Order Document 3605 from American Documentation Institute
1719 N Street, N, W., Washiugton 6, D. C., remitting $1.00 for micro-
film (images 1 inch high ou standard 35 mm. motion picture film) or
$1.00 for photocopses (5 X 8 inches) readable witliout optical aid,
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knowledge of the concentration of free bromine
atoms. We can obtain relative rate constants by
using the relation

(Br] = X,'/2[Bry]'/2 (8)

where K, is the equilibrium constant for step El.
For convenience in discussion, we shall use the rela-
tion

ke = szll//l (9)

where Z. is the rate constant for the exchange reac-
tion calculated in terms of the concentration of
molecular bromine. This k. can be compared to
the %k obtained for the isomerization reaction,
which proceeds by identical kinetics.

According to Equation (7), a plot of [{C,H,Br;].
[Br;]"2A/R against [C;H,Br;]/[Br;] should give a
straight line with intercept 1/kK "t (= 1/k.)
and with slope 1/k;K;"1.  Figure 3 illustrates such
a plot for the data at 35.56°; Table IV contains
values for the rate constants at each temperature
obtained from the equations of lines fitted by a

method of weighted least squares. The values of R
sof 1
301
X i
&
4
2207
z
=
;f P
2 10 -
e v
0 10 20 30 40 50

[CszBrz]/V [Brz ]

Fig. 3.—Plot for evaluating rate constants for exchange
reactions at 35.56°. In addition to the data shown, there is
one point at [C.H:Br:]/[Br;] = 116.6 and [C.H:Br:]:
[Bry]t/2A/103R = 87.0. (The line as drawn passes through
the value of 87.1.).

obtained in the 29 individual runs agree with those
calculated from these rate constants with an aver-
age deviation of 4.19} and a maximum deviation of
10.19,. Such agreement is very satisfactory for
rate data on radical chain reactions of this type.

TABLE IV

RaTe CONSTANTS FOR EXCHANGE OF BROMINE ATOMS WITH
Brz AND CszBrz

Rate constant

for C:H:Bry, Rate constant
104k = for Brs,
104k2K,172, 104k:K,11/2,
Temp., (mole/ml.) 1’2 (inole/ml.) =172
°C. sec, "1 sec. 71 ka/ks

29.92 2.36 £0.16 6.79+0.17 0.348 % 0.025
35.56 4.82 %+ .14 13.72+ .19 .351 £ .011
45.05 13.8 = .8 45.5 += .9 .303 = 019

The variation of these rate constants with tem-
perature is such that they can be fitted by the equa-
tions
kEKIl’/"' =

1012.80 £6.75 ¢ = (22,50 « w1 /K7 (yy10]e/ml. )~ sec, ™ = k,

k,’;Kll/V'-’ = 10121 £0.27 p= (24,100 5 400) /RT (molc/ml.)”‘/z see, !
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A few experiments were carried out to test the
effect of air on the rate of the exchange reaction.
Runs containing even a few mm. of air in the system
- went much faster than the vacuum runs and fre-
quently showed autocatalytic features.!

Discussion

The rates of exchange and isomerization can be
compared most satisfactorily at 35.56°, the tem-
perature at which the exchange was studied most
fully. At this temperature, the rate constant for
exchange of either isomer is k. = (4.82 = 0.14) X
10—* (mole/ml.)~"2sec.~'. At the same tempera-
ture, the rate constant for the isomerization of the
cis isomer is ki = (2.28 £ 0.09) X 10—* (mole-
ml.)~"/* sec.”), and the rate constant for the iso-
merization of the frans isomer is ki/K; = (2.98 =+
0.15) X 10—* (mole/ml.)~/* sec.~!. These results
seem to demonstrate conclusively that the C,H,Br;
radical is capable of existing in two isomeric forms
and that the free energy barrier opposing their in-
terconversion is of a height comparable to the height
of the barrier opposing dissociation of either radical
into a bromine atom and the corresponding isomer
of dibromoethylene.

Qur interpretation of the system can be illus-
trated by the free energy diagram in Fig. 4. In this
diagram, levels A and B refer to the isomeric radi-
cals and levels X, Y and Z to the transition states
for the processes we are studying. Let Pyc be the
probability that a system in state A will pass over
X to C before it has passed over Y to B. Similarly,
let Pyt be the probability that a system in state B
will pass over Z to T before it has passed over Y
to A. 1f the system is in state A, it will eventually
pass either to state C or to state T. The probabil-
ity that it will get to C before it gets to T is given by

Pac + (1 — Pac)(1 — Ppr)Pac + [(1 — Pac)(1 —

- Pac -
Per)lPac + o = T TPyl = Par)

Pyc
Pac 4+ Ppr — PucPsr (10)

Moreover, the probability that a system in state A
will pass to T before it gets to C is given by

(1 — Pac)Ppr + (1 — Pac)¥(1 — Ppr)Per + (1 —

1 — Pac)P
Pac)(1 — Ppr)*Ppr + ... = 1 — (<1 - P:;glﬁi Ppr)
Ppr — PacPrr

Prc + Ppr — PacPrr ()

Similarly, the probability that a system in state B
will get to T is given by Ppr/(Pac + Prr —
PpcPrr), and the probability that it will get to C
is given by (Pac — PacPsr)/(Pac + Ppr —
PacPpr). We have previously used a very similar
mathematical device!? to calculate the ultimate fate
of a system which can oscillate between two meta-
stable configurations. The treatment assumes that
the energies of molecules in the various states be-
come canopically distributed rapidly enough that
there are no momentum effects and that therefore
the value of Pac is independent of whether the sys-
tem entered A from C or from B, This assumption
is fundamental to any treatment involving absolute

(12) R. M, Noyes, J. Chem. Phys., 18, 999 (1950).
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A

B
c15:CaH,; Bry trang. C;Hz BP3

cise C,,H. Br, +f BYg

Gans- C,H., Bv.** Br.

Fig. 4.—Free energy diagram for isomerization and exchange
reactions of bromine and dibromoethylene.

reaction rate theory and is probably justifiable for
these complicated molecules in liquid phase.

If kca is the rate constant for the system to react
from C to A through transition state X, then &;, the
rate constant for isomerization of the cis isomer,
will be equal to kca multiplied by the probability
expression (11).

b= kca(Per — PacPrr)
"7 Pac + Ppr — PacPsrr

By applying absolute reaction rate theory to Fig. 4,
we  obtain

Ppc =

(12)

e~ (FX — FA)/RT
e~(FX — FA)/RT + ¢~(Fy — Fa)/RT —
1
T+ oy —Fo/rr (13)

where the F’'s are the molar free energies of the
various states. By similar reasoning, we obtain
1

= 1 X ¢~ Fy - F2)/RT
Equations (12), (13) and (14) can be combined to
obtain

ko 1 15

ken 1 £ ¢~Fx = FY)/RT & ¢-(Fx — F2}/RT (15)

Par (14)

Equation (15) permits us to evaluate the difference
in the free energies of the transition states X and Y
provided we can evaluate the quantities k;, kca and
Fx — Fz. Of these quantities, k; is obtained by
experimental measurement. Since bond-energy
values indicate that C,H,Br; should be stabilized
with respect to C;HyBr; + Br, it is hard to see how
exchange of the cis isomer can occur unless the sys-
tem passes through transition state X. Therefore,
kca should be directly proportional to the experi-
mentally measured k.. The value of the constant
of proportionality will depend on whether the enter-
ing atom becomes equilibrated with one or both of
the original bromine atoms in the dibromoethylene
molecule. If the entering atom becomes equili-
brated with only one bromine, then kca = 2k.
However, if the process BrHC-CHBr, — Br,HC-
CHBr can take place with retention of cis—trans iso-
meric configuration and is faster than the dissocia-
tion to C,HoBr, + Br, then the entering atom be-
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comes equilibrated with both the atoms of the orig-
inal molecule and kca = 1.5k.. At the present
time we are unable to distinguish between these
two possibilities.

Finally, since the rate of exchange appears to be
independent of isomeric composition of the dibro-
moethylene, Fx — Fz; = Fc — Fr. The data on
the isomerization equilibriuin reported above indi-
cate that at 35° Fg ~ Fr = =165 cal./mole.

Then, if kcsy = 2k, we find that Fx — Fy = —396
cal./mole. If kca = 1.5ke, Fx — Fy = +92 cal./
mole. Therefore, the data permit us to say that

the free energies of transition states X and Y are
nearly equal and differ by no more than a few
hundred cal./mole.

The activation energy calculated for the therinal
exchange reaction is 22.3 kecal./mole. This activa-
tion energy is greater than the activation energy for
the process Br + C.H,Br, — C;H;Brs, and the dif-
ference should be equal to half the energy of disso-
ciation of bromine in carbon tetrachloride solution.
In the gas phase, half the energy of dissociation of
bromine is 22.7 kcal./inole. Presumably the en-
ergy of dissociation in carbon tetrachloride solution
is less than in the gas phase because the free atoms
of bromine are solvated more strongly than the
molecules, but probably the difference is not large.
Therefore, the reaction of a free bromine atom with
a dibromoethylene molecule takes place with a
very low activation energy which is probably little,
if any, more than the energy required for the dif-
fusion process which brings the reactants together.
This conclusion is consistent with the observations
of Miiller and Schumacher that in the gas phase
bromine atoms add to acetylene!® and to dichloro-
ethylenelt without activation energy.

During a study of the bromine-catalyzed isomer-

©8)
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Fig. 5—Energy diagrain for isomerization and exchange

reactions of iodine and diicdoethylene. Numbers in paren-

theses are energies in kcal. /mole.

(13) K. L. Miiller and }.-J. Schumacher, Z. physik. Chem., B39,
352 (1938).
(14) K. 1. Miiller and 11.-]. Schamacher, 16id., B2, 327 (1030).

HvMAN STEINMETZ AND RicHARD M, NoOvEs

Vol. 74

ization of the dichloroethylenes, Ketelaar, Van Vel-
den, Broers and Gersmann?®® proposed a slightly dif-
ferent mechanism of chain propagation. In our
system, their mechanism could be formulated as

CzHgBr.\g =+ CQ*I{QBI‘Q —_— CgHgBrz =+ C2*H2Br3

where the asterisks are used merely to clarify the
equation. The last experiment presented in Table
1T indicates that the rate constant for isomerization
is independent of dibromoethylene concentration in
this range. Therefore, in our experimnents the
C,H;Br; radicals dissociated inuch more frequently
than they transferred bromine atoms with dibromo-
ethylene molecules. Ketelaar, ef al., were working
in pure dichloroethylene without added solvent, and
the mechanism which they propose mnay well have
been important in their system even though it was
1ot applicable in ours.

It is interesting to compare the results of this
study with the previous experiments with diiodo-
ethylene and iodine.* In those studies the rate
constant for thermal exchange of the ¢is isomer in
non-polar solvents could be described by the ex-
pression 4.1 X 101%~%8¢KT  The corresponding
rate expression for cis-dibromoethylene and bro-
mine is 3 X 101%~2*%/ET  The reactions presum-
ably proceed by identical mechanisms, and the re-
markable agreement of the temperature-independ-
ent factors helps to vindicate the rather complicated
treatiment of the data which had to be used in the
present investigation.

The energy relations for the iodine systeni are
presented in Fig. 5. The dotted lines indicate the
uncertainty as to whether there is any stabilization
of CoH,lI; relative to C,Holy + 1. However, since a
bromnine atom adds to dibromoethylene with little
or 1o activation energy, we might expect that the
8 keal./mole activation energy for exchange in di-
iodoethylene indicates that C,H,l; is little if any
stabilized against dissociation.

We would like especially to know the difference
in the energies of a C,H.X; radical in its stablest
configuration and in the transition state for isomer-
ization to the other form of the radical. Although
we cannot obtain this information from our data,
we can set minimum values. Thus, for the iodine
case we can be confident that the energy of Y in
Yig. 5 is at least 3.8 kcal./mole greater than that of
A or B, and we do not believe the difference is much
more than this. For the bromine case, we are able
to make an even cruder estimate of the energy dif-
ference. The ultimate fate of a C;H,Br; radical is
determined by a competition between two processes

k
CsH:Bry — C,H.Br: + Br (R1)

kg
C.H,Br; + Br; —> C;H,Br, + Br (R2)

We can say that k./kg[Br;] = kca/ka[Br:] =
2(or 1.5)ke/ka[Br;]. At 45°, k. = 1.38 X 10—
(mole/ml.)~"*sec.~!and k. = 0.38 (mole/ml.)—"/
sec.™! Then k./kg = 0.0073 (or 0.0054) mole/
ml. Even if step R2 takes place at every encounter
in solution, ks can hardly be greater than 1.1 X
10'% (mole/ml.) ! sec.™!, the rate constant for the

(13) J. A. A Ketelaar, . P, Van Velden, G. H. J. Broers and 1. R.
Gersmtinn. J. Phys. Colloid Chesm,, 88, 087 (1931).
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recombination of iodine atoms in hexane® Then
the maximum possible value of k¢ would appear to
be 8 X 10 sec.!, If the temperature-independent
term for k. has the “normal’”’ value of 10'% sec.™!,
the minimum energy of activation for step Rl is
3.0 kcal./mole. This value is undoubtedly mini-
mal, for ks is almost certainly distinctly less than
1013 (mole/ml.) ! sec. ™.

The above argument is very qualitative but sug-
gests how some additional information could be ob-
tained. At concentrations of a few moles per liter of
bromine, the rates of processes R1 and R2 should be
comparable. Under these conditions, kineticstudies
of the addition reaction could evaluate kca and ka/kg
at various temperatures.’® Such results could es-

(16) Data of this sort were obtained by Miiller and Schumacher for
the vapor-phase bromination of dichloroethylene. Unfortunately,
they made a mistake in algebra on p. 368 of Reference 13 and thought
they could calculate absolute energies of activation for reactions corre-
sponding to our processes R1 and R2,
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tablish the constant of proportionality between kca
and k. and determine whether one or both of the
bromines in the dibromoethylene become equili-
brated with the entering bromine atom. The re-
sults could also provide a better minimum value for
the energy difference between Y and A or B. How-
ever, all of our studies serve only to provide us
fleeting glimpses of the peaks represented by
transition states X, YV and Z, and to measure their
heights relative to the surrounding plains (C and
T) Kinetic measurements alone can never ex-
plore the mountain valleys to locate levels A and
B. We have a slight hope that the concentration
of CoH;Br; radicals might be measurable in an equi-
librium or photostationary state, and that the quan-
titative picture in Fig. 4 could thereby be com-
pleted, but we do not see how to make the measure-
ments by any techniques available to us at present.

New York 27, N. Y,
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The Molecular Yield in the Decomposition of Water by Hard X-Rays'

By EVERETT R. JOHNSON AND AUGUSTINE O. ALLEN
RECEIVED FEBRUARY 16, 1952

Dilute aqueous solutions of a number of oxidizing and reducing agents at various concentrations give on irradiation with

hard X-rays identical initial yields of hydrogen gas.

This yield of molecular hydrogen is therefore characteristic of the ac-
tion of X-rays on water, and occurs simultaneously with the formation of free radicals which react with solutes,

The molecu-

lar yield is decreased about 189, by addition of 4% of sulfuric acid to the water.

A number of observations on the radiation chem-
istry of water and aqueous solutions have been cor-
related by the idea that the systems behave as
though the water were reacting simultaneously in
two ways?——a decomposition into free radicals
and also a decomposition into molecules

H,0 —> H + OH (1)
2H20 — Hg + HgOz (or Hs -+ I/2()2 + Hgo) (2)

The radicals formed in (1) are assumed to be re-
sponsible for most of the reactions undergone by
solutes in irradiated solutions. Consequently in
the presence of solutes which are sufficiently reac-
tive toward the radicals produced in (1) a constant
initial yield of hydrogen gas should appear from
reaction (2).

Hydrogen yields from a variety of oxidizing and
reducing solutions have been determined with the
object of testing this prediction.

Experimental

Reagents and Materials.-——The water used in all these ex-
periments was obtained by redistilling ordinary distilled
water, first from alkaline permangarrmate, then acid dichro-
mate, then dilute sodium hydroxide into a Pyrex vessel
from which the final distillation was made. The distillate
from this last flask was condensed in a silica system and col-

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

(2) (a) A. O. Allen, J. Phys. Colloid Chem., 83, 479 (1948); (b)
A. O. Allen, C. J. Hochanade!, J. A. Ghormley and T. W. Davis,
Report AECU-1413; J. Phys. Chem., 56, 601 (1852),

(3) C.J. Hochanadel, ibid., 56, 587 (1952).

(4) E. J. Hart, Tr1s JournaL, 73, 1891 (1951).

(5) E. J. Hart, Reports AECU-1250 and ANI.-4636;
Chem., 86, 594 (1952).
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lected in a silica vessel. All reagents were C.p. and were
used without further purification, with the exception of fer-
rous ammmonium sulfate which was recrystallized several
times.

The sample bulbs (approximately 10-cc. volume) were
blown from 2-mm. Pyrex capillary tubing. All sample
bulbs were soaked in purified water prior to use.

X-Rays were obtained by bombarding a gold target with
2-Mev. electrons from an electrostatic generator made by
High Voltage Engineering Corp. of Cambridge, Mass.

Preparation of Samples and Methods of Analyses.—The
procedure for filling the bulbs is as follows: The solution
to be irradiated is placed in bulb A (Fig. 1), outgassed at
roomn temperature, and frozen with liquid nitrogen while the
entire system is being pumped down. When the pressure
is less than 1 X 107 mm. (as measured by an ion gage), the
liquid nitrogen trap is removed from the solution bulb and
solution boiled (about 40-50°) and refrozen. When the
pressure is again less than 1 X 1073 mm., that part of the
line containing the solution and reaction bulbs is sealed off
from the remaining portion by means of the heavy-walled

Vacuum Line

l— 4 Traps —

ol
Diftusion
Pump

|

Fore
Pump

Fig. l.—Arrangement for filling sample bulb.



