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The “anomalous” increase of ci-s-ethylene-d* in the equilibration of trans- 
ethylene-d2 reported by Flanagan and Rabinovitch (1956) is explained quantita- 
tively on the basis of direct isomerization between both species. Rates of both 
exchange via the half-hydrogenated state and isomerization are calculated accord- 
ing to an analytical method given by the present authors. It could be shown that 
the introduction of the kinetic isotope effect proposed by them is not necessary 
and further that there is evidence for direct-isomerizing mechanism via a distortedly 
adsorbed ethylene. 

The formulation obtained here is applicable also to ethylene hydrogenation and 
would give information on kinetic details of each elementary step in the reaction. 

Attempts to calculate elementary-reac- 
tion rates from deuterium distribution in 
reaction products were made by Keii (1) 

and by Kemball and Wells (2) in ethylene 
hydrogenation, and also by Yasuda and 
Hirota (3) in olefin hydrogenation. The 
methods by Keii and by Kemball and 
Wells, however, are applicable to the 
deuterium distribution only at the initial 
stage, while ours is applicable at every 
conversion. 

Detailed investigations of the nickel- 
catalyzed exchange and isomerization of 
deuteroethylene were undertaken by Flana- 
gan and Rabinovitch (4, 5) assuming the 
existence of an intimate relation between 
the exchange associated with the isomeriza- 
tion and hydrogenation reactions of olefins. 
The time course of the equilibration of 
trans-ethylene-d2 was studied and the 
anomalous increase of cis-ethylene-d2 as 
compared with its expectation, was ex- 
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plained on the basis of an isotope effect 
in the rupture of the carbon-“hydrogen” 
bond. The fact that ethylene-d, and -dS 
(and also -d, and -d,) are produced in the 
same amount from trans-ethylene-dz, how- 
ever, appears to afford evidence against 
the isotope effect. It seems, therefore, that 
some inconsistency is contained in the 
assumptions adopted to derive their equa- 
tions that fit the experimental results. The 
results have been criticized by Miyahara 
(6) already. 

In this paper their experimental results 
are analyzed as an extension of the method 
proposed by us (S). Thereby, the isotope 
effect which was ignored for simplicity in 
the original treatment is considered but it 
turns out that a direct-isomerizing process 
between cis- and bans-ethylene-d, on the 
nickel surface may be more important. 

The exchange and isomerization can be 
regarded as a special case of ethylene 
hydrogenation, and general equations to 
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give information on elementary-reaction 
rates in ethylene hydrogenation will be 
derived in the present formulation. 

NOTATION 

Both hydrogenation, exchange, and also 
isomerization, in part, of ethylene may 
proceed via the half-hydrogenated state 
proposed by Horiuti and Polanyi (7) : 

it lb 
H2 (Y) 

Capital letters X, Y, and 2 represent 
total numbers of ethylene, hydrogen, and 
ethane molecules in the gas phase, respec- 
tively, irrespective of isotopic content; A 
and B, total numbers of chemisorbed ethyl- 
ene and half-hydrogenated ethyl radicals, 
respectively. 

The elementary steps are named Ia, Ib, 
II, and III ; numbers of molecules trans- 
forming forward and backward through 
step K in a unit time are denoted by VK 
and V-,, respectively. 

A single subscript, i, is added to a quan- 
tity concerned with the isotopic species 
containing i deuterium atoms. Isotopic sub- 
species belonging to the same kind of iso- 
topic species are distinguished from each 
other by a supplementary subscript, j. 
Their mole fractions are represented fur- 
ther by corresponding small letters ; in the 
case of ethylene in the gas phase, for 
instance, the following relations exist 
among the representations defined above: 

x = f xi, xi = 2 xi(j); 
i=O i 

2; = Xi/X, Xi(i) = Xi(j)/X. (1) 

A set of zi, {xi}, is called the fine deu- 
terium distribution and {z~~I)}, the hyper- 
fine deuterium distribution. 

DERIVATION OF EQUATIONS 

1. Relations Between Fine Deuterium 
Distributions 

As a typical example, let us consider the 
change in species Bi with time. It follows 
that 

BL = VIdPUi + dai-1) - (V-11 + VI&, 
(2) 

where p or d is the probability of a “hydro- 
gen” atom being an H or D atom, respec- 
tively, when the atom and an A species 
are combined in a B species. Hence, 
obviously, 

p+d=l. (3) 

On the other hand, the definitions Bi = 
biB and VfK lead to 

B; = 6,B + (Vrr - V-II - VIII) bj. (4) 

Comparison of Eq. (2) with Eq. (4) gives 

bi = (VII/B) { (Pai + dai-1) - bi} * (5) 

If the amount of adsorbed ethylene on 
catalyst is negligible compared with that 
of ethylene in the whole system, the in- 
equality /&,I < VII/B is valid (3). Since 
this condition is usually satisfied, Eq. (5) 
becomes 

b; = PCLi + dCL-1. 03) 

After similar consideration on Xi and 
$4, we find 

uj = xi + i:i/U&, u-1, = v-1,/x, (7) 

and 

wi = phi + dbi-1, Wi ZE Zi + (Z/i)iij (8) 

respectively. The probabilities p and a’ at 
step III are assumed here to be identical 
with those at step II. Simple elimination 
of the fine deuterium distributions, {ui} 
and {bi} which could scarcely be observed, 
gives 

WI = p2Xi + 2pdXi-1 + d2Xi-2 

+ (p%i + 2 PCki-1 + d2Cti-2)/U--Ia~ (9) 

Another elimination of them from Eqs. (6), 
(7), and (8) gives (Appendix) 
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i=l i=l 

Substituting Eq. (10) to Eq. (9) where 
i is chosen to be zero, we have 

This equation would be useful in analyzing 
fine deuterium distributions in an ethylene 
hydrogenation reaction. 

2. Relations Between Hyperfine 
Deuterium Distributions 

Let /3 be the ratio of the C-D to C-H 
bond rupture probability in the transfor- 
mation of a B species into an A on removal 
of an H or D atom. Then species A, and 
A,, for instance, arise from species Bjc2) 
at rates proportional to p/(2 + j3) and 
2/ (2 + /3) , respectively: 

(Ao) 

(AI) 

‘c-c’ 
‘4r A’ 

‘c-c’ 64 c’ 

Here the small circles denote deuterium 
atoms. 

In consideration of A,(j) in much the 
same fashion as Bi, we obtain the follow- 
ing equations; 

1 P 
2 + p 

( 
z pal - 2 da0 

> 
V-II = iJ~XVl,/V-I,, 02) 

r P 2 da0 + hp Paz(l) + ~ 
2+/3 

2 + p w(2) 

+ i2rtT3, 
5 + 4P 

p + 20 + %o@ + P> 

X cl - 1 > 1 al V-II = klXVI,/VL, (13) 

V-II = ~T~~IJVI~/V-I,, (14) 

d d 

2+P 
a2(1) + r+- a(2) 

4 + 5P 
2(1+2p)(a+pP 

1 + 40 
+ 20 + a/3> d 

-ZC pa4 V-11 = &XVIJV--I~, 
I 

(16) 

a3 - @pa4 V-II 

= ~4XVh/V-Ia, (17) 
where x2(1) and z~(~), as well as az(,, 
and azt2), correspond to CH,CD, and 
CHDCHD, respectively. 

When discrimination between cis- and 
trans-CHDCHD is required, Eq. (15) is 
divided int’o 

and 

+f&p pa3 
> 

V-II = tk2~2$T~,/V-~,. 

(15t) 

APPLICATION 

Flanagan and Rabinovitch (5) studied 
the time course of the equilibration of 99% 
tram-ethylene-& on nickel wire at 75°C. 



78 YASUDA AND HIROTA 

FIG. 1. Equilibration of trans-ethylene-& at 75°C (5). The solid lines correspond to the values of 
equations in Eqs. (18) and (19): Q represents mole fraction of total C2HzDz, x2; 0, that of cis-CHD- 
CHD, CQ(~); A, that of GHD3, x3: l , that of CzHaD, 21; n , that of asym-CD&H,, I~(~): A, that of 
C&Ha, x0; 0, that of C&Da, x4. 

The results are plotted in Fig. 1; they are 
expressed well by the solid lines of 
the following equations except for cis- 
CHDCHD; 

x2 = j!$3 + 2eckt + 3e-2kt), 
\ 

X2(1) 

21 = 

where a is a new parameter, whose mean- 
ing will be discussed below. By choosing 
0.27 for (Y the experimental values coin- 
cide well with the calculated ones. How- 
ever, the same agreement can be obtained 
by our following treatment, on the basis 
of a more reasonable model. 

According to the results shown by Eq. 
(18), there are experimental relations of 
z1 = x3 and x0 = x4 at every conversion. 
Thus we have Eq. (20) from Eq. (7) 

x0 = x4 = &(l - e-kt)2. a1 = a3, a0 = aa. (20) 

Comparison of Eq. (12) with Eq. (17), 
These expressions were also derived by therefore, leads to 
analytical treatment on the basis of their 
reaction model. 

The amount of ck-CHDCHD was de- & 
rived also as 

i{ 1 + 2e-kt + e--2kl %(2) = - 
- he--(a+*/afl)kt], (19) which is rewritten as 
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(P(l + 2P) - fw + P + P2)4a1 

+ 4M2 + 6) 
- (1 + 4p + p2)d)ao = 0. (22) 

Since Eq. (22) holds at every conversion, 
it is required that 

PC1 + 2P) - 20 + P + b2)d= 0, 
P(2 + P) - (1 + 4P + P)d= 0. 

(23) 

Consequent81y, the following results are 
obtained: 

P = 1, (24) 
and 

cl = 0.5. (25) 

In the present case of exchange and isom- 
erieation, the ethylene pressure must be 
constant. It then follows that 

VI,/V-I, = 1. (33) 

Equation (12) combined with Eq. (7) is 
rewritten, therefore, after substitution of 
the conclusions in Eqs. (24), (25), and 
(26) after consideration of the experimental 
results in Eq. (18)) by 

(1 - e-kl)(l’-ir - 3kX) 
- k(1 - 2e-“t)V-ir/u-i, = 0. (27) 

In order that Eq. (27) may hold at every 
time, it is required that 

IT--II = 3kX, (25) 
and 

T’-Ia = lx. (29) 

Substituting the various conclusions of 
Eqs. (24), (25), (26), (28), and (29) into 
Eqs. (15~) and (15t), we have 

Id 
s &%2) = k(l - e-zkt) - 2c.x2(2) + tx?(z), 

(3Oc) 

Id 
x $~2(2) = $1 - e-2”“) - 2txz(2j + CZ~(~), 

(30t) 

where r, is replaced by the experimental 
result given in Eq. (18). The solution for 
c~Z(Zj, under the initial conditions of t~2(2j 
= 1 and C~2,r, = 0, is given by 

eJk(2) = i(l + 2ehkt + e--2kt - 4e-3kt), (31) 

which is shown in Fig. 1 by the dashed 

line. This does not agree with the experi- 
mental values.’ Modification of the equa- 
tions is attempted, therefore, by adding a 
term which corresponds to direct transfor- 
mation between cis- and trans-ethylene; 
i.e., 

+ r(txzc2, - cud, (32~) 

Id 
z $X2(2) = 

1 
‘(1 - ee2”“) - 2tx2(~j + CX2(2) 8 

1 

- .Htx2(2) - cx2(2)), (3W 

whose solutions are described generally as 

CX~(~) = i(l + e-“““) + Cle-kt + CZe-(3+2c)kl, 

(33c) 

t12(2) = 
$1 + e-2kt) + Cle-"t - Cze-(3+2W, 

(33t*) 

where C, and C, are constants. 
Taking account of the initial conditions 

again, we have 

CX~(~) = k{l + ‘&-kt + e--2kt - &(3+2Ukt). 

(34) 

By choosing 0.54 for % in Eq. (34) the 
solid line of cis-CHDCHD in Fig. 1 can 
be derived. 

DISCUSSION 

The second term on the right in Eq. 
(32~) equals 

C&2(21 - Ca2(2J 

because v_~, = co in this case, which sug- 
gests a direct-isomerizing mechanism via 
species A besides that, via the half-hydro- 
genated state. 

The temperature dependence of the cis- 
CHDCHD product in the nickel-catalyzed 
isomerization of trans-CHDCHD was in- 
vestigated in detail by Flanagan and 

* When (Y is chosen to be unity in Eq. (19), 
the equation coincides with Eq. (31). The unity 
means that the C-D rupture probability equals 
that of C-H. This fact is a reason why a kinetic 
isotope effect is considered by Flanagan and 
Rabinovitch in their analytical treatment. 
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Rabinovitch (4) over a temperature range filament spectroscopy and field emission 
as large as -7%429”C, which is expressed methods. By analogy, the isomerization 
by Eq. (19) with an appropriate value of might occur via a distortedly adsorbed 
(Y. Comparison of Eq. (34) with Eq. (19) ethylene. 
shows that 5 is connected with cr by the On the other hand, the present procedure 
relation concludes that /3 = 1 and cl = 0.5; there 

3 + ap = a + (l/cr) + 1. (35) is no isotope effect. The surprising result 
reminds us of a dimerization mechanism 

The experimental results of (Y are shown 
in Fig. 2 together with the corresponding 

of ethylene on nickel proposed by Whalley, 
D avis. and Moss (9) bv the field emission 

I I 

2 4 103/, 

FIG. 2. Temperature dependence of 01 and E. 

values of P calculated from Eq. (35). The 
contribution of the direct-isomerizing 
mechanism increases as the temperature 
decreases. This fact may be understood 
by taking account of the decrease in the 
amount of species H yielded by dissocia- 

tively adsorbed ethylene with decreasing 
temperature. Thus, a possible mechanism 
for the direct isomerization via a dissocia- 
tively adsorbed ethylene such as CH-CH, 

?; 
may be rejected. 

Hansen et al. (8) proposed trans-diad- 
sorbed ethylene on tungsten by flash- 

method or a concerted reaction mechanism 
in ethylene hydrogenation on metals pro- 
posed by Gardner and Hansen (8~). If 
the exchange occurs between a pair of 
adsorbed species only, the isotope effect 
would be quenched because the C-D rup- 
ture always associates with the C-H rup- 
ture. The latter mechanism is unlikely in 
this case, however, because the exchange 
is stepwise as will be shown below. 

The absolute values of the exchange and 
isomerization could be evaluated if the 
absolute values of k be given. Flanagan 
and Rabinovitch did not show them be- 
cauPe the catalyst activity decreased pro- 
gressively with continued exposure to ethyl- 
ene. According to the present treatment, 
however, the raw data of Ic would be able 
t,o give certain information upon the cata- 
lyst poisoning in such reaction. 

The result that V+ = 00, leads also to 

and then 

al = x1. (37) 

It appears, therefore, that the discrimina- 
tion between species X and A is appar- 
ently unnecessary, corresponding to the 
Twigg-Rideal mechanism in ethylene hy- 
drogenation. However, species A plays a 
more important role in the isomerization as 
shown above. The result of Eq. (36) shows 
further that the exchange is stepwise as 
estimated by Flanagan and Rabinovitch. 

They derived a differential equation 
similar in form to Eq. (32) where isotope 
effect defined by 

prob. of C-H rupture 
(y = prob. of C-D rupture 

was introduced. Referring to the deviation 
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from unity of the values of (II (Fig. 2), 
Kemball and Wells (Zb) proposed their 
revised theory. However, no alteration 
would be necessary in the formulation by 
Flanagan and Rabinovitch even if a were 
defined by 

prob. of C-D rupt’ure 
(y = prob. of C-H rupture 

because (Y is always associated with l/c~. 
The uncertainty of the value is clear. This 
is another ambiguous point in their assump- 
tions besides the ones mentioned in the 
introduction. 
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APPENDIX 

Let us take a summation of Eq. (9) such 
as 

6 

c 
iwi = d2 

c 
i(x; - 2xi-l + xie2) 

i=l 

- 2d C i(xi - xipl) + 2 ixi + 

3 c 
CP i(Li - 2ii-1 + i&2) 

- 2d 1 i(i; - k:i-1) + c i& 

which is simplified to 

?L1,-1 

t 7 (AlI 

Ziw; = 2d + Xxi + (Ziii)/v-~a, (A2) 

by making use of the identities 

Zi(xi - x;$ = Zix; - Z(.j + 1) x, 
= -ZXj 

and 

=- 1, (AX) 

Zi(Xi - ‘X,-l + xi-*) 

= 2iXi - 2Z(j + 1)Zj + Z(lc + 2)X1; = 0. 
(A4) 

Thus, Eq. (A2) leads to a sum rule of 
Eq. (10) which is applicable to olefin 
hydrogenation. 
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