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EXCHANGE REACTION OF DEUTEROETHYLENE
ON NICKEL

By

Koshiro Mivauara™®
(Received October 10, 1957)

§ 1. Introduction

Franacan and Rapizyovitcu® has recently observed the rate of
catalysed formation of different deuteroethylenes from trans-dideutero-
ethylene or from 1:1 mixture of light and tetradeutero-ethylene in
the presence of nickel wire and explained their experimental results
quantitatively by a scheme involving chemisorbed hydrogen atom and
ethyl radical as intermediates, taking the isotopic difference of rates
into account. They assumed in their explanation that ethylene dis-
sociates to form chemisorbed hydrogen atoms once for all initially but
never later. This implies an abrupt change of the catalytic activity
at the first interaction of the catalyst with ethylene, which is rather
improbable.

The present paper deals with an alternative explanation without
such an assumption but based on the reaction scheme

C.H,
Im, 111 11, 11,
H.C—CH,—(H,C—CH, == (HC=CH,— (HC=CH (1)
* B * * * %
H H H

consistently related to the schemes which satisfactorily accounted for
the experimental results of the catalytic exchange reaction between
ethane and deuterium?® or between acetylene and deuteroacetylene®
and of the catalytic hydrogenation of ethylene®, where H stands for
protium P and deuterium D, and * signifies the bond of chemisorption.
I, 1L, II, and II, are steps respectively in overall equilibrium but not

*) Department of Chemistry, Faculty of Science, Hokkaido University.
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necessary in the exchange equilibrium, i.e. the isotopically detailed
equilibrium.

It is concluded from the results of the analysis that the chemi-
sorption I of ethylene, although quickest among the steps of the Scheme
(1) at observed temperatures, may control the exchange reaction at
sufficiently low temperatures and hence a prediction accecible to experi-
mental test is deduced.

The present author has further investigated the statement of
Fraxacay and Rasivovircu that their rate equations have been derived
both from the Rideal mechanism and the associative mechanism, It is
now shown that their rate equations are derived from the Rideal
mechanism but not generally from the associative mechanism, provided
that the Rideal mechanism as called by them is formulated as

II,
C.H, + H=—H,C—CH, 2.R)

and the so-called associative mechanism as

I 1,
C.H,— {ch— CH,—H,C—CH, (2. A)

H

*

where H may be supplied either as assumed by Franacan and Ranino-
VITCH o; as in (1), i.e. by steps II, and Il,; the so-called associative
mechanism or (2. A) leads to the rate equations of Franacan and Rasivo-
vrrenn in the extreme case when I is quick enough to attain the ex-
change equilibrium and hence (2.R) and (2.A) are kinetically identical
with each other.

§2. The Detailed Scheme and the Rate Equations

Scheme (1) is now developed, discriminating between P and D and
denoting trans-, cis- or asymmetric dideuteroethylene by t-, ¢~ or a-
C,P.D, respectively, as
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I
CePy(a) T2 CoPy
(ng —CP»)

GoPsD (a) — C:PsD
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GPD, (2} «
(ng——CPD-.)

CoPD; (a)
C,PD: (2)
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C:PD, (3) *
(PDC—CDy) 4

C:Ds
(ng*CDs)
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where the dotted or full line denotes the transfer of P or D respectively
and the annexed number indicates the fraction of the rate of dis-
sociation specified by the line, of the atom group on its left over the
sum of those of its all possible dissociations; the structures of the
atom groups C,P;, C,P,D(0) etc. are shown in the parentheses underneath
respectively.

On the basis of Scheme (3) the rate of formation of every atom
group is given, expressing the overall forward or backward rate of
step I efc. as V(1) efc. and the fraction of the number of C,P, efc. over
the sum of those of all isotopic substitution products of the respective
atom group as y“% efe,, as below for deuteroethylenes in gas

VP, — V(I) (yczp‘(m o yczP.>
VORD — V(I) (yCZPaD(a)_ CZP3D) (4' a)
chD4 = V (I) (yCzD4(“)_.yCzD4> ,
for chemisorbed ethylenes
& & LY —1- 2Py ! 2Pyt

VOR® — V(I)(yczp‘— C,P( )) + V(Ha) <y(‘ LI 3 yc P g 0,P ¢ ))

+ V(IIb)(yCZPSyP__yCZP‘(a))
2
J,PyD(ad s 2 Fa D)) P, D) — PLU
Vl P,D( )_V(I)(yCPD yCPD( ))+ V(Ila) (yCl’ 0 + 3 yCPD(O)

2 & 2 \
+ % yo,P,D,(n + ,3_ y(,zP,D,(-)_ yczpén(m ) + V( I Ib) <yCzP,yD
+ yCZPzD(myP + yoszD(u )y}’ + yCszD(lc)yP _ yczPaD(a))
VECeP.Dye — V(I YOFDD__gt -cszDz<a))+ V(Ha) (L yCuFsD: D
3 «
+ %_ yczpzna(z)_yt-czPZDZ(a) ) + V( I Ib) <y02P2D£1t )yD + % yGZPzD(myD

+yCZPD2(1t)yP +%yCzPDz(lc)yP_ytACszDz(a)> > (4- b)
Y e0.B,D ) V(I)(yc-C,PzDz__ ©-C,P,Dy(a) 4 V(Ha) (%chP,Dzu)+%yc,p2D,@>
1
_yc»GszDz(a)) + V(I Ib) ( 5 yCZPzD(Ic)yD + _;_yCZPDZ(IC)yP

_ c~C,P2D2(a))

VOB — V(I)(y"'CZPzDz——y‘*'czPrDz(“)) + V(L) ( g 0P _?];_yczr,nz(z)

—_90 —



Exchange Reaction of Deuteroethylene on Nickel

+ _31_J0 (PDiCD | 0,P Dy ychDm)
+ V(L) (0 POyP . CPD @y P ga-0:P,Dy(a0)
|/ 0D — (I)(yoz} D, __,,0,PD, («0) + V(H ) (——yczp Dy ‘;d C,P,Dy(2)
+ ?szPD.(ﬂ) 0P c,rn,(a)) + V(IL,)gorrcoyd
S CFDIOYD g OFD D | g 0Dy O, PD ()
VoL = P(I) (0 — O™ 4 V(I1,) (—;— YO 4 0D yCzD‘(a)>

+ 1/(‘[1")( C, DayD_y(‘zD‘(ﬂ.)) , J

and for chemisorbed ethyl radicals
chP5 = V(II&)(yczP4(“)yP~yczPs) \
Yoo _ V(IL) (__;_yCZPaD(a)yP . yczp‘n(o))
yerom — Y (I1,) <y("zP‘(a)yD +%yczrgn(a>yp__yczmnu)>

Y+ C PzDz(a),)/P 9CeFD: (0))

yC P,D(u)yD + ye-czpznzm)yr + yC'CszD;(ﬂ“fyP__yCzPaDz(l))

1 a- a 2

_E,y C,P,D,( )yP __yc,P,D,<_)>

a (‘szDZ(a)yD -+ —;‘ yczPDS(”)yP__ y02P2D3(1)>

VC:PD0 — I Vi, ) <
Y CP DD V(II ) (

Vc P,D, (D __ V(“ ) yc P,D(a)yD +

f . ¢)

N‘r—-ﬂ N\H N}H m'.—a

YV CP Dy _ = V(I ) #-CP DDy ge-CiFaD @D | 1 YO @y P yOZPzD,(:‘))

VCPD\I) ‘V(II)(
Y C2. Dy V(I I ) ( 1 . C,P,D,(a)yD_yCszD,<3))
Ve (VII (__Lyc PD, (a)y 4 gCDyP yczpn‘(z))

V€D V(L) (_ yCeFD P yczpn‘(a))

Y :Ds — V(II )(yc D, P__ o,ps) . )

The y©*, yor2® .. gnd y%™ are expressed, in accordance with the
conclusion of the previous paper®>® that the step II, is quick enough
to attain the exchange equilibrium, as
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Yo =@y

C.P,D(0) _ o C,P (DIt _ /0P, D) _ > D
yC PD,(1t yc PD,( 1 yc PD_(2) (yP) f., ( 5 )
YRR =g DO =y DO — o F (P

o — (yD)s .

The above developments are now applied below to the analysis of
experimental results.

i) The isomerization of trans-dideuteroethylene at 75°C.
Specializing Egs. (4.b) and (4.¢) to the initial conditions, i.e.,

yc»C,P,Dz =1 , yczb‘ :yc_cszD’ :y“'CszDz — ,C.PD; yCzD4 =0 ( 6 )

for the reaction of trans-dideuteroethylene at 75°C, putting rates V¢l
etc. of intermediates P,C—CP, efc, individually zero for the steady state,
* *

and eliminating %% etc. and y°*: efc. from the resulting equations, we
have

1 2’!/P C,P,(a)_ ayP C,P.D(a P4
1 —a Pt} 23 ().' B3

< l—a _3 +—62£> yCzPsD(a) — % (Zyozl"“‘)yl’ + yc-cszD‘(u.)yP + yc-(‘rzl’zDz(:&)yP

+ ya~C,PzDz(a)yP) + 46 (,yl’)syn
<l = %) gFOeam — (1—a -—ﬁ) + _%(yczp,D(a)yD+ 2yfeCiF D>
4 yCRDyRY | 3 3 (yPyD 2

(1__ g_ ) Yo OF D — % (0P DOYD . Dgyt-OLPD +yczpn,(a)y1>> + B Y°y &

(1= B )yrommsor = QP 4 ) + 2805

<1,_ a 3+62?JD >yo,PD,(m — g_ (yt-CszDz(a.)yD H O DD | 8O0y D
+24°PT) + 4By

<1—— a _];"'32_:‘/1)) YEP — % YOEPYP . B (o) )

(7.

where
a= VIL)/{V(D)+ V(IL)+ V(IL)} and = V(L)/{V(D+ V(IL)+ V(IL)}.
(7.a), (7. B)
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The y°:* efc. are now solved as functions of a« and 8 from the
six independent equations of (7.y), and the relations

yCzPo(“) + 9 CoPs D) 4 L, + yCzPDs(“) + ycch(a) =1

and

1
== 1 8
Y=y = (8)

which follows from (6) by neglecting the isotopic difference in rates, as
YO =1+ 5B, ¥ = Ay B, ©.9)

m

and

4= 12<i—£>

« 3
Ay = Ao = A= a4, + A) / 12 <1~ 23“)

T I R

A = A4,

B, = 3p/16a

B, = — l—ig:f( 3_32)’”7417(3**33)“ ’56(?3——22) 0.4
S BT DAL =

B, = %T(BIWLB,;) HW?»S%&')

b= {__%(}(%:%+ (- %)B‘+ Z}/<1 23a 312;a)

B= ol 1) )

where m=1, t-2, c-2, a-2, 3 or 4 denotes C.P.D(a), t-C,P,Dya), ¢~C.P,Dya),
a—C,P.D,(a), C.PD4(a) or C.D, (a) respectively. The values of « and j are
adjusted according to the equations (4.a), (9.y) and (9.4,B) to the
experimental results of Franacan and Raminoviten with satisfactory
agreements, as shown in Table I, between calculated and observed
relative values of initial formation rates of C,P,D efc., i.e. the ratio
of VP efe,
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TABLE L

Observed and calculated relative values of the initial

formation rates V°F. efc. of deuteroethylenes from

trans-dideuteroethvelene at 7.4 cmHg and 75°C on nickel.

Parameters adjusted

Relative values of initial formation rates, %

|
[ Deuteroethylenes
Parameters a B }Remark‘ op | C.P:D, ‘
- N | LR CB:D [ rans | cis | asym. }C"’PD:‘ C:Dy
| | ' |
i — I |
Adjusted obs. 1 0.3 185 100.0 J 62.0 0.7 ; 185 | 0.3
6x10-2{1x 10~} ‘ T [ —- J§
values cale. | 015 252 rloo.o 47.9 03 2|0l

ii)
at 153°C.

The exchange reaction between light and tetradeutero--ethylene

The analysis has shown that both « and § are vanishingly small
compared with unity or, according to (7.a) and (7.53), I is practically in

the exchange equilibrium.

Identifying in consequence %%'<* efc, or

VE2@ gfe, with ybFf ete. or V%" efe. respectively and putting rates V'
ete, of intermediates PQQ—CP3 ete. individually zero for the steady state,
we have from Egs. (4.b), (4.c¢), (6), (8) and the initial conditions, i.e.

B
16a
B

4a

yﬂﬂ’.:y(’ﬂ%:i and y*"'=y
VO V(L) = VOPY V() = — %
vern vy = Ve vy = L
(Ve Pood, L oy V(IL,) = 3/8a.
TanLE IL

6-0,10,0, yc-czvznz — yrl.—(lzl'zD: =y P,

(10)

Observed and calculated relative values of the inial forma-

tion rates V9P VISP gt from 1:1 mixture of light and

tetradeutero-ethylene each of 3.8 cmHg partial pressure at
153°C on nickel.

Parameter adjusted

Relative values of initial formation rates, %

Deuteroethylenes
Parameter B3/ Remark P.D.
aremere ©OTE op, | opp | CRD: | Py | o
Adjusted | obs | —500 ’ 480 4.0 480 ~ 50.0
26x10-* | ‘
value cale. | — 500 ‘ 486 27 | 486 — 50,0




Exchange Reaction of Deuteroethylene on Nickel

The relative values of V%" efc. calculated from the value 0.026 of B/a
adjusted to the experimental values are shown in Table II in com-
parison with the latters.

§3. Discussion

The experimental results of Fr.aANAcaNn and RarviNnoviten are quanti-
tatively interpreted on the basis of the Scheme (1) without resorting
to the improbable assumption referred to in the introduction.

The ratio V(IL,)/V(II,) is 0.0018 or 0.026 at 75°C or 153°C respec-
tively as computed from the values of parameters given in Tables I
and II, i.e. it decreases with decreasing temperature. The ratio
v/ {(V(D+ V{1L,)+ V(11,)} decreases on the other hand with decreasing
temperature from unity at 153°C, as follows from the exchange equi-
librium of I concluded in §2 ii), to 0.94™ at 75°C as calculated from
the values of parameters given in Table I.

These ratio may hence be appreciably smaller than unity at suf-
ficiently low temperatures, so that V(II,) as well as V(I) is negligibly
small compared with V(II,). It follows now according to the Scheme
(1) that the exchange reaction proceeds principally through I, and I,
with the rate controlled by the latter resulting in the ‘random distri-
bution’, i.e.

Ol Dp(a) 4! Py -2 n
) k PYI7E. ) (n£L4) (11)

or according to (4.a) and (8), in an experimentally verifiable conclusion

- 3 ,
Veli-aPn = V() (2 —gfe-nln ), Z4 12
()<2-n!(4——n)! Y ) (m<4) 12)

where ¢’ "=(n £4) depends on the initial condition of the experiment.

*) This value of V{I)/{V()+VIla)+V(IIn)} is sensibly discriminated from unity which
leads to the negative value of the essentially positive quantity f/a, when adjusted to
the observed values of VC.F:P, Ve-CoteD; or V-0, according to the rate equations

VP DIV (1l,) = % + -

4
VeO,PDy 1 (IT) = % e

B
162
V0.0, P ATa) = ‘:;— —%(85?

which are derived similarly as in §2 ii) for the exchange equilibrium of the step I in
accordance with unity of the value.
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It will now be shown that the rate equations put forward by
Fravacan and RasmvovitcH” without giving theoretical grounds are
derived from the Scheme (2.R) but not generally from the Scheme
(2.A). According to the Scheme (2.R), V%™ efe. are given respectively
by VOr® gte. of (4.b), with ¢ efe. and V(I1,) there respectively
substituted by y°*« etc. and V(II,), neglecting the terms implying V(II,)
in accordance with the absence of the step II, in the Scheme (2.R)*,
whereas the appropriate steady state condition is provided by (4.c)
with the similar substitutions as those in (4.b) putting rates Vo' efec.
of intermediates ng——CPg etc. individually zero; noting further that

¥ +y°=1, we have thus

V(‘l /V(IIQ) — ( lal)y‘ ; y‘yzl’.,yl) \
VP D/V(Ila) _ ( l‘yl) 4= ; (_/t (331'21)2+yc-(?2|'2])2) yp
1 -, ) D 1 4 1 1 1 G, 17, D
+— D =y = e
g U (G g g ) (13)
(Vr,( AL 1)2+Vc( T, “)/V(II )_ 4 ( AL I)Uh+ ; T ”'"I/
1 A4 1 ] - 1D c-C, 1D
—f{ + 21717 PLELLP]
( g U gy )(y )
................ )
which give just the rate equations given by Fra~sacas and Ranixovreen
dC"/dt = ky (C-D), C"""C" - 2k,,(C-H), C"*C" \
dCV/dt = 2k,,(C-H), C":"C" + 2k (C-D),(C* """
+ et znz) cr +ku(C~D)._, oy Or
— {ku(C-D),C" + k,,(C-H),C" + k,,(C-H).C"} C""+" (14)
d(CH " ) dt = k), (C-H), C'+""C" + k; (C-D), C*""= C"
{2k, (C-D), C" +2k,,(C-H),CV} (C¥ <" - O3V
(¢: time) /

by replacing %" or y“"« efc. with the concentration C" or C"" efc. of 1:
or C.P, etc. respectively and coefficients 1/6, 1/3, 1/3 and 1/6 respectively

*) Terms implying V(I) vanish at the replacement of y':"«*) etc. by y''+ etc. respectively.
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with kg (C-D),, kn(C-H), kz(C-D), and %5(C-H), in accordance with their
system of notation. On the basis of the Scheme (2.A), on the other
hand, the rate equations (13) result in the case of the exchange equi-
librium of I, when (2.A) is kinetically identical with (2.R) and II, with
II;, but not generally as seen from the random distribution of (12),
which is incompatible with (2.R)*™, in the extreme case when the
exchange reaction is controlled by I.

The present author wishes to express his sincere thanks to Profes-
sor J. Hoxrurr for his profound interest and valuable discussions on the
present work.
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