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Cyclopentane-deuterium exchange has been followed on nickel and some nickel-
copper alloys in the temperature range 200430°K. In the whole range, the reaction
is accompanied by self-poisoning, and on Ni at 340-430°K also by hydrogenolysis.
The catalytic effect of alloying is most pronounced on hydrogenolysis and self-
poisoning, but is rather small with respect to multiple exchange. In having a low
activity with respect to the C-C bond fission, the Ni-Cu alloys are more reminiscent

of Pt than Ni.

An important question of interest in
heterogeneous catalysis is: which property
of the solid should be related to its aetivity.,
In the last twenty years many suggestions
have appeared in this respect. Apparently
most successful are the correlations of cata-
lytic activity with various parameters char-
acterizing the strength of the bond between
adsorbed reaction components and the
catalyst (I-4}. These correlations, voleano-
shaped or antibatic (low bond strength,
high activity) found for simple reactions,
have also gained some support by theo-
retical reasoning (I-§). However, serious
deviations from the general trend have been
found, too (4}, e.g., a surprising contrast
exists in the position of Fe in hydrogenation
or hydrocarbon exchange reactions. The
Fischer-Tropsch reaction, as a whole, ete.,
could serve as another example (4, 6). The
simple correlations are evidently insufficient
to make predictions on such subtle ques-
tions as the competition of various reactions
proceeding simultaneously on the same
catalyst. There is, therefore, a great need
for data on the selectivity effects. Some
progress has been already made in catalysis
by oxides {see, e.g.,, (7, 8)}, but much less
is known about metals and next to nothing
can be found in the literature on the se-

lectivity properties of alloys. This is very
surprising, as systematic studies on alloys
of well-defined surface composition should,
in principle, be able to provide very rele-
vant data with respect to some fundamental
questions of catalytic selectivity by metals.

Of the effects to be expected in alloying,
the most important for catalysis are pre-
sumably the following:

(1) In particular, collective phenomena,
such as ferromagnetism, are affected
by alloying. The electron distribution
around wndividual nuclei depends on
their environment, too. Thus, alloying
may causc some bonds to become
weaker (or stronger) or disappear (ap-
pear). {Indeed, the heat of hydrogen
adsorption (9) and activation energy
in benzene hydrogenation (10, 18)
have been reported to be different for
Ni and Ni—Cu alloys.)

(2) Even 1if the chemical properties of
metal atoms (in forming chemisorp-
tion bonds) are cssentially preserved
also in alloys, effects of more geometric
nature should be expected.

In VIITe-Ib alloys, at high dilution of
the VIIle-metal, one ean possibly expect
presence of individual VIIIc-atoms com-
pletely surrounded by Ib-metals, pairs,
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triplets, and other combinations, the rela-
tive abundance of which depends on the
degree of dilution. If for one catalytic re-
action single VIIIc-atoms are sufficient as
active sites, while for another reaction en-
sembles of two or more active atoms are
required, dramati- - ctivity effects are to
be expected in ai..,1ng.

In general, the two effects— (1) changes
in the chemical character of an adsorbing
VIlIe-atom and (2) cianges in the relative
abundance of certain ensembles in the sur-
face—will act together. In the limiting,
favorable case their contribution might be
derived from the temperature dependence
of the catalytic reaction involved. It can be
expected that (1) will show up in the ex-
ponential and (2) in the pre-exponential
factor of the Arrhenius equation.

Having these questions in mind, we per-
formed a study of the exchange reaction of
cyclopentane (C.P.) with deuterium, cata-
lyzed by nickel or nickel-copper evapo-
rated films. It is well known (11-13) that
this reaction is a combination of the so-
called single and multiple exchange and
that different intermediates play a role
in both reactions. For single exchange,
a simple intermediate (M stands for

metal atom)

™M

is to be expected, and for multiple exchange
it is believed that one or two of the follow-
ing intermediates exist simultaneously.

'
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The results obtained with substituted
cyclopentanes revealed that at various
metals different intermediates were formed
and, therefore, selectivity effects may ap-
pear with this type of reaction (17).

EXPERIMENTAL PART

The apparatus used was almost identical
with that already described in detail (10,
18); only small changes have been made
in order to improve the circulation of gases
and to have the start of reaction better
defined. The membrane manometer was
placed in the volume for gas storing and
handling. Before the reaction was started,
In each measurement, the measured amount
of C.P. had been transferred from the ecali-
brated volume to the small trap, cooled to
—193°C and placed near the reaction cell.
Then the whole apparatus was filled with
deuterium at a known pressure and circu-
lation started. C.P. was then “injected” into
the mixture by rapid warming up of the
trap. To avoid diffusion effects, a suitable
position of the trap had to be found by
“trial and error” and the circulation speed
had to be kept high. The standard mix-
ture contained 0.1-0.15 Torr C.P. and 5.6—
5.8 Torr D,; the closed reaction volume was
510 em®. The temperatures below 0°C were
kept constant by a cryostat (LAUDA Co.)
and the temperatures higher than 50°C by
means of an air-oven.

The method of film preparation was the
same as described in an earlier paper (18).
However, most of the films were evaporated
directly at the temperature of sintering,

O 7 g .@

M M
of 'Tf *x x x
number of % af (11) r-olefine (14) aa (6, 11) afy (16)  w-allyl (14, 16) roll-over (13)
diss. H-atoms 2 2 2 3 3 4
minimum
number 2 + 2M—H 14+42M—H 1+2M—H 3+3M—H 1+ 3M—H 4+ 4M—H
of sites
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i.e., about 200°C. The C.P. was purified
by repeated distillation, directly at the
U.H.V. apparatus; deuterium and hydrogen
were purified by diffusion through Ag-Pd
tubes.

The usual sequence of measurements was
as follows: determination of the H.(D.,)
adsorption at 273°K, repeated measure-
ments at 7' = 200 = 5°K, measurements at
higher temperatures, measurements of the
total surface area by Xe. For low temper-
ature runs, the samples were evacuated be-
tween runs at the given low temperature,
for at least 4 hr.! For high temperature
runs, the evacuation proceeded always at
a standard temperature (~430°K) for at
least 2 hr (pressure achieved was 5-20 X
10-® Torr}. In contrast to the earlier work
(18), Xe adsorption was now measured
statically and not by the flow-in method.
The adsorption of C.P. on Ni was followed
in separate experiments. The course of re-
action was followed by a mass spectrometer
MS12 (A.E.IL, England}. The reaction ves-
sel was permanently connected to the mass
spectrometer via 'a porous plug-leak (19)
(AEI) and a Granville-Phillips valve. At
a chosen time, the valve was totally opened
and when stationary conditions were
reached (after 114-2 min), the spectrum
was recorded at high scanning speed (about
20 sec per spectrum) and the valve was
¢losed again. In this way, the loss of re-
action mixture through the leak was mini-
mized. The spectrum of deuterated C.P.s
was measured at nominal 12 eV eleciron
accelerating voltage and 8 kV ion-acceler-
ating voltage (fragmentation —H was 4%).
The obtained spectra were then corrected
for the **C content and for the decrease in
deuterium pressures. (Deuterium pressure
influenced slightly the C.P. signals.) The
percentage of various deuterated C.P. was
caleculated ~ from the corrected spectra
(d; = % of total C.P., with i-deuterium
atoms already exchanged) and the same
fragmentation and ionization efficiency was
assumed for all species®; at low conversions

! Pressure achieved at evacuation was 2-5.10°
Torr.

* Owing to the small extent of fragmentation,
“the error so induced was small.
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(Ad, = 10 = 5%) initial product distribu-
tions were also calculated. Percentage of
the product D; with i-deuterium atoms was
defined as: ¢; = 10*-d;/(2i-,d;). Following
the suggestion of Kemball (6, 20) the pa-
rameter ® was caleulated: & =1-d, -}
2d, 4 - - 10-d,,. The mean deuterium
atom content in eyclopentanes is then
$-102

In the wide range of conversions
(100 > d, > 20%) the kinetics are well
described by equations:

logldo(t) — do()] = — 2,3(10511: tdo(w))

+ 10g(100 — do( ),

logl#(=) ~ &0 = — 5ot

+ log(®() — 2(0)),

with ®(0) =0 and dy(c) ~ 0. The rela-
tive share of the multiple exchange mecha-
nism can be illustrated by evaluating the
parameter (20) M = k4/ky,. If multiple ex-
change 1is operating, M must be higher
than 1.

In order to gain more reliable kinetic
data, the reactions were followed at rather
low rates. Therefore, the value ®(w) was
not determined experimentally, but was put
equal to the relative deuterium content in
the mixture.

RESULTS

1. Adsorption of Gases

The ratio @ = Ny/Nx., where Ny is the
number of H-atoms adsorbed at 273°K and
about 1.10-2 Torr and Nx. is the number of
Xe-atoms adsorbed at the relative pres-
sure = 0.1 at 78°K, has a value of 2.8
{#0.6)1 for pure nickel (Fig. 1). It agrees
well with values found earlier on the basis
of static volumetric measurements (21, 22).
For the alloys with 15-756% Cu, « was
found to have a constant value (see Fig. 1),
in agreement with previous results and the
two-phase model of equilibrated Cu-Ni
alloys with compositions within the misei-

+ Here and elsewhere indicated (%) values the
limits of maximum spread of values.
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Fig. 1. Parameter « (see text) as a function of Cu
content. Parameter « is under certain assumptions
a measure of the Ni surface exposed in the surface.
(For Ni the average value is shown, values from
individual measurements for alloys.)

bility gap of this system. The numerical
value for alloys used in this paper is, how-
ever, slightly lower than in the earlier work
(18), presumably a consequence of a dif-
ferent way of determining Xe adsorption.
If the adsorbed hydrogen is assumed to
count the Ni atoms in the surface, the Ni
content in the surface of two-phase alloys
is 14 = 7%, as derived from the a-values
from this paper. The adsorption of C.P. on
Ni at 273°K and p ~ 10 Torr is very
small. The background physical adsorption
on the glass walls of the reaction volume
is about 0.03 pmole and the adsorption with
a film of Ni present 0.04-0.06 pmole. With
decreasing temperature of the reaction ves-
scl the physical adsorption of C.P. in-
creases substantially (up to 0.12-0.2 pmole
at —78°C, on the films with a surface area
of about 400 cm?).

If hydrogen is admitted to Ni at 273°K
after preadsorption of C.P. at 273°K and
pumping off the gas phase at the same tem-
perature, ¢ is found to be lowered from the
value for the clean surface to 1.6 (==0.1).
Thus, still after C.P. preadsorption at
273°K, 50-60% of hydrogen adsorption
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sites remain free. The surface areas in cm?
were calculated, assuming a site area for
Xe of 19.4 A at 78°K (22). The roughness
factor f of pure Ni-films deposited at 200°C
was about 1.2; for alloys condensed at
200°C, f = 2.5-3.5; for alloys condensed at
78°K and subsequently sintered, f decreased
to about 1.6. A similar effect was observed
previously for Ni (23). The glass vessel
was used only for a small number of films
as the surface arca of glass increases (24)
by the use of acids. The r.f. was 2.6 for the
glass vessel after several experiments.

2. Exchange Reaction at Low
Temperatures (< 300°K)

Most of the values for M are close round
M = 1.5. A few exeeptional points deviate
by as much as +0.5 from this value. Be-
tween 195 and 300°K, M remains constant
within narrow limits (sec below).

In agreement with the low multiplicity
factor of 1.5, the distribution curve is found
to lack maxima at, e.g., D;- or D,o-prod-
ucts. The excess values of dy, ds, di, d;
above the binominal distribution caleulated
on the basis of d, and d, are also small and
do not show any spectacular anomalies
either (Fig. 2).

If the reaction is repeated at a constant
temperature, the values of k, and k,, de-
crcare with an inereasing number of runs
with the same film. This decrease evidently
caused by self-polsoning 1s more pronounced
for Ni (down to 0.05-0.25 of the original
value) than for the alloys (down to 0.8-
0.5 of the original value). The decrease is
approximately the same for both k, and
k, ; consequently the distribution of deu-
terated products remains unaltered.

3. Exchange Reaction at Higher
Temperatures {>300°K)

Figure 3 demonstrates the changes of kg,
and M with temperature. The sequence of
measurements iz indicated by arrows. It
can be seen that at this temperature in-
terval, M changes by as much as a factor
of five. The effect of sclf-poisoning is again
observable, but the parameter M is less in-
fluenced by self-poisoning than k,. The
data in Fig. 3 are measured with one alloy



Fic. 2. Excess function for Ni film expressing the
excess (in arbitrary units) of exchange over the
binominal distribution ealculated successively from
the experimentally measured dy and d; values.

film, but the picture is much the same for
nickel and other alloys.

Upon inspecting the produet distribu-
tions, it appears that the influence of tem-
perature on the selectivity is even more
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striking than can be seen from the
M -values. Figure 4 (for further information
on these data see Table 1) shows the
product distributions for the same alloy as
used in Fig. 3, but again the result is es-
sentially representative for other alloys
and nickel films as well. It can be easily
seen that the increase of 3 is (in contrast
to the situation at the temperature
T ~ 200°K) specifically due to an increase
of d. (and d;) increase at the temperature
T < 380°K. Quite differently at the temper-
ature at T > 380°K, the high peak of d,,
is dominant in the distributions. If for dif-
ferent samples (films) the value of M at
the given temperature fluctuated, this was
merely caused by the changes in d, and d,,
while the remaining product distribution
showed only very small fluctuations. Clearly
relevant information obtained in the dis-
tribution curves is partially lost in the
M -values.

4. Self-poisoning at Higher Temperatures

Figures 5 and 6 show how M and k,
change with repcated measurements; their
values are plotted as a function of the num-
ber of preceding runs on the same films. No
points are shown for those runs performed
at lower temperatures.
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Fia. 3. Parameter M and constant kg, (%, sec™) as a function of temperature, measured for an alloy with
73%, Cu. The value at 200°K was obtained after several measurements at this temperature.
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Fig. 4. Product distribution for an alloy with 739, Cu; see Table 1.

After the sixth run the film was treated
with 0.2 Torr C.P. (in the absence of D,)
for 20 hr. Then, the mixture was evacuated
and new series of kinetic measurements
was performed. It can be seen that the
poisoning by C.P. is in part reversible. By
treating the surface with pure D., the val-
ues of M and k, increase even more, above
the values indicated in the graph. The
changes in product distribution become in-
deed most visible by comparing the D,-
and Di,-products. The production of the
first mentioned species is hardly influenced
(in its absolute values) by C.P. poisoning,
whereas D,,-production decreases markedly.
As a result, d, (%) increases, d;, decreases
by C.P. poisoning. The rest of the distribu-
tion remains almost unchanged, The results
in Figs. 5 and 6 were obtained with an alloy
with 73% Cu, but the results for other
alloys or for pure Ni are much the same.
The poisoning by C.P. has always a more
pronounced effect on the product distribu-

tion than self-poisoning by the reaction
mixture.

These results imply that for this reaction,
static measurements (in a closed system)
are not suitable for providing kinetic data
which apply to a steady state.

5. Multiple Exchange and Reaction Kinetics

The function M(T) is, of course, in-
fluenced by the phenomena deseribed above.
Therefore, points arc spread as can be
seen in Fig. 6.

The values for alloys with 50-85% Cu
lie between the limits given by the results
for two nickel films 1 and 3 from Fig. 6.
All other Ni and Ni~Cu films lie between
these limits, only the alloys (not shown in
this Fig.) with Cu content less than 10%
have still lower values of M than the lower
limit indicated. Owing to the difficulties
with the steady state no reliable Arrhenius
parameters can be calculated. In order to
gain at least some impression of the in-
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TABLE 1
a) GENERAL Dara oF Spectra IN Fi6. 4; For 739, Cu Avrvoy

Conversion of
C.P. (i.e., in Dy)

Spectrum No. T(°K) (in %) M Note
1 200 17 1.8 (a)
2 243 9 1.4 ®)
3 300 14 1.4 )
4 343 14 2.4 (b)
5 360 18 3.4 ()
6 399 15 4.7 ()
7 432 7 7.4 (b
8(Ni) 343 low (~2.5) ()
9 343 14 2.4 d)

b) NumericaL Dara oF Spretra IN Fia. 4

% @: Spec-

trum

T°K 1 2 3 4 5 6 7 8 9 10 No.
200 67.5 15.6 5.8 3.6 3.8 1.6 0.7 0.4 0.4 0.5 1
243 69.6 15.5 7.2 2.5 3.4 1.5 <0.1 <0.1 <0.1 <0.1 2
300 46.2 32.0 10.2 5.8 3.5 1.5 0.5 0.3 <0.1 <0.1 3
343 17.0 29.0 14.8 9.1 11.0 2.5 1.5 3.4 3.1 8.7 4
360 19.5 23.4 14.9 8.5 12.4 2.4 2.4 2.5 2.5 11.6 5
399 12.8 17.2 11.9 7.8 8.5 4.9 2.3 3.4 6.3 249 6
432 8.7 7.9 6.8 4.7 4.2 1.8 3.6 2.3 9.1 50.9 7

Note: (@) Run No. 1, on virgin surface.
(b) Measured at the first increase of T after stationary state has been attained at 200°C.
(¢) Spectrum (8) measured by Burwell et al. (13) (for pure Ni) is normalized at D, of spectrum (4).
(d) Spectrum (9) = spect um (4).
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Fie. 5. Constant ks (%, sec™) as a function of number of subsequent runs performed already on the film
of an alloy with 73% Cu. [,, left scale.] Parameter M as a function of number of runs performed already on
the film of an alloy with 739, Cu. [A, right scale.] Between the run 6 and 7 poisoning by C.P. was performed.
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Fi6. 6. Upper part: M(T) function for Ni films (1,

3) and an alloy film (2) with 739, Cu. Lower part:

Production of CDy, in arbitrary units (amounts produced per time interval of 100 min) over Ni films (4, 5).
Production of CD, was for all alloys lower than the indicated limit. The single point 7 was obtained for an

alloy with 739, Cu.

fluence of the temperature, a measuring
progress was chosen of the type 75T, TsT-,
T.T,, ete., when the standard temperature
T, was higher than any other used (usually
about 430°K). In this way, measurements
at T, then show the changes in kinetics due
to self-poisoning. This ‘“cyecling” was
started at surfaces which themselves were
already nearing the “stable” state. The
values E(d,) found in this way were very
low for some films, particularly for Ni
{~0 — 1 keal), likely as a consequence of
reversible self-poisoning. The AE = E(®)
— E(d,), governing the increasc of M with
temperature was roughly estimated as be-
ing 4 + 2 keal.

Figure 7 shows the k4 values per cm?® of
Ni surface (“titrated” by H.-adsorption)
determined at 430 + 2°K on the surfaces
nearing the steady state (after several re-
peated runs). No dramatic change is visible
at 60% Cu content, i.e., the catalytic effi-
ciency is essentially the same for a Ni-atom
in the surface of Ni and of alloy films.
All that has been said about the experi-

mental determination of Arrhenius plots
holds likewise for the determination of the
orders of reaction. On surfaces nearing the
steady state, the following picture was ob-
tained by “cycling” between different and
standard pressures at 430 + 2°K. If k =
App,pe.p.. then for both kg and kg, m is
small and positive (and inereasing with
decreasing temperature) while n is small
and negative.

6. Side Reactions

At temperatures above 360°K, hydro-
cracking becomes visible. It is best seen on
the mass 20 (CD,) which does not coincide
with any fragmentation peak in the mass
spectrum. The production of CD, (number
of mols of produects after 100 min of re-
action) on different films is shown (in
arbitrary umits) in Fig. 6. It is remarkable
that the rate of production of CD, on alloys
i1s dramatically below that of nickel. This
effect is much greater than would cor-
respond with the decrease in Ni surface
content, i.e., the efficiency of Ni-atoms to.
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Fia. 7. Constant kg* (i.e., kg (95, sec™?) per em? of Nisurface measured by H, adsorption) as a function of

Cu content in alloys.

catalyze hydrogenolysis is strongly lowered

by alloying with copper. The measurements

were performed under such conditions that

the total extent of the side rcaction was
always low; roughly estimated a few 9% of

C.P. decomposed in the eourse of the fol-

lowed exchange reaction, thus the exchange

kineties were not disturbed.

Some preliminary experiments have been
done on Ni-powders at 240-280°C in hy-
drogen stream with a pulse reactor ap-
paratus connected to a gas chromatograph.
It has been found that C.P. decomposes
more easily on the same sample than n-pen-
tane under the same temperature and other
conditions. Appearance of methane is
mainly a result of multiple hydrocracking
of C.P. in the adsorbed state.

DiscussioN

On the basis of experience reported in
the literature (6, 11-17) some conclusions
from the present results emerge immed-
iately. Besides the single-exchange inter-
mediate, more than one intermediate for
multiple exchange is necessary. One of them
(A) must be responsible for the multiple
exchange, temperature independent in the
range of temperature T = 200-300°K. At
temperatures of about 340°K, the M(T)
increases with temperature, and we see that
at least two intermediates must be respon-
sible for this increase: one leading to the
maximum (in product distributions) at

D,-product (B) and one (C) at D-
produet (resp. D). Whether each of these
differs from {A) is not yet clear.

From the time course of D, and Dy,
it may be concluded that they arise through
the same process, l.e., via the same inter-
mediate. Further, there are no maxima at
D, (minima have actually been found in-
stead at Dg), so that the present data do not
support the idea of a “roll-over” inter-
mediate (suggested (13) for Pd) at Ni and
Ni-Cu surfaces.

The self-poisoning by the reaction mix-
ture and, to a greater extent, poisoning by
C.P. in the absence of D, suppress the
multiple exchange mechanisms mainly by
changing the relative production of D, and
Dy,. The very strong dilution of Ni in Cu
leads to the same effect.

The question arises whether we can ra-
tionalize the data obtained in this research
on the basis of our present knowledge on
the reaction mechanisms and on the system
Cu-Ni.

According to the predictions made on the
thermodynamics of Cu-Ni alloys (25) and
the photoelectric research on these alloys
(26), as well as according to the CO (25)
and H,-titration (I8) experiments, all
films equilibrated at 200°C and having the
bulk composition about 10-80%, should
have the same surface composition, viz.,
about 80% Cu.

According to the more recent measure-
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ment and thermodynamic calculations (27),
the outer phase should have a bulk com-
position of 70% Cu under the same con-
ditions. Should the surface composition be
directly reflected by the extent of H, ad-
sorption, then according to the present H,-
titration measurements the surface content
should be about 79~939 Cu.

In any case the Cu-content of the outer
phase and of its surface is higher than
necessary to fill all holes in the d-band,
according to the rigid band theory of
Mott and Jones (28). In terms of the
original electron theory of catalysis (6, 29),
a very low, or even zero, activity Is pre-
dicted for reactions of hydorgen on thesec
alloys. However, it is well possible that in
spite of the spin interactions between Cu-
and Ni-electrons, the Ni-atom behaves with
respect to the strong perturbations (which
chemisorption certainly is) as an atom of
the pure nickel surface (30), or even as an
essentially isolated atom.

It is not without interest that the “single
atom” approach proved to bhe useful in ex-
plaining other experimental data on chemi-
sorption (81} and field ionization (32}, too.

The relatively small effect of alloying on
the selectivity for multiple exchange (see
Fig. 6) can be explained on the basis of one
of the following assumptions.

(i) The multiple exchange reaction pro-
cecds via one of the one-site inter-
mediates (e, aa, 7-complexed, =-allylic,
see scheme 1), The hydrogen splits off
on the same site as in the case of
mononuclear complex homogeneous
catalysts (sce, e.g., 33) and then mi-
grates away from the place of disso-
ciation (the spill-over (34) effect).

More than one Ni-atom is necessary to
form an active center for the multiple
exchange, but the alloy contains segre-
gated islands of Ni with 2, 3 or more

(i1)
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nickel atoms. AH; of alloy formation
is positive and corrosive chemisorption
may help in forming such islands (35).
In this model, the alloy should act like
Ni, but with a smaller surface area.
Evidently, this model cannot explain
that in hydrogenolytic reactions alloys
behave qualitatively different from Ni.

The effect of C.P. poisoning and of strong
dilution of Ni on M (T) can be then under-
stood on basis of (i) as, e.g., an effect on
C—H splitting and on H-migration; with
the help of the assumption of (ii) as a
simple blocking effect and decrease of
probability of the formation of islands in
highly diluted Cu-alloys.

It is remarkable that alloying influences
the other two processes mueh more strongly,
viz., it suppresses

(a) the seclf-poisoning effect at low
temperatures and
(b) CD, formation (hydrogenolysis).

The latter process shows a stronger tem-
perature dependence than multiplicity, i.e.,
M (T), but begins to be visible at the same
temperature where the inerease in M (T)
sets in. However, in each particular run,
hydrogenolysis and D,-production do not
proceed in parallel; CD, formation is
highest in the first stages of the reaction.
Thus, the mere presence of the dehydro-
genation proeesses responsible for w-com-
plexed, =-allylic or ae-intermediates lead-
ing to I}, is not a sufficient condition for
the appearance of the hydrogenolytic prod-
ucts although dehydrogenation may well
be a necessary condition for hydrogenolysis
to proceed.

The following suggestions may help to
understand the effeet of Cu on hydro-
genolysis. The smplest way of C-C
splitting is schematically the route 1 or 2;
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or an equivalent of it, with a formation of
Me=C bond in the longer rest of the mole-
cule, ete. The C-C fission on scheme 2
starts with the simplest possible inter-
mediate, a-single adsorbed molecule. How-
ever, it can also start from (aB), (aBy),
{ay), (aa,y) or similar intermediates, al-
ready suggested to this end (6, 36).

It remains the common feature for all
these schemes that (i) at least 2 Me-C
bonds per original molecule are necessary
(thus 2 sites necessary) and (ii) it is also
necessary to accommodate somehow the
electron from the broken bond. It all can
proceed via one of the steps similar to that
of scheme 2*. Where are now the sources
for the different influences of Cu on mul-
tiple exchange and on hydrogenolysis? One
possibility is as follows. The exchange is
a one-site mechanism, while the hydrogen-
olysis is a multiple-sites mechanism (at
least two sites!). Or, both of them are
multiple-site mechanisms, but the number
of necessary Ni sites is different and higher
for hydrogenolysis. Besides this, in prin-
ciple, “geomectrical” effects, also a
‘“chemical” or “electronic” effect may be
expected (see Introduction). One may as-
sume that the formation of certain bonds
necessary for the multiple exchange (e.g.,
«, aff, w-complexed, =-allylic) is not in-
fluenced (or the bonds are slightly in-
fluenced in their strength only) by alloying,
while those for hydrogenolysis are in-
fluenced strongly (these could be, e.g., (aa),
(aBy), (ea,y), ete.). In principle, both the
mentioned  effects—"“geometrical, elec-
tronic”—ecan rationalize the results ob-
tained and at the moment no definite con-
clusion can be made. The big contrast
between the reactivity in C-H and C-C
splitting is not restricted to Cu-N1 alloys
but also encountered when groups of metals
of similar behavior can be found, see e.g.
Pt, Pd on the one hand and Ni, Rh on the
other hand in hydrogenolysis (36, 37).

* There is always a problem what to do with
H-atoms split off from the hydrocarbon. However,
with the exchange reaction the same problem
exists and as we now want to discuss the difference
between multiple exchange and hydrogenolysis
processes, we may forget it for a moment.,

PONEC AND SACHTLER

Here we are certainly inclined to believe in
some “electronic” effect rather than in a
“geometrical” effect in the sense used above.

The preliminary experiments with hy-
drogenolysis of methyl ecyclopentane on
Cu-Ni alloys bring essentially the same re-
sults; the suppressing of the hydrogenolytice
power of Ni by Cu seems to be general. It
is hoped that suppressing of the hydro-
genolysis by Cu can make other reactions
observable on Ni/Cu alloys which on pure
nickel are masked by extensive C-C
splitting. This view is also strongly sup-
ported by the recent results of Reman, Ali,
and Schuit (38).

Note on units used: Torr has been used as
pressure unit throughout; 1 Torr = 133,32 Nm™.
The composition of alloys is in wt%.
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