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Alkyl Chain Propagation by Methylene Insertion on Cu(100)
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One of the mechanisms proposed for formation of carbon—car-
bon bonds in the Fischer—Tropsch synthesis, the so-called carbide/
methylene mechanism, involves the propagation of alkyl chains
on the catalyst surface by methylene insertion. The studies reported
here provide evidence for this reaction on single crystal copper
surfaces under ultra-high vacuum conditions. Alkyl iodides are
used as molecular precursors to generate adsorbed methylene and
alkyl groups on a Cu(100) surface. High-resolution electron energy
loss spectroscopy and work function change measurements show
that C-I bond dissociation occurs below 200 K in iodoalkanes to
form alkyl groups on the surface. Indirect evidence supports the
formation of adsorbed methylene groups via CH,I, dissociation.
Temperature-programmed reaction studies of the CH, + CD; reac-
tion show that sequential CH, insertion followed by B-hydride
elimination produces ethylene-d, and propylene-d;. Similarly, re-
action of CH, with C,D; produces propylene-d,. All of these reac-
tions are extremely facile, occurring at 230-250 K with activation
energies of 12-20 kcal/mol. Similar studies on Cu(110) show that
the methylene insertion reaction is structure sensitive, being ap-
proximately two orders of magnitude faster on Cu(100) than on
Cu(110). The source of this difference appears to be slow diffusion
of methylene across the corrugated Cu(110) surface. « 1994 Aca-

demic Press, Inc.

1. INTRODUCTION

A key feature of the Fischer-Tropsch reduction of car-
bon monoxide by hydrogen over transition metal catalysts
is the formation of carbon—carbon bonds and the produc-
tion of higher hydrocarbons. Despite the more than 65
years since the discovery of this reaction (1), the pathways
by which carbon-carbon bonds are formed remain contro-
versial. Numerous mechanisms have been proposed, and
it is likely that more than one may play a role (2). The
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challenge is to obtain experimental evidence for each of
the mechanisms proposed and to understand the factors
that favor one reaction pathway over another.

One of the contributions that can be made by studies
of single crystal surfaces under ultra-high vacuum condi-
tions is to establish chemical precedence for proposed
surface reaction pathways in catalytic processes. For ex-
ample, the formation, identification, and spectroscopic
characterization of proposed reaction intermediates on
well-defined surfaces provide insight into the basic fea-
tures of chemical structure and bonding at surfaces. Less
well demonstrated, but potentially even more important,
is the possibility that if the appropriate reaction intermedi-
ates can be generated and isolated on the surface in high
concentration, then reactions typically observed only un-
der catalytic reaction conditions might also occur in vac-
uum where electron spectroscopies, isotope labeling, and
mass spectrometry can be applied to determine the sur-
face reaction mechanisms (3). While the reaction condi-
tions in such studies are undeniably quite different from
those in a catalytic process, the results can provide chemi-
cal insight into proposed catalytic reaction pathways.

In this paper we report such a study of the proposed
carbide/methylene mechanism of carbon-carbon bond
formation in the Fischer-Tropsch reaction. This mecha-
nism is shown schematically in Fig. 1. A large number of
studies (4) have provided convincing evidence for various
aspects of this pathway under catalytic reaction condi-
tions including the presence of carbidic carbon (5), the
hydrogenation of carbidic carbon (6), the formation of
alkyl groups (7), and the role of methylene (CH,) as the
active chain growth species (8). There have also been a
number of reports on the bonding and reactions of methyl-
ene (9) and alkyl (10) groups formed on single crystal
metal surfaces under vacuum conditions by the thermal,
photochemical, or electron-induced dissociation of mo-
lecular precursors such as alkyl halides and azoalkanes
(9, 10). Few studies, however, have addressed reactions
been coadsorbed hydrocarbon fragments. Recently, we
have shown, as summarized in Scheme 1, that when CH,I,
and CD;l are thermally dissociated on a Cu(110) surface
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FIG.1. Schematicillustration of the carbide/methylene surface reac-
tion mechanism for formation of higher hydrocarbons during the Fi-
scher-Tropsch reduction of carbon monoxide with hydrogen.

to form adsorbed CH, and CD;, migratory insertion oc-
curs at ~315 K to form CH,CD; which undergoes $-
hydride elimination to evolve ethylene-d, (11).

This reaction is exactly that proposed for forming C-C
bonds in the carbide/methylene mechanism of the Fi-
scher-Tropsch reaction. On Cu(110), however, longer al-
kyl chains are not formed because chain termination by
B-hydride elimination is fast compared with the rate of
alkyl chain propagation by methylene insertion. Here, we
report results which show that, on the smoother Cu(100)
surface, the rate of methylene insertion is about two or-
ders of magnitude faster than on Cu(110). As a result,
two sequential methylene insertions are observed, and
methyl groups are converted to propyl groups which un-
dergo B-hydride elimination to evolve propylene. These
results provide experimental precedence for the methyl-
ene insertion step in the carbide/methylene mechanism
of Fischer-Tropsch catalysis and demonstrate the utility
of copper as a catalyst for coupling hydrocarbon frag-
ments.

2. EXPERIMENTAL

The experiments were performed in two ultra-high vac-
uum (UHV) systems. The Cu(110) studies were conducted
in a UHV system equipped with capabilities for Auger
electron spectroscopy (AES), low energy electron diffrac-
tion (LEED), temperature-programmed reaction (TPR)
studies, ion sputtering, and H atom dosing (12). The
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Cu(100) experiments were carried out in an apparatus
equipped with capabilities for AES, TPR, ion sputtering,
H atom dosing, and high-resolution electron energy loss
spectroscopy (HREELS) (13). The Cu(110) crystal used
in these studies was a 0.7-cm diameter disk (Monocrystals
Ltd., 99.999%) which was attached to a resistive heating
element by three tantalum tabs bent over the edges of
the crystal (12). The Cu(100) crystal (Monocrystals Ltd.,
99.999%) was 1.0 cm in diameter and was tied to a resistive
heating element by wrapping a chromel wire around the
grooved edge of the crystal (13). Both samples could be
heated to above 1000 K and cooled with liquid nitrogen
to 110 K. The surface temperatures were measured with
chromel alumel thermocouple junctions; for Cu(110) the
junction was spot welded to one of the Ta tabs, while for
Cu(100) the junction was wedged in a hole in the side of
the crystal. The estimated absolute uncertainty in the
temperature measurement during the TPR experiments is
+20 K, which reflects variable degrees of thermal contact
between the thermocouple and the sample (12). The repro-
ducibility for a given mounting scheme is closer to =10
K. The surfaces were cleaned by Ar ion bombardment
and annealing in vacuum as previously described (12, 13),
and surface cleanliness before and after experiments was
verified by AES.

In the TPR studies in both apparatus, the surface was
exposed to gases by back-filling the chamber, and for
coadsorption studies, the two reagents were dosed using
separate leak valves to avoid cross contamination. The
adsorbate-covered surface was then positioned 2 mm from
a 2-mm diameter aperture into a shielded mass spectrome-
ter pumped by either an ion or a turbo molecular pump.
The surface was heated linearly at 2.5-4 K/s while up to
three ion intensities were simultaneously monitored with
a multiplexed Vacuum Generators SXP300 quadrupole
mass spectrometer which (except for the experiments in
Fig. 5) was operated at an electron impact ionization en-
ergy of 70 eV. Most of the alkyl halides used in these
studies were obtained from Aldrich, stored in shielded
glass vials, and used as received after several
freeze—pump-thaw cycles with liquid nitrogen to remove
volatile impurities. CD,l, (98 at%) and C,Dsl (99 at%)
were obtained from Cambridge isotope Laboratories.
Sample purities were verified in situ by mass spectrome-
try. Computer simulations of the TPR spectra were made
by integrating the rate expressions using a variable-order,
variable-time-step, backward differentiation formula in-
tegrator (14).

The HREELS spectrometer, which consists of single-
pass 127° cylindrical monochromator and analyzer sectors
(McAllister Technical), was operated at a beam energy
of 3-5 eV and a resolution (FWHM) of 70-110 cm™~'. All
spectra were taken in the specular direction (6, = 8,,,, =
60° from the surface normal) at 110 K after briefly anneal-
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ing to the desired temperature. The change in the surface
work function was measured by detecting the cutoff in
the current to ground as a function of crystal bias when
a low-energy (3—10 eV) electron beam from the Auger
electron spectrometer was impinged onto the surface at
normal incidence (15). All measurements were made with
the sample at 120 K, and the electron currents in these
studies were on the order of 107% A. Based on the energy
spread in the incident electron beam, the experimental
accuracy on a standard sample [CO/Cu(111)], and the
experimental reproducibility (16), we estimate that the
accuracy of the work function change measurements is
+50 meV,

3. RESULTS AND INTERPRETATION

The experimental results are reported below in five
sections. The first three describe the formation and reac-
tions of CH;, C,H,, and CH, which are generated on
Cu(100) by dissociative adsorption of CH;l, C,H,l, and
CH,I,, respectively. The results are similar to those pub-
lished previously for these molecules on Cu(l11) and
Cu(110) surfaces, so the findings here on Cu(100) here
are briefly summarized. The fourth section details the
insertion reaction when methylene is coadsorbed with
deuterated methyl and ethyl groups on the surface. Sec-
tion five then compares the kinetics of this reaction on
Cu(100) and Cu(110).

3.1. Iodomethane (CH,I)

The reactions of iodomethane with a Cu(100) surface
are similar in most respects to those previously reported
for this molecule on Cu(110) (12) and Cu(111) (17). Car-
bon-iodine bond dissociation occurs at temperatures
above 150 K (see the work function change measurements
discussed in Section 3.3) to form adsorbed methyl groups
and iodine atoms. The methyl groups are stable on the
surface up to ~400 K, and above this temperature they
react to evolve methane, ethylene, ethane, and propylene.
The coverage dependence of these products is shown by
the temperature-programmed reaction spectra in Fig. 2
for m/e = 16 (methane), m/e = 27 (ethylene and ethane),
m/e = 30 (ethane), and m/e = 41 (propylene). Several
aspects of the results deserve comment. First, all of the
hydrocarbon products formed from CH;l are evolved
above 400 K, and their rate of evolution is determined by
the rate of reaction as opposed to desorption (all of these
hydrocarbons desorb below 250 K when adsorbed sepa-
rately on Cu(100)). Second, since hydrogen atoms on cop-
per (18) and iodine-covered copper (19) surfaces recom-
bine and desorb between 300 and 400 K and no hydrogen
desorption is detected, we can be sure that all C-H bonds
remain intact in the methyl group up to 400 K. Third,
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FIG. 2. Temperature-programmed reaction spectra of the methane,
ethylene, ethane, and propylene produced after the indicated exposures
of CHsl on a Cu(100) surface at 300 K. The heating rates were 2.5 K/s.

Auger electron spectroscopy studies show no detectable
carbon on the surface after heating to 600 K. Finally,
recent studies of CH,I on Cu(l11) have shown that, in
addition to the products mentioned above, methyl radicals
are evolved from the surface at 475 K for CH,I exposures
above 1 L (20). The possibility of a similar reaction chan-
nel has yet to be investigated on Cu(100) and cannot be
ruled out. Since the insertion reaction described below in
Section 3.3 occurs below 300 K, such a high-temperature
methyl radical ejection pathway is not an issue for the
studies reported here.

An important conclusion from the TPR results in Fig.
2 is that, in the absence of coadsorbed species besides
iodine atoms, methyl groups are thermally stable on
Cu(100) up to 400 K. Figure 3 shows a vibrational
spectrum of methyl groups formed on Cu(100) by anneal-
ing a 4.0-L exposure of CH;l to 270 K to dissociate
the C-1 bond. This spectrum is similar to that for
methyl groups formed on Cu(l111) either by dissociation
of CH;l or by adsorption of methyl radicals (21). As
discussed in Refs. (17) and (21), we assign this spectrum
as follows: 370 cm™! [p(Cu-C)], 1150 cm™! [§,(CH,)],
1430 cm™! [§,(CH,)], 2760 and 2915 cm™' [v(CH,)].
The metal-methy! stretching frequency of 370 cm™! is
substantially lower than that of 450-650 cm™! for methyl
groups bound to a single metal atom in organometallic
compounds (22), suggesting that the methyl groups
bind in a higher coordination bridge or hollow site
on the surface. The low frequency of 2760 cm™! for
some of the CH, stretching modes is characteristic of
alkyl groups on copper surfaces, and appears to result
from charge donation from the metal to the alkyl
group (23).



METHYLENE INSERTION ON Cut100)

Cu(100)/CH,l, 4 L, 120 K—> 270 K

@
E
4
=/
©
[+ 4
<
>
=
(7]
-4
w
[
4

T Lﬁ T T T

0 1000 2000 3000

ENERGY LOSS (cm”)
FIG. 3. Specular high-resolution electron energy loss spectrum of

a monolayer of methyl groups and iodine atoms formed on Cu(100) by
adsorbing 4 L of CH;I at 120 K and annealling to 270 K to induce C-1
bond dissociation.

3.2. lodoethane and Bromoethane (C,Hsl and C,H<Br)

lodo- and bromoethane were used as precursors for
forming ethyl groups on Cu(100). The reason for dis-
cussing the results for both compounds (the results are
similar) is that HREELS spectra have been obtained only
for C,HBr, but C,HI was used as the ethyl precursor in
connection with the results in Section 3.4. When submo-
nolayer coverages of these molecules are adsorbed on
Cu(100), the C-1 and C-Br bonds dissociate below 200
K to form adsorbed ethyl groups. Figure 4 shows a vibra-
tional spectrum of these ethyl groups together with a tem-
perature-programmed reaction spectrum of bromoethane
reacting to form ethylene, which is the primary thermal
decomposition product. The vibrational spectrum is simi-
lar to that reported for ethyl groups on Cu(111) (23). A
key feature is the softened C—-H stretching mode at 2730
c¢m™~ ! which is characteristic of the C-H bonds at the a-
carbon in alkyl groups bonded to a copper surface (23).
The evolution of ethylene at 245 K is the result of 8-
hydride elimination by the adsorbed ethyl groups. This
reaction pathway has been previously established on a
Cu(110) surface by isotope labeling studies (19); the peak
temperature for the olefin product on Cu(100) as well as
on Cu(111) (13) is 15-20 K high than on Cu(110). The
hydrogen atoms that are transferred to the surface in the
B-elmination reaction recombine and desorb as H, at
300-400 K or react with additional ethyl groups at 245 K
to form ethane. The main point germane to the insertion
experiments described below is that 8-hydride elimination
is a facile reaction which occurs at 230-250 K on Cu(100).
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3.3. Diiodomethane (CH,I,)

When CH,l, reacts with copper surfaces, the sole hy-
drocarbon product evolved is ethylene, and all CH, units
are removed from the surface as judged by the absence
of adsorbed carbon in AES studies and the reproducibility
of multiple successive experiments in which the surface
is annealed to 980 K to remove adsorbed iodine. Studies in
which CH,I, and CD.l, are coadsorbed rule out reversible
dehydrogenation of the methylene units. Selected temper-
ature-programmed reaction spectra for the ethylene pro-
duced when 2 L of a CH,I, (52%) and CD,1, (48%) mixture
is adsorbed onto Cu(100) at 110 K are shown in Fig. 5.
The spectra of the indicated ions were obtained with an
electron impact ionization energy of 20 eV to minimize
cracking and accentuate the molecular ions. The absence
of any detectable m/e = 31 beyond the 2% contribution
of C,H,D, due to the 1% natural abundance of '*C shows
that CD,CHD is not produced and that there is no isotope
scrambling. Furthermore, as shown by the relative prod-
uct yields in the inset, the CH,CH,: CH,CD,: CD,CD,
ratio of 1.0:1.8: 1.0 indicates that the combination of the
adsorbed methylene groups is nearly statistical. A similar
result is also found for sequential adsorption of 0.5 L of
CH,I, and 0.5 L of CD;l, as shown in Fig. 6. The relative
product yields of CD,CD, (monitored here by m/e = 30,
C,D7), CD,CH, (monitored by m/e = 29, CD,CH™), and
CH,CH, (monitored by m/e = 27, C,Hy, which is also a
cracking fragment of CH,CD,), after correcting for the
cracking contributions and the ion detection sensitivities

Cu(100)/C,H4Br
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FIG. 4. (A) High-resolution electron loss spectrum (HREELS) and
(B) temperature-programmed reaction {TPR) spectrum of BrCH,CH,
adsorbed on a Cu(100) surface. The inset schematics show the surface
species and reactions to which the spectra are attributed. The heating
rate in the TPR experiment was 2.5 K/s.
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FIG. 5. Temperature-programmed reaction spectra for the indicated
ions after exposing a Cu(100) surface at 110 K to 2 L of a CH,I, (52%)
and CD,l, (48%) mixture. The surface heating rate was 3 K/s, and the
electron impact ionization energy in the quadrupole mass spectrometer
was 20 eV. The inset shows the relative ion intensities based on the
TPR peak areas and the relative ethylene product yields after correcting
for cracking patterns assuming that the isotopomers formed are CH,CH,,
CH,CD,, and CD,CD,. The ion intensity at 28 amu (denoted as N/A in
the inset) was not measured because of the large background in the
mass spectrometer.

relative to the molecular ions, are shown in the top panel
of Fig. 6. The 1.0:1.7:0.93 ratio observed for
C,H,:C,H,D,:C,D, is approximately equal to that of
1:2:1 which would be expected for complete mixing and
random combination of the CH, groups on the surface.

Cu(100)0.5 L CH,L, + 0.5L CD,,

CDy=CH,

9 [CH=CH C0mCD,
@
>
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|

(B) Product Yields
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CH2CHa ~ T\
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mie = 27
m/e = 29 / \ |
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FIG. 6. (A) lon intensities and (B) product yields for reaction of an
equimolar mixture of CH,l, and CDsl> on Cu(100) to form various iso-
topes of ethylene. As discussed in the text, the product ratios provide
evidence for random mixing and combination of the CH, units on the
surface.
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If the CH,1; adsorbed first in this experiment were to form
islands which did not mix with the subsequently adsorbed
CD.l, or if there were a significant deuterium isotope
effect in the combination reaction, then a nonstatistical
distribution would have been observed.

Ethylene evolution when CH,I, is reacted with Cu(100)
suggests formation and dimerization of CH,. A number
of observations indirectly support that CH,l, dissociates
on Cu(100) to form adsorbed CH, groups. Note in particu-
lar that ethylene is evolved from the surface at 250 K.
This temperature is ~ 100 K above the temperature where
ethylene desorbs from Cu(100). This observation indi-
cates that the reaction that forms ethylene as opposed to
ethylene desorption is the rate-determining step in ethyl-
ene evolution.

Dissociation of CH,l, is also probably not the rate-
determining step since the C-1 bond in structurally similar
CH;l dissociates at ~170 K. Furthermore, based on the
reactions of methyl and methylene halides with metal
atoms in the gas phase (25), an even lower C-I bond
dissociation temperature might be expected for CH,l,
compared with CH;l. Dissociation of CH,I, at comparable
or lower temperatures than CH,l is supported by the work
function change measurements presented in Fig. 7. As
shown in Fig. 7A, adsorption of 3L of CH,l on Cu(100)
lowers the surface work function by 0.75 e¢V. Such a
decrease is typical of halogenated hydrocarbons on cop-
per (13) and other metals (26). The increase in the surface
work function between 140 and 200 K when the surface
is heated is due to C-I bond dissociation as confirmed by
HREELS studies (see above and Ref. (17)). CH,l, on the
other hand shows a different work function profile, as
illustrated in Fig. 7B. Note in particular that the surface
work function decreases very little when CH,l, is ad-
sorbed at 120 K, and that there is only a small change as
a function of surface temperature. The dip between 120

Cu(100)
L (B)1.5L CH,l

ok
s 0.2 j\i {l ¥
A
=]
<

" (A)3L CHyl
.0.2_

120 160 200 240
TEMPERATURE (K)

FIG. 7. Work function change as a function of surface temperature
after the indicated exposures of (A) CH;l and (B) CH,l, to Cu(100). All
measurements were made at 120 K after flashing the surface at 2.5 K/
s to the desired temperature.
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FIG. 8. Specular high-resolution electron energy loss spectrum of
the monolayer formed by annealing a 4-L exposure of CH,l, on Cu(100)
to 180 K. As discussed in the text, chemical evidence suggests that this
procedure dissociates the carbon—-iodine bonds and produces a layer of
CH, coadsorbed with iodine atoms.

and 160 K may indicate C-I bond scission, but it is also
possible that C-I bond scission occurs upon adsorption
at 120 K as it does for iodoethane (13), and that the small
change reflects desorption of small amounts of coad-
sorbed water and/or CO (27). The possibility that only
one C-I bond dissociates to form adsorbed CH,I must
also be considered. Ethylene could then be formed by
CH,I coupling to produce CH,ICH,l which dehalogen-
ates. While the dehalogenation of 1,2-dihalocompounds
is facile (28), the coupling of CH,I species, if they were
to form, appears unlikely at 250 K. For example, CH;
coupling on Cu(100) does not occur until temperatures
above 400 K (see Fig. 2).

HREELS spectra of the surface species formed when
CH,I, is adsorbed on Cu(100) and annealed to 180 K to
insure dissociation are, unfortunately, not sufficient to
definitively establish the presence of adsorbed CH,. A
sample spectrum of such a monolayer is shown in Fig. 8.
There is evidence for CH, stretching modes at 2910 cm ™',
but the losses in the fingerprint region are sufficiently
weak and unresolved to preclude spectroscopic identifi-
cation of the surface fragments. However, the chemical
evidence presented above strongly suggests that CH,l,
dissociates on Cu(100) below 200 K to form adsorbed
CH, groups.

One other aspect of CH,I, adsorption on Cu(100) which
should be mentioned is that at high coverages (exposures
above ~2 L) a second, lower temperature ethylene de-
sorption peak is observed in the TPR spectra. This peak,
which occurs at the expected ethylene desorption temper-
ature of ~180 K, may result from coupling of ‘‘free”
methylene groups formed during C-1 bond dissociation.
In particular, recent studies of CH,l, dissociation on alu-
minum surfaces have shown that CH, ejection into the
gas phase occurs at 170 K and is accompanied by ethylene
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formation (29). A similar process may also occur on
Cu(100), although we have yet to detect gas phase methyl-
ene as evidenced by careful studies of the m/e = 14:27
cracking pattern of the products. The important point for
the methylene insertion results described below is that
the studies here were carried out at low surface coverages
and tests were performed to confirm that surface-bound
methylene as opposed to ‘‘free’” methylene is the reactive
species. Note also that evolution of ethylene at 180 K for
high surface coverages of CH,l, indicates that, at least
under these conditions, both C-I bonds are cleaved by
180 K.

3.4. Methylene Insertion (CH,I, + CD,I)

Temperature-programmed reaction spectra of selected
ions after coadsorbing 0.5 L of CH,I, with 2 L of CD,l
on Cu(100) are shown in Fig. 9. Based on the results in
the previous sections, the following peaks are expected
if there is no reaction between CH,1, and CD,l: one peak
for m/e = 27 at ~230 K for ethylene evolution from the
reaction of CH,I, and one each for m/e = 20 and 30 at
~470 K for methane and ethylene/ethane formation from
CD;l. However, in addition to these peaks, low tempera-
ture peaks are observed for m/e = 20 at 315 K and for
m/e = 30 at 270 K, as well as a higher temperature shoul-
der for m/e = 27 at 270 K. These new features indicate
areaction between CH,I, and CDsl. The mass spectromet-

Cu(100) / 0.5 L CH,I; + 2 L CDyl

480 K

[ETERS)|

m/e = 20

ION INTENSITY (ARB. UNITS)

240 K
|
m/e = 27
1 1 1
200 300 400 500 600

TEMPERATURE (K)

FIG. 9. Temperature-programmed reaction spectra of the indicated
ions after adsorbing 0.5 L of CH.l, followed by 2.0 L of CD;l on Cu(100)
at 120 K. The heating rates were 2.5 K/s. The temperatures in boxes
indicate peaks that are not observed when the two constituents are
adsorbed separately on the surface.
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ric identification of these cross reaction products has been
discussed previously in detail for the analogous reaction
on Cu(110) (11), and it was shown that the new peak at
270 K is due to evolution of ethylene-d,, while the peak
at 315 K is due to CD,. Also, from mass balance, the
isotope composition of the products, and the reaction
kinetics, it was established that methylene insertion/g-
elimination was responsible for these products as shown
in Scheme 2.

Similar conclusions are also valid here on Cu(100). A
significant difference, however, is that while only a single
methylene insertion was observed on Cu(110), two se-
quential CH, insertions are possible on Cu(100) as shown
by the TPR results in Fig. 10. Figure 10A shows TPR
spectra for m/e = 44, 45, and 46 after coadsorbing 0.5 L
of CH,I, with 2.0 L of CD;l. The evolution of these ions
at 240 K indicates that a 3-carbon product(s) containing
deuterium is (are) formed. The 1.00:0.97:0.03 ratio of
the peak areas is consistent with the literature cracking
ratio (24) of 0.96:1.00:0.03 for propylene-3,3,3-d, (m/e =
45); the presence of m/e = 46 is due to the 1.1% natural
abundance of "*C. The formation of propylene-d;, to-
gether with the absence of lower and higher isotopes of
propylene, supports the reaction scheme shown in the
inset where two CH, sequentially insert followed by 8-
hydride elimination. The dependence of the propylene-d,
product yield on the coadsorbed CD,l exposure is shown
by the m/e= 45 TPR spectra in the top panel of Figure
10B. The nonlinear dependence of the yield on CD;l expo-
sure will be discussed further in Section 4.2. There is no
evidence for C, products as evidenced by studies monitor-
ing masses between 56 and 60.

To test the potential roles of surface segregation and/
or radical and carbene formation during carbon—iodine
bond dissociation, the order of halide precursor adsorp-
tion and dissociation was varied. Selected results are
shown by the TPR spectra of the propylene-d; product
(m/e = 45) in Fig. 11. In Figs. 11A and 11B, the order of
CH,l, and CD;l adsorption was interchanged, while in
Figs. 11C and 11D the CH,I, and CD;l monolayers were
preannealed to dissociate the C-I bonds prior to adsorbing
the other constituent. In all cases, the spectra are virtually
identical in peak temperature, shape, and area. These
results indicate that the adsorption sequence does not
affect the surface reaction pathway, kinetics, or yield,
and that radical or carbene formation during C-1 bond
dissociation is not an issue in these studies.

Methylene insertion into ethyl groups on Cu(100) is
illustrated by the studies with C,Hsl and C,Dsl in Fig. 12.

CH; +CDy —& CH,CDs Migratory Insertion
CHCD3 ——# CHCD;+D B - Elimination
D+CD3 ——d CDy Reductive Elimination
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FIG. 10. Temperature-programmed reaction spectra of the propyl-
ene-d; formed when CH,l; and CD,I are reacted on a Cu(100) surface.
(A) Diagnostic ion intensities for the propylene-3,3,3-d; product formed
by methylene insertion/B-elimination as indicated in the inset schematic.
(B) Dependence of the propylene-d; TPR spectra on CD;l exposure.
The heating rates were 2.5 K/s.

Here, reaction of CH,I, with C,H,lI produces propylene
(m/e = 42), while reaction with C,DsI produces propyl-
ene-d, (m/e = 46). These are the expected products of
CH, insertion into the metal—carbon bond to form propyl
groups followed by B-elimination of a hydrogen or deute-
rium atom as shown by the inset schematics. The 20-K
higher peak temperature for evolution of propylene-d,
relative to propylene as well as the dramatically different

Cu(100)/ Propylene-d; formation
240 K from CH,l; and CDs4l

(B)2LCD,l + 05LCH,,
) (A) 0.5L CH,l, + 2LCD,!

m/e = 45 ION INTENSITY (A.U.)

200 300 ” 500
TEMPERATURE (K)

FIG. 11. Effect of dosing order and preannealing to dissociate C~I
bonds on the kinetics and yield of propylene-d; (m/e = 45) formed by
reacting 0.5-L CH,I, with 2-L. CD;I on a Cu(100) surface.
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FIG. 12. Temperature-programmed reaction spectra for (a) propyl-
ene (m/e = 42) and (b) propylene-d, (m/e = 46) formed by reacting
C,Hdl and C,Dsl, respectively, with CH,l; on Cu(100). The surface
heating rates were 4 K/s.

yields for the two products indicates a deuterium isotope
effect which will be discussed further in Section 4.2. The
possibility of C, products from these reactions was not,
unfortunately, investigated, but butene formation would
be expected for the CH, + C,D; system analogous to
propylene formation from CH, + CD,. C, products are
unlikely for the CH, + C,H; reaction because of the substan-
tially faster rate of 8-climination for hydrogen vs deuterium
(note the small yield of propylene relative propylene-d, in
Fig. 12).

3.5. Cu(100) versus Cu(110)

As mentioned above, a major difference between the
methylene insertion reaction on Cu(100) and Cu(110) is
formation of C, products on Cu(100) and their absence
on Cu(110). The origin of this difference lies in the relative
rates of chain propagation, chain termination, and re-
actant consumption by side reactions on these surfaces.
The three competing processes for methylene insertion
on copper surfaces are shown in Scheme 3.

Chain growth occurs by methylene insertion, chain ter-
mination by 8-hydride elimination, and CH, coupling is
a side reaction that depletes the supply of surface methyl-
ene. The rate of methyl decomposition is orders of magni-
tude slower than these reactions on both surfaces and
need not be considered here.

In comparing the rates of the reactions above on
Cu(100) and Cu(110), we find that 8-hydride elimination

Chain Propagation: CH + CH3 ——# CH2CH3

Chain Termination: CHyCH; ——& CH2CHz; +H

Side Reaction: CHp + CHp — CHxCH;
SCHEME 3
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FIG. 13. Comparison of the TPR spectra for the ethylene formed

by reaction of CH,l; on Cu(100) and Cu(110). Top views of the atom
configurations on these surfaces are shown in the insets. The heating
rates in these experiments were 2.5 K/s.

occurs with a TPR peak temperature of 250 = 10 K on
Cu(100) and 230 = 10 K on Cu(110). Methylene coupling,
on the other hand, is substantially slower on Cu(110) than
on Cu(100) as shown by the TPR results in Fig. 13. CH,l,
produces ethylene at ~300 K on Cu(110) vs ~220 K on
Cu(100). Note also the different coverage dependences
and peak shapes on these two surfaces. Furthermore,
neither surface shows the peak temperature shift to lower
values with increasing coverage as is expected for a rate-
determining bimolecular process (30). These points will
be discussed further in Section 4.2.

Like CH, coupling, the rate of methylene insertion on
Cu(110) is dramatically slower than the rate on Cu(100).
This difference is illustrated by the TPR spectra in Fig.
14. Here it is seen that the insertion reaction (as measured
by evolution of ethylene-d, (m/e = 30) when CH,I, and
CD;l are coadsorbed) occurs with about a 50-K higher
peak temperature on Cu(110) than on Cu(100). (The small
yield of ethylene-d, at 245 K on Cu(110) and the difference
between the coverage dependences of the reaction kinet-
ics on Cu(100) and Cu(110) will be discussed in Section
4.2.) The point we emphasize here is that a 50-K tempera-
ture difference in a TPR experiment corresponds to about
two orders of magnitude in rate at 300 K (31).

As mentioned, the fact that propylene is formed on
Cu(100) and not Cu(110) reflects the relative rates of the
three reactions described above: CH, coupling, CH, inser-
tion, and B-elimination. Neglecting for the moment the
possibility of multiple insertions, the yield of ethylene
from the first insertion step is determined by the relative
rates of CH, insertion and coupling. Since both reactions
are slower by a comparable amount on Cu(110) vs
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FIG. 14. Comparison of the TPR spectra for formation of ethylene-
d; (m/e = 30) when the indicated exposures of CH,l, and CD;l are
reacted on Cu(100) and Cu(i10) surfaces. The substantial difference
between the peak temperatures (260 vs 315 K) on these surfaces indicates
that the reaction rate is dependent on the structure of the metal surface.
The small peak at 245 K in the (110) spectra may indicate reaction at
*(100)-type’’ defect sites on this surface; the leading edge above 350 K
in the (100) spectra is a cracking fragment of ethane-d, formed by cou-
pling of adsorbed CD; groups (compare Fig. 2). The surface heating
rates in these experiments were 2.5 K/s.

Cu(100), the yield of ethylene is relatively insensitive to
surface geometry (see Fig. 14). The yield of propylene
from the second insertion step, however, also depends
on the relative rate of S-elimination which converts ethyl
groups to ethylene. Thus, while chain growth by methyl-
ene insertion and chain termination by B8-hydride elimina-
tion occur at similar rates on Cu(100) (TPR peak tempera-
tures = 250-270 K), the insertion reaction is about two
orders of magnitude slower than 8-hydride elimination on
Cu(110). The slower rate of chain propagation relative to
termination is the primary reason for the lack of propylene
formation on Cu(110). These factors are discussed more
fully below.

4. DISCUSSION

4.1. Insertion Mechanism

The temperature-programmed reaction results pre-
sented above show that reaction of CH,l, and CD;l on a
Cu(100) surface leads to carbou—carbon bond formation
and evolution of ethylene-d, and propylene-d,. Here, we
discuss two key aspects of the mechanism: (1) that C-C
bond formation involves adsorbed CH, and CD, as op-
posed to species containing carbon-iodine bonds or free
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radical intermediates formed during C-I bond dissocia-
tion, and (2) that the mechanism of C~C bond formation
involves migratory insertion of CH, into the metal—carbon
bond of adsorbed CD;.

The evidence that C—~C bond formation involves ad-
sorbed CH, and CD; is both direct and indirect. In the
case of CD;l, the TPR, HREELS, and work function
change measurements all establish that C—I bond dissocia-
tion occurs below 180 K to produce adsorbed methyl
groups. Therefore, since preannealing a submonolayer
coverage of CDsl to 180 K has no noticeable effect on
the propylene formation rate or yield in the coadsorption
experiments with CH,l, (see Fig. 11D), we can conclude
that adsorbed CD; and not CDsl or a CD; radical formed
during C-I bond dissociation is the active species in C-C
bond formation. For CH,l,, there is indirect evidence that
annealing to 180 K induces C-I bond dissociation and
formation of adsorbed CH,. Specifically, the work func-
tion change measurements in Fig. 7B suggest that C-I
bond dissociation may occur even at the adsorption tem-
perature of 120 K. Scission of both C-1 bonds at this
temperature is also suggested by the evolution of ethylene
at 230 K when submonolayer coverages of CH,l, are
heated; one would not expect a CH,I species to couple
at such a low temperature given that CH; coupling occurs
above 400 K. Provided C~1 bond scission does occur
below 180 K to form adsorbed CH,, as these results sug-
gest, the preannealing experiment in Fig. 11C establishes
that adsorbed CH, and not CH,I, or CH,I is the active
intermediate in C-C bond formation. The strongest evi-
dence, however, that iodine-containing species are not
involved in C-C bond formation is that propylene is also
formed at 470 K during decomposition or methyl mono-
layers on Cu(100) (see Fig. 2). In this case, there is conclu-
sive evidence (see above) that no C—I bonds remain intact.
It is likely that propylene is formed as a result of methyl
decomposition to methylene followed by sequential meth-
ylene insertion into unreacted methyl groups as discussed
previously in connection with the chemistry of methyl
groups on Cu(110) (12).

Related to the issue of adsorbed fragments containing
C-I bonds is the effect of coadsorbed iodine atoms on
the reactions of adsorbed methyl and methylene. In the
case of methyl groups, the iodine effect has been ad-
dressed on Cu(111) by forming methyl groups on the sur-
face in either the presence or absence of iodine atoms
using a methyl radical source (21). The main effect of
the coadsorbed iodine atoms is to block surface sites.
For low coverages of iodine there is no significant
effect on the methyl decomposition products or kinetics.
At higher coverages, there is a crossover from methyl
decomposition to methyl radical desorption, and it ap-
pears that this effect is due to blocking of surface defects
by the coadsorbed iodine atoms (21). Similar studies have
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yet to be performed for adsorbed CH,, but based on the
TPR results in Fig. 13, the effect of coadsorbed iodine
atoms is not substantial; i.e., there is no dramatic shift
of the TPR peak temperature with increasing surface cov-
erage.

We now consider the evidence that CH, insertion is the
mechanism for forming ethylene-d, and propylene-d; from
the reaction of CH, and CD; on Cu(100). As mentioned in
Section 3, the isotope distribution in the products strongly
supports the methylene insertion/B-elimination mecha-
nism. The ethylene product contains two deuteriums (see
Ref. (11) for a detailed discussion of the mass spectromet-
ric identification), the propylene product contains three
deuteriums, and when ethyl-ds groups are reacted with
CH,, the product propylene contains four deuterium
atoms. Each is consistent with CH, insertion followed by
B-elimination. Also, the evolution of methane-d, at 315
K when CH, and CD; are reacted provides additional
evidence for the B-elimination reaction. Specifically, the
deuterium atoms produced on the surface by 8-elimina-
tion combine with remaining CD; on the surface to pro-
duce CD,. Not only is the CD, peak temperature consis-
tent with that for reaction of methyl groups and adsorbed
D atoms (12), but, as discussed previously for Cu(110)
(12), the product ratio of methane-d, at 315 K to ethylene-
d, is ~1 as expected from mass balance (32).

The isotope distribution of the products also rules out
other possible mechanisms for C—C bond formation. For
example, if more highly dehydrogenated intermediates
are involved, isotope scrambling would be expected. We
can also rule out the possibility that propylene is formed
by reaction of ethylene with adsorbed methyl groups (a
Ziegler—Natta-type olefin insertion reaction). In this case,
one would expect not only propylene-d, from insertion
of C,H, (the CH, coupling product) into CD, but also
propylene-d, and propylene-d; from insertion of ethylene-
d, into adsorbed methyl groups. The absence of m/e =
46 intensity beyond that expected for the *C contribution
to propylene-d; in the TPR results of Fig. 10A rules out
this possibility.

4.2. Insertion Kinetics

Three aspects of the insertion reaction kinetics will be
discussed: isotope effects, coverage dependences, and
the effect of surface geometry. Because CH, coupling and
B-hydride elimination occur concurrently and in competi-
tion with CH, insertion, a change in the relative rates of
these processes also changes the branching ratio between
the various pathways. The combined effect of changes in
relative rates and yields produces TPR signatures that are
not readily deciphered. This point is illustrated by the
deuterium isotope effect for the reaction of CH,I, with
C,H;I and C,Dsl to form propylene (Fig. 12). While pro-
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pylene-d, is evolved with a 20-K higher TPR peak temper-
ature than propylene consistent with the 10-20 K deute-
rium isotope effect for 8-elimination (19), the dramatic
difference in yields (note that the m/e = 42 peak in Fig.
12A has been multiplied by a factor of 10) indicates that
B-hydride elimination cannot be the sole rate-determining
step in both cases. In particular, if CH, insertion were
rapid compared with B-elimination, then (barring a sub-
stantial isotope effect for insertion) both C,H,I and C,D;sl
should produce comparable amounts of propylene. In-
stead, in the C,DI reaction, insertion competes favorably
with B-elimination which is slowed by the deuterium iso-
tope effect, but for C,H;l, B-elimination predominates
over insertion, and almost no propylene is formed. The
combination of these two effects prohibits a more quanti-
tative analysis of the isotope effect.

The effects of competing surface reactions are also ap-
parent in the coverage dependence of the propylene-d,
yield from the reaction of CH,l, and CD;1. As shown in
Fig. 10B, increasing the exposure of CD;l first increases
and then decreases the yield of propylene-d,. This behav-
ior reflects two competing effects of increasing the CD;
concentration. One is to increase the rate of formation of
the initial insertion product CH,CD; which in turn in-
creases the rate of propylene formation. The other is to
decrease the available surface coverage of CH, which
decreases the rate of propylene formation. The net effect
can be shown quantitatively by computer simulation of the
TPR spectra as illustrated in Fig. 10 and discussed below.

In simulating the TPR spectra for the reaction of CH,
with CD; on Cu(100) there are nine reactions which have
been experimentally demonstrated and which must be
considered. These reactions, which are largely the same
as those considered previously for Cu(110) (12), are listed
in Table 1. Independent determinations of the pre-expo-

TABLE 1

Reactions and Activation Energies® Used to Simulate the
Temperature-Programmed Reaction Spectra of CH, + CD; on

Cu(100)
Reaction Activation energy (kcal/mol)

CD;— CD,+ D 31
D+ CD2—> CD3 18
CH2 + CD;"’ CHZCD3 14
CH,CD, — CH,CD, + D 17
CHZ + CHICDS—’ CH2CH2CD3 14
CH2CH2CD3—’ CHZCHCD} +H 15

D + CD;— CD, 16.5
D +D— D, 20
CHZ + CHI—') CH:CHZ 13

@ Pseudo first order preexponential factors of 10" s! were used in
each case.
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nential factors and activation energies for these nine reac-
tions are not possible given the current data. In the case
of Cu(110), however, sufficient experiments were per-
formed to determine the rate constants with reasonable
accuracy. Specifically, pseudo first order pre-exponential
factors of 10'* s™' were assumed for each reaction and
the activation energies were calculated to reproduce the
TPR peak temperatures and yields. Note that, even
though the pre-exponential factors will in reality differ
from 10" s, the choice of the activation energy to repro-
duce the TPR peak temperature compensates for errors
in the prefactor. In other words, inaccuracies in the preex-
ponential factor and activation energy for a given reaction
compensate one another so that the magnitude of the rate
constant will be quite accurate over a limited temperature
range (a factor of 3 in the rate constant shifts the TPR
peak by ~10 K for reactions occurring at 200-300 K).

The way in which peak temperatures and product yields
are used to determine the reaction activation energies has
been discussed previously for Cu(110) (12). Since many
of the results on Cu(100) are the same to within the +£20
K uncertainty in the TPR peak temperatures, the same
parameters have been applied with several exceptions.
Most notably the activation energies for CH, insertion
and coupling have been lowered by 5 kcal/mol to repro-
duce the lower peak temperatures on Cu(100).

The resulting simulation of the TPR products for the
reaction of 5 X 1072 CH,/cm?® and 1.5 x 10""* CD;/cm?
(coverages comparable to those present in the experi-
ments (12)) is shown in Fig. 15A. The products formed
in order of increasing temperature are ethylene from CH,
coupling (240 K}, propylene-d, from two sequential CH,
insertions followed by B-elimination (255 K), ethylene-d,
from CH, + CD; followed by B-elimination (275 K), CD,
from D + CD, (305 K), and C,D,/CD, from CD; dispropor-
tionation (470 K). Not only are the product peak tempera-
tures comparable to those measured experimentally, but
the relative product yields are also similar—stringent cri-
teria for the rate constants. The effect of varying the CD,
coverage on the propylene-d, peak temperature and yield
is shown in Fig. 15B. The maximum in the product yield
and the decrease in the peak temperature with increasing
CD; coverage are consistent with the experimental results
in Fig. 10B. These results indicate that activation energies
in Table 1 in conjunction with pseudo first order pre-
exponential factors of 10"} s™! provide reasonable rate
constants for the indicated surface reactions on Cu(100).

We now turn to the substantial difference between the
rates of methylene coupling and insertion on Cu(100) and
Cu(110). As noted previously, the 50-80-K lower TPR
peak temperatures for insertion and coupling on Cu(100)
correspond to about two orders of magnitude larger in
rate (31). Several observations suggest that the slower
rates on Cu(110) are due to rate-determining diffusion of
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FIG. 15. Simulated TPR spectra of (A) the products from reaction
of CH, and CD; and (B) the dependence of the propylene-d; product
yield on CD; exposure. Coverages are reported as number of adsorbates
per surface copper atom. The ethylene formed by methylene insertion/
B-elimination is denoted with an asterisk to distinguish it from ethylene
formed by methylene coupling. The kinetic parameters used in these
simulations are described in the text and summarized in Table 1. The
parameters were chosen to qualitatively reproduce the experimental
results in Figs. 9 and 10.

CH, on this surface. Note, for example, that both coupling
and insertion occur at ~300-320 K on Cu(110) (see Figs.
13 and 14). Note also that there is a lower temperature
peak in each case that also increases with exposure and
which occurs at approximately the same temperature as
that for the corresponding reaction on Cu(100). We sug-
gest that these peaks indicate some **(100)-type”’ (33) sites
on the Cu(110) surface. In any event, it is clear that some
of the CH, groups react at a significantly lower tempera-
ture than the majority of surface species and if CH, diffu-
sion were rapid, it is difficult to envision why all of the
adsorbed CH, would not react at these lower tempera-
tures.

Rate-determining diffusion, however, cannot account
for the non-second order behavior of the TPR peak tem-
perature with exposure (see Section 3.5). To account for
both the rate and coverage dependence of the CH, cou-
pling and insertion reactions on Cu(110) we propose that
the reaction occurs by rate-determining diffusion of CH,
to “*(100)-type’” defect sites on the surface. Evidence for
such sites where the reaction is fast and for rate-determin-
ing CH, diffusion has been presented above. We show
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here how such a model can give rise to pseudo first order
reaction kinetics for methylene insertion. The reactive
“*(100)-type’’ sites are denoted with an asterisk, and, for
purposes of illustration, we assume that CD; diffusion is
rapid both to and from the reactive sites. The critical
component in the kinetic model for achieving pseudo first
order kinetics is that once CH, groups reach the reactive
sites they react before diffusing away again; rapid diffu-
sion of CDj; insures that methyl groups are always present
at the active site so that (provided reaction with CH, is
rapid compared with CH, diffusion) diffusion of CH, to
the active sites can be written as an irreversible step.
Furthermore, if we approximate the rate of diffusion to
active sites as a bimolecular reaction between the active
site and the diffusing species (34), the resulting kinetic
system is shown in Scheme 4. Applying the steady state
approximation to the reactive species gives

dC,H}
dt

= I\'!OCHZO* .

As evidenced by this relation, rate-determining diffusion
of CH, to selected active sites on the surface can produce
a kinetic rate law that is not first order in both CH, and
CH, coverage. It should be emphasized, however, that
other scenarios are also possible and that the actual situa-
tion is more complex than that described above. For ex-
ample, the presence of coadsorbed iodine atoms has been
neglected. The purpose of this discussion was to illustrate
how the combination of slow CH, diffusion and the pres-
ence of selected active sites on Cu(110), two features for
which there is some experimental evidence, could give
rise to the observed kinetics. Additional experiments (for
example, variation of the CH, coverage for a fixed CD,
coverage) are needed to substantiate this kinetic model.

4.3. Comparison with Other Metals

In comparing the chemistry of methyl and methylene
on copper surfaces under vacuum conditions with that on
other transition metal surfaces, copper is the only one
to date that has been reported to catalyze alkyl chain
propagation by methylene insertion. In most other cases,
however, coadsorption of methylene with methyl has not
been studied. One might expect that in the case of methyl
adsorption alone, methylene insertion would be observed
since dehydrogenation of methyl groups produces methyl-
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ene on the surface. In actuality, only hydrogenation and
dehydrogenation have been reported in the reaction of
methyl groups on Ni (35), W (36), Fe (37), Pd (38), Co
(39), and Pt (40) surfaces. Silver does form C-C bonds,
but via coupling of alkyl groups (26, 41).

No doubt one of the reasons copper catalyzes methyl-
ene insertion is that it is relatively inert towards dehydro-
genation of methyl and methylene, whereas dehydrogena-
tion reactions occur preferentially on most other metals.
While the facility of the insertion reaction on copper may
seem surprising, recent calculations have predicted that
this pathway should have a lower activation energy on
Cu than on Pt, Ni, and Fe (42). It should also be noted
that the low temperature coupling observed for CH, on
Cu(110) is consistent with the formation of ethylene in
the classic studies of Brady and Pettit, in which diazo-
methane (a CH, source) was reacted with copper cata-
lysts (8b).

Finally, it is worth noting that copper’s reputation as
arelatively inert catalyst stems from its inability to dissoc-
iatively adsorb most stable molecules. This inactivity in
turn reflects the thermodynamic fact that copper makes
relatively weak bonds to adsorbates. What the studies
here and calculations elsewhere (42) show is that if hydro-
carbon fragments can be generated on a copper surface,
then a remarkable number of bond-breaking and bond-
forming transformations are possible under quite mild
conditions. These transformations can take place because
the hydrocarbon fragments are bound strongly enough to
the surface that molecular desorption of the fragments
does not compete kinetically with reaction on the surface.
The somewhat unexpected facility of the transformations
on the surface (many of the reactions occur below 300 K)
arises, thermodynamically, from the fact that both the
reactants and products are relatively weakly bound to
the surface compared with other transition metals. As
a result, AH for many of these reactions on copper is
comparable to that for the analogous process on more
“‘active’” metals such as platinum (12, 42). This finding
may shed some light on the utility of copper in bimetallic
catalysts. Conversely, one might view these findings as
a cautionary note for those attempting to elucidate the
role of “‘inert” constituents in bimetallic catalysts. That
neither constituent in a bimetallic catalyst shows the activ-
ity of the combined catalyst does not necessarily imply
the importance of bimetallic sites. Synergistic effects of
the two pure metals must also be considered. The more
active metal may generate surface fragments which the
less active metal can then selectively manipulate to form
the desired product. In this respect, a bimetallic catalyst
would perform as a true bifunctional catalyst where the
active metal initiates the reaction and the inactive metal
completes the catalysis. Further study is needed to inves-
tigate this possibility in bimetallic catalysts.
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5. CONCLUSIONS

The results above show that when CH,l, and CD;I are
reacted on a Cu(100) surface, carbon—carbon bond forma-
tion occurs to produce ethylene-d, and propylene-d;. Both
products are evolved from the surface at 250-270 K, and
mechanistic studies suggest the following sequence of
events: C-1 bond dissociation below 200 K to form ad-
sorbed CH, and CD; groups, followed by methylene inser-
tion at 250-270 K to form adsorbed CH,CD, and
CH,CH,CD, which undergo 8-hydride elimination to pro-
duce the partially deuterated olefins. HREELS, work
function change measurements, and TPR studies provide
direct evidence for formation of adsorbed CD; and indi-
rect evidence for formation of adsorbed CH,. The exis-
tence and Kkinetics of the 8-hydride elimination pathway
have been independently confirmed using iodo- and
bromoethane as precursors to form adsorbed ethyl
groups. The relative rates of methylene insertion and
B-hydride elimination on Cu(100) limit the maximum chain
length of the hydrocarbon product to three carbons as
confirmed by computer simulation of the TPR experi-
ments using the measured kinetic parameters. Compari-
son of these results with previous results for Cu(110)
shows that the insertion reaction is structure sensitive,
being a factor of ~100 faster on Cu(100) than on Cu(l10).
Based on the kinetics for methylene coupling and inser-
tion on these two surfaces, it is suggested that the substan-
tially slower rates on Cu(110) are due to slow diffusion
of CH, to defect sites, which are the reactive sites, on
this surface.
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