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Abstract

It is shown that model oxides grown on metallic substrates catalyze propylene metathesis to form ethylene and butene
with an activity that mimics that of supported catalysts for reaction below ;650 K. Another regime is found above ;650
K where the reaction proceeds with a much higher activation energy of ;60 kcalrmol. Unfortunately, alkenes do not react

Ž .to any detectable extent on the model oxide surfaces in ultrahigh vacuum. However, the high-temperature )650 K
metathesis rate is found to be effected by the presence of oxygen overlayers, which also modify the chemistry of alkenes on

Ž .Mo 100 in ultrahigh vacuum. Methane is formed in temperature-programmed desorption following adsorption of alkenes
Ž . Ž .ethylene, propylene and 2-butene on OrMo 100 . The only other products detected are ascribed to either hydrogenation
reactions or to total thermal decomposition into carbon and hydrogen and it is proposed that alkenes dissociate via C5C
bond cleavage forming carbenes which then hydrogenate to yield methane. This chemistry is in accord with that found
catalytically at high temperatures where the product distribution from the reaction of ethylene is well described by a
Schulz–Florey distribution and the product distribution from propylene is well described by co-polymerization of carbenes
and methyl carbenes. The reaction is also found to proceed in the presence of a carbonaceous layer which appears to consist
of both adsorbed hydrocarbons and graphite. The adsorbed hydrocarbons are removed by hydrogen with fairly low activation

Ž .energy ;6.5 kcalrmol and it is also shown that the rate of olefin metathesis is accelerated by the addition of hydrogen to
the reaction mixture. Since this reaction does not require hydrogen to proceed, this effect is ascribed to a removal of these
strongly bound hydrocarbons which increases the number of reactions sites on the surface. q 1998 Elsevier Science B.V.
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1. Introduction

The randomization of alkylene groups in
alkenes, that is, their metathesis, is essentially
thermoneutral since the number and type of
carbon–carbon bonds are conserved for reac-
tants and products. The reaction was discovered
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in 1931 where it was demonstrated by Schnei-
w xder and Frolich 1 that heating propylene to¨

high temperatures indeed formed the thermody-
namically predicted products. The rate is limited
by the high activation energy for the reaction
and is a classical example of a Woodward–

Ž .Hoffmann electronic symmetry forbidden re-
w xaction 2 . A heterogeneous catalyst for the reac-

tion was discovered over 30 years later by
w xBanks and Bailey 3 who found that alumina-

1381-1169r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII S1381-1169 97 00258-6



( )G. Wu et al.rJournal of Molecular Catalysis A: Chemical 131 1998 91–10692

supported molybdena catalyzed the metathesis
of propylene to ethylene and butene with rather
high selectivity below ;650 K with an activa-

w xtion energy of ;6 kcalrmol 4,5 , substantially
lower than the value in the absence of a cata-
lyst. Early theories for the effectiveness of the
metathesis catalyst were framed in terms of
lowering the activation barrier of a surface C4

w xintermediate transition state 6–8 by having the
substrate orbitals participate in bonding to the
reaction transition state and thereby acting as an
electron sink to lower the transition state en-
ergy. This situation has been discussed in detail

w xin a classical paper by Schachtschneider 9 .
However, work with homogeneous catalysts lead
to the proposal of an alternative, two-step model
which suggested that reaction was initiated by
the formation of a carbene. In homogeneous
phase, this is often provided by including a
co-catalyst. The carbene is then proposed to
constitute the active catalytic site by reacting
with an alkene to produce a metallocyclic inter-

w x w xmediate 10–19 20–26 . This can potentially
react via several routes, for example, by reduc-

w xtive elimination to yield cyclopropane 27 or a
w xhydrogen transfer produces an alkene 28 . Both

of these reactions, of course, destroy the initial
carbene active site. Finally, the metallacycle can
react via the reverse of its formation pathway to
yield an alkene and reform a surface carbene
resulting in an overall metathesis reaction since
a carbon–carbon double bond has effectively

w xbeen broken and remade 10–26 . In fact, in this
pathway, complete scission of the double bond

Žis not required except for the initial carbene
.synthesis , presumably resulting in a lowering

of the reaction activation energy. The carbene
can also be consumed by reacting with other
carbenes analogously to the polymerization step

w xin Fischer–Tropsch synthesis 29 . This, of
course, also effectively constitutes olefin
metathesis since carbon–carbon bonds are
cleaved and reassembled.

It is also found that the activity of the molyb-
Ž .denum and also tungsten and rhenium cata-

lysts depend on the oxidation state of the metal

w x Ž Ž ..30,31 so that supported metallic M 0 cata-
lysts are considered to be completely inactive
and some higher oxidation state, often thought
to be q4, is the most active for the reaction. In
the following, the nature of the most active
catalyst and possible pathways for the reaction
are probed using surface science and catalytic
strategies on well-characterized model samples.

2. Experimental

Experiments were performed using a range of
pieces of apparatus, all of which have been

w xdiscussed in detail elsewhere 32,33 . Tempera-
ture-programmed desorption data were collected
using a bakeable, stainless-steel chamber operat-
ing at a base pressure of ;5=10y11 Torr
which was equipped with capabilities for multi-
mass, temperature-programmed desorption,
low-energy electron diffraction and Auger spec-
troscopy. The sample could be heated to ;2100
K using electron-beam heating and cooled to
;80 K by thermal contact with a liquid-nitro-
gen-filled reservoir.

Catalytic reactions were carried in a chamber
evacuated by means of a diffusion pump which
operated at base pressure of 1=10y10 Torr
w x34 . This chamber also incorporated a co-axial,
high-pressure reactor which could be pressur-
ized to ;800 Torr while maintaining ultrahigh
vacuum in the rest of the apparatus. The gas
was recirculated within the cell by means of a
gas pump and the reaction rate was determined
by measuring the gas composition periodically
by diverting a small portion of the reactant
mixture to a gas chromatograph for analysis.
Reaction rates are calculated directly from a

Ž .product accumulation curve for low -1%
conversions. This sample could also be heated
to ;2000 K and cooled by contact with a
liquid-nitrogen-chilled reservoir.

Ultraviolet photoelectron spectra were ob-
tained at the Wisconsin Synchrotron Radiation

w xCenter using the Aladdin storage ring 35 . The
stainless-steel, ultrahigh vacuum chamber used



( )G. Wu et al.rJournal of Molecular Catalysis A: Chemical 131 1998 91–106 93

for these experiments operated at a base pres-
sure of ;1=10y10 Torr following bakeout
and was attached to the end of a Mark V
Grasshopper monochromator. The chamber was
equipped with a quadrupole mass analyzer for
residual gas analysis and to test gas purities. It
was also equipped with a double-pass, cylindri-
cal-mirror analyzer which was used to collect
both Auger and photoelectron spectra.

The sample was cleaned by heating in ;2.5
=10y7 Torr of oxygen at 1200 K for 5 min to
remove carbon and then rapidly heated in vacuo
to 2100 K to remove oxygen. This resulted in
the diffusion of further carbon to the surface
and this procedure was repeated until no impuri-
ties, particularly carbon, were noted on the sur-
face after heating to 2100 K.

Oxygen overlayers were prepared by saturat-
Ž . Žing the Mo 100 surface 20 L O exposure at2

y6 .1050 K; 1 Ls1=10 Torr s and annealing
to various temperatures to remove oxygen to
obtain the requisite coverage. The adsorption of

Ž .oxygen on Mo 100 has been studied very ex-
w xtensively 36–39 and the oxygen coverages

were reproduced from their characteristic LEED
patterns and confirmed from their relative

ŽOrMo Auger ratios by monitoring the O KLL
.and Mo LMM Auger transitions . MoO films2

w xwere grown using a literature protocol 40 ,
which provides a surface that is active for olefin
metathesis, where metallic molybdenum was
oxidized using 3=10y5 Torr of oxygen for 120

w xs with the sample heated to 1050 K 41 .
Alkenes were transferred to glass bottles and

further purified by repeated bulb-to-bulb distil-
lations and stored in glass until use. The oxygen
Ž .AGA Gas, 99% was transferred from the
cylinder to a glass bulb and also redistilled.

3. Results

3.1. Catalytic actiÕity of model oxides

The metathesis activity of various model
molybdenum oxide catalysts was tested in the

Fig. 1. Relative activity of various model molybdenum oxides for
olefin metathesis using 450 Torr of propylene for reaction at
;650 K. Shown for comparison is the reactivity of a supported
molybdenum oxide where the molybdenum loading is relatively

Ž w x.high 18.6% 42 .

high-pressure reactor using 450 Torr of propy-
lene at a catalyst temperature of 650 K, and the
results are displayed in Fig. 1 in histogram
form. The errors in the measured rates are
"10%. Metallic molybdenum is inactive under
these reaction conditions and both MoO and2

MoO films catalyze olefin metathesis. Shown3

for comparison is the activity of a supported
molybdenum oxide catalysts with a relatively

Ž . w xhigh catalyst loading 18.6% 42 where the
agreement between the activity of the model
catalysts and the high-surface-area sample is
good. The temperature dependence of the
metathesis rate is shown plotted in Arrhenius

Ž Ž . .form ln Rate vs. 1rT in Fig. 2 and indicate
that there are two distinct metathesis pathways.
One predominates below ;650 K where the

Žreaction activation energy is ;6 kcalrmol a
value similar to that found for heterogeneous

w x.metathesis catalysts 4,5 . Note also that the
absolute rate for this model is similar to that for

Ž .high-surface-area metathesis catalysts Fig. 1
so that oxide films provide realistic models for
the supported catalyst. Above 650 K, the reac-
tion is dominated by a high-activation-energy
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Fig. 2. Arrhenius plot for propylene metathesis catalyzed by
MoO using 450 Torr of propylene showing the two distinct2

reaction regimes.

Ž .E ;60 kcalrmol pathway. It is proposedact

that both of these routes operate simultaneously
but the vast differences in their activation ener-

Žgies and also correspondingly in their pre-ex-
.ponential factors means that they each domi-

nate in different temperature regimes. Further
evidence for different reaction pathways above
and below 650 K come from the plot of
metathesis selectivity plotted as a function of
reaction temperature displayed in Fig. 3. In this
case, the selectivity is rather high and constant
below 650 K but decreases linearly with in-
creasing reaction temperature above ;650 K.

These results suggest that an MoO film2

grown onto a polycrystalline molybdenum sub-
strate appears to provide a reasonable model for
a supported catalyst and therefore its surface
chemistry is investigated further. Shown in Fig.
4 are a series of temperature-programmed des-
orption data collected in ultrahigh vacuum fol-

Ž .lowing ethylene adsorption 5 L at 80 K on
MoO . Unfortunately these results indicate that2

ethylene merely adsorbs molecularly on MoO2

and desorbs intact at ;190 K. The sharp peak
at ;100 K is due to a small amount of multi-
layer adsorption. Similar results are found for

Fig. 3. Selectivity for olefin metathesis catalyzed by MoO plot-2

ted as a function of temperature using 450 Torr of propylene again
showing two different reaction regimes.

w xother alkenes, for example, propylene 43 and
w xbutene 44 , adsorbed on MoO indicating that2

this is an extremely unreactive surface in ultra-
high vacuum, in spite of being an active catalyst
under higher-pressure conditions.

Fortunately, however, oxygen chemisorbed
Ž .on Mo 100 effects its metathesis activity. This

Fig. 4. Temperature-programmed desorption spectra collected fol-
lowing exposure of MoO to 5 l of ethylene detecting 2, 16, 272

and 30 amu.
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Fig. 5. The relative propylene metathesis activity of various
oxygen overlayers on molybdenum at a catalyst temperature of

Ž .870 K in the high-temperature regime using 450 Torr of propy-
lene.

is illustrated by the data in Fig. 5 which dis-
plays the relative metathesis activity in the

Ž .high-temperature and high-activation-energy
Ž .regime above ;650 K , using 450 Torr of

propylene at 870 K. Again, errors in the mea-
sured catalytic rates are "10%. Under these
conditions, metathesis is catalyzed by metallic
molybdenum. The reactivity is, however, en-
hanced by the addition of oxygen to the surface
where the presence of about 0.5 monolayers
leads to a substantial rate increase, and cover-
ages larger than one monolayer effectively poi-
son the reaction. The chemistry of alkenes is
therefore investigated on molybdenum surfaces
modified by various overlayers of oxygen. As
noted above, these can be prepared relatively

w xeasily 36–39 and also, as will be demonstrated
below, exhibit a rich variety of chemistry as a
function of oxygen coverage.

3.2. Surface chemistry of alkenes on oxygen-
( )modified Mo 100

It has been demonstrated previously that the
binding energies of the 2s-derived molecular
orbitals of a range of gas-phase hydrocarbons

can be calculated rather accurately using Huckel¨
w xtheory 45,46 ; that is, by taking the overlap

integral S to be zero. This effect is illustrated in
Fig. 6 which displays the photoelectron spectra
due to the emission from 2s-derived molecular
orbitals of several hydrocarbons adsorbed at 80

w xK on molybdenum 47 . Note that these elec-
Žtrons have relatively large binding energies be-

.tween 10 and 25 eV and so may be described
as shallow core levels. The peak positions are
exactly what would be expected on the basis of
simple molecular orbital calculations. This shal-
low core level spectroscopy is therefore sensi-
tive to chemical changes at the surface, for
example, to bond scission reactions, etc. This
effect is further illustrated by the spectra of Fig.
7 which display the 2s region for ethylene ad-
sorbed on metallic molybdenum at 80 K and
heated to various temperatures. Two peaks are

Ževident following adsorption at 80 K also ap-
.parent in Fig. 6 indicating that ethylene adsorbs

molecularly on molybdenum at this tempera-

Fig. 6. Ultraviolet photoelectron spectra of various hydrocarbons
Ž . Ž .adsorbed on Mo 100 at low temperature ;80 K collected

using 60 eV photons showing the 2s-derived molecular orbital
region of the spectrum.
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Fig. 7. The ultraviolet photoelectron spectra obtained following
Ž .exposure of Mo 100 to 5 L of ethylene at 80 K and after heating

to various temperatures. Spectra were collected using 60 eV
photons and display only the 2s-derived region of the spectrum.

ture. The peaks are assigned to 2a and 2bg 1u

bonding and anti-bonding features, respectively
as indicated on the figure. On heating, the
higher-binding-energy feature decreases in in-
tensity so that, by ;265 K, the spectrum con-
sists of a single peak at ;12.5 eV binding
energy suggesting the formation of a surface C1

species. These results imply that molybdenum
facilitates carbon–carbon double bond cleavage.
This chemistry is in complete contrast to that
found on group VIII metals where carbon–
carbon bonds remain intact up to relatively high
temperatures but is consistent with the first step
in the carbenermetallocycle metathesis mecha-

w xnism 10–26 .
Further evidence for ethylene dissociation is

presented in Fig. 8 which shows the 16 amu
Ž .methane desorption spectra collected follow-
ing adsorption of ethylene at 80 K on oxygen-

Ž .modified Mo 100 , where oxygen coverages are
marked adjacent to the corresponding spectrum.
Methane is detected, although metallic molyb-
denum, in spite of photoelectron spectroscopic

Ž .evidence that C species are formed Fig. 7 ,1

desorbs no methane. However, methane is
formed following ethylene adsorption on oxy-

gen-covered surfaces where the maximum yield
is found from a surface covered with 0.67

Ž .monolayers of oxygen Fig. 8 confirming dis-
sociative adsorption of ethylene. In order to test
whether methylene hydrogenation is feasible on
molybdenum, methylene species were grafted
onto the surface by exposing it to methylene
iodide. The resulting temperature-programmed
desorption spectra are shown in Fig. 9. A rela-
tively small amount of methane is formed in the
absence of co-adsorbed hydrogen. However,

Ž .predosing the Mo 100 sample with only 0.01 L
of hydrogen results in a substantial enhance-
ment in the rate of methane formation. Higher
hydrogen exposures lead to further, although
less dramatic, increases in methane yield. Thus,
adsorbed methylene species can react with sur-

w xface hydrogen to form methane 48 . The
methane desorption temperature found follow-

Ž .ing methylene iodide adsorption Fig. 9 is sub-
stantially lower than following ethylene adsorp-

Ž .Fig. 8. Sixteen atomic mass units CH temperature-programmed4

desorption spectra collected following adsorption of ethylene on
Ž .various oxygen-covered Mo 100 surfaces. The oxygen coverages

are displayed adjacent to the corresponding spectra. Shown as an
inset are the 16, 15 and 30 amu spectra obtained following

Ž .adsorption of ethylene on a Mo 100 surface covered by 0.67
monolayers of oxygen.
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Ž .Fig. 9. Eighteen atomic mass units CH D thermal desorption2 2
Ž .spectra collected by adsorbing methylene iodide on Mo 100 with

various hydrogen pre-coverages. The hydrogen dose is displayed
adjacent to each spectrum.

Ž . Ž .tion Fig. 8 ;220 K vs. ;380 K . The origin
of this difference is not known but is likely
associated with the effect of the relatively large
iodine atom also present of the surface along
with the hydrocarbon fragment which may have
the effect of forcing the species onto another

w xadsorption site 49 .
Note that no ethylene was formed by cou-

pling of methylene species on the surface either
after dosing methylene iodide or by monitoring
possible isotope scrambling products after dos-
ing the surface with 13C12CH . The only other4

reaction pathways found for ethylene on molyb-
denum were self-hydrogenation and thermal de-
composition to yield carbon and hydrogen.

The chemistry of other unsaturated hydrocar-
bons was examined on various oxygen-pre-
covered surfaces in order to establish whether
similar reactivity patterns are found in these

Ž .cases. Fig. 10 displays the 29 amu propane
desorption spectra obtained by adsorbing propy-

Ž .lene onto a hydrogen-pre-covered Mo 100 sur-
face as a function of hydrogen exposure. Clearly,
molybdenum catalyzes alkene hydrogenation
and this catalytic reaction has been investigated

w xat higher pressures 50 . The clear decrease in
peak temperature as the hydrogen coverage in-

Ž .Fig. 10. Twenty nine atomic mass units propane temperature-
programmed desorption spectra obtained by adsorbing propylene
on a hydrogen pre-covered surface as a function of hydrogen
exposure. Hydrogen exposures are marked adjacent to each spec-
trum.

creases indicates a second-order reaction with
surface hydrogen. Note again the large increase
in hydrogenation product yield with the addition
of relatively small amounts of hydrogen. Fig. 11
displays the corresponding methane desorption
spectra from propylene adsorbed on various

Ž .oxygen-covered Mo 100 surfaces. Once again,
methane is synthesized but with overall yields

Ž .Fig. 11. Sixteen atomic mass units methane temperature-pro-
grammed desorption spectra collected after exposing various oxy-
gen pre-covered surfaces to propylene. The oxygen coverages are
marked adjacent to each spectrum.
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Ž .Fig. 12. Sixteen atomic mass units methane temperature-pro-
grammed desorption spectra collected after exposing various oxy-
gen pre-covered surfaces to 2-butene. The oxygen coverages are
marked adjacent to each spectrum.

larger than those found for ethylene adsorbed on
Ž .these surfaces Fig. 8 . Methane desorbs from

metallic molybdenum following adsorption of
propylene and the yield increases with increas-
ing oxygen coverage up to a maximum for an
oxygen coverage of 0.67 and decreases at higher
coverages. Note that the methane desorption
peak temperature is 400 K, essentially identical

Žto that found following ethylene adsorption Fig.
.8 but, as noted above, higher than that found

Ž .following methylene iodide adsorption Fig. 9 .
In addition, no ethylene or ethane desorption
was detected following the adsorption of propy-

Ž .lene on any oxygen-covered Mo 100 surfaces.
However, hydrogen desorbs from the surface
due to the thermal decomposition of propylene.

The corresponding methane desorption data
obtained following 2-butene adsorption on

Ž .Mo 100 are displayed in Fig. 12 where again
substantial amounts of methane are formed. Now
the peak temperature varies with oxygen cover-
age so that, on metallic molybdenum, methane
desorbs at ;260 K, close to the temperature
found for methane formation after dosing either
methylene iodide or methyl iodide on these
surfaces with a shoulder at 400 K, closer to the
methane desorption temperature after ethylene

Ž .or propylene adsorption Figs. 8 and 11 . The
low-temperature feature shifts to higher temper-
atures with increasing oxygen coverage and the
400 K peak remains essentially unaffected. The
yield decreases with increasing oxygen cover-
age although the amount of methane formed is
considerably larger than for both ethylene and
propylene adsorption. The only other reaction
pathways noted for 2-butene adsorbed on clean

Ž .and oxygen-modified Mo 100 were hydrogena-
tion to butene and complete dehydrogenation to
carbon and hydrogen. No other C or C hydro-3 2

carbons were detected.
In order to further probe possible reaction

Ž .pathways for 2-butene on Mo 100 , photo-
electron spectra were collected using 60 eV
photons as a function of annealing temperature.
The results are displayed in Fig. 13. The traces
are obtained by subtracting the spectrum of

Ž .clean Mo 100 from those of adsorbate-covered
surfaces in order to accentuate the adsorbate-in-
duced features. Particularly emphasized are the
2s-derived orbitals. The experimental positions

Ž .for a condensed 2-butene layer formed at 80 K

Fig. 13. Ultraviolet photoelectron spectra collected using 60 eV
Ž .photons following adsorption of 2-butene on Mo 100 as a func-

tion of annealing temperature. Annealing temperatures are marked
adjacent to each spectrum. Also indicated are the positions of
peaks calculated for the 2s-derived molecular orbitals of 2-butene
and the corresponding positions for a C hydrocarbon.2
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Fig. 14. Plot of the methane yield vs. oxygen coverage for
Ž . Ž . Ž .ethylene v , propylene ' and 2-butene % on oxygen-covered

Ž .Mo 100 .

are compared with binding energies calculated
for 2-butene from Huckel theory using the pre-¨

w xscription outlined by Potts and Streets 45 and
w xStreets and Potts 46 . The multilayer desorbs

on heating the sample to ;130 K resulting in a
significant attenuation in intensity. Neverthe-
less, the position of the peaks, in particular
those in the 2s region, are identical to those for
the molecular overlayer indicating that 2-butene
adsorbs intact at this temperature, in accord
with the temperature-programmed desorption
results showing that hydrogenation products are
formed. The peak positions remain essentially
unchanged up to ;155 K. However, the fea-
tures evolve into two peaks on heating to ;190
K indicating the formation of a C hydrocarbon.2

Further heating to 275 K results in the appear-
ance of only a single peak at a binding energy
of 12.5 eV consistent with the detection of
methane in temperature-programmed desorption
Ž .Fig. 12 . It is important to note that there is no
evidence for the intervention of any other C or4

C species that precede the formation of an3

adsorbed C hydrocarbon. This implies that the2

carbon–carbon double bond dissociates forming
two methyl carbenes in a reaction analogous to
that seen above for ethylene. These are identi-

fied as the C hydrocarbons detected by photo-2

electron spectroscopy between 190 and 250 K
Ž .Fig. 13 .

Finally, shown plotted in Fig. 14 is the
methane yield for ethylene, propylene and 2-
butene adsorbed on various oxygen-covered sur-
faces. Note that the total methane yield in-
creases with increasing carbon number so that
2-butene evolves substantially more methane
than either ethylene or propylene. However, the
methane yield from ethylene is a maximum for
an oxygen coverage of ;0.6 and is zero for
u s0 and 1.0. The methane yield from 2-O

butene decreases linearly with increasing oxy-
gen coverage and the yield from propylene is
essentially a linear combination of the two ef-
fects. This can be understood in terms of the
proposed carbene formation chemistry. CH 2

species are formed from ethylene where the
resulting methane yield is the largest for a sur-
face covered by 0.6 monolayers of oxygen.
2-Butene forms only methyl carbenes which
thermally decompose to yield methane and, in
this case, the methane yield decreases linearly
with increasing oxygen coverage. Propylene
dissociates to form equimolar amounts of meth-

Fig. 15. Restart reaction for olefin metathesis catalyzed by metal-
lic molybdenum at 880 K showing the product accumulation

Ž . Ž .curve for an initially clean Mo 100 sample v and after remov-
ing this sample into ultrahigh vacuum and restarting the reaction

Ž .with fresh propylene without cleaning the sample ` .
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ylidenes and ethylidenes so that the variation in
methane yield with oxygen coverage is this case
is merely a linear combination of the yields of
methane from ethylene and 2-butene as found

Ž .experimentally Fig. 14 .

3.3. Nature of the catalyst surface and the effect
of hydrogen

Analysis of the surface of either metallic
molybdenum or molybdenum oxides after reac-

Ž . Ž .Fig. 16. Raman spectrum of an MoO model catalysts before a and after b reaction with 200 Torr of propylene at 880 K.3
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tion using Auger spectroscopy reveals the pres-
ence of substantial amount of carbon. An esti-
mate of the film thickness, using standard elec-
tron escape depths, suggests that the layer is the
equivalent of several monolayers of carbon
thick. In order to test whether the presence of
this layer affects the catalytic activity, a ‘restart’
reaction was carried out and the results are
displayed in Fig. 15. A metathesis product accu-
mulation curve for catalysis by an atomically

Ž .clean Mo 100 single crystal is shown. The
sample is then removed into ultrahigh vacuum
and the presence of large amounts of carbon
confirmed using Auger spectroscopy. The sam-
ple is then reinserted into the high pressure cell
which is filled to the same pressure of propy-
lene as the first reaction and the reaction
restarted over the carbon-covered sample. The
product accumulation curve for this reaction is
essentially identical to the rate on the initially
clean surface indicating that olefin metathesis
apparently takes place in the presence of this
thick carbon layer. Similar restart experiments
have been carried out on model oxide catalysts

w xwith identical results 51 .
The nature of this layer can be probed on an

Fig. 17. Plot of layer thickness measured using Auger spec-
troscopy of the carbon films formed after reaction in propylene
Ž .450 Torr, 880 K plotted as a function of reaction time in 5 Torr

Ž .of hydrogen at 600 K after various times of reaction; v 20 min,
Ž . Ž .` 240 min and I 800 min.

Fig. 18. Arrhenius plot for the removal by reaction with 5 Torr
hydrogen of the hydrocarbon layer formed on molybdenum fol-

Ž .lowing reaction in propylene 450 Torr, 880 K .

MoO substrate using Raman spectroscopy and3

the results are displayed in Fig. 16. This ex-
hibits features between 2900 and 3100 cmy1

due to C–H stretching modes indicating that a
substantial proportion of the carbon is present as
a hydrocarbon. Also indicated are broad fea-
tures with peaks at ;1375 and 1600 cmy1

which have been assigned to the presence of
graphitic species and so indicates that a portion
of the carbon present on the surface is graphitic
w x52,53 . The graphitic carbon is not likely to
react with hydrogen. However, as shown in Fig.
17, a portion of the carbon can be removed
from the surface by reaction in 5 Torr of hydro-
gen at 600 K where part of the carbon is
removed in ;20 to 25 min irrespective of the
time for which the carbon was deposited during
olefin metathesis. There is, however, a portion
of the carbon that apparently cannot be removed
by reaction with hydrogen and the amount of
this carbon increases with reaction time. The
carbon that can be removed with hydrogen is
associated with the hydrocarbon species evident
in the Raman spectra of Fig. 16 and the part that
cannot be removed is likely to be due to the
graphitic species also detected by Raman spec-
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troscopy. The temperature dependence of the
hydrocarbon removal rate in the presence of 5
Torr of hydrogen is plotted in Arrhenius form in
Fig. 18 which yields a relatively low value of
hydrogenation activation energy of 6.4"0.4
kcalrmol.

Since hydrogen can effectively remove car-
bon from the surface, and this carbon is likely
to prevent access of reactants to the surface, it is
postulated that addition of hydrogen will in-
crease reactant accessibility to the surface and
may result in an increase in reaction rate. The
results of these experiments are shown in Fig.
19 which plots the rate of propylene metathesis
Ž .450 Torr, 800 K vs. the pressure of hydrogen
added to the mixture. It should be emphasized
that hydrogenation and hydrogenolysis products
are also formed which might be expected to
lead to a decrease in the rate of olefin metathe-
sis since reactants are being titrated from the
surface whereas the data of Fig. 19 clearly show
a rate enhancement in accord with the above
postulate. The associated carbon film thickness
found using Auger spectroscopy measured fol-
lowing reaction in the presence of hydrogen

Fig. 19. Plot showing the effect of addition hydrogen on the rate
Ž .of propylene metathesis 450 Torr, 800 K catalyzed by molybde-

num where the metathesis rate is plotted vs. hydrogen pressure.

Fig. 20. Plot of the remaining carbonaceous layer thickness mea-
Žsured using Auger spectroscopy during propylene metathesis 200

.Torr, 880 K as a function of hydrogen pressure where the
carbonaceous layer thickness is plotted vs. hydrogen pressure.

Ž .Fig. 20 shows a clear decrease in the amount
of carbon on the surface with increasing hydro-
gen pressure in accord with the suggestion made
above.

4. Discussion

4.1. Synthesis of model catalysts, their surface
properties and reaction pathway

Model olefin metathesis catalysts consisting
of either MoO or MoO formed by oxidizing a2 3

molybdenum foil mimic the activity of sup-
ported metathesis catalysts for reaction below

Ž .;650 K Fig. 1 . This reaction is also catalyzed
in homogeneous phase and here reaction is sug-
gested to be initiated by the formation of a
carbene which is then proposed to react to form
a metallacycle. This subsequently thermally de-
composes by the reverse of this route to yield

w xmetathesis products 10–36 . Simultaneously,
there is a high-activation-energy reaction path-

Ž .way E ;60 kcalrmol; Fig. 2 that predomi-act

nates at high temperatures. Unfortunately, these
model oxide catalysts are rather inactive in ul-
trahigh vacuum so that alkenes merely adsorb



( )G. Wu et al.rJournal of Molecular Catalysis A: Chemical 131 1998 91–106 103

and desorb molecularly and essentially undergo
Ž .no surface chemistry Fig. 4 .

Ž .Fortunately, oxygen overlayers on Mo 100
also effect the metathesis activity of the catalyst

Ž .in the higher-temperature regime Fig. 5 so that
the chemistry of alkenes is studied on these
surfaces. These turn out to exhibit a rather rich
surface chemistry which displays significant
variations in reactivity as a function of oxygen
coverage. This is illustrated by the data of Figs.
7 and 8 which show that ethylene adsorbs disso-
ciatively on oxygen-covered molybdenum sur-
faces to yield surface carbenes. Grafting methy-
lene species onto the surface by thermally de-
composing iodine-containing precursors reveals
that carbenes can react with adsorbed hydrogen
to form methane. It has been shown that methane
forms at the same temperature in temperature-
programmed desorption when either methylene

Ž .or methyl species are grafted onto Mo 100
w xfrom iodine-containing precursors 49 . This im-

plies that the final addition of hydrogen to an
adsorbed methyl species is the rate-limiting step
in the methane formation pathway. The activa-
tion energy for methane formation, in the ab-
sence of co-adsorbed iodine, as measured from
a leading-edge plot yields an activation energy
to methane formation of ;23 kcalrmol. Previ-
ous estimates of the heat of adsorption of car-

w xbenes have yielded values ;100 kcalrmol 33 .
As noted above, hydrogenation of a methyl
group is, in fact, rate limiting which allows the
heat of adsorption of a methyl group to be
estimated from:

E CH ;D H CH qD H HŽ . Ž . Ž .4 Žads. 3 Žads.

yD CH –HŽ .3

Ž .where D H H is the heat of adsorption ofŽads.
Ž . Ž w x.hydrogen on Mo 100 ;60 kcalrmol 54

Ž .and D CH –H the strength of the CH –H3 3
Ž w x.bond 104 kcalrmol 55 . Using the activation

energy for the formation of methane measured
above, this yields an approximate value for the
heat of adsorption of a methyl group of ;69
kcalrmol. Since the hydrogenation of this to

methane is the rate-limiting step, the activation
energy of hydrogenation of a methylene to a
methyl moiety will be less than this value, so

Ž .that D H CH is less than 128 kcalrmol butŽads. 2

substantially greater than 69 kcalrmol.
Reacting ethylene over metallic molybdenum

at high pressures at catalyst temperatures above
;650 K leads to a series of higher hydrocar-
bons with a distribution that is well described

w xby a Schulz–Florey plot 29 . This suggests that
Žthe high-temperature metathesis reaction Figs.

.2 and 3 is due to alkene dissociation and
recombination of the resulting carbene species
on the metal surface. The high activation energy

Ž w x.for this reaction ;60 kcalrmol 29 then
reflects the large heat of adsorption of carbene
species and can be used to estimate its heat of
adsorption ignoring any substrate relaxation ef-

w xfects 33 . This yields a value of ;120
kcalrmol in reasonable agreement with the
range estimated above. Note that this is an
‘active site’ removal pathway for the carbene-
metathesis mechanism which may operate at

w xlower temperatures 10–26 . The large activa-
tion energy for this pathway means that these
species are removed only slowly at lower tem-
peratures. The product distribution from the re-
action of propylene can similarly be rationalized
by assuming co-polymerization of equimolar
amounts of carbenes and methyl carbenes indi-
cating a similar high-temperature metathesis

w xmechanism for propylene as for ethylene 51 .
It is clear, at least on these oxygen modified

surfaces, that carbene formation is rather facile.
We turn our attention now to examining the
way in which these species might form. Note
that both propylene and 2-butene chemisorbed

Ž .on OrMo 100 decompose to yield methane
indicating that they ultimately form either
methyl or methylene species, which then hydro-
genate. They can also self-hydrogenate in ultra-

Žhigh vacuum forming alkanes see for example
.Fig. 10 or completely thermally decompose

producing carbon and hydrogen. No other prod-
ucts are formed. It has been suggested that
carbenes can form from alkenes containing alkyl
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groups via an initial alkyl dehydrogenation
w x56,57 . Under this proposal, the methyl group
of propylene would react to form an allylic
species. Hydrogenation of the allylic species at
the b position would lead to the formation of a
metallacycle which would then thermally de-
compose to yield ethylene and deposit a car-
bene. Note, first, that no ethylene is detected
following propylene adsorption. Second, prelim-
inary results obtained by adsorbing CH sCH–2

CH I to form the allylic species onto various2

oxygen-modified surfaces results in the desorp-
w xtion of only hydrogen 58 . Attempts to hydro-

genate this species at the b position merely
result in the formation of a small amount of
propane. An alternative pathway proposes par-
tial hydrogenation of adsorbed alkenes to yield

w xalkyl species 59 . This reaction clearly takes
place since alkenes react to form alkanes which
must form via an intervening alkyl species. The
alkyl species is then proposed to decompose via
an a-hydride elimination. In fact, alkyl species
grafted onto these surface by adsorbing ethyl
iodide thermally decompose to form ethylene
via b-hydride elimination as generally found on

w xtransition metal surfaces 58 .
In addition as noted above, the ultraviolet

photoelectron spectroscopic data of Fig. 14 indi-
cate that 2-butene thermally decomposes di-

Žrectly to form C species proposed to be methyl2
.carbenes without the participation of any other

surface C species. Both of the mechanisms4

outlined above would involve the intervening
formation of other C species, the former path-4

way involving a methyl metallacycle, the latter
a methyl ethyl carbene. The formation of either
of these intermediates would lead to significant
changes in the 2s-derived peak positions which
are not detected.

Finally, it is clear that the total methane yield
increases substantially through the homologous

Ž .series, ethylene, propylene, 2-butene Fig. 14 .
Since it is proposed above that methane forms
via a direct carbon5carbon double bond disso-
ciation reaction to form carbenes, the variation
in total methane yield may be related to this

dissociation probability. It has been suggested
that, within the context of the Dewar–Chatt–

Ž .Duncanson model, alkenes bond on Mo 100
primarily by donation of electrons from p or-
bitals to the metal rather than via back donation

) w xinto vacant p orbitals 60,61 . That is, alkenes
Ž .behave like p-donors on Mo 100 . Corrobora-

tive evidence for this idea comes from the effect
on oxygen on alkene desorption activation ener-
gies which increase with the addition of oxygen
to the surface in accord with the above proposal
w x35,43 . It should be emphasized that alkenes
are likely to bond synergistically via both dona-
tion and acceptance of p electrons, but that
electron donation to the surface predominates.
The relatively large number of vacant d-orbitals
available to accept electrons in molybdenum in
comparison with, for example, group VIII met-
als, may partially rationalize the bonding mode
in this case. The position of the p orbital in
alkenes is substantially affected by the presence
of a methyl group so that the binding energy of
the p orbitals in ethylene is 10.5 eV, 9.7 eV in

w xpropylene and 9.1 eV in 2-butene 62 . These
shifts are fairly large and indicate that the p

orbital should be rather closer to the Fermi level
in 2-butene than in ethylene. This indicates that
the extent of electron donation from the p or-
bitals to the substrate should be larger for 2-
butene than for ethylene leading to a larger
decrease in bond order and therefore an in-
creased bond dissociation probability in the or-
der 2-butene)propylene)ethylene, as found
experimentally. It is clear that the large methane

Ž .yield found for 2-butene adsorbed on Mo 100
is also associated with the appearance of an
addition methane desorption features at ;280

Ž .K Fig. 12 . This peak is rather close to that
found for methane formation from methylene

Ž .iodide Fig. 9 . It has also recently been sug-
gested that the lower desorption temperature
measured when hydrocarbon species are formed
from iodine-containing precursors, is due to site
blocking by the relatively large iodine atom.
Similar occupation of other sites when many
more C species are present on the surface may1
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account for the additional low-temperature fea-
ture evident in Fig. 12.

4.2. Nature of the catalyst surface during reac-
tion

Analysis of surface of the model metathesis
catalyst after reaction yields an Auger spectrum
having a strong carbon signal. By using electron
escape depths and calibrating the Auger signal
for a carbon monolayer allows approximate car-

w xbon film thicknesses to be estimated 34 and
reveals that the carbon film is the equivalent of
several monolayers in thickness and the results
of the restart experiment shown in Fig. 15 indi-
cates that reaction takes place in the presence of
this layer. As indicated by the Raman data
displayed in Fig. 16, it consists both of hydro-
carbon and graphitic components and the data
of Figs. 17 and 18 indicate that the carbona-
ceous portion of the film can be removed using
high pressures of hydrogen at ;600 K and that
the activation energy of this reaction is ;6.5
kcalrmol. The graphitic part of the carbon does
not react with hydrogen and the results of Fig.
17 suggest that the amount of graphite on the
surface increase as a function of time on stream
implying that the carbonaceous layer slowly
converts to graphite as the reaction proceeds. It
is also found that adding hydrogen to propylene

Ž .increases the rate of olefin metathesis Fig. 19
and this effect is ascribed to the removal of
carbonaceous species from the surface to reveal
more active catalyst sites below. Corroborative
evidence for this idea comes form the data of
Fig. 20 which show the corresponding carbon
thickness after olefin metathesis in the presence
of hydrogen as a function of hydrogen pressure,
where the amount of surface carbon decreases
as the reaction rate increases. As noted above,
the olefin metathesis reaction pathway at these
high temperatures does not involve hydrogen so
that the increase in reaction rate is not associ-
ated with this effect. It appears that hydrocarbon
reactions are generally enhanced in rate by the
addition of hydrogen and this effect has also

been seen in the palladium-catalyzed formation
w xof benzene from acetylene 63 , another hydro-

carbon conversion reaction that does not involve
hydrogen. It is therefore likely that this also
happens for reactions that do involve hydrogen
as one of the reactants, for example, in alkene
and alkyne hydrogenation, both of which pro-
ceed in the presence of carbonaceous layers.
The implications of this phenomenon are being
explored.

5. Conclusion

Ž .Alkenes react on oxygen-covered Mo 100
either to form alkanes, or to completely ther-
mally decompose to form carbon and hydrogen
or to adsorb dissociatively to yield carbene
species. Both model molybdenum oxides and

Ž .oxygen-covered Mo 100 catalyze olefin
metathesis where two reaction pathways are
found, one that predominates at low tempera-

Ž .tures -650 K and has a relatively low activa-
tion energy and another that predominates at
higher temperatures, which has a much higher
activation energy of ;60 kcalrmol. The latter
reaction is proposed to proceed by recombina-
tion of the carbene fragments which adsorb

Ž .relatively strongly on Mo 100 with a heat of
adsorption of ;120 kcalrmol. This accounts
for the rather high activation energy for this
reaction. Catalysis proceeds in the presence of a
carbonaceous layer which consists of a hydro-
carbon portion which can be titrated away using
high pressures of hydrogen and a graphitic por-
tion that is unreactive. The catalytic reaction is
accelerated by the addition of hydrogen and this
is explained by assuming that hydrogen re-
moves hydrocarbons to reveal metal sites be-
low.
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