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Abstract 

Propylene adsorbed on Mo(100) and oxygen-covered Mo(100) thermally decomposes to desorb hydrogen and deposit carbon, 
desorbs molecularly, self-hydrogenates forming propane, or decomposes to ultimately form adsorbed C~ species, which hydrogenate 
to form methane. Since the hydrogen desorption yield decreases linearly with increasing oxygen coverage, it is proposed that 
propylene completely thermally decomposes on the four-fold hollow sites on Mo(100). Adsorbed propylene can self-hydrogenate to 
form propane and predosing the surface increases the propane yield indicating that it is formed by reaction of propylene with surface 
hydrogen. The activation energy for both of these processes increases with increasing oxygen coverage, a trend that is rationalized 
by proposing that propylene adsorbs on molybdenum by 7z donation to the surface. Finally, methane is formed in yields greater 
than found for ethylene on oxygen-covered Mo(100) and the methane yield increases with increasing oxygen coverage up to 
0.67 monolayers and decreases at higher coverages. No other hydrocarbons are detected following propylene adsorption on any 
oxygen-covered surface and it is suggested that an initial carbon carbon bond cleavage leads to the ultimate formation of methane 
by reaction of C~ species with adsorbed hydrogen, f~, 1997 Elsevier Science B.V. 

Keywor&': Chemisorption: Low index single crystal surfaces; Molybdenum; Propylene; Soft X-ray photoelectron spectroscopy: 
Thermal desorption spectroscopy 

1. Introduction 

It has been shown previously that ethylene can 
undergo a variety of reactions on oxygen-modified 
Mo(100) including hydrogenation, decomposition 
into carbon and hydrogen and also dissociation to 
form surface C1 species which then hydrogenate 
to form methane [1 3]. Such carbene formation 
has been suggested to be the first step in the 
carbene metallacycle mechanism proposed for 
both homogeneous and heterogeneous olefin 
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metathesis [4-12]. It has also been demonstrated 
that C~ species formed from ethylene can polymer- 
ize on metallic molybdenum to form higher molec- 
ular weight hydrocarbons [13-15]. This paper 
extends this work to the examination of propylene, 
the simplest olefin for which metathesis is nonde- 
generate. In this case, metallic molybdenum [16] 
and molybdenum oxides [17] all catalyze metathe- 
sis (i.e. ethylene and butene formation) at relatively 
high temperatures, but with rather low selectivity. 
As noted above, this reaction probably proceeds 
by carbene polymerization. Another reaction 
route, which has a much lower activation energy 
(6 versus 60 kcal/mol), is found at lower temper- 
atures (below 650K), in particular on MoO2 
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model oxide catalysts. We have therefore also 
studied the chemistry of propylene o n  M o O  2 films. 
As was found for ethylene adsorption on this 
surface [1], propylene is essentially unreactive on 
M o O  2 under ultra-high vacuum ( UHV ) conditions 
since propylene adsorbs and desorbs molecularly. 

Oxygen overlayers also affect the catalytic ac- 
tivity of molybdenum where the addition of 
~0.6 monolayers of oxygen (where a monolayer 
is referenced to the number of unit cells on the 
(100) surface) leads to the maximum enhancement 
[13]. The chemistry of propylene is also studied 
on these surfaces. As noted above, methane is 
formed from ethylene on oxygen-modified 
Mo(100) where methylenes formed by direct car- 
bon-carbon bond scission react with hydrogen to 
form methane [1]. The presence of more labile 
methyl groups in propylene open up the possibility 
that carbenes could be formed by other routes. 
These alternatives will be explored in the following. 

2. E x p e r i m e n t a l  

Two pieces of equipment were used for these 
experiments; both have been described in detail 
elsewhere [18, 19]. Briefly, the first consists of an 
ion- and sublimation-pumped, bakeable UHV 
chamber operating at a base pressure of 
< 1 x 10 -1° torr following bakeout. The Mo(100) 
sample is mounted to the end of a rotatable 
manipulator by means of 0.5 mm diameter tanta- 
lum heating wires spot-welded to 2 mm diameter 
tantalum rods. In addition, the manipulator has 
been retrofitted with electron-beam heating [19]. 
This allows the sample to be repeatedly heated to 
> 2000 K without any adverse effects on the heat- 
ing wires. The sample could also be cooled to 
~80  K via thermal contact to a liquid-nitrogen 
filled reservoir. Resistive heating was used to col- 
lect temperature-programmed desorption (TPD) 
data. These were collected using a computer-multi- 
plexed quadrupole mass spectrometer that could 
record up to five masses sequentially using a 
heating rate of 10 K/s. The analyzer head of the 
quadrupole was enclosed in an evacuated shroud 
with a 1 cm diameter hole in the front to minimize 

signals not arising from the sample entering the 
mass spectrometer ionizer. 

The chamber was also equipped with a four- 
grid retarding field analyzer (RFA) which was 
used to obtain LEED images of the sample and 
to collect Auger data. The sample was cleaned by 
heating in ~2.5 x 10 -~ torr of oxygen at 1200 K 
for 5 min to remove carbon and then rapidly 
heating 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 impurities, particularly carbon, were noted on 
the surface after heating to 2100 K. 

Ultraviolet photoelectron spectra were obtained 
at the Wisconsin Synchrotron Radiation Center 
using the Aladdin storage ring. The stainless-steel 
UHV chamber used for these experiments operated 
at a base pressure of ~ l x  10 10torr 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, cylindrical- 
mirror analyzer which was used to collect both 
Auger and photoelectron spectra. Auger spectra 
were excited using a 3 keV electron beam and 
collected by counting the scattered electrons and 
the dn(E)/dE Auger spectrum obtained by numeri- 
cally differentiating the n(E) signal. The analyzer 
was operated at a pass energy of 25 eV to collect 
photoelectron spectra and this yielded an overall 
spectral resolution of 0.15 eV. These were excited 
using 60 eV radiation which has been shown pre- 
viously to yield the optimum C 2s to background 
intensity ratio on Mo(100) [20]. 

The propylene (Aldrich, WI, 99.9% purity) was 
transferred to a glass bottle and further purified 
by repeated bulb-to-bulb distillations and stored 
in glass until use. The oxygen (AGA Gas, Inc., 
OH, 99%) was transferred from the cylinder to a 
glass bulb and also redistilled. 

Oxygen overlayers were prepared by saturating 
the Mo(100) surface (20 L 02 exposure at 1050 K; 
1 L =  1 x 10 -6 torr s) and annealing to various tem- 
peratures to remove oxygen to obtain the requisite 
coverage. The adsorption of oxygen on Mo(100) 
has been studied very extensively [21 24] and the 
oxygen coverages were reproduced from their char- 
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acteristic LEED patterns and confirmed from their 
relative O/Mo Auger ratios (by monitoring the O 
KLL and Mo LMM Auger transitions). M o O  2 

films were grown using a literature protocol [25] 
where metallic molybdenum was oxidized using 
3 x 10 -5 torr of oxygen for 120 s with the sample 
heated to 1050 K. 

3. Results 

Various oxygen overlayers of different coverages 
were obtained by annealing an oxygen-saturated 
p( 1 × 1 ) surface to various temperatures and have 
been carefully documented [21-24]. M o O  2 is syn- 
thesized as described above. The relative oxygen 
coverages were checked by measuring the O:Mo 
Auger ratio as a function of annealing temperature. 
Note that M o O  2 provides a model catalyst that 
mimics the metathesis activity of high loadings of 
molybdenum oxide supported on alumina and the 
metathesis activity of metallic molybdenum modi- 
fied by oxygen overlayers has been shown to 
increase as a function of oxygen coverage from 
0 o - 0 M L  (clean surface) to 0 o = 0 . 6 M L  and 
decrease thereafter [ 13 ]. 

Fig. 1 shows the photoelectron spectrum of pro- 
pylene adsorbed on MoO2 displaying the C and 
O2s region up to 27eV binding energy (BE) 
following a 10 L exposure. The annealing temper- 
ature is displayed adjacent to each spectrum and 
a spectrum of MoO2 prior to adsorption of propyl- 
ene is shown for comparison and is indicated as 
"clean". The intense peak at 22 .5±0.2eV is 
assigned to emission from the O 2s orbital and the 
broad structure between 5 and 10eV binding 
energy is due to emission from O 2p orbitals. 
Features below ~ 3 eV BE are due to emission of 
molybdenum d electrons. Additional peaks are 
evident at 12.5 _+ 0.2, 16.0 +_ 0.2 and at 17.6_+ 0.2 eV 
binding energy (BE) and are assigned to emission 
from the molecular orbitals constructed from 
linear combinations of 2s orbitals of propylene. 
Note that the photon energy was selected to 
enhance the intensity of these levels. The vertical 
lines below these spectra are the peak positions in 
the gas-phase photoelectron spectrum of propylene 
[26] and agree well with the 2s-derived levels. Note 
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Fig. 1. Ultraviolet photoelectron spectra displaying the carbon 
and oxygen 2s region obtained following propylene adsorption 
( 10 L) on an MoO 2 surface as a function of sample annealing 
temperature. The annealing temperature is displayed adjacent 
to the corresponding spectrum. These spectra were excited using 
60 eV photons. 

also that the structure superimposed on the broad 
O 2p peak between 5 and 10 eV binding energy 
correlates with the expected peak positions for 
propylene. As the sample temperature increases, 
the intensities of the 2s-derived peaks decrease so 
that, after the sample has been annealed to 

220 K, these features are essentially completely 
absent leaving only oxygen photoemission fea- 
tures. The corresponding temperature-pro- 
grammed desorption spectra, obtained at various 
masses by exposing a MoO 2 sample to propylene 
(5 L exposure) at 80 K and collecting the spectrum 
at a heating rate of 10 K/s, are displayed in Fig. 2. 
The sharp feature at ~160 K is assigned to a 
condensed propylene multilayer since it continues 
to grow with increasing propylene exposure with- 
out saturation. The broader feature at ~260 K is 
due to an adsorbed propylene layer. These results 
indicate that propylene merely adsorbs and desorbs 
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Fig. 2. Temperature-programmed desorption spectra collected 
at several masses following exposure of MoO 2 to 5 L of propyl- 
ene. The masses monitored are displayed adjacent to the corre- 
sponding spectrum. 

molecularly o n  M o O  2 in a behavior exactly iden- 
tical to that found for ethylene [1]. A simple 
Redhead analysis of this 260 K desorption state 
using a typical pre-exponential factor of 
l x 1013/s and the experimental heating rate of 
10 K/s yields a desorption activation energy of 
~14.7 kcal/mol, slightly higher than the corre- 
sponding value for ethylene of ~ 11.6 kcal/mol [1 ]. 
Thus, although MoO2 provides a model catalyst 
that mimics the metathesis activity of a supported 
oxide under high-pressure conditions, again it 
appears to be chemically extremely inert in ultra- 
high vacuum. 

Fig. 3 shows the photoelectron spectra of pro- 
pylene adsorbed on oxygen-covered Mo(100) after 
annealing to various temperatures where the 
oxygen coverage is 0.2monolayers and the 
spectrum of an oxygen-covered surface prior to 
exposure to propylene is shown for comparison 
(again designated as "clean"). Annealing temper- 
atures are displayed adjacent to their correspond- 
ing spectra. Again the molecular 2s-derived energy 
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Fig. 3. Ultraviolet photoelectron spectra displaying the carbon 
and oxygen 2s region obtained following propylene adsorption 
(10 L) on a Mo(100) surface covered with 0.2 monolayers of 
oxygen as a function of sample annealing temperature. The 
annealing temperature is displayed adjacent to the correspond- 
ing spectrum. These spectra were excited using 60 eV photons. 

levels are evident between 12 and 20 eV binding 
energy indicating that propylene adsorbs molecu- 
larly. The positions of the features agree reason- 
ably with those for gas-phase propylene [26] 
although the peak spacing in the adsorbate may 
be slightly larger than in the gas-phase molecule 
indicative of some molecular distortion for the 
adsorbed propylene. A similar effect was observed 
for ethylene on oxygen-covered Mo(100) [1 ]. The 
agreement between the features seen between 5 
and 12 eV (assigned to orbitals arising from atomic 
2p orbitals) and gas-phase propylene is also quite 
good. As the sample temperature is raised, these 
features attenuate. Note that the highest binding 
energy 2s emission feature at ~ 17.5 eV bonding 
energy attenuates preferentially and the spacing 
between the remaining features increases indicative 
of surface decomposition of the propylene. There 
also appears to be an enhanced growth in the peak 
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at ~ 1 2 e V  BE indicative of the formation of 
adsorbed C1 species. A similar situation is found 
with the addition of ~0.8 monolayers of oxygen 
where propylene apparently adsorbs intact at 

80 K, although the saturation coverage is clearly 
lower in this case due to the presence of larger 
amounts of oxygen. In this case, the 2s peak 
positions for adsorbed propylene are closer to the 
gas-phase values suggesting that the molecule is 
only slightly distorted on adsorption. As the 
sample is heated, these peaks attenuate and are 
replaced after annealing to ~200 K by a single 
feature at ~ 12 eV binding energy, again suggesting 
that the propylene decomposes on this surface, 
finally yielding adsorbed C1 species. For a surface 
covered with 1.35 monolayers of oxygen, propyl- 
ene adsorbs at low temperature but the majority 
of the adsorbed species appears to desorb molecu- 
larly since all of the propylene-induced features 
decrease in intensity simultaneously. 

The hydrogen (2 amu) desorption spectra for 
various oxygen-covered surfaces are displayed in 
Fig. 4. Clean Mo(100) exhibits three main features 
at ~ 230 and 380 K with an additional peak at a 
rather high temperature of ~580 K. The lower 
temperature structure is similar to that found for 
ethylene on metallic Mo(100), but no 580 K peak 
was detected in this case. This feature disappears 
following the addition of 0.2monolayers of 
oxygen. The 250 and 380 K peaks shift to higher 
temperatures as the oxygen coverage increases 
eventually leading to a small and broad peak 
centered at ~500 K at an oxygen coverage of 
0.95 monolayers. 

The corresponding propylene (41 ainu) temper- 
ature-programmed desorption spectra are dis- 
played in Fig. 5. There is a broad similarity 
between the chemistry of propylene on oxygen- 
covered Mo(I00)  and that of ethylene on the same 
surfaces. The propylene yield from metallic molyb- 
denum is rather small and increases with the 
addition of oxygen reaching a maximum at 
~1 ML and decreasing thereafter. Propylene 
desorbs from clean Mo(100) in two states centered 
at ~ 190 and ~350 K. The 190 K state increases 
in temperature slightly to 220 K when co-adsorbed 
with 0.67 monolayers of oxygen. The ~ 350 K peak 
maintains an approximately constant peak posi- 
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Fig. 4. Hydrogen (2 amu) temperature-programmed desorption 
spectra collected after saturating various oxygen-covered sur- 
faces of Mo(100) with propylene. The oxygen coverages are 
displayed adjacent to the corresponding spectrum. 

tion and a peak starts to grow at ~280 K at a 
coverage of 0.67 and increases in intensity at 
0 (0)=0 .83  and 0.95 and decreases slightly at the 
oxygen monolayer and is completely absent above 
this coverage. The corresponding oxygen LEED 
patterns are displayed on this figure and the pres- 
ence of this 280 K state is associated with the 
appearance of the ~ x 1/5R26°33 ' LEED struc- 
ture. It has been suggested that the surface 
reconstructs while forming this structure so that 
the peak in this case may be associated with a 
reconstructured surface. A similar effect has been 
noted for ethylene adsorbed on oxygen-covered 
Mo(100). At higher coverages, the 220 K peak 
(present at 190 K on the clean surface) further 
shifts to ~280 K with an oxygen coverage of 
1.5 ML. This effect has been noted previously and 
explained by assuming that alkenes adsorb via 
donation of ~ electrons to vacant d-orbitals in the 
substrate. This is enhanced by the addition of 
oxygen which effectively lowers the Fermi energy 
and results in a larger heat of adsorption [ 3,27, 28 ]. 
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Fig. 5. Propylene (41 ainu) temperature-programmed desorp- 
tion spectra collected after saturating various oxygen-covered 
surfaces of Mo(1O0) with propylene. The oxygen coverages and 
their LEED patterns are displayed adjacent to the correspond- 

ing spectrum. 
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Methane was also found to desorb from some 
of the oxygen-covered surfaces. These results are 
illustrated in Fig. 6 which displays the methane 
( 16 ainu) desorption spectra obtained after saturat- 
ing various oxygen-covered M o(100) surfaces with 
propylene. The desorption of methane was con- 
firmed by comparing the desorption intensity with 
the mass spectrometer ionizer fragmentation 
pattern for methane. Methane desorbs at slightly 
below 400 K where the yield varies with oxygen 
coverage. Somewhat similar results were found for 
ethylene on oxygen-covered Mo(100) where meth- 
ane was found to desorb at ~370 K [1]. In this 
case, however, the methane yield as a function of 
oxygen coverage was different. First, the t o t a l  

methane yield at any coverage is much larger than 
that for ethylene. Second, no methane was found 
to desorb from metallic molybdenum when ethy- 
lene was adsorbed whereas there is a significant 
methane yield from propylene on clean Mo(100). 
The methane yield increases slightly as the oxygen 
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Fig. 6. Methane ( 16 amu) temperature-programmed desorption 
spectra collected after saturating various oxygen-covered sur- 
faces of Mo(100) with propylene. The oxygen coverages are 
displayed adjacent to the corresponding spectrum. 

coverage increases reaching a maximum at 0(O)= 
0.67 (which was also the case for ethylene adsorp- 
tion) and then decreases at higher coverages. No 
methane is found to desorb from surface coverages 
greater than I monolayer of oxygen. Methane for- 
mation has been found previously due to methy- 
lene hydrogenation both on O-Mo(100) [191 and 
on Mo(110) [29] by grafting methylene species on 
the surface by decomposing methylene iodide. It 
has been demonstrated that the rate-limiting step 
on O-Mo(100) is the final hydrogenation of an 
adsorbed methyl group to methane [30]. It is 
interesting also to note that methyl radicals 
adsorbed directly on Mo(100) + 1.0 monolayer of 
oxygen desorb as methane at ~ 450 K [31], slightly 
higher in temperature than found here. Hydrogen 
due to methyl group decomposition also desorbs 
at ~ 500 K from this surface, close to the hydrogen 
desorption peak position seen following prop- 
ylene adsorption on a surface covered by 
0.95 monolayers of oxygen (Fig. 4) although no 
methane is found in this case. In the case of CHx 
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species formed from iodine-containing precursors, 
methane was found to form at much lower temper- 
atures ( ~  250 K).  The origin of these differences 
is not entirely clear although, since the hydrogena- 
tion kinetics of methyls formed from methyl iodide 
[30] and methyl radicals [31] are very different, 
this implies that adsorbed iodine strongly affects 
the methane formation temperature. Intriguingly, 
the methane desorption kinetics are apparently 
only slightly affected by oxygen when formed from 
propylene (Fig. 6). 

Self-hydrogenation of propylene to form pro- 
pane is also found on molybdenum and oxygen- 
covered molybdenum. It has been shown pre- 
viously that metallic molybdenum can catalyze 
ethylene hydrogenation [16]. The temperature- 
programmed desorption spectrum of propane 
formed by propylene adsorption on Mo(100) is 
shown in Fig. 7 (by monitoring the 29 amu peak) 
and reveals a single feature centered at 190 K, 
slightly lower in temperature than ethane self- 
hydrogenation on Mo(100).  The peak temperature 

increases to ~220 K as the oxygen coverage 
increases with a corresponding decrease in yield 
so that for 0 (0)=0 .83 ,  essentially no propane is 
formed. Note that the increase in desorption acti- 
vation energy is in accord with the increase in 
propylene adsorption energy noted above as a 
function of oxygen coverage. The effect of  predos- 
ing the clean Mo(100) surface with hydrogen is 
also shown in Fig. 8 where the propane yield 
increases and the peak temperature decreases with 
the addition of hydrogen to the surface where a 
measurable effect is noted with the addition of 
even a very small amount of  hydrogen (0.05 L). 
These results indicate that adsorbed propylene 
reacts with adsorbed hydrogen to form propane. 

Finally, no other desorbing species, for example, 
oxygen-containing molecules or water, were found 
to desorb from any of the oxygen-covered surfaces. 
In addition, no C2 compounds, such as ethylene 
or ethane were detected following propylene 
adsorption on any of the surfaces investigated. 
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Fig. 7. Propane (29 amu) temperature-programmed desorption 
spectra collected after saturating various oxygen-covered sur- 
faces of Mo(100) with propylene. The oxygen coverages are 
displayed adjacent to the corresponding spectrum. 
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spectra obtained following various exposures ofa Mo(100) sur- 
face to hydrogen and then saturating the surface with propyl- 
ene. Hydrogen exposures are displayed adjacent to the 
corresponding spectrum. 



4. Discussion 

CH4~ 

The reaction pathways for propylene on oxygen- 
covered Mo(100) can be summarized as: +H~1¢" C3H8 

C3H 6 JP- C(ads) + H2(g) 

~ ~ .  +H(ads) 

C H  x 

800 , , , , , ~ , , , , 

Hydrogen (Fig. 4) is the major desorption product 
found following adsorption of propylene on 
Mo(100) and oxygen-covered Mo(100) resulting 
from a total thermal decomposition of adsorbed 
propylene to form carbon and hydrogen. Fig. 9 
shows a plot of the total hydrogen yield from a 
propylene-saturated surface (obtained by integ- 
rating the 2 amu TPD data of Fig. 4) as a function 
of oxygen coverage. The graph decreases approxi- 
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Fig. 9. Plot of  the total hydrogen thermal desorption yield from 
propylene adsorbed onto oxygen-covered Mo(100)  as a func- 
tion of oxygen coverage. 

mately linearly with increasing oxygen coverage 
implying that the sites at which propylene 
decomposes are being directly blocked by oxygen. 
Note that propylene adsorbed on MoOz yields 
essentially no hydrogen in accord with this trend 
(Fig. 2). A similar effect has been seen for ethylene 
on oxygen-covered Mo(100) [1] and, since oxygen 
adsorbs at the four-fold hollow sites, it is proposed 
that both ethylene and propylene thermally 
decomposes to form carbon and hydrogen on 
these sites. 

Photoelectron spectroscopy (for example, 
Fig. 3) indicates that propylene adsorbs molecu- 
larly at liquid nitrogen temperatures on these 
surfaces and thermally decomposes on heating 
ultimately forming C1 species. It is also important 
to note that no C2 compounds are found to desorb 
from any of these surfaces. The peak position for 
the formation of methane is essentially identical 
irrespective of whether it is formed from ethylene 
or propylene, indicating that the rate-limiting 
methane-formation step is the same in both cases. 
In the case of homogeneous metathesis catalysis, 
the formation of an active system requires the 
participation of a co-catalyst, often a metal alkyl 
[32,33]. However, the heterogeneous reaction is 
generally carried out in the absence of a 
co-catalyst. In this case, several carbene formation 
routes have been proposed. In the first, partial 
hydrogenation of an adsorbed alkene to form an 
alkyl group is suggested [34]. In the case of 
propylene, this would result in the formation of 
an adsorbed propyl group if a terminal carbon 
were hydrogenated and an isopropyl group for 
hydrogenation at the 2-position. Carbenes are sug- 
gested to form by subsequent e-hydride elimination 
[34]. This carbene formation pathway would, of 
course, not give rise to methane. Note that the 
data in Figs. 7 and 8 indicate that propylene can 
hydrogenate to form propane which necessarily 
must involve the formation of the half-hydro- 
genated (alkyl) state. Presumably, in this case, any 
subsequent hydrogenation to form propane is 
much faster than the rate of a-hydride elimination. 
In any case, fi-hydride elimination has been shown 
to be favored on transition metal surfaces in other 
cases [35]. In addition, no H D exchange was 
detected for ethylene co-adsorbed with deuterium 
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on O-Mo(100) as would be expected for a reaction 
involving an initial hydrogenation step and subse- 
quent rapid/#hydride elimination. Another mech- 
anism proposed by Green [36,37] involves the 
initial formation of a 7r-allylic intermediate via 
hydrogen abstraction from the methyl group. Note 
that, based on the relative C-H bond strengths 
(H-CH2, 111 kcal/mol versus H-allyl of 
89 kcal/mol, [38]), this is likely to be a rather 
favored initial pathway. The resulting allylic 
species is then proposed to hydrogenate at the/~- 
position forming a metallacycle. This is proposed 
to decompose in exactly the same manner as in 
the conventional carbene-metallacycle pathway to 
produce an alkene leaving behind the carbene [4- 
12] which, in this case, would evolve ethylene and 
deposit a methylene (CH2) species. Note, how- 
ever, that no ethylene is found to desorb from 
the surface as required by this pathway. In addi- 
tion, preliminary experiments have been carried 
out in which allylic species have been grafted 
to the surface by thermally decomposing 
CH2I-CH=CI-I 2 on the oxygen-covered Mo(100). 
This merely thermally decomposes to yield 
hydrogen in the absence of pre-adsorbed hydrogen. 
When C H 2 I - C H = C H  2 is adsorbed on a hydrogen 
pre-covered surface, the reaction is primarily at 
the x-position and neither ethylene nor methane 
are detected. In addition, this carbene formation 
pathway does not apply to ethylene since it has 
no alkyl groups while carbene formation is also 
found in that case. Certainly, in the latter case, 
carbene formation appears to proceed via a direct 
carbon-carbon bond scission, and one of the roles 
played by adsorbed oxygen in that case is to 
promote that reaction [1 ]. An analogous reaction 
for propylene would lead directly to carbene 
(CH2) and methyl carbene (CH 3 CH)  formation. 
Preliminary experiments to graft a methyl carbene 
onto the surface by thermally decomposing 1,1 
diiodoethane reveal that this can react to form 
methane although the decomposition pathway in 
this case is unclear. This chemistry is currently 
being investigated in greater detail. 

It is also found that the methane yield is affected 
by the presence of oxygen so that the yield 
increases up to an oxygen coverage of 
~0.67 monolayers and decreases thereafter. There 

is a slight decrease in peak desorption temperature 
as the oxygen coverage increases. As noted above, 
methyl species grafted onto Mo(100) pre-covered 
by a monolayer of oxygen desorb as methane at 
450 K, while methyl and methylene species formed 
from iodine-containing molecules desorb at lower 
temperatures (~250 K). Methyl and methylene 
species adsorb predominantly by electrons from 
the substrate d-orbitals filling vacant 2p-derived 
levels on the carbon so that the adsorbed C1 
species will be negatively charged [ 1 ]. The addition 
of oxygen will destabilize the adsorbed carbene 
and facilitate hydrogenation. This may contribute 
to the shift in methane desorption peak temper- 
ature evident in Fig. 6. However, this would predict 
that methane should form at even lower temper- 
atures on a surface covered by 1.0 monolayers of 
oxygen. However, as illustrated by Fig. 9, the 
inventory of adsorbed hydrogen is decreasing with 
increasing coverage and, as illustrated by the data 
of Fig. 8, small changes in hydrogen coverage can 
substantially alter the peak positions of hydrogena- 
tion products. The relatively modest shift in peak 
position seen in Fig. 6 may be the nett result of 
these two effects, one an electronic effect (decreas- 
ing the desorption temperature) and a hydrogen 
availability effect (increasing the desorption tem- 
perature). This does not rationalize the extremely 
large effect that iodine has on lowering the methane 
desorption temperature to ~250 K. This may be 
rationalized by differences in ionic radii of iodine 
(2.2 A) and oxygen (1.32 A) [38] compared with 
the Mo-Mo spacing on the (100) surface (4.16 
[39]). There are several effects which might change 
the methane yield. First, the C C dissociation 
probability is promoted by the addition of oxygen 
[1,3,27]; and second, carbene dehydrogenation to 
yield adsorbed carbon and to evolve hydrogen 
competes with hydrogenation to methane. The 
carbene thermal decomposition temperature 
increases with the addition of oxygen [19] leading 
to a corresponding increase in the methane forma- 
tion probability as the oxygen coverage increases. 
It is interesting to note that the 350 K hydrogen 
desorption feature that increases in peak temper- 
ature as the oxygen coverage increases (Fig. 4) is 
at the temperature at which carbenes grafted onto 
oxygen-covered Mo(100) by methylene iodide 
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decomposition thermally decompose to yield 
hydrogen [19] so that this peak may be due to 
this process. 

As the oxygen coverage increases further above 
0.67, the methane yield decreases once again. This 
result is probably partly due to the lack of available 
hydrogen obtained from propylene dehydrogena- 
tion on the surface since the number of available 
four-fold sites decreases (Fig. 9). Note that this 
general trend is similar to that for ethylene 
adsorbed on O Mo(100) [1] except that the total 
yield for propylene is greater than that for ethylene. 
Further evidence for these effects comes from the 
data of Fig. 7, which show the variation in propane 
yield due to the self-hydrogenation of adsorbed 
propylene where the hydrogen derives from propyl- 
erie that decomposes on the surface. The data in 
Fig. 8 emphasize that, in this case, the hydrogen 
required to form propane derives from the molyb- 
denum surface since the propane desorption 
spectrum is significantly altered by pre-dosing 
hydrogen. In this case, the peak temperature 
decreases with increasing hydrogen exposure 
clearly indicative of a second-order reaction 
between adsorbed hydrogen and propylene. 

activity of the surface by the addition of oxygen. 
The yield decreases at higher coverage because of 
a lack of surface hydrogen. 

The activation energy for propylene desorption 
is found to increase with increasing oxygen cover- 
age. This effect has been noted previously and 
rationalized by suggesting that propylene adsorbs 
on molybdenum by donation of its ~z electrons 
into the vacant substrate orbitals of molybdenum. 
This behavior is generally the same as found for 
ethylene on oxygen-modified molybdenum. 
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