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Abstract

Ethylene adsorbed on Mo(100) and oxygen-covered Mo(100) can thermally decompose to yield hydrogen and adsorbed carbon,
desorb molecularly, self-hydrogenate to produce ethane or dissociate to form adsorbed C, species which can hydrogenate to form
methane. Complete thermal decomposition of the ethylene is proposed to take place on the four-fold sites on Mo(100) since the
hydrogen yield decreases linearly with oxygen coverage. The ethylene desorption activation energy increases with increasing oxygen
coverage suggesting that ethylene bonds to Mo(100) predominantly by donation of = electrons to the molybdenum surface. The
ethylene hydrogenation activation increases as a function of oxygen coverage in accord with this effect. The yield of methane also
varies with oxygen coverage so that no methane desorption is detected for clean Mo(100) but the yield increases with oxygen
coverage reaching a maximum at a coverage of ~0.6 ML and decreasing at higher coverages. Photoelectron spectroscopy results
suggest that adsorbed oxygen increases the dissociative probability of ethylene. In addition, experiments in which carbenes are
grafted onto the surface by decomposing methylene iodide show that carbenes are stabilized by the addition of oxygen to the surface.
These effects both explain the increase in methane yield as a function of increasing oxygen coverage. The decrease at higher coverage
is likely due, at least in part, to the lack of hydrogen. The ethane yield also decreases at higher coverages due to a similar effect.
© 1997 Elsevier Science B.V.

Keywords: Alkenes; Catalysis; Low index single crystal surfaces; Models of surface chemical reactions; Molybdenum; Photoelectron
spectroscopy; Single crystal surfaces; Thermal desorption spectroscopy; Visible and ultraviolet photoelectron spectroscopy

1. Introduction

Molybdenum provides the basis for a number
of important catalytic materials, particularly when
chemically modified, so that MoS, is an effective
hydrodesulfurization catalyst [1,2] and oxidized
molybdenum is active for the metathesis of olefins
[3-6]. The metathesis reaction is catalyzed both
in homogeneous and heterogeneous phase. In
homogeneous phase, the reaction has been pro-
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posed to proceed via the initial formation of a
carbene. This has been suggested to further react
with an alkene forming a metallacycle which
decomposes via the reverse of this route to form
metathesis products [7-15]. In this case, the
carbene acts as a catalytic “active site”. The
heterogeneous analog of this reaction was discov-
ered a number of years ago by Banks and Bailey
where the catalyst consisted of an alumina-sup-
ported molybdenum oxide [16]. It is generally
accepted that the heterogeneous reaction proceeds
via a similar “carbene-metallacycle” mechanism.
Reaction studies carried out in an isolatable, high-
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pressure reactor incorporated into an ultrahigh
vacuum (UHYV) chamber using thin molybdenum
oxide films deposited onto a molybdenum sub-
strate showed that either MoO, or MoO; provided
the most active catalyst depending on reaction
conditions [15,17,18]. Interestingly, two appa-
rently quite different reaction regimes were encoun-
tered depending on temperature. Above ~650 K,
the activation energy was ~ 65 kcal mol %, a value
close to that found for catalysis on the clean metal.
Below ~650K, in a temperature regime that
metathesis is generally carried out using the sup-
ported catalyst [16], the reaction proceeded with
a much lower activation energy (~ 6 kcal mol ~1)
and high selectivity where the absolute reaction
rates for the model catalyst were very close to
values for a supported catalyst [17].

It was further found that reaction of ethylene
catalyzed by metallic molybdenum yielded high-
molecular-weight products (up to Cg) where the
distribution was well described by a Schulz-Flory
function indicating that products are formed by
polymerization of a C; surface species {19]. It has
previously been shown using ultraviolet photo-
electron spectroscopy that ethylene rapidly diss-
ociates into adsorbed C,; species on metallic molyb-
denum [20], suggesting that their polymerization
leads to the formation of higher molecular weight
hydrocarbons on metallic molybdenum.

It is also found that oxygen overlayers affect the
olefin metathesis activity for reaction above
~650 K in a similar manner as the model oxides
{5]. In this case it is found that the activity of
oxygen-covered molybdenum increases up to an
oxygen coverage of ~0.6 ML and then decreases
at higher oxygen coverages. Oxygen overlayers
have the advantage, from the point of view of
fundamental studies, of exhibiting well-ordered
LEED patterns, and so are characterized by better
defined structures than the oxides. The following
paper examines the chemistry of ethylene, the
simplest possible metathesis reactant, on oxygen-
modified model molybdenum catalysts in ultrahigh
vacuum using primarily temperature-programmed
desorption and ultraviolet photoelectron spectro-
scopies to probe the surface chemistry of the
adsorbed alkene. The 2p-derived molecular orbit-
als of adsorbed hydrocarbons are effectively

obscured by photoemission features from the
oxygen 2p levels of the adsorbed overlayer, particu-
larly for high oxygen coverages. The C 2s-derived
levels lie at a considerably higher binding energy
than these levels but are somewhat lower in energy
than the oxygen 2s levels so can be detected on an
oxygen-covered surface. It has also been demon-
strated that the positions of these levels can be
quantitatively described using simple Hickel
theory in the gas-phase [21]. Final-state effects
mean that these levels cannot be used for a similar
quantitative calculation of the ionization energies
of 2s-derived molecular orbitals. They can, how-
ever, be used to follow chemical changes on the
surface and are particularly useful for following
gross molecular reorganizations, for example,
carbon—carbon bond scission [21].

2. Experimental

Two pieces of equipment were used for these
experiments which have been described in detail
elsewhere [22,23]. Briefly, the first consists of an
ion- and sublimation-pumped, bakeable, ultrahigh
vacuum chamber operating at a base pressure of
<1 x 1071 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 wire that is spot-welded to 2 mm
diameter tantalum rods. In addition, the manipula-
tor has been retrofitted with electron-beam heating.
In this case, a tungsten filament is placed just
behind the sample and the sample is raised to a
large positive potential (~ 500 V) with the filament
heated. This allows the sample to be repeatedly
heated to 2000 K without any adverse effects on
the heating 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.
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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 ~2.5x 1077 Torr of oxygen at 1200 K
for five minutes 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
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, ultra-high vacuum chamber used for these
experiments operated at a base pressure of
~1x107°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 analy-
sis and to test gas purities. It was also equipped
with a double-pass cylindrical mirror analyzer
which was used to collect both Auger and photo-
electron spectra. Auger spectra were excited using
a 3keV electron beam and collected by pulse
counting the scattered electrons and the dn(E)/dE
Auger spectrum obtained by numerically
differentiating the n(F) signal. The analyzer was
operated at a pass energy of 25eV to collect
photoelectron spectra and this yielded an overall
spectral resolution of 0.15¢V. They 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) [21].

The ethylene (Aldrich, 99.9% purity) was trans-
ferred to a glass bottle and further purified by
repeated bulb-to-bulb distillations and stored in
glass until use. The oxygen (AGA Gas, Inc. 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 O, exposure at 1050 K;
1L=1x10"°Torrs) and annealing to various
temperatures to remove oxygen to obtain the requi-
site coverage. The adsorption of oxygen on
Mo(100) has been studied very extensively [24—
27] and the oxygen coverages were reproduced
from their characteristic LEED patterns and con-

firmed from their relative O/Mo Auger ratios (by
monitoring the O KLL and Mo LMM Auger
transitions). MoO, films were grown using a litera-
ture protocol [28] which provides a surface that is
active for olefin metathesis where metallic molyb-
denum was oxidized using 3 x 1075 Torr of oxygen
for 120 s with the sample heated to 1050 K.

3. Resuits

Various oxygen overlayers of different coverages
were obtained by annealing an oxygen-saturated
p(1 x 1) surface to various temperatures. These
consisted of a (2 x 1) surface obtained by annealing
at 1600 K to vyield an oxygen coverage
8o=1.1ML, a (V5 xV5) pattern producing an
oxygen coverage 0,=0.83 ML and a (4 x 4) sur-
face giving 6,=0.2 ML. These LEED patterns
reproduced those found by other workers [24—
27]. MoO, is synthesized as described above.
Finally, the relative oxygen coverages were checked
by measuring the O/Mo Auger ratio as a function
of annealing temperature. Note that MoO, pro-
vides a model catalyst that mimics the metathesis
activity of high loadings of molybdenum oxide
supported on alumina and the metathesis activity
of metallic molybdenum modified by oxygen over-
layers has been shown to increase as a function of
oxygen coverage from 8,=0 ML (clean surface)
to 0o=0.6 ML and decrease thereafter [5].

Photoelectron spectra of ethylene adsorbed on
the various model catalysts were collected after
saturating with ethylene (10 L exposure) and
annealing to various temperatures for 5s. The
sample was then allowed to cool to 80K after
which the spectrum was recorded to prevent fur-
ther chemical changes from occurring. Shown in
Fig. 1 is the spectrum of ethylene adsorbed on
MoO, displaying the C and O 2s region up to
27 ¢V binding energy (BE). The annealing temper-
ature is displayed adjacent to each spectrum and
a spectrum of MoQO, prior to ethylene adsorption
is shown for comparison. The intense peak at
22.54+0.2 eV is assigned to emission from oxygen
2s orbitals and the broad structure between 5 and
10 eV binding energy is due to emission from O
2p orbitals. Features below ~3 eV BE are due to
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Fig. 1. Ultraviolet photoelectron spectra displaying the carbon
and oxygen 2s region obtained following ethylene adsorption
(10 L) on an MoO, 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.

emission from molybdenum d orbitals. Additional
peaks are evident at 17.0+02eV and at
12.5+0.2 eV and are assigned to emission from
the og and og molecular orbitals of ethylene
respectively, yielding a peak spacing A(cgs—0ss) =
4.5+0.2¢V. Note that the photon energy was
selected to enhance the intensity of these levels.
Marked as vertical lines below these spectra are
the peak positions in the gas-phase photoelectron
spectrum of ethylene. As the sample temperature
increases, the intensities of the peaks at 17.0 and
12.5 eV decrease so that after the sample has been
annealed to ~250 K, these features are completely
absent leaving only oxygen photoemission fea-
tures. The corresponding temperature-pro-
grammed desorption spectra obtained by exposing
a MoO, sample to ethylene (5 L exposure) at 80 K
and collecting the spectrum at a heating rate of
10 K s~! are displayed in Fig. 2. These display a
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Fig. 2. Temperature-programmed desorption spectra collected
at several masses following exposure of MoO, to 5 L of ethy-
lene. The masses monitored are displayed adjacent to the corre-
sponding spectrum.

single 27 amu peak centered at 190 K and, in
contrast to the chemistry found on oxygen-covered
Mo(100) (see below), no other desorbing species
were detected. The 2 amu signal is ascribed to
mass spectrometer ionizer fragmentation of ethy-
lene and the relative intensities of these peaks
agree well with the corresponding mass spectrome-
ter ionizer fragmentation pattern of ethylene. This
indicates that ethylene merely adsorbs and desorbs
molecularly on MoO,. A simple Redhead analysis
of this desorption state using a typical pre-expo-
nential factor of 1x10™s™! yields a desorption
activation energy of ~11.1 kcal mol ~ L.

Shown in Fig. 3 are the photoelectron spectra
of ethylene adsorbed on oxygen-covered Mo(100)
at various temperatures where the oxygen coverage
is 0.2ML and shown for comparison is the
spectrum of an oxygen-covered surface prior to
ethylene exposure. Annealing temperatures are dis-
played adjacent to their corresponding spectra.
Features are evident at 17.5+0.2e¢V and at
13.240.2 eV and are assigned to emission from
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Fig. 3. Ultraviolet photoelectron spectra displaying the carbon
and oxygen 2s region obtained following ethylene adsorption
(10L) on a Mo(100) surface covered with 0.2 ML of oxygen
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.

the oy and og molecular orbitals of ethylene
respectively, yielding a peak spacing A(og—0ss) =
4.2+0.2 eV. Also marked as vertical lines below
these spectra are the peak positions for gas-phase
ethylene and features in the spectrum at 80 K can
be straightforwardly associated with gas-phase
peaks. It is evident that the og-ogs spacing is
somewhat smaller following adsorption on
O/Mo(100) than the corresponding gas-phase
values indicating a lengthening of the carbon-car-
bon bond. A similar behavior is found on clean
Mo (100) where adsorbed ethylene is substantially
rehybridized so that the carbon is ~sp’.
Additional structure is evident between ~5 and
10 eV BE which is assigned to ethylene 2p-derived
energy levels although these are obscured by the
O 2p feature. Evident at ~4.5¢V BE is a small
peak assigned to emission from the ethylenic =
orbital which is stabilized relative to the corre-

sponding gas-phase value due to bonding to the
surface. As the surface is heated, the intensities of
the features due to the adsorption of ethylene
decrease and a feature appears at ~11.8 ¢V. This
is assigned to emission from a surface C; species
and its binding energy agrees well with that found
for carbene species grafted onto oxygen-covered
Mo(100) by decomposing methylene iodide [23].
Note that there is evidence for this peak even
following ethylene adsorption at 80 K. A similar
C, formation reaction is found for ethylene on
metallic Mo(100) although no dissociation is
found until the sample is heated to above 80 K.
The corresponding photoelectron spectra for
ethylene adsorbed on a Mo(100) surface covered
with 0.83 ML of oxygen are displayed as a function
of annealing temperature in Fig. 4. Again, oxygen-
induced photoemission features are evident at
22.5eV and between 5 and 10eV BE and C
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Fig. 4. Ultraviolet photoelectron spectra displaying the carbon
and oxygen 2s region obtained following ethylene adsorption
(10 L) on a Mo(100) surface covered with 0.83 ML of oxygen
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.
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Fig. 5. Ultraviolet photoelectron spectra display the carbon and
oxygen 2s region obtained following ethylene adsorption (10 L)
on a Mo(100) surface covered with 1.35 ML of oxygen as a
function of sample annealing temperature. The annealing tem-
perature is displayed adjacent to the corresponding spectrum.
These spectra were excited using 60-eV photons.

2s-derived levels are clearly visible at ~17.6¢eV
and 13.1 eV. As the sample is heated, these features
decrease in intensity to be replaced by a single
feature with a binding energy of ~11eV. This
value compares well with the binding energy of
carbene species on oxygen-covered Mo(100)
formed by methylene iodide decomposition [23].
The intensity of the 13.1 eV feature is substantially
larger than that of the 17.6 eV peak again indicat-
ing the dissociative adsorption of ethylene even at
relatively low temperatures on this surface.
Finally, shown in Fig. 5 is the photoelectron
spectrum for Mo(100) covered with 1.35 ML of
oxygen. Again this displays intense features due to
adsorbed oxygen at 22.5¢V and between 5 and
10 eV binding energy and peaks are evident at
~17.5 and ~12.7eV due to emission from C
2s-derived orbitals. The ethylene-derived features
again decrease in intensity as a function of annea-
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Fig. 6. Hydrogen (2 amu) temperature-programmed desorption
spectra collected after saturating various oxygen-covered sur-
faces of Mo(100) with ethylene. The oxygen coverages are dis-
played adjacent to the corresponding spectrum.

ling temperature. There is clearly significantly less
ethylene adsorbed on the surface at such high
oxygen coverages and the 12.7 and 17.5 ¢V peaks
are closer in intensity suggesting that this surface
may be less reactive toward C=C bond scission
than surfaces with lower oxygen coverages.

The hydrogen (2 amu) desorption spectra for
various oxygen-covered surfaces are displayed in
Fig. 6. Clean Mo(100) exhibits two features at
~250 K and 380 K. The 250 and 380 K features
shift to higher temperatures as the oxygen coverage
increases. The small features at ~ 180 and 300 K
at higher oxygen coverages are ascribed to the
mass spectrometer ionizer fragmentation of ethy-
lene (see Fig. 7)

The corresponding ethylene (27 amu) desorption
spectra are displayed in Fig. 7. The nature of this
species was confirmed by comparing the area under
the desorption trace at various masses with the
mass spectrometer ionization pattern of ethylene
itself, where good agreement was found with both
that measured by leaking ethylene into the vacuum
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Fig. 7. Ethylene (27 amu) temperature-programmed desorption
spectra collected after saturating various oxygen-covered sur-
faces of Mo(100) with ethylene. The oxygen coverages and their
LEED patterns are displayed adjacent to the corresponding
spectrum.

chamber and with literature values. The shape of
this curve varies significantly as a function of
oxygen exposure and displays a broad peak at
~200 K for the clean surface which shifts slightly
with the addition of 0.2 ML of oxygen. This peak
becomes sharper and more intense appearing at
280 K as the oxygen coverage increases to 0.67 ML
with an additional peak appearing at 170 K. At
0.83 ML, the high-temperature peak shifts further
to ~290 K and becomes substantially narrower
and the 170 K peak increases slightly in intensity.
At 0.95 ML the high-temperature peak increases
in temperature and becomes even narrower and
then decreases substantially in intensity as the
oxygen coverage increases to 1.0 ML. The low-
temperature peak shifts to higher temperatures
with increasing oxygen coverage so that for a
coverage of 1.5 ML, the spectrum exhibits a peak
at ~220 K. This peak shift for high oxygen cover-
ages on Mo(100) has been observed previously
and ascribed to a change in Lewis acidity of the
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Fig. 8. Methane (16 amu) temperature-programmed desorption
spectra collected after saturating various oxygen-covered sur-
faces of Mo(100) with ethylene. The oxygen coverages and their
LEED patterns are displayed adjacent to the corresponding
spectrum. The inset shows the corresponding 15 and 30 amu
spectra demonstrating that the 350 K, 16 amu desorption peak
is due to methane.

surface because of the effect of adsorbed oxygen
[29,30]. Note in this case, that the integrated area
under the ethylene desorption trace does not
change substantially with increasing oxygen cover-
age except for 6(0)=0 and 0.2 ML surfaces.
Finally, displayed adjacent to each of the spectra
are the oxygen LEED patterns displayed for each
of the oxygen coverages. These correspond well
with the results from other authors [24-27].
Methane was also found to desorb from some
of the oxygen-covered surfaces. Note that ultravio-
let photoelectron spectroscopic data for ethylene
adsorbed on Mo(100) show that ethylene can
dehydrogenate to form acetylene and also
undergoes carbon-carbon bond scission to form
surface C, species [20]. It has also been shown
that methylene species adsorbed on clean and
oxygen-covered Mo(100) [23] and clean Mo(110)
[31] can react with surface hydrogen to form
methane. Methane desorption is found following
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ethylene adsorption on O/Mo(100) but only in a
narrow oxygen coverage range. These results are
illustrated in Fig. 8 which displays the methane
(16 amu) desorption spectra obtained after saturat-
ing various oxygen-covered Mo(100) surfaces with
ethylene. The desorption of methane was con-
firmed by comparing the desorption intensity with
the mass spectrometer ionizer fragmentation
pattern for methane and the corresponding 15 and
16 amu peaks are shown as an inset. 15 amu is
also a fragment of ethane which is formed as a
self-hydrogenation product (see below) so that the
corresponding ethane (30 amu) feature is also dis-
played in the inset. Part of the 15 amu intensity is
also due to fragmentation of ethane but when this
contribution is subtracted from the 15 amu peak,
good agreement is obtained with the expected
methane fragmentation intensity. There is no
detectable methane desorption for clean Mo (100),
in spite of the detection of surface C; species using
ultraviolet photoelectron spectroscopy. Note, how-
ever, that carbenes formed by methylene iodide
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Fig. 9. Ethane (30 amu) temperature-programmed desorption

spectra obtained following various exposures of a Mo(100) sur-

face to hydrogen and then a to 2 L ethylene. Hydrogen expo-
sures are displayed adjacent to the corresponding spectrum.

decomposition do hydrogenate to methane on
clean Mo(100). However, increasing the oxygen
coverage to 0.2 ML results in a small amount of
methane desorption at ~370 K. The amount of
methane formed increases further as the oxygen
coverage 1s increased to 0.67 ML and then
decreases slightly as the oxygen coverage increases
to 0.83 ML. No further methane is found for
increasing oxygen coverages.

Self-hydrogenation of ethylene to form ethane
is also detected on molybdenum and oxygen-cov-
ered molybdenum. It has been shown previously
that metallic molybdenum can catalyze ethylene
hydrogenation [32]. The temperature-programmed
desorption spectrum of ethane formed by ethylene
adsorption on Mo(100) is shown in Fig. 9 and
reveals a single peak centered at 210 K. The effect
of pre-dosing the clean surface with hydrogen is
also shown in these spectra, where there is appa-
rently no substantial increase in the ethane desorp-
tion yield but there is a drastic decrease in the
desorption peak temperature so that pre-dosing
the surface with 0.5 L of hydrogen yields a peak
centered at 120 K. Note that the shape of the
desorption state also changes substantially as the
hydrogen pre-coverage increases.

Ethane desorption spectra are displayed in
Fig. 10 as a function of oxygen coverage. Clearly,
the amount of ethane formed by self-hydrogena-
tion decreases substantially with increasing oxygen
coverage so that for 1.0 ML of oxygen, essentially
no ethane is formed. In addition, the desorption
peak temperature increases with increasing oxygen
coverage so that for 0.95 ML of oxygen, the peak
is at ~300 K.

Finally, no other species, for example, oxygen-
containing molecules or water, were found to
desorb from any of the oxygen-covered surfaces.
Catalytic results also suggest that, at least at high
reaction temperatures, metathesis can proceed via
the recombination of surface C, species. In order
to examine whether a similar chemistry operates
on oxygen-covered Mo(100) in ultra-high vacuum,
it was exposed to isotopically labelled *C**CH,
and TPD spectra collected at 30 amu (}3C3CH,),
29 amu (**C'2CH,) and 28 amu (}’C!'?CH,). No
isotope scrambling was noted in any case.
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Fig. 10. Ethane (30 amu) temperature-programmed desorption
spectra collected after saturating various oxygen-covered sur-
faces of Mo(100) with ethylene. The oxygen coverages are dis-
played adjacent to the corresponding spectrum.

4. Discussion

Hydrogen (Fig. 6) is the major desorption pro-
duct found following adsorption of ethylene on
Mo(100) resulting from a total thermal decompo-
sition of adsorbed ethylene to form carbon and
hydrogen. Note that the data of Fig. 7 show that
the amount of ethylene desorbing from the surface
remains reasonably constant except for §,=0 and
0.2 ML. Plotted in Fig. 11 is the total hydrogen
yield from an ethylene-saturated surface (obtained
by integrating the 2 amu TPD data of Fig. 6) as a
function of oxygen coverage where any contribution
to this curve due to the fragmentation of other
species in the mass spectrometer ionizer (primarily
ethylene) has been subtracted. The graph decreases
linearly with increasing oxygen coverage up to an
oxygen coverage of unity, where the hydrogen
desorption yield decreases essentially to zero. This
implies that the sites at which ethylene decomposes
are being directly blocked by oxygen. Note that
ethylene adsorbed on MoO, yields essentially no
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Fig. I1. Plot of the total hydrogen thermal desorption yield
from ethylene adsorbed onto oxygen-covered Mo(100) as a
function of oxygen coverage.

hydrogen in accord with this trend (Fig. 2). It has
been shown, at least for lower oxygen coverages,
that oxygen adsorbs in the four-fold hollow site on
Mo(100) [33] so that the data of Fig. 11 imply that
these sites are being blocked to suppress ethylene
dehydrogenation. This observation follows the
general pattern for chemistry on Mo(100) where
the four-fold hollow site is substantially more
reactive than other sites so that, for example, CO
adsorbed in the four-fold hollow sites dissociates
into carbon and oxygen whereas CO adsorbs and
desorbs molecularly on the atop site [34]. In addi-
tion, comparison of the hydrogen desorption yield
for ethylene on clean Mo(100) with the yield of
hydrogen from the same surface yields an effective
ethylene coverage for desorption from this site of
1.0. These results taken together suggest that all of
the ethylene adsorbed in four-fold hollow sites
completely thermally decomposes to yield hydrogen
and deposit carbon. Note that acetylenic species
are also detected on this surface [20] so that dehy-
drogenation may take place via this intermediate
although no acetylene is found to desorb.
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The photoelectron spectroscopic data of
Figs. 3—5 for oxygen-covered Mo(100) surfaces all
indicate that the two peaks measured following
ethylene adsorption at 80 K and assigned to emis-
sion from the og and ogg orbitals coalesce into a
single level on heating indicating the formation of
adsorbed C, species on the surface. This effect has
been observed previously for ethylene adsorbed on
metallic Mo(100). The og0g Spacing for gas-
phase ethylene is 4.5 eV [35,36]. Rehybridization
to sp> would yield a corresponding value of 4.7 eV
[20] and this suggests that adsorbed ethylene is
rehybridized following adsorption on an oxygen-
modified Mo(100) surface. Formation of surface
C, species is confirmed by the desorption of meth-
ane from the surface due to hydrogenation of
adsorbed CH, groups. In addition, the data of
Figs. 3 and 4 indicate that C, species may form
even following adsorption at 80 K on surfaces with
oxygen coverages of 0.2 and 0.83 ML which sug-
gests that adsorbed oxygen increases the reactivity
of the molybdenum surface toward C=C bonds
scission. CH, hydrogenation has been detected
previously on Mo(100) and oxygen-covered
Mo(100) where carbenes were formed by ther-
mally decomposing methylene iodide on these sur-
faces [23]. Interestingly, in those cases, methane is
formed at substantially lower temperatures
(~200 K) than the temperature of ~370 K found
in this case. The origin of this effect is not entirely
clear. One possibility is that carbenes grafted onto
the surface by the decomposition of methylene
iodide have iodine atoms adsorbed onto the surface
close to them which might affect the kinetics of
hydrogenation to methane. Note however that the
presence of an oxygen overlayer does not substan-
tially effect the methane formation kinetics so it is
difficult to understand how adsorbed iodine could
have such a substantial effect. Another possibility
is that the methane formation rate from adsorbed
ethylene is not limited by the rate of carbene
hydrogenation but by the rate at which carbenes
are formed by carbon—carbon bond dissociation.
However, the ultraviolet photoelectron spectra of
ethylene on the various surfaces suggests that the
onset of C; formation is at about 80 K, substan-
tially lower than the methane desorption features.

It is also found that the carbene stability is
substantially affected by the presence of oxygen;
the larger the oxygen coverage, the more stable
the carbene. Thus, the activation energy for car-
bene decomposition increases substantially with
increasing oxygen coverage [23]. Note that there
is a 2 amu feature at approximately 350 K (Fig. 6)
which might be due to carbene decomposition.
Thus, the variation in methane yield as a function
of oxygen coverage (Fig. 8) can be rationalized
rather straightforwardly using these ideas. First,
the dissociative adsorption probability on the sur-
face increases with increasing oxygen coverage and
second, the resulting carbene is stabilized by
increasing the oxygen coverage.

As the oxygen coverage increases further, the
methane yield decreases once again. This result is
likely due either to the lack of available hydrogen
obtained from ethylene dehydrogenation on the
surface since the number of available four-fold
sites decreases (Fig. 11) or to a lack of reactivity
of the ethylene toward carbene formation as the
oxygen coverage increases. Further evidence for
these effects come from the data of Fig. 10 which
show the variation in ethane yield due to the self-
hydrogenation of adsorbed ethylene where the
hydrogen derives from ethylene that decomposes
on the surface. In this case there is a decrease in
the amount of ethane that is formed with increas-
ing oxygen coverage. Here, the reactant ethylene
is not formed from any other precursor (as was
necessary in the case of methane formation) so is
present in substantial amounts on clean Mo(100).
The data of Fig. 9 demonstrate that, in this case,
the hydrogen required to form ethane derives from
the molybdenum surface since the ethane desorp-
tion spectrum is significantly altered by pre-dosing
hydrogen. In this case, the peak temperature
decreases with increasing hydrogen exposure.

A change in peak temperature of ethylene desorp-
tion (from 170 to 220 K; Fig. 7) is found in changing
the oxygen coverage from ~0.9 to 1.5 ML. This
has been ascribed to the effect of a change of
surface molybdenum oxidation state so that a
0o=1.0 ML surface has an effective oxidation state
of +2 and a 1.5 ML surface has an effective
oxidation state of +4 [37]. Increased ethylene
stabilization with increasing oxygen coverage
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implies that, within the context of the Dewar-Chatt-
Duncanson model, adsorption is primarily via dona-
tion of adsorbate 7 electrons to the metal surface
since the addition of an electron withdrawing
co-adsorbate increases the ethylene stability. A sim-
ilar change is noted in increasing the oxygen cover-
age from zero (the clean surface) where ethylene
desorbs at 200 K, to about a monolayer where
ethylene desorbs at ~300 K (Fig. 7). In addition,
the ethane formation temperature increase from
190 to ~300 K as the oxygen coverage changes
from 0 to 1.0 ML is in accord with this notion.
This effect has been observed previously for hydro-
carbons on Mo(100) [38] and they similarly ration-
alized their observations in terms of an alkene
bonding primarily via donation of = electrons to
the surface. Note that the concomitant removal of
electrons from the 7 bonding orbitals will also have
the effect of weakening the carbon-carbon bond
enhancing the ethylene dissociation probability.

It has been shown above that essentially all of
the ethylene adsorbed in the four-fold sites ther-
mally decomposes to yield carbon and hydrogen.
This suggests that ethylene desorbs from either atop
or bridge sites and that these are effected by the
presence of oxygen adsorbed in the four-fold sites.
The sites occupied by ethylene at lower oxygen
coverages from which ethylene desorbs at about
300 K depending on oxygen coverage are clearly
blocked for oxygen coverages above a monolayer.
At these higher coverages, another site is stabilized
so that at an oxygen coverage of 0.95, ethylene
desorbs from it at ~ 170 K. As the oxygen coverage
increases further, this site i1s further stabilized.
Further work must be done to identify the exact
nature of each of these sites. It should also be noted
that the high-temperature (~300 K) peak (Fig. 7)
which appears for oxygen coverages between 0.67
and 1.0 ML disappears abruptly for oxygen cover-
ages above 1.1 ML. The presence of this species
coincides with a V3 x \/5 surface reconstruction so
this desorption state may be associated with this
surface.

5. Conclusions

Ethylene adsorbed on Mo(100) and oxygen-
covered Mo(100) can thermally decompose to

yield hydrogen, hydrogenate to form ethane, disso-
ciate and hydrogenate to give methane or desorb.
All of these reactions are affected by the presence
of oxygen on the surface. Total thermal decomposi-
tion, as indicated by the yield of hydrogen as a
function of oxygen coverage, appears to take place
at the four-fold hollow sites on Mo(100) which
are blocked by oxygen thus preventing thermal
decomposition. The methane yield varies strongly
with oxygen coverage so that no methane is formed
on the clean surface. The yield increases with
increasing oxygen coverage to reach a maximum
at 0,,=0.67 ML and decreases at higher coverages.
This variation in methane yield is associated with
an increase in the stability of the carbene and an
enhancement in the 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 ethylene desorption is
found to increase with increasing oxygen coverage.
This effect has been noted previously and rational-
ized by suggesting that ethylene adsorbs on molyb-
denum by donation of # electrons of ethylene into
the vacant substrate orbitals of molybdenum.
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