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Abstract

Carbene species are grafted onto Mo(100) by the thermal decomposition of methylene iodide, where the decomposition is followed
using ultraviolet photoelectron spectroscopy. Carbenes hydrogenate to methane by reaction with surface hydrogen via a second-
order reaction with an activation energy of 21 +2 kJ mol~*. Experiments with deuterium show that there appears to be no hydrogen—
deuterium exchange between the carbene and surface hydrogen. The carbene decomposition temperature increases with the addition
of oxygen to the surface, and this effect is ascribed to the effect of site blocking rather than a chemical modification of the adsorbed
carbene by coadsorbed oxygen. Similarly, although the methane desorption temperature increases with increasing oxygen coverage,
this effect is found to be due to a change in the surface coverage of carbene and hydrogen rather than a chemical modification of
the carbene itself. Finally, no ethylene or ethane are found to desorb from the surface. © 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction

C; species constitute the chemical “building
blocks” for a number of catalyzed hydrocarbon
conversion reactions. For example, hydrocarbon
synthesis using CO and hydrogen involves the
initial formation of these species which can then
polymerize on the surface to form hydrocarbons
[1-13], a reaction also catalyzed by metallic
molybdenum [14]. Olefin metathesis has been
proposed to be initiated by carbene formation,
which then reacts further with an alkene to form
a metallacycle which decomposes to yield meta-
thesis products [15~31]. This reaction may also

* Corresponding author. Fax: 414 229 5530;
e-mail: wtt@alpha2.csd.uwm.edu

proceed at high temperatures via carbene polymer-
ization to form higher hydrocarbons [32,33]. It
has also recently been shown that a bifunctional
molybdenum oxide +zeolite catalyst can convert
methane into benzene where the reaction proceeds
via an initial molybdenum-oxide catalyzed forma-
tion of ethylene which is then converted into
benzene by the zeolite [ 34-36]. It has been pro-
posed, in the latter case, that the active form of
the catalyst is a molybdenum carbide, but the
nature of the molybdenum-based catalyst remains
to be firmly established. Clearly, however, this
reaction requires the participation of C; species in
the formation of ethylene. It has also been shown
that the activity of molybdenum-based metathesis
catalysts depends strongly on the metal oxidation
state [ 37,387, and recent studies on mddel oxide
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catalysts have suggested that MoO, provides the
most active catalyst for this reaction [39]. It has
also been found that oxygen overlayers on molyb-
denum affect the activity of the catalyst, although
they do not provide catalysts which are as active
as the oxide itself [33,39].

In order to investigate this chemistry, we have
formed adsorbed CH, species by decomposing
methylene iodide on the surface of either clean or
oxygen-covered Mo(100). This is now a well-
established general strategy for grafting hydro-
carbon fragments onto surfaces, since the C—I bond
is relatively weak and iodine is abstracted on
adsorption to form an adsorbed hydrocarbon frag-
ment and deposit atomic iodine [40-43]. This
chemistry is tracked in this work using ultraviolet
photoelectron spectroscopy, which has the addi-
tional advantage that it allows the electronic struc-
ture of the resulting species to be probed so that
this can be correlated with changes in chemical
reactivity as well as by using temperature-
programmed desorption. It has previously been
demonstrated that methylene iodide can react on
Mo(110) to form adsorbed carbenes and that these
can react with hydrogen to form methane [44].
Adsorbed methylene is shown to react similarly on
Mo(100). The structure of oxygen on Mo(100) has
also been extensively studied, where oxygen cover-
ages can be calibrated by an array of LEED
patterns exhibited by oxygen overlayers as a func-
tion of coverage [45-52].

2. Experimental

Two pieces of equipment were used for these
experiments. The first has been described in detail
elsewhere [53]. Briefly, it consists of an ion- and
sublimation-pumped, bakeable, ultrahigh vac-
uum 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,
carousel geometry manipulator by means of
0.5 mm-diameter tantalum wires spot-welded to
2 mm-diameter tantalum heating rods. In order to
improve the thermal contact between the heating
wires and to facilitate spot-welding of the sample,
the Mo(100) single crystal is square, so that the

thin tantalum wires are attached along the top and
bottom edges of the sample. This, in principle,
allows the sample to be resistively heated to 2000 K
to remove adsorbed oxygen completely and obtain
a clean sample. In practice, however, repeated
treatment to such high temperatures severely limits
the lifetime of such a mounting arrangement, so
that the manipulator has been fitted with electron-
beam heating. In this case, a tungsten ribbon
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 2100 K without
any adverse effects on the heating wires. The
sample can also be cooled to ~80K via ther-
mal contact to a liquid-nitrogen filled reservoir.
Resistive heating was used to collect temperature-
programmed desorption (TPD) data at a heating
rate of 10 K 57! and for sample cleaning in oxygen.
Temperature-programmed desorption data were
collected using a computer-multiplexed quadru-
pole mass spectrometer which could collect up to
five masses sequentially. The sample temperature
was also monitored by the computer. In order to
avoid ground loops, since the thermocouple is
electrically in contact with the metal sample, the
thermocouple was electrically isolated from the
computer using an opto-isolator so that the output
from the thermocouple is converted to frequency
and input info a counter in the computer. 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.
However, in order to further minimize the possi-
bility of interference from desorption from support
rods (which was found to be a problem when high
methylene iodide doses were used), methylene
iodide was dosed directly onto the sample using a
5 mm internal diameter tube directed at the sample.
This allowed effects due to desorption from the
support rods to be eliminated. The shapes of the
TPD curves obtained by this method and by back-
filling the chamber were in good agreement, indi-
cating that exposing the Mo(100) surface via the
dosing tube led to uniform coverages. The effective
doses provided by the tube were calibrated
by comparison with temperature-programmed
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desorption data obtained by back-filling the cham-
ber, which showed that the tube yielded an approx-
imately 1000-fold increase in methylene iodide dose
compared to just pressurizing the chamber.

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 10~7 Torr of oxygen at 1200 K
for 5min 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 in
the surface after heating to 2000 K.

Ultraviolet photoelectron spectra were obtained
at the Wisconsin Synchrotron Radiation Center
using the Aladdin storage ring. The stainless steel,
ultrahigh vacuum chamber used for these
experiments operated at a base pressure of
~1x 107 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 also contained 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 pulse-counting the
scattered electrons and the dn(E)/dE Auger
spectrum obtained by numerically differentiating
the n(E) signal. The analyzer was operated at a
pass energy of 25eV to collect photoelectron
spectra and this yielded an overall spectral reso-
lution of 0.15eV. Photoelectron spectra were
excited using 60eV radiation which has been
shown previously to yield the optimum C2s to
background intensity ratio on Mo(100) [54].
Spectra were collected by adding ten separate
scans, and the incident beam flux was monitored
using a gold grid placed in the path of the beam.
Individual spectra were checked for consistency
prior to addition to ensure that there was no
significant adsorbate degradation due to the
photon beam or adsorption of contaminants from
the background during data collection. Samples
were dosed at 80 K and annealed for 5s to the

desired temperature and allowed to cool to 80K,
following which the spectra were recorded.

The methylene iodide (Aldrich, 99%) was trans-
ferred from the bottle into a glass vial which was
shrouded in aluminium foil to minimize photo-
chemical decomposition, and purified by repeated
freeze—pump—thaw cycles and again stored in glass.
Deuterated methylene iodide (Aldrich, 99%) was
similarly purified. The oxygen (AGA Gas, Inc,
99%) was transferred from the cylinder to a glass
bulb and also redistilled. The gas-handling line
was constructed from glass to minimize decomposi-
tion after transfer from the bottles to the line. The
purity of the gasses was measured using mass
spectroscopy by leaking into the UHV portion of
the chamber and measuring the spectrum using
the quadrupole mass analyzer. No impurities were
detected in the oxygen. A small amount (<1%) of
methyl iodide was present in the methyl iodide
even after the cleaning procedure described above.

Oxygen overlayers were prepared by saturating
the Mo(100) surface (20 L O, exposure at 1050 K;
1L=1x10"%Torr*s) and annealing to various
temperatures in order to remove oxygen to obtain
the requisite coverage. The adsorption of oxygen
on Mo(100) has been studied very extensively, and
the oxygen coverages were calibrated from their
characteristic LEED patterns [45-52] and con-
firmed from their relative O/Mo. Auger ratios (by
monitoring the O KLL and Mo LMM Auger
transitions).

3. Results

Shown in Fig. 1 are a series of ultraviolet photo-
electron spectra obtained as a function of sample
annealing temperature after the exposure of clean
Mo(100) to 10 L of methylene iodide with the
sample initially at 80 K. The exposures quoted are
uncorrected for ionization gauge sensitivities.
Emission intensity from within a few eV of the
Fermi level (indicated as 0 eV binding energy) is
associated with emission from the substrate
d-bands, and the large background is due to ine-
lasticly scattered electrons. Features above ~3 eV
binding energy are due to the presence of adsorbed
methylene iodide since this region is featureless for
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Fig. 1. Ultraviolet photoelectron spectra of methylene iodide
adsorbed on Mo(100) (10 L) at a sample temperature of 80 K.
The sample was heated to the temperature indicated adjacent
to each spectrum for a period of 5s and allowed to cool to
80 K following which the spectrum was recorded. Spectra were
obtained using 60 eV photons. Shown for comparison is the
gas-phase ultraviolet photoelectron spectrum for methylene
iodide and the positions of the energy levels calculated for
adsorbed CH, using Hiickel theory.

clean Mo(100). Shown for comparison is the gas-
phase spectrum of methylene iodide, which has
been uniformly shifted so that the peaks align [55]
to compensate for the different reference levels
used for gas-phase and surface spectra (vacuum
versus Fermi levels) and any initial- and final-state
effects. The agreement between the peak positions
in the spectrum for methylene iodide on Mo(100)
at 80 K and the gas-phase spectrum is good, indi-
cating that methylene iodide adsorbs molecularly
at this temperature. This spectrum exhibits peaks
at 132, 9.0, 74, 6.4 and 3.4¢V binding energy
which are assigned to the presence of molecularly
adsorbed methylene iodide (see below). As. the
sample is heated, the shape of the spectrum changes
considerably, indicating the. decomposition of the

methylene iodide on the surface, in particular from
the decrease in intensity of the 9.0 eV feature. This
peak is completely absent after annealing the
sample to ~ 185 K when the spectrum then consists
of peaks at ~13, ~7, 47 and 3.1eV binding
energy. The assignment of these features will be
discussed in greater detail below. Note, however,
that the temperature range over which the spectral
changes take place are in good agreement with the
temperature at which methylene iodide is found to
thermally decompose to form adsorbed CH,
species and iodine on Mo(110) using surface infra-
red spectroscopy [44].

Fig. 2 shows a series of thermal desorption
spectra obtained after 10 L exposure of Mo(100)
to d,-methylene iodide. A small amount of deuter-
ated methane (18, 20 amu) desorption is detected
at ~240K, and the formation of methane is
confirmed by comparison of the mass spectral
fragmentation pattern with the integrated desorp-
tion yield obtained in temperature-programmed
desorption at various masses. The origin of the
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Fig. 2. Temperature-programmed desorption spectra of d,-
methylene iodide (10 L) from Mo(100) showing the desorption
of hydrogen (4 amu), methane (18, 20 amu), methylene iodide
(143 amu), ethylene (30 amu) and ethane (34 amu).
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methane will be discussed in greater detail below.
Deuterium (4 amu) desorption is also found at
~350 K and, in addition, the desorption of molec-
ular methylene iodide (143 amuy) is found at these
high exposures at ~205 K. This peak is assigned
to the formation of second-layer methylene iodide,
since it continues to grow with increasing exposure
without showing any signs of saturating. No other
iodine-containing species are detected. The amount
of molecular methylene iodide at this exposure
accounts for only (<10%) of the surface species.
30 amu (ethylene) and 34 amu (ethane) traces are
also shown on this spectrum and indicate that
neither ethylene nor ethane are formed.

Shown in Fig.3 are a series of temperature-
programmed desorption  spectra of methylene
iodide (3 L) adsorbed onto a hydrogen pre-covered
surface as a function of hydrogen exposure. These
results show that the amount of methane desorbing
from the surface increases with increasing hydrogen
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Fig. 3. Temperature-programmed desorption spectra of meth-
ane (18 amu) from the coadsorption of hydrogen and d,-
methylene iodide on Mo(100) as a function of hydrogen
exposure. Shown as an inset is a plot of In(T%6) versus 1/T,
taken from these data, giving an activation energy of
21+1kJ mol'.

coverage, implying that methane is formed by the
reaction of hydrogen with methylene species
formed by methylene-iodide decomposition. In
addition, the peak shifts to lower temperature as
the hydrogen coverage increases implying a
second-order reaction. Note that no methane
desorption is detected while dosing the surface
with methylene iodide. In order to further confirm
the source of the hydrogen in the formation of
methane, a deuterium-covered surface (5 L expo-
sure) was exposed to CH,I, (5 L). The results are
displayed in Fig. 4. No CD, (20 amu) or CHD;,
(19 amu) are detected, and the maximum number
of deuteriums incorporated into the reactively
formed methane is two. This result indicates that
methane is formed by the reaction of an adsorbed
CH,, species with surface deuterium. It should be
noted that these peaks are not due to the desorp-
tion of water. This result is confirmed since no
water is found to desorb from hydrogen adsorbed
on oxygen-covered Mo(100), in agreement with
the results of other workers [567].

Fig. 5 displays the results of varying the initial
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Fig. 4. Temperature-programmed desorption spectra collected
at various masses following adsorption of CH,I, (51) on
Mo(100) precovered by deuterium (5L) at 80 K.
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Fig. 5. Temperature-programmed desorption spectra of meth-
ane (18 amu) from the coadsorption of hydrogen and d,-
methylene iodide on Mo(100) as a function of methylene
iodide exposure.

d,-methylene iodide exposure to a hydrogen-
precovered (5L H,) Mo(100) surface. Again, the
methane yield increases with increasing methylene
iodide exposure and the peak temperature also
decreases as the exposure increases, indicating an
associative reaction between adsorbed CD, and
hydrogen. The origin of the small desorption state
at ~170K for low d,-methylene iodide exposures
is not known, but may be due fo reactions at
defects.

Finally, since such C,; species have been pro-
posed to polymerize to form higher hydrocarbons
on transition-metal surfaces [1-137], an attempt
was made to detect ethylene or ethane desorption.
Carbene coupling has been found in ultrahigh
vacuum on copper [ 57], and carbon-carbon bond
formation has been detected on iron from the
interaction of CO and diazomethane [ 587. Methyl
coupling has been found on silver [ 517 and copper
[57,60], and carbene dimerization to acetylene has
been seen on Ni(111) [60]. However, as shown in

Fig. 2, no ethylene or ethane desorption were
detected from Mo(100).

Various oxygen overlayers of different coverages
were obtained by annealing an oxygen-saturated
p(1x 1) surface to various temperatures. These
consisted of a (2 x 1) surface obtained by annealing
at 1600 K to yield an oxygen coverage 0p=
1.1 ML, a (\/5 X \/g) pattern producing an oxygen
coveragef,=0.83 ML and a (4 x 4) surface giving
8,=0.2 ML. These LEED patterns reproduced
those found by other workers [45-52]. Finally,
the relative oxygen coverages were checked by
measuring the O/Mo Auger ratio as a function of
annealing temperature. The resulting plot of
oxygen Auger ratio as a function of annealing
temperature is displayed in Fig. 6, which reveals a
smooth decrease in coverage as a function of
annealing temperature. Plotted on the right ordi-
nate are the oxygen coverages calibrated from the
LEED patterns which shows that coverages
between 1.35 and 0.2 monolayers can be obtained
merely by annealing to various temperatures.

Figs. 7-9 display photoelectron spectra from
methylene iodide adsorbed on oxygen-covered
Mo(100) at different oxygen coverages. Again, the
overlayer spectra are compared with the gas-phase
spectrum [557] and these results show that methy-
lene iodide adsorbs molecularly at 80 K on these
surfaces. Displayed as “clean” are the spectra of
oxygen alone on Mo(100). Note also that the
relative intensity of the adsorbate signals decreases
with increasing oxygen coverage, so that the
amount of methylene iodide that can be accommo-
dated onto the surface decreases with increasing
oxygen coverage (see below). In all cases, as the
sample is heated to ~180K the form of the
spectrum changes, connoting chemical decomposi-
tion of the adsorbate eventually leading to peaks
at 12.6, 7.0, 4.7 and 3.3 ¢V binding energy on the
0.2 ML oxygen surface (Fig. 7). Note that the peak
at 7.0 eV binding energy has contributions from
emission from the oxygen 2p levels. Peaks are
evident at 13.0, 7.0, 4.7 and 3.2 ¢V binding energy
on the 0.83 ML O surface (Fig. 8), and again the
6.8 eV peak position is uncertain since it contains
contributions from the adsorbed oxygen. The
oxygen peak is clearly evident in the 1.35 mono-
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Fig. 6. Plot of oxygen/molybdenum Auger ratios for oxygen overlayers on Mo(100) as a function of annealing temperature. The
corresponding oxygen coverages are displayed on the right-hand ordinate.

layer oxygen surface (Fig. 9) as a broad feature at
4 and 8 eV binding energy.

Fig. 10 displays the deuterium (4 amu) tempez-
ature-programmed desorption spectra obtained
following saturation of O/Mo(100) surfaces with
d,-methylene iodide as a function of increasing
oxygen coverage. Two trends are notable in this
case. First, the total deuterium yield decreases as
a function of increasing oxygen coverage, and
second, the desorption peak temperature increases
with increasing oxygen coverage. For comparison,
shown in Fig. 11 are a series of deuterium (4 amu)
desorption spectra after dosing oxygen-covered
Mo(100) with deuterium itself, displayed as a
function of oxygen coverage.

Fig. 12 shows the corresponding methane ther-
mal desorption spectra as a function of oxygen
coverage obtained by dosing various oxygen-
precovered surfaces with hydrogen and then

adsorbing d,-methylene iodide. The methane for-
mation kinetics are only slightly affected by the
presence of oxygen where the peak temperature
varies from 205 K for clean Mo(100) to ~300K
for 05=1.35. The total desorption yield also
decreases rapidly with oxygen coverage. Once
again, measurement of the fragmentation pattern
of the desorbing species on various oxygen-covered
surfaces reveals the incorporation of a maximum
of two hydrogens in the reactively formed methane
in all cases.

4. Discussion
4.1. Methylene iodide adsorbed on Mo(100)

The photoelectron spectrum of methylene iodide
adsorbed on Mo(100) at 80K (Fig. 1) clearly
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Fig. 7. Ultraviolet photoelectron spectra on methylene iodide
adsorbed on O/Mo(100) (10L) at a sample temperature of
80 K. The oxygen coverage is 0.2 ML. The sample was heated
to the temperature indicated adjacent to each spectrum for a
period of 5 s and allowed to cool to 80 K, following which the
spectrum was recorded. Spectra were obtained using 60eV
photons. Shown for comparison is the gas-phase ultraviolet
photoelectron spectrum for methylene iodide and the positions
of the energy levels calculated for adsorbed CH, using
Hiickel theory.

indicates the presence of adsorbed molecular meth-
ylene iodide at this temperature. Temperature-
programmed desorption data (Fig. 2) indicate that
unreacted methylene iodide desorbs at ~200 K
but accounts for only ~ 10% of the surface after a
10 L exposure, so that the photoelectron spectra
exhibit features predominantly due to the adsorbed
overlayer. The peak positions at this temperature
agree well with the gas-phase spectrum of methy-
lene iodide [557] where the peaks are assigned as
13.2 (a; due to C 2s orbitals), 9.0 (b,), 7.4 (b,), 6.4
(a,) and 3.4 (a,, a,, by, b,) eV binding energy. The
shape of the spectrum changes considerably on
annealing the sample, and is particularly manifest
by the attenuation in intensity of the 9.0 eV peak,

LN (L I R I B L B BN B S R s |
UPS of CH,|,/Mo(100)(0.83ML)O
10L, hv=60eV TK

Intensity/Arb.Units

b
b, M;@ Gas phase
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Binding Energy/eV

Fig. 8. Ultraviolet photoelectron spectra on methylene iodide
adsorbed on O/Mo(100) (10L) at a sample temperature of
80 K. The oxygen coverage is 0.83 ML. The sample was heated
to the temperature indicated adjacent to each spectrum for a
period of 5 s and allowed to cool to 80 K, following which the
spectrum was recorded. Spectra were obtained using 60 eV
photons. Shown for comparison is the gas-phase ultraviolet
photoelectron spectrum for methylene iodide and the positions
of the energy levels calculated for adsorbed CH, using
Hiickel theory.

which has completely disappeared on heating to
~180 K. At this point, the spectrum is charac-
terized by features at 13, 7, 4.7 and 3.1¢V. It has
also been shown using infrared spectroscopy that
methylene iodide thermally decomposes on
Mo(110) to yield an adsorbed methylene species
[44] and deposit chemisorbed iodine on the sur-
face. A similar assignment is made for the spectral
transformations observed in ultraviolet photo-
electron spectroscopy in this case. In order to
confirm this, and to assign the peaks observed in
the 185 K spectra, an extended Hiickel calculation
was performed for a methylene species coordinated
to a molybdenum metal cluster adsorbed on a
bridge site on a Mo(100) surface [ 62]. While this
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Fig. 9. Ultraviolet photoelectron spectra on methylene iodide
adsorbed on O/Mo(100) (10L) at a sample temperature of
80 K. The oxygen coverage is 1.35 ML. The sample was heated
to the temperature indicated adjacent to each spectrum for a
period of 5 s and allowed to cool to 80 K, following which the
spectrum was recorded. Spectra were obtained using 60eV
photons. Shown for comparison is the gas-phase ultraviolet
photoelectron spectrum for methylene iodide and the positions
of the energy levels calculated for adsorbed CH, wusing
Hiickel theory.

is not an accurate calculation, since the parameters
used in establishing ionization energies are based
on the ionization potentials for each of the atomic
levels, it should lead to a reasonable correspon-
dence between the observed and calculated species.
The results are summarized in Fig. 13, which indi-
cates the ionization potentials of the levels and the
form of the molecular orbitals. The results yield
an ionization energy of the o, level (a; symmetry)
of 24.06 eV, of the n-CH, level (b, symmetry) of
15.79 eV, of the a(n) level (a;) of 13.63 eV and of
the p level (b,) of 11.69 eV. The position of these
levels are also marked on the spectra in Fig. 1,
where the binding energies have been shifted uni-
formly to align with the observed levels. The
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Fig. 10. Plot of the deuterium (4 amu) thermal desorption
spectra from d,-methylene iodide (5L) adsorbed onto
O/Mo(100) as a function of oxygen coverage. Oxygen coverages
are indicated adjacent to the corresponding spectrum.

agreement between the calculated and experimen-
tal results for an adsorbed CH,, species is remarka-
bly good, except for the o, state where the
calculated energy is substantially higher than the
measured value. This allows the features in the
spectrum obtained after annealing to 185 K to be
assigned to an adsorbed carbene as: 13 eV (a,),
7eV (by), 4.7eV (a,) and 3.1 eV (b,). Bonding to
the surface is therefore via donation of electrons
from the metal into the b, level at 3.12 eV binding
energy. Hiickel calculations predict that the lowest
unoccupied anti-bonding level is some 15 eV above
the Fermi level [62], so that back-donation into
these levels only contributes in a very minor way
to the bonding at the surface which is therefore
primarily via donation of metal electrons into the
vacant p orbitals at ~3 eV below the Fermi level.
This indicates that the adsorbed carbene should
carry a substantial negative charge, and Hiickel
calculations for carbenes adsorbed on small metal
clusters confirm this [62].

The ionization energy in the photoelectron
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Fig. 11. Deuterium  temperature-programmed  desorption
spectra from O/Mo(100) as a function of oxygen coverage.

spectrum can be used to estimate Mulliken electro-
negativities. For the substrate, this is simply the
work function, ¢, and, for the adsorbed carbene
from the binding energies of the p and ¢ orbitals,
is ¢ +3.8. The difference in Mulliken electronega-
tivities for the carbene and the surface, Ay, is
therefore 3.8. This is directly related to the Pauling
electronegativity by a factor of 3.15 [63], yielding
a Pauling electronegativity difference Ayp of 1.24.
This implies that the carbene—metal bond has a
dipole moment of ~124D and that the bond
possesses ~25% ionic character, in accord with
the results of the Hiickel calculations referred to
above [62]. Note that the substrate work-function
is likely to be modified by the presence of oxygen
and iodine. The electronegativity difference is
unaffected by changes in this value.

The data of Fig. 2 illustrate that the major
reactively desorbing species following methylene
iodide adsorption are methane and hydrogen. The
results in Fig. 11 show that deuterium desorbs
from a Mo(100) surface in three states at ~295,
350 and 420 K, whereas deuterium from adsorbed
CD, desorbs in a single state at ~350 K. From

3L H,+10L CD,l,/Mo(100)0
TPD, 10K/s
18 amu, CD,H,

\ 0(0)
2 et it 2o . ,-._._.__.-.p"..j\n’ 0
b,

0.2
-
g e et 0.67
f | I T e s 0.83
0 Jf \"Ws-f"-,_._.. B e .
: I et A IR 15

"'.«,....Vw Y i A

Mass Spectrometer Signal/Arb.Units

'_-f,-#-h"' s
¥ T T T T T T
0 200 400 600 800 1000
Temperature/K

Fig. 12. Plot of the methane thermal desorption spectra from
d,-methylene iodide (10 L) adsorbed onto O/Mo(100} pre-
covered with hydrogen (3 L) as a function of oxygen coverage.
Oxygen coverages are indicated adjacent to the corresponding
spectrum.

N e

-13.63 —{—f-— Sigma
%‘ -15.79 —l—-[— Pi-CHz
v -24.06 [ Sigma

Fig. 13. A diagram showing the orbitals and their ionization
energies for a CH, species on molybdenum calculated using
Hiickel theory.

the desorption peak temperature of ~350K, a
simple Redhead analysis [64] yields an activation
energy for dehydrogenation of ~90 kJ mol ~* using
a heating rate of 10K s ' and a typical pre-
exponential factor of 1 x 1013 s~*
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Methane desorbs at a sample temperature of
~240 K, which is substantially lower than that at
which the adsorbed species dehydrogenates
(~350 K), which suggests that adsorbed methylene
species cannot supply the requisite hydrogen except
via a direct hydrogen transfer between adsorbed
species. In order to establish the origin of the
hydrogen required for methylene hydrogenation,
the surface was pre-dosed with deuterium (D,),
and methylene iodide (CH,I,) adsorbed onto the
surface and TPD spectra collected (Fig. 4). A sim-
ilar 200 K peak is detected, but with a much
increased intensity compared to adsorbing methy-
lene iodide alone, and the major desorbing species
is d,-methane with no ds;- or ds-products. This
indicates that the adsorbed methylene reacts with
adsorbed hydrogen to yield methane rather than
directly with another CD, species. These results
are also in accord with the assignments made from
photoelectron spectroscopic data that an adsorbed
CD, (CH,) species is formed by reaction of methy-
lene iodide, and that this reacts without any
intervening exchange with surface hydrogen, to
yield methane. This result is emphasized by the
data of Fig. 3, which displays the methane (18 amu,
CD,H,) TPD spectrum as a function of hydrogen
exposure and after subsequently exposing the sur-
face to 3 L. of CD,l,. There is clearly a substantial
increase in the amount of methane evolved from
the surface. The smalil amount of methane found
without intentionally pre-adsorbing hydrogen is
probably partly due to hydrogen adsorption from
the background, with perhaps a small contribution
from carbene dehydrogenation. Note in addition
that there is a shift in peak temperature to lower
values as the hydrogen coverage increases, indica-
tive of a second-order reaction. An activation
energy for the reaction can be found from a plot
of In(T26) versus 1/T, [64], where 0 is calculated
from the area of the desorption peak and is shown
as an inset in Fig. 3. This yields a relatively low
value of activation energy of 21+2 kJ mol ™1, con-
sistent with the relatively low desorption peak
temperature of ~ 200 K.

The results of a similar experiment, in which the
hydrogen coverage is kept constant but where the
methylene iodide exposure is varied, is shown in
Fig. 5. In this case, there is a similar increase

in desorption yield and a concomitant decrease in
peak temperature, consistent with a reaction
between adsorbed hydrogen and a carbene. The
formation of methane from methylene iodide must
proceed via a methyl intermediate. It is not known
from the results presented here whether the addi-
tion of the first hydrogen to form a methyl species
or the addition of hydrogen to this species to yield
methane is rate-limiting. Probing the methane-
formation kinetics by hydrogenating methyl species
formed from methyl iodide on oxygen-modified
Mo(100) should provide information on these rela-
tive reaction rates.

It should be noted that no carbon—carbon cou-
pling reactions were observed on Mo(100), since
no ethylene or ethane were detected (Fig.2).
However, it has been proposed that this can occur
catalytically at higher pressures, but with a rela-
tively large activation energy of ~ 65 kcal mol™?!
[32,33]. Photoelectron spectroscopic results imply
that firstly, the C-metal bond should be rather
strong and secondly, that the carbenes should be
negatively charged, both of which would mitigate
against coupling reactions on the surface.

These results can be used to estimate approxi-
mate values for the heat of adsorption of the
carbene, AH,.(CH,). The activation energy for
methane formation, E(CH,), is given by:

E(CH4) ~ AHads(CHZ) + 2AHads(H)
— D(CH,-H)—D(CH,-H), (1)

where AH,4(H) is the heat of adsorption of
hydrogen (~60kcalmol~! [65]), D(CH,-H) is
the bond strength of the CH,-H bond
(111 kcalmol~! [66]) and D(CH,-H) is the
strength of the CH;-H bond (104 kcal mol™?
[667]). Using the activation energy to methane
formation measured above, this yields a value of
AH,,(CH,) of ~100 kcal mol™*.

Similarly, the activation energy of carbene
recombination can be approximated as

E(C,H4)~2AH,4,(CH,)—D(C=C), (2)

where E(C=C) is the carbon—carbon bond
strength in ethylene (173 kcal mol~! [667]). This
yields AH,4,(CH,)=~ 120 kcal mol 1.
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4.2. Effect of oxygen on methylene iodide adsorbed
on Mo('100)

The data of Fig. 6 show that relatively large
coverages of oxygen (up to ~ 1.5 monolayers) can
be accommodated onto a Mo(100) surface. The
coverages obtained at various sample annealing
temperatures are measured using Auger spectro-
scopy, and these are calibrated by the array of
LEED patterns exhibited by the surface [45,52].

The vacant oxygen 2p acceptor levels are located
at about 6eV below the Fermi level (see, for
example, Fig. 8) and have the effect of oxidizing
the surface molybdenum atoms. The surface oxida-
tion state has been measured using X-ray photo-
electron spectroscopy, where it is shown that
surface molybdenum oxidation states of up to +4
can be achieved using oxygen overlayers [67].
This can also be seen in the effect of oxygen on
the work-function change of a Mo(100) surface,
which increases by 1.1 V for an oxygen coverage
of 1.35 monolayers. Interestingly, the work function
initially decreases as the oxygen coverage increases
to 0.2 monolayers [ 52]. A priori, it can be antici-
pated that this will decrease the binding energy of
adsorbate levels of the adsorbed carbene.

Fig. 7 displays the photoelectron spectra for
methylene iodide adsorbed on Mo(100)+
0.2 ML O. The spectral changes observed in this
case are essentially identical to those found for
methylene iodide on Mo(100) (Fig. 1). Methylene
iodide adsorbs molecularly at 80 K, and the adsor-
bate-induced spectrum agrees well with that for
gas-phase methylene iodide. The 8.8 eV binding
energy (b,) feature attenuates on heating the
sample and is completely absent after annealing at
~160 K, connoting thermal decomposition of the
methylene iodide. The positions of the carbene
peaks from the Hiickel calculations described
above [62] are also marked on the spectrum,
indicating that a carbene is also formed on this
surface. Note that the presence of emission from
the adsorbed oxygen partially obscures the

7 eV (b,) carbene peak. Similar spectral changes

are noted for methylene iodide adsorption on a
Mo(100) surface covered with 0.83 ML of oxygen
(Fig. 8), where the molecular species decomposes
on annealing to ~ 140 K and the positions of the

carbene peaks from Hiickel theory are also marked.
The relative intensity of the oxygen peak increases
with increasing oxygen coverage.

The positions of the molecular peaks are shifted
substantially as the oxygen coverage increases
to 1.35 monolayers (Fig.9), and in this case
the a, peak has a binding energy of ~11eV,
as illustrated by the corresponding gas-phase
spectrum. The peak at 2.3 eV binding energy found
after heating the surface to above 130 K is assigned
to the p peak of b, symmetry of the carbene.
Support for this assignment comes from the data
displayed in Table 1. This compares the shift in
position of the p (b,) peak, which is fairly sharp
and can be measured quite accurately, with the
change in work function (taken from Ref. [52]).
Clearly, except for the result for 0,=0.83, the
correlation between the shift in the position of this
peak and the work-function change is good. Note
that the surface is proposed to reconstruct for an

oxygen coverage of 0.83 (where it exhibits a (\/g X

\/g) LEED pattern [45-517). The data indicate,
however, that this peak can consistently be
assigned to the same level for the carbene, and
that its location is affected by the presence of
oxygen on the surface.

Fig. 10 displays a series of deuterium thermal
desorption spectra following a 5L exposure to
various oxygen-covered Mo(100) surfaces with d,-
methylene iodide. As noted above, the total integ-
rated intensities of the peaks decrease with increas-
ing oxygen coverage, reflecting the paucity of sites
available for adsorption as the oxygen coverage
increases. This will be discussed in greater detail
below. In addition, the peak temperature increases
with increasing oxygen coverage, and the data of

Table 1

Comparison of the work-function change of a Mo(100) surface
with shifts in the binding energy of the carbene n*-CH, anti-
bonding level

bo Eg(by) (V) A¢ AEy (eV)
0 3.10 0 0

02 335 —02 —025
0.83 3.30 +0.8 —02
135 230 +1.1 +0.38
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Fig. 11 illustrate that adsorbed deuterium evolves
from the surface with completely different profiles
to those measured for the carbene-~covered surface
(Fig. 10). This indicates, as was found for CD,/
Mo(100), that deuterium formation is decom-
position- rather than desorption-rate limited, and
implies that the decomposition activation energy
increases with increasing oxygen coverage. This
effect is illustrated in Fig. 14, which plots the
activation energies for deuterium formation from
CD, decomposition calculated using the Redhead
equation [64] versus oxygen coverage, showing
that the activation energy varies from ~90kJ
mol ™! for clean Mo(100) to ~130kJ mol~! for
an oxygen coverage of 1.35 monolayers; oxygen
has a substantial effect on the decomposition
kinetics. The results of Hiickel calculations show
that the C-H overlap population varies only
slightly with a change in the nature (and work
function) of the metal [62]. This effect can be
rationalized since the vacant p molecular orbital
of the carbene which predominantly participates
in bonding is essentially non-bonding with respect
to hydrogen (Fig. 13), so that the substantial
change in decomposition kinetics cannot be

160 T T T T T T T v 1
140 Activation energy for .
C-D bond scission
- VS OXygen coverage
5 1304 .
£
5
X
> - -
& 120
(0]
[
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= -~ -
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2
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OTO . 014 l 058 l 1.'2 . 1.6
Oxygen Coverage/ML

Fig. 14. Plot of the activation energy for carbene decomposition
plotted versus oxygen coverage taken from the data of Fig. 10.

directly related to a modification of the C—H bonds
in the adsorbed carbene. This phenomenon must
therefore be ascribed to the effect of adsorbed
oxygen on the transition state to decomposition.
However, it is clear that one of the effects of
adsorbed oxygen on the chemistry of the carbene
is to stabilize it as the oxygen coverage increases.

Fig. 12 displays the d,-methane TPD spectra
(18 amu) obtained after exposing the oxygen-
covered Mo(100) surface to hydrogen and then to
d,-methylene iodide. Again, measurement of the
fragmentation patterns of the reactively formed
methane indicates that a maximum of two
hydrogens are incorporated into the molecule, as
was found on Mo(100). The amount of methane
decreases drastically with increasing oxygen cover-
age, indicating that sites for the adsorption and
decomposition of methylene iodide are blocked by
oxygen. In addition, there is a slight increase in
the peak maximum as the oxygen coverage
increases. In this case, it would be anticipated that
increasing the work function of the Mo(100) by
adding oxygen would have the effect of decreasing
the carbene binding energy since the adsorbed
oxygen competes with the carbene for electrons.
As shown from Eq. (1), this would a priori be
expected to manifest itself in a decrease in activa-
tion energy to methane formation as the oxygen
coverage increases. In addition, the negative charge
on the carbene would also be expected to decrease
with increasing oxygen coverage, facilitating reac-
tion between the carbene and adsorbed hydrogen.
However, an additional effect of the addition of
oxygen to the surface on the methane formation
kinetics is to decrease the hydrogen and carbene
coverages. The lower hydrogen and carbene cover-
ages will correspondingly increase the desorption
temperature for methane formation in TPD. In
order to attempt to gauge the extent of this effect,
the predicted peak positions for each of the meth-
ane desorption yields, (measured from the area
under the TPD curves, Fig. 12) are calculated using
the kinetic parameters for methane formation on
clean Mo(100) (Fig.4) [64], and the resulting
peak temperatures are marked as vertical lines on
the data of Fig. 12. Interestingly these agree rather
well with the experimental peak positions for the
oxygen-covered surfaces, indicating that an



142 G. Wu et al. [Surface Science 373 (1997) 129-144

1.0 i
Y(CH,D,)/Y(D,)
Vs
08 Oxygen coverage
~
Q
2 06- R
N
a)
o
T
Q
>
0.4- -
0.2- i

00 04 08 12 16
Oxygen coverage/ML

Fig. 15. Plot of the ratio of the methane yield to the yield of
hydrogen, Y(CH,D,)/¥(D,) for methylene iodide adsorbed on
oxygen-covered Mo(100) as a function of the oxygen coverage.

adsorbed oxygen overlayer has only a very slight,
if any, effect of the methane formation kinetic
parameters.

Clearly both the methane (Fig. 12) and hydrogen
(Fig. 10) desorption yields decrease with increas-
ing oxygen coverage. Plotted in Fig. 15 is the
ratio of the methane and hydrogen yields
(Y(CH,D,)/Y(D,)) as a function of oxygen cover-
age normalized to the corresponding ratio for
Mo(100). This indicates that the relative methane
yield decreases substantially with increasing
oxygen coverage and, in spite of the fact that
adsorbed methylene species are stabilized by
adsorbed oxygen (Fig. 10), this does not lead to a
corresponding increase in methane formation.

In the absence of hydrogen, the majority of the
adsorbed methylene species dehydrogenate (Fig. 2)
so that the integrated yield of hydrogen (D,)
following methylene-iodide adsorption (Fig. 10)
merely reflects the saturation carbene coverage for
each oxygen coverage. This relative D, yield is
plotted versus oxygen coverage in Fig. 16, revealing
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Fig. 16. Plot of the total deuterium yield for d,-methylene
iodide adsorbed on oxygen-covered Mo(100) as a function of
oxygen coverage.

a linear dependence suggesting a direct site-
blocking of adsorbed methylene iodide by oxygen.

It might be anticipated also that a decrease in
carbene binding energy and charge density at the
catbon would have the effect of lowering the
activation energy of carbene recombination to form
ethylene or ethane (if this hydrogenates rapidly).
However, no evidence was found in temperature-
programmed desorption for ethylene formation on
oxygen-covered Mo(100). Note, however, in cata-
Iytic reactions with ethylene which has been pro-
posed to dissociate to yield carbene species, the
recombination probability for forming higher
hydrocarbons was found to increase with increas-
ing oxygen coverage [ 39].

5. Conclusions

Methylene iodide decomposes on Mo(100) and
on oxygen-covered Mo(100) to form adsorbed
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carbenes and deposit iodine. The adsorbed carbene
can either react with chemisorbed hydrogen to
form methane or thermally decompose to yield
hydrogen. Experiments using isotopically labelled
reactants demonstrates that methane is indeed
formed by the reaction of CH, with chemisorbed
hydrogen. The carbene thermal decomposition
activation energy increases from 90 to
~130kI mol~! as the oxygen coverage increases
to 1.35 monolayers, a phenomenon that is ascribed
to the effect of oxygen on the transition state. Pre-
adsorbed oxygen blocks sites for both hydrogen
and carbene adsorption. However, the methane-
formation kinetics do not appear to be affected by
the presence of oxygen overlayers, and changes in
the methane TPD peak temperature can be
ascribed to the effect of site blocking as the oxygen
coverage increases.
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