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The adsorption of molybdenum hexacarbonyl is studied on
thin hydroxylated and partially hydroxylated alumina films
using reflection–absorption infrared, X-ray photoelectron, and
temperature-programmed desorption spectroscopies. The majority
of the Mo(CO)6 adsorbed on hydroxylated alumina at 80 K des-
orbs at ∼200 K; the remainder decarbonylates leading to a molyb-
denum coverage of ∼2% of a monolayer. Subcarbonyl species are
detected as the sample is heated to ∼200 K and, at higher tem-
peratures, the molybdenum is oxidized to an ∼+4 oxidation state
and deposits primarily oxalate species on the surface. The adsorbed
oxalates thermally decompose at ∼300 K to evolve CO to form ad-
sorbed bidentate carbonate species. These are stable to∼560 K and
react to evolve CO at this temperature. The amount of molybdenum
absorbed onto the surface can be increased by repeatedly dosing
Mo(CO)6 at 80 K and annealing to ∼200 K to desorb molecular
molybdenum hexacarbonyl where the molybdenum coverage in-
creases by ∼2% of a monolayer for each cycle. It is also found that
the extent of decarbonylation depends on the degree of alumina hy-
droxylation so that heating hydroxylated alumina to 900 K, which
removes∼50% of the surface hydroxyls, decreases both the CO des-
orption yield and the oxalate coverage by 50%. c© 2000 Academic Press
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INTRODUCTION

The growth and formation of oxide films for use, for
example, as model catalyst supports have been extensively
studied using a range of surface-sensitive techniques such
as low-energy electron diffraction (LEED) (1), Auger and
X-ray photoelectron (XPS) spectroscopies (2–4, 6),
scanning-tunneling microscopy (STM) (7), high-resolution
electron energy loss spectroscopy (HREELS) (3–5), and
reflection–absorption infrared spectroscopy (RAIRS)
(6, 10, 11) and adsorption onto these surfaces has also
been investigated (8, 9, 12). Supported model catalysts
1 To whom correspondence should be addressed. Fax: (414) 229-5036.
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have been synthesized primarily by evaporating metals or
metal oxides onto these planar oxide supports to mimic
“wet-impregnation” methods of catalyst preparation.
Another strategy for preparing active, supported catalysts
is to expose the metal oxide support to an organometallic
compound which reacts with the surface to form the active
catalyst. This method has been used to synthesize molyb-
denum catalysts that are active for olefin metathesis
where the activity of the catalysts depends on the state of
hydroxylation of the alumina and the temperature at which
the catalyst is treated following exposure to molybdenum
hexacarbonyl (13–16).

We have previously investigated the catalytic activity
of molybdenum oxide films (MoO2 and MoO3) grown on
metallic molybdenum substrates and found that they do
catalyze olefin metathesis but with a substantially lower ac-
tivity than that found for the most active metathesis cata-
lysts (17). It has been shown that the activity of olefin
metathesis catalysts made by reaction of molybdenum car-
bonyl with alumina initially increases with molybdenum
loading as the number of catalytically active centers in-
creases (18). The activity, however, subsequently decreases
as the molybdenum coverage increases further. One possi-
ble explanation for this is that the active centers agglom-
erate at higher coverages to form a less active oxide film.
This paper addresses the synthesis and characterization of
model catalysts formed by the adsorption of molybdenum
hexacarbonyl on planar alumina films in ultrahigh vacuum
to mimic lower loading, more active metathesis catalysts.

The reaction of molybdenum hexacarbonyl with high-
surface-area alumina has been previously studied exten-
sively using temperature-programmed reaction (19, 20) and
infrared spectroscopy (18, 21–24), and on planar supports
using inelastic electron tunneling spectroscopy (IETS) (25).
Magnetic resonance methods have also been used (26, 27).
The consensus is that reaction proceeds via an initial de-
carbonylation step to form a stable subcarbonyl intermedi-
ate Mo(CO)x. This undergoes further decarbonylation so
that eventually all of the CO is removed from the system
and metallic or oxidized molybdenum is left on the surface.
The considerable amount of work done on the reaction of
9
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Mo(CO)6 with γ -alumina shows that the detailed behavior
of the molecule as well as the final species formed in the
catalyst’s precursor strongly depends on the degree of hy-
droxylation of the aluminum oxide and the conditions un-
der which the reaction proceeds (20). Results are presented
in this work on the adsorption of Mo(CO)6 on planar alu-
mina grown on a Mo(100) substrate studied in ultrahigh
vacuum using X-ray photoelectron and infrared spectro-
scopies as well as temperature-programmed desorption. In
this case, the alumina film is sufficiently thin that the in-
frared surface intensity enhancements due to the presence
of the metal substrate are maintained although it is suf-
ficiently thick that it chemically mimics high-surface-area
alumina (12).

EXPERIMENTAL

Alumina films are deposited onto a Mo(100) single-
crystal substrate by sequences of cycles of aluminum evapo-
ration/water oxidation (with D2O, H2O, or H2

18O-enriched
water) (12). These cycles are necessary to ensure complete
oxidation of aluminum which may be difficult to achieve
with thicker aluminum layers. Oxidation is monitored using
Auger electron spectroscopy (AES) and X-ray photoelec-
tron spectroscopy (XPS). Aluminum is evaporated from a
small heated alumina tube which is enclosed in a stainless-
steel shroud to minimize contamination of other parts of
the system (28). It is evaporated onto a Mo(100) single
crystal held at 300 K for 120 s which, from measurements of
the resulting oxide film thickness, deposits∼1.5 monolayers
(12).

Water is supplied via a capillary doser to minimize back-
ground contamination and the aluminum is oxidized by
water vapor for 300 s with the sample held at 650 K with
a background water vapor pressure of 1× 10−8 Torr. Note
that pressures are not corrected for the ionization gauge
sensitivity. The local pressure in front of the dosing source
is substantially higher than the background pressure. This
pressure enhancement is estimated using carbon monoxide
by comparing the CO dose required to saturate the clean
Mo(100) surface either by backfilling the chamber or via the
dosing source. In this case, CO coverages were measured
from the areas under the CO temperatre-programmed des-
orption features (29). This shows that the dosing source
provides a pressure enhancement of ∼200 resulting in an
effective water oxidation pressure of ∼2× 10−6 Torr when
the background pressure is 1× 10−8 Torr. The aluminum
evaporation/water oxidation procedure is repeated until a
film of the desired thickness is formed.

Two types of film were grown. The first is formed using
water (generally with H2O or D2O but occasionally with
18O-enriched water (10 at.%)) and annealed to 450 K to
remove any remaining molecular water, yielding a surface

with the maximum surface hydroxyl coverage. This sample
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is designated in the following as “hydroxylated alumina,”
or HA. Alternatively, the HA sample is annealed to 900 K
to partially dehydroxylate it, leading to intermediate sur-
face hydroxyl coverages. This is referred to as “partially
dehydroxylated alumina” (PDA).

Experiments were carried out in a vacuum system that
has been described in detail elsewhere (30). In the case
of temperature-programmed desorption experiments, the
chamber contained two aluminum evaporation sources po-
sitioned so that both the back and front faces of the Mo(100)
crystal could be covered by alumina to eliminate interfer-
ence due to species desorbing from the Mo(100) surface.
The 12-in.-diameter, stainless-steel vacuum chamber was
pumped by an ion and titanium sublimation pump and op-
erated at a base pressure of∼5× 10−11 Torr following bake-
out. The chamber was equipped with a double-pass, cylin-
drical mirror analyzer for Auger and XPS analysis of the
sample and a quadrupole mass analyzer for temperature-
programmed desorption experiments, for leak testing, and
for gauging the purity of gases introduced into the chamber.
Desorption spectra were collected using a heating rate of
13 K/s. Auger spectra were collected using an electron beam
energy of 3 keV and the first derivative spectrum obtained
by numerical differentiation. XPS data were collected
using the double-pass, cylindrical mirror analyzer operating
at a pass energy of 50 eV. Mg Kα radiation was furnished
by a water-cooled source operating at a power of 120 W.
The chamber also contained a retractable, electron beam
heating filament which is used to heat the molybdenum
substrate to ∼2100 K for cleaning.

RAIRS spectra were collected in another chamber which
has also been described in detail elsewhere (30). Briefly,
the sample was mounted to the end of a horizontal sample
manipulator which could be retracted to move the sam-
ple into a small-volume infrared cell or extended to move
the sample into a 12-in.-diameter analysis chamber. The
sample could also be resistively heated, and cooled to∼80 K
by pumping liquid nitrogen down the center of the sample
transfer rod. The infrared apparatus was mounted on an op-
tical table for stability and infrared radiation from a Midac
Fourier transform spectrometer was steered and focused
onto the sample. The reflected light was collected and fo-
cused onto a cooled mercury–cadmium–telluride (MCT)
detector and the resulting signal collected and analyzed by
a microcomputer running SpectraCalc software. The opti-
cal path was completely covered by a dry-air-purged enclo-
sure. The infrared radiation was furnished by an air-cooled
source and spectra were collected at a resolution of 4 cm−1

for 1000 scans which typically took 4 min to accumulate.
The oxide film was grown in the main chamber and char-

acterized using Auger and X-ray photoelectron spectro-
scopies. In order to avoid potential problems due to elec-
tron beam damage of the oxide films (31), once an effective

film growth protocol had been established, fresh films were
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grown for infrared analysis and temperature-programmed
desorption studies. Infrared spectra were collected after
retracting the sample from the preparation chamber into
the infrared cell. This cell was also equipped with a direc-
tional dosing source consisting of a 2-mm-diameter cap-
illary which could be used to deposit reactants onto the
sample with minimal contamination of the background.
The deionized water (D2O or H2O) and O18-labeled
water (H2

18O 10 at.%, Aldrich, 95%) used to grow the films
were transferred to glass vials and connected to the gas-
handling line of the chamber. Normal, deionized (H2O), or
deuterated water (D2O, Aldrich, 95%) was generally used
for surface oxidation. 18O-Labeled water was used in ex-
periments to distinguish between oxygen coming from the
substrate and from adorbates. The water was purified using
repeated freeze–pump–thaw cycles. Molybdenum hexacar-
bonyl (Aldrich, 99%) was transferred to a glass vial, con-
nected to the gas-handling line of the chamber, and purified
by repeated freeze–pump–thaw cycles, followed by distilla-
tion and its purity was monitored using mass and infrared
spectroscopies. This was also dosed onto the surface via a
capillary doser to minimize background contamination.

RESULTS

Figure 1 displays a series of temperature-programmed
desorption spectra of a monolayer of Mo(CO)6 absorbed
on fully hydroxylated alumina at 80 K. The calibration of the
monolayer coverage is discussed in greater detail below. It
should be noted that, in contrast to experiments performed
on high-surface-area aluminas, no molybdenum hexacar-
bonyl adsorption is detected on the model oxide surfaces
that were exposed to Mo(CO)6 between 200 and 300 K
although molybdenum is found on the surface when dos-
ing was done at higher temperatures where molybdenum
carbide is formed (32). An intense peak is noted at 205 K
when monitoring 97 amu due to the desorption of molec-
ular molybdenum hexacarbonyl (Fig. 1c) (33). The 205 K
feature in the 28-amu spectrum (Fig. 1a) is assigned to a
mass spectrometer ionizer fragment of the molybdenum
hexacarbonyl and the intensity ratio of these TPD features
agrees well with the 97/28 amu ratio measured in the mass
spectrum of molybdenum hexacarbonyl (33). The contri-
bution of the desorbing molybdenum hexacarbonyl to the
28-amu spectrum is removed by scaling the 97-amu spec-
trum by the ratio of the intensities of the 97- and 28-amu
signals in the mass spectrum of Mo(CO)6. The resulting
spectrum of just CO is displayed in Fig. 1b. Due to the rela-
tively large intensity of the 28-amu fragment from the car-
bonyl, it is impossible to completely exclude the possibility
of a small amount of CO desorption due to decarbonyla-
tion at ∼200 K. The low-temperature feature has a maxi-
mum at 310 K, and the high-temperature state is centered at

560 K. The ratio of the integrated intensities of the 560 and
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FIG. 1. Temperature-programmed desorption spectra collected at 28
(CO) (a), 97 (Mo(CO)6) (c), and 44 (CO2) (d) amu following molybde-
num hexacarbonyl adsorption on alumina grown on Mo(100) by reaction
between aluminum and water (H2O) and annealed at 450 K to remove
adsorbed water to yield fully hydroxylated alumina. The heating rate was
13 K/s. Shown also is the desorption spectrum of CO after subtraction of
the contribution from molybdenum hexacarbonyl desorption (b) and the
increase of CO desorption at 560 K after multiple carbonyl exposures (e)
(see text).

310 K features is 0.90± 0.05 so that approximately equal
amounts of CO desorb in each state. Note that, since the
heating rate varies somewhat during the desorption sweep,
these measurements were made by integrating the peak
areas over time rather than temperature to yield an accurate
measurement of the relative coverages. The total amount of
CO desorbing in these states can be gauged by comparing
it with the CO desorbing from the clean Mo(100) substrate
where, since the oxide is grown on this substrate, the sample
areas are exactly identical and, in each case, exactly identi-
cal experimental protocols were used to collect TPD data.
Taking into account that each Mo(CO)6 contains six car-
bons reveals that these states account for the adsorption of
2.0± 0.1% of a monolayer of molybdenum.

In order to establish whether decarbonylation takes place
at some special sites, the following experiment was carried
out. A fully hydroxylated alumina sample was exposed to
Mo(CO)6 at 80 K, and warmed to 300 K to desorb all molec-
ular species. Note that, since this sample was previously
heated to 450 K to remove molecular water, this procedure

will not alter the state of hydroxylation of the sample. The
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sample was once again saturated with Mo(CO)6 at 80 K
and again annealed to 300 K, and this procedure was re-
peated six times. A temperature-programmed desorption
experiment was then carried out monitoring the 28- and
97-amu signals. No molybdenum hexacarbonyl (at 97 amu)
desorbed from the surface as expected since this had been
removed from the sample during annealing. The 560 K TPD
signal at 28 amu was, however, 6 times larger (Fig. 1e) than
the corresponding signal shown in Figs. 1a and 1b. This in-
dicates that hexacarbonyl decarbonylation does not take
place at special sites on the alumina surface but that there
is a branching reaction between hexacarbonyl desorption
and decarbonylation with carbonyl desorption predominat-
ing. Finally, as shown in Fig. 1d, the 44-amu signal (CO2) is
very weak and can be assigned to a small contribution from
the hexacarbonyl. In addition, no hydrogen desorption was
detected.

The corresponding TPD spectra for Mo(CO)6 adsorbed
on partially dehydroxylated alumina (which had been
heated to 900 K in vacuo) are displayed in Fig. 2. The
main features of these spectra resemble those for molyb-
denum hexacarbonyl adsorbed on hydroxylated alumina

FIG. 2. Temperature-programmed desorption spectra collected at 28
(CO) (a), 97 (Mo(CO)6) (d), and 44 (CO2) (c) amu following molybde-
num hexacarbonyl adsorption on alumina grown on Mo(100) by reaction
between aluminum and water (H2O) and annealed at 900 K to remove a
portion of the surface hydroxyls to yield partially dehydroxylated alumina.
Data were collected at a heating rate of 13 K/s. Shown also is the desorption
spectrum of CO after subtraction of the contribution from molybdenum

hexacarbonyl desorption (b).
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TABLE 1

Comparison of the Properties of Hydroxylated Alumina (HA)
with Those of Partially Dehydroxylated Alumina (PDA)

Sample HA PDA

Relative hydroxyl coverage 1 0.5± 0.1
from TPD

Relative CO TPD yield 1 0.57± 0.03
Relative intensity of 1 0.5± 0.1

1290 cm−1 RAIRS
feature (oxalate species)

(Fig. 1) except that the desorption states are less well re-
solved. Molybdenum hexacarbonyl desorbs at a slightly
higher temperature (230 K) than on hydroxylated alumina.
There is a clearly discernible 560 K CO desorption feature
which is somewhat broader than that on the fully hydrox-
ylated sample. The lower-temperature feature is partially
obscured by the 28-amu fragment of the molybdenum hex-
acarbonyl, but this can again be resolved by subtracting
the carbonyl contribution which is gauged from its 97-amu
signal. The resulting spectrum due to CO desorption is also
displayed in Fig. 2b. This yields features centered at 310 and
560 K and the relative intensity ratio I(560 K)/I(300 K) is
0.9± 0.1, so that again, approximately equimolar amounts
of CO desorb in each state. No CO2 or hydrogen is found
to desorb from this surface. The relative degree of hydrox-
ylation is measured from the total H2O (18 amu) desorp-
tion yield in temperature-programmed desorption immedi-
ately following sample preparation. Water desorbs from the
model oxide in a relatively broad and featureless distribu-
tion. The sample was heated to a maximum temperature of
1280 K to ensure complete dehydroxylation of the alumina.
The results of this experiment reveal that the hydroxyl cov-
erage of the partially dehydroxylated surface is 0.5± 0.1 of
that of the fully hydroxylated sample so that approximately
50% of the surface hydroxyls are removed by annealing to
900 K (see Table 1). Table 1 also compares the total CO
desorption yield (the sum of the low- and high-temperature
CO desorption states) for fully and partially hydroxylated
surfaces. This reveals that only 0.57± 0.03 of the amount
of CO desorbs from the partially dehydroxylated surface
as from the fully hydroxylated surface. This ratio agrees
well with the relative hydroxyl coverage and suggests that
decarbonylation is associated with the presence of surface
hydroxyl species. This suggests that the remaining molyb-
denum coverage on the partially hydroxylated alumina fol-
lowing desorption of molecular Mo(CO)6 is 1.15± 0.10% of
a monolayer. Dependencies on decarbonylation behavior
of Mo(CO)6 on the extent of hydroxylation by hydroxylated
alumina have been noted previously (20).

The total CO desorption yield from fully hydroxylated
alumina varies with hexacarbonyl coverage as demon-

strated by the plot in Fig. 3. Since Mo(CO)6 is dosed
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FIG. 3. TPD spectra of 97 amu and 28 amu used to build the curve in
Fig. 4. For clarity, only the high-temperature CO desorption peak is shown.

using the directional doser, exposures are calculated from
the increase in background pressure using the enhance-
ment factor calculated for carbon monoxide (∼200, see Ex-
perimental section). Pressures are also not corrected for
the ionization gauge sensitivity. Since the majority of the
Mo(CO)6 desorbs, the integrated intensity of the 97-amu
signal is taken to be a gauge of the initial carbonyl cover-
age rather than using Auger or X-ray photoelectron spec-
troscopy since X-ray and electron beams induce carbonyl
decomposition (see below). The variation in CO yield with
hexacarbonyl coverage is illustrated in Fig. 4, where the des-
orption yield of CO is plotted versus the desorption yield of
molecular Mo(CO)6 (97 amu). The CO desorption yield in-
creases with increasing carbonyl coverage and saturates at a
carbonyl desorption yield of 80 arbitrary units (a.u.) (corre-
sponding to a carbonyl exposure of 0.6 L) and remains con-
stant thereafter. Similar results are found for the partially
dehydroxylated samples and the TPD spectra shown in
Figs. 1 and 2 above were collected for the saturation of
the monolayer (at 80 a.u. Mo(CO)6 desorption yield for
both hydroxylated and dehydroxylated surfaces). It should
be noted that the peak positions in the temperature-
programmed desorption spectra do not change with varia-
tions in dose; only their relative intensities change.

In order to establish whether the 310 and 560 K CO
desorption states (Figs. 1 and 2) are due to the desorp-

tion of intact CO or whether they are preceded by disso-
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ciation, temperature-programmed desorption spectra were
collected from a hydroxylated alumina surface that was pre-
pared from 18O-enriched H2O. In this case, any CO disso-
ciation will deposit carbon onto the surface which would
then recombine with isotopically labeled oxygen on the sur-
face to desorb 12C18O (30 amu). No 30-amu signal was de-
tected following this experiment, confirming that the CO
molecules remain intact (Fig. 5).

It has been found previously that partially decar-
bonylated molybdenum carbonyl species (for example,
Mo(CO)3(ads)) present on high-surface-area alumina can
be recarbonylated by pressurizing with CO (21). Attempts
were made to recarbonylate a hydroxylated alumina sur-
face exposed to Mo(CO)6 and heated to between 250 K and
1200 K using a 3-L CO exposure (1 L= 1× 10−6 Torr · s) at a
sample temperature of 80 K. A small amount of CO desorp-
tion was detected at ∼160 K due to CO adsorbing weakly
on the alumina surface (34, 35) with no signal detected at
higher temperatures, indicating that no recarbonylation of
the carbonyl-derived species took place.

X-ray photoelectron spectroscopy was used to monitor
the coverage and oxidation state of the molybdenum on
the surface. It was found that molybdenum hexacarbonyl
adsorbed at 80 K was very sensitive to the X-ray beam
since a rapid decrease in the intensity of the molybdenum

FIG. 4. Plot of the total CO yield in temperature-programmed des-
orption versus the molybdenum carbonyl coverage monitored from the
molybdenum carbonyl desorption yield measured from the 97 amu TPD

signal.
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FIG. 5. TPD spectra of 28 amu and 30 amu after desorption of
Mo(CO)6 adsorbed on alumina prepared with H2O containing 10 at.%
H2

18O. Again, for clarity only the peak at 560 K is shown.

signal was noted due to the incident X-ray flux. It was found,
however, that the spectra of molybdenum species formed
by adsorbing at 80 K and heating to above 250 K were stable
in the X-ray beam and no changes in the intensity or posi-
tion of the Mo 3d feature were found as a function of X-ray
dose, although X-ray-induced reduction of MoO3 has been
noted by other workers (31). As found above, measure-
ments of the CO desorption yields reveal that the coverage
of molybdenum deposited onto hydroxylated alumina by
adsorbing Mo(CO)6 at 80 K and annealing to desorb molec-
ular carbonyls is rather low (∼2% of a monolayer). In or-
der to increase the surface molybdenum coverage to allow
photoelectron spectra to be collected, the surface was satu-
rated with Mo(CO)6 and annealed to 205 K. The sample was
then cooled to 80 K and redosed and once again annealed to
205 K. This procedure was repeated a total of eight times (to
produce, according to the measured CO desorption yield,
a total molybdenum coverage of ∼0.16 monolayer) and
the X-ray photoelectron spectrum recorded. Typical X-ray
photoelectron spectra recorded for 1000 scans for a sample
subsequently annealed to 275, 525, and 670 K are shown in
Fig. 6. The alumina film is grown on a Mo(100) single crystal.
The film was sufficiently thick to obscure signals from the
substrate and the baseline spectrum prior to molybdenum
hexacarbonyl adsorption is displayed in Fig. 6a. The Mo 3d
spectrum consists of relatively broad features centered at

231.3± 0.1 and 234.5± 0.1 eV binding energies.
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Figure 7 displays the corresponding set of infrared spec-
tra for molybdenum hexacarbonyl adsorbed at 80 K on
hydroxylated alumina grown using deuterated (D2O) wa-
ter. These spectra are collected after annealing in vacuo
to the temperature indicated adjacent to each spectrum
for 5 s, following which the sample was allowed to cool
to 80 K and the spectrum recorded. The absorbance scale
is indicated as a vertical line on the figure. A monolayer
of molybdenum carbonyl adsorbed on alumina at 80 K
exhibits a single peak at 2040 cm−1 due to unperturbed
Mo(CO)6. Annealing to 185 K shifts the peak slightly and
the nature of the surface species formed in the interven-
ing temperature range up to 205 K on partially dehydrox-
ylated alumina will be discussed in greater detail below.
Heating to 205 K removes all of the sharp carbonyl modes
at ∼2000 cm−1. Several relatively broad features develop
at ∼1900 cm−1, at between 1580 and 1660 cm−1, and at
1290 cm−1 with a shoulder at∼1345 cm−1 with a broad peak
apparent at 1020 cm−1. Sharper peaks appear at 1720 and
1130 cm−1. The spectrum also displays a negative feature at
∼920 cm−1. The reference spectrum for these data are clean,

FIG. 6. Mo 3d X-ray photoelectron features from Mo(CO)6 adsorbed
onto hydroxylated alumina at 80 K and annealed to 205 K to remove molec-
ular hexacarbonyl. The surface was then redosed at 80 K and annealed to
205 K to deposit additional molybdenum hexacarbonyl and this procedure
was carried out a total of eight times. This spectrum was collected after the
sample was heated to 275 K for 5 s and allowed to cool to 80 K (b). Shown
also are the spectra of the surface after subsequent heating to 525 (c)
and 670 K (d) as well as the spectrum of the alumina sample in the Mo 3d

region prior to reaction with Mo(CO)6 (a).
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FIG. 7. Reflection–absorption infrared spectra of alumina grown on
Mo(100) by reaction between aluminum and water (D2O) and annealed at
450 K to remove adsorbed water to yield fully hydroxylated alumina and
then exposed to Mo(CO)6 at 80 K and annealed to various temperatures.
Annealing temperatures are marked adjacent to the corresponding spec-
trum. The absorbance scale is indicated by a vertical line on the figure. A
dashed line indicates the baseline.

alumina-covered Mo(100) surfaces. The alumina itself ex-
hibits lattice modes at ∼920 cm−1 (6) so that this decrease
is ascribed to a quenching of the alumina lattice modes by
carbonyl adsorption. The main features of this spectrum
persist up to an annealing temperature of 275 K and the
intensities of the 1720, 1290, and 1130 cm−1 features re-
main relatively constant whereas the broad 1580–1660 and
1020 cm−1 features grow slightly.

Upon further heating of the surface to∼350 K, part of the
CO desorbs (Fig. 1). This is accompanied by the disappear-
ance of the sharp 1720, 1290, and 1130 cm−1 modes. Simul-
taneously, the broad feature between 1580 and 1660 cm−1

as well as the 1020 cm−1 feature increases substantially in
intensity. This suggests that the surface species responsible
for peaks at 1720, 1290, and 1130 cm−1 decomposes to des-
orb CO at ∼300 K and yield a species exhibiting a broad
peak between 1660 and 1580 cm−1 and a peak at 1020 cm−1.
The peak originally present as a shoulder at 1345 cm−1 ap-
pears to maintain a constant intensity. The 1900 cm−1 fea-
ture grows continually in intensity during annealing. All of
the surface modes disappear on heating of the surface to

650 K, corresponding to the removal of the remaining CO
from the surface (Fig. 1).
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The spectra displayed in Fig. 7 were collected for
Mo(CO)6 adsorbed on hydroxylated alumina prepared us-
ing D2O. Carrying out a similar experiment on a surface
prepared using H2O yields a very similar spectral series as
displayed in Fig. 8. This result indicates that all of the vibra-
tional modes involve carbon and oxygen.

Figure 8 displays a series of infrared spectra of molyb-
denum hexacarbonyl adsorbed onto alumina grown using
H2O and partially dehydroxylated by heating to ∼900 K.
Again, the spectra are collected after annealing in vacuo to
the temperature indicated adjacent to each spectrum for a
period of 5 s, after which the sample is allowed to cool to
80 K and the spectrum recorded. The absorbance scale is in-
dicated as a vertical line on the spectrum. Immediately fol-
lowing adsorption at 80 K, the spectrum exhibits three fea-
tures at 2033, 2012, and 1964 cm−1. The gas-phase infrared
spectrum of molybdenum carbonyl has a single feature at
2003.0 cm−1 (36) which is assigned to the t1u CO stretching
mode of the carbonyl. The corresponding a1g and eg modes
are symmetry forbidden in infrared but are detected at 2117
and 2019 cm−1, respectively, using Raman spectroscopy.
The features found for the monolayer are substantially per-
turbed from those for gas-phase Mo(CO)6, indicating an

FIG. 8. Reflection–absorption infrared spectra of alumina grown on
Mo(100) by reaction between aluminum and water (H2O) and annealed
at 900 K to remove a portion of the surface hydroxyls and exposed to
Mo(CO)6 at 80 K and annealed to various temperatures. Annealing tem-
peratures are marked adjacent to the corresponding spectrum. The ab-

sorbance scale is indicated by a vertical line on the figure. A dashed line
is shown to indicate the baseline.
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interaction with the surface. The spectrum changes as the
surface is heated to 120 and 150 K, so that at 150 K, the
spectrum consists of lines at 2021, 2000, and 1955 cm−1 with
a broad feature emerging at 1700 cm−1. Brown et al. (23)
have identified Mo(CO)5(ads) species on partially deydrox-
ylated and hydroxylated alumina from their infrared fea-
tures at 2028 and 1998 cm−1 with a shoulder at 1950 cm−1,
in good agreement with the spectrum observed on anneal-
ing to 150 K (Fig. 8) Additional broad features detected at
1850 and 1790 cm−1 have been associated with interactions
with Type I Lewis acid sites (1850 cm−1) and with sites of
Type II (1790 cm−1) (23). The broad feature at∼1700 cm−1

may be associated with this interaction.
On heating of the surface to ∼175 K, the spectrum in

the carbonyl stretching regions shifts to slightly higher fre-
quencies and exhibits two closely spaced peaks of almost
identical intensity at 2008 and 1997 cm−1 with a shoulder at
approximately 1955 cm−1. The uncertainty in this last fig-
ure is relatively large as it is only present as a shoulder. The
broad feature persists at ∼1700 cm−1. Reddy and Brown
have observed a similar spectrum following adsorption of
Mo(CO)6 on alumina which was assigned to the presence
of relatively stable adsorbed Mo(CO)3 species (23), where
the 1700 cm−1 mode is again assigned to the interaction of
one of the CO ligands with an adjacent aluminum.

Again, the most drastic spectral changes are evident on
heating to 205 K. The sharp carbonyl stretching modes
are completely absent although there is a broad feature
at ∼1990 cm−1 and the spectrum consists of main features
at 1680 and 1290 cm−1 with less intense peaks at 1130 cm−1.
The negative excursion in the region 800 to 1000 cm−1 is also
detected but is broader than that on hydroxylated alumina
and is again assigned to an attenuation of the substrate lat-
tice modes. This spectrum persists on annealing to 275 K
in vacuo except that the 1730 cm−1 peak becomes more
clearly defined. These features are essentially identical to
those found on fully hydroxylated alumina (Fig. 7). Note,
however, that the intensities of the features on partially
dehydroxylated alumina (Fig. 8) are lower than those on
the fully hydroxylated sample (Fig. 7). The relative intensi-
ties of the 1290 cm−1 feature (assigned below to an oxalate
species) are compared in Table 1 for hydroxylated and par-
tially dehydroxylated alumina. The relative intensity of this
feature agrees well with the relative degree of hydroxyla-
tion, suggesting that this species is formed by interaction
with surface hydroxyl species. It also agrees well with the
relative CO thermal desorption yield. Further heating to
350 K results in substantial changes to the spectrum simi-
lar to those found on hydroxylated alumina (Fig. 7). These
changes are accompanied by CO desorption (Fig. 2). The
intensity of the spectrum is lower than that on hydroxylated
alumina and the spectrum again exhibits a broad feature
between 1580 and 1660 cm−1 with a slightly enhanced in-

tensity at ∼1020 cm−1. The 2000 cm−1 feature persists and
AND TYSOE

the 1345 cm−1 feature noted on hydroxylated alumina is ap-
proximately equal in intensity to the 1580–1660 cm−1 peak
on partially hydroxylated alumina whereas on the hydroxy-
lated surface the 1580–1660 cm−1 peak is significantly more
intense.

DISCUSSION

Previous studies of Mo(CO)6 decarbonylation have been
carried out primarily using high-surface-area substrates ei-
ther in the presence of the CO evolved from the surface (20)
or under relatively modest vacuums (22–24) and by IETS on
planar supports (25). It has also been clearly demonstrated
that surface subcarbonyls can recarbonylate when exposed
to an external pressure of CO (21). In contrast, in ultrahigh
vacuum, any CO evolved from the surface is completely re-
moved so that it is likely that Mo(CO)6 decarbonylates at
lower temperatures in UHV than on high-surface-area sam-
ples. There is nevertheless a strong similarity between the
temperature-programmed desorption data found on pla-
nar substrates (Figs. 1 and 2) and high-surface-area alumina
(37). Thus, two CO desorption states are detected at 388 and
596 K for Mo(CO)6 adsorbed at 300 K on γ -alumina using
a heating rate of 0.167 K/s. Two states are also detected on
fully and partially hydroxylated, planar substrates at 310
and 560 K when adsorbed at 80 K using a heating rate of
13 K/s (Figs. 1 and 2, respectively). A full analysis of the des-
orption data on high-surface-area alumina yields a decar-
bonylation activation energy of 109 kJ/mol for the first state
and 170 kJ/mol for the second (37). A Redhead analysis of
the data for high-surface-area alumina yields values of 110
and 171 kJ/mol for the first and second states, respectively,
assuming a preexponential factor of 1013 s−1 (38). A corre-
sponding Redhead analysis of the TPD spectra for the pla-
nar samples in Figs. 1 and 2, assuming the same preexponen-
tial factor (1013 s−1), yields values of 76 and 141 kJ/mol for
the first and second states, respectively. The higher value for
the low-temperature state for Mo(CO)6 adsorbed on high-
surface-area alumina likely arises since some CO already
desorbs at room temperature so that the 388 K feature on
high-surface-area alumina represents the high-temperature
portion of this state. The agreement between the values for
the high-temperature states is much better and is within
∼30 kJ/mol. The slightly higher activation energy found on
γ -alumina may be due to some recarbonylation of the car-
bonyl arising from the presence of some gas-phase CO, as
noted above (21).

Adsorbed molybdenum hexacarbonyl decarbonylates on
planar alumina supports at relatively low temperatures via
an intermediate pentacarbonyl species formed between 130
and 160 K and the formation of adsorbed Mo(CO)3 at
∼175 K (Fig. 8). As noted above, the species formed on
partially dehydroxylated alumina at 80 K (Fig. 8) exhibits

features at 2033, 2012, and 1964 cm−1 that are assigned to
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Mo(CO)5(ads) (23). The species formed on heating to 175 K
(Fig. 8) shows features at 2008, 1997, and 1955 cm−1 that
are assigned to an Mo(CO)3(ads) species (23). These assign-
ments are in agreement with the conclusions of Reddy and
Brown on high-surface-area alumina (23) although these
decarbonylation temperatures are somewhat lower than in
the case of high-surface-area alumina, presumably since CO
is more rapidly removed in ultrahigh vacuum.

The most drastic changes take place, both on hydroxy-
lated (Fig. 7) and partially dehydroxylated (Fig. 8) alumina,
on heating to 205 K, yielding an array of features between
1000 and 2000 cm−1 which persists up to 275 K.

The XPS spectrum of the surface at 275 K shows features
centered at 231.3± 0.1 and 234.5± 0.1 eV binding energies
(Fig. 6b). The spectra collected after annealing to 525 K
(Fig. 6c) and 670 K (Fig. 6d) are identical. The spacing be-
tween these features (3.2± 0.2 eV) agrees well with the
spin–orbit splitting energy between the 3d5/2 and 3d3/2 fea-
tures for molybdenum (39). The line shown fitted to these
data is a combined Gaussian/Lorentzian line shape assum-
ing a single component for each feature. The chemical shift
of this peak corresponds to molybdenum in an approxi-
mately+4 oxidation state, indicating that the molybdenum
has been substantially oxidized on the surface (40–43). Note
that it may be possible to fit two or more narrower compo-
nents to this profile but this is not warranted by the noise
level of the data. It should be emphasized that care was
taken to grow a sufficiently thick oxide layer by repeated
exposure to aluminum and water that the intensity from
the substrate molybdenum was completely suppressed and
the spectrum prior to carbonyl adsorption is shown in this
figure (Fig. 6a).

The integrated area under the Mo 3d XPS signal is pro-
portional to the molybdenum coverage. We have shown
that molybdenum reacts with an alumina surface when the
sample is heated to 700 K to deposit a carbided molybde-
num layer (32). There is a break in the amount of molyb-
denum deposited onto the surface of alumina as a function
of carbonyl dose, monitored using Auger spectroscopy, that
is taken to correspond to the formation of a molybdenum
monolayer (32). The molybdenum 3d signal from this sur-
face is used to calibrate the molybdenum XPS signal shown
in Fig. 6 and reveals that this corresponds to 13± 3% of a
monolayer of molybdenum. Since this was formed in eight
repeated depositions of Mo(CO)6, each layer corresponds
to the formation of 1.6± 0.3% of a monolayer of molyb-
denum. This value is very close to the amount of molybde-
num deposited onto the surface as gauged from the total
CO TPD yield (2.0± 0.1%, see above) and implies that es-
sentially all of the molybdenum on the surface is oxidized
to Mo4+ after heating to above 250 K. This conclusion is in
accord with the observation that the molybdenum cannot
be recarbonylated since it has no coordinately unsaturated

sites.
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The broad features at ∼1900 cm−1 in the infrared spec-
trum of hydroxylated alumina (Fig. 7) and at ∼2000 cm−1

on partially dehydroxylated alumina (Fig. 8) are likely due
to some CO that remains coordinated to the molybdenum.
Since the molybdenum is present in an∼+4 oxidation state,
this can be represented as an MoO2(CO)x species. This is
strikingly similar to a proposal by Brenner and Burwell (20)
who suggested an oxidized molybdenum species incorpo-
rating two CO molecules so that x= 2.

We initially turn our attention to the surface species
formed between 350 and 450 K on hydroxylated alumina
(Fig. 7). Heating the sample to ∼350 K desorbs ∼50% of
the adsorbed CO (Fig. 1) to yield a spectrum with an asym-
metric feature between 1580 and 1660 cm−1 with a broad
peak at 1020 cm−1 (Fig. 7). An additional relatively small
feature is detected at∼1345 cm−1. Note that the small peak
at 920 cm−1 corresponding to the dip at this frequency in the
235 and 275 K spectra in Fig. 7 is assigned to quenched alu-
mina lattice modes. Since no shifts are observed in the 1580–
1660, 1345, and 1020 cm−1 modes on deuteration, these
modes all involve carbon and oxygen vibrations. In ad-
dition, since they are formed after desorption of 50% of
the total carbon monoxide, the surface species formed be-
tween 250 and 450 K contain half of the CO entities as
that present between 205 and 275 K. It is proposed that the
low-temperature species contain two CO units and the high-
temperature species just one. Furthermore, since the extent
of decarbonylation increases with the extent of surface hy-
droxylation (Table 1), the surface species likely involve sur-
face OH species. A relatively large number of carbon- and
oxygen-containing species have been identified on surfaces
(44) and as organometallic complexes (45–48). The closest
correspondence to the observed features is for a bidentate
carbonate complex which can be envisaged as a CO species
coordinated to two surface oxygens. The assignments are
summarized in Table 2 where the irreducible representa-
tions are given for C2v symmetry with the C==O axis of
the coordinated CO species oriented perpendicularly to
the surface. The agreement between the a1 ν(C==O) and
ν(C–O) modes at 1580–1660 and 1020 cm−1, respectively,
and the corresponding model compounds is extremely
good. There is no intensity between 1260 and 1290 cm−1

TABLE 2

Assignment of the Vibrational Spectrum of the Species Formed
by Exposure of Mo(CO)6 to Hydroxylated Alumina at 80 K and
Heated to between 350 and 450 K

Mo(CO)6/HA, Co(III) Nakamoto
Assignment 350–450 K complex (47) (46)

ν(C==O), a1 1580–1660 1595 1590–1640
ν(C–O), b2 — 1265 1260–1290

1345 — —
ν(C–O), a 1020 1030 1030
1
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TABLE 3

Assignment of the Vibrational Spectrum of the Species Formed by Exposure of Mo(CO)6 to Hydroxylated
Alumina at 80 K and Heated to between 205 and 275 K

Assignment Mo(CO)6/HA CO2/
√

3 K/Ru (44) K2C2O4 (44) C2O=4 (48) Nakamoto (46)

νs(OCO), b2 1720 1716 1650 1555 1650–1700
νs(OCO), a1 1290 1342 1308 1308 1250–1400

δ(OCO), a1 1130 806 766 766 900
in the spectra of Fig. 7 which would correspond to the b2

ν(C–O) mode. This peak may be shifted to 1345 cm−1 but
the correspondence between the model compounds and the
surface species suggests that it should not be substantially
shifted. In addition, the relative intensity of the 1345 cm−1

feature compared to that at 1580–1600 cm−1 is larger on
partially dehydroxylated alumina (Fig. 8). The most likely
explanation for the absence of the b2 mode in the spectra
of Fig. 7 is that the bidentate species maintains its C2v sym-
metry on the surface so that only modes of a1 symmetry
are detected. Since the 1345 cm−1 feature is relatively more
intense on a partially dehydroxylated surface (Fig. 8), this
may be due to a species analogous to a bidentate carbonate
but with the carbon bonded to an aluminum. This would
produce a surface carboxylate species which is character-
ized by bands at 1300–1450 and 1500–1680 cm−1 (45). The
observed frequency of 1345 cm−1 is within the range of the
first band and a portion of the broad peak at between 1580
and 1660 cm−1 may include contributions from the higher
frequency band of a carboxylate. The presence of bulk car-
bonates also cannot be ruled out (44, 49). Note, finally, that,
while the bidentate carbonate species predominates above
300 K on hydroxylated alumina, some of these species are
also present on the surface at lower temperatures.

At lower temperatures (between 205 and 300 K) on hy-
droxylated alumina, a species is found that exhibits rela-
tively sharp features at 1720, 1290, and 1130 cm−1. This
decomposes above 300 K to evolve CO and yield a biden-
tate carbonate complex so that it is proposed to contain
two CO units. It is assigned to the presence of an oxalate
species and the assignments are shown in Table 3, where
the irreducible representations are given assuming that the
adsorbate has C2v symmetry with the oxalate plane perpen-
dicular to the surface with the C–C linkage parallel to it. If
this were strictly true, the b2 mode (at 1720 cm−1) should be
symmetry forbidden whereas it is evident although rather
weak. This suggest that the oxalate plane is slightly tilted
with respect to the surface normal. The mode observed at
1130 cm−1 is higher in frequency than that found for model
compounds and this mode may be stiffened by bonding to
the surface. Note also that facile carbon–carbon coupling to
form oxalate species has been previously observed on sur-
faces (44). It should also be emphasized that these species
bserved for CO adsorbed on alumina where it
bonds rather weakly (34, 35) but is apparently induced by
the transfer of CO from the carbonyl to the alumina surface.
It should be noted that the modes observed between 1000
and 2000 cm−1 cannot be accounted for by species derived
from molybdenum, aluminum, and oxygen since vibrations
for these species appear at lower frequencies (<1000 cm−1)
(6, 50). The postulated surface species and their properties
are summarized in Table 4 and the proposed chemistry for
the oxalate species formed from Mo(CO)6 decomposition
on alumina is summarized as

where the oxalate species formed at ∼200 K thermally de-
composes at∼300 K to form a bidentate carbonate and des-
orb CO. This thermally decomposes at∼560 K also yielding
CO.

TABLE 4

Properties of Surface Species Identified on Alumina Following
Adsorption of Molybdenum Hexacarbonyl

Decomposition
Temperature activation

Species Frequencies/cm−1 range/K energy/kJ/mol

Mo(CO)5 2033, 2012, 1964, 80–150 —
1700

Mo(CO)3 2021, 2000, 1955, 160–180 —
1701

Oxalate species 1720, 1290, 1130 205–275 76
Bidentate 1660–1580, 1020 300–560 141

carbonate
species

MoO2(CO)x ∼1920 on HA, 205–560 —
∼2000 on PDA,
XPS peaks at 231.3

and 234.5 eV BE
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CONCLUSIONS

Molybdenum hexacarbonyl adsorbs on hydroxylated
alumina films grown on a molybdenum substrate at 80 K
with the majority of the adsorbed hexacarbonyl desorbing
intact at∼200 K, with only∼2% reacting with the surface on
fully hydroxylated alumina. Additional molybdenum can
be adsorbed on the surface by redosing at 80 K and heat-
ing, indicating that this is a kinetically limited process rather
than decomposition at particular sites on the surface. De-
carbonylation of the adsorbed carbonyl is found between
80 and 175 K where intermediate adsorbed Mo(CO)5 and
Mo(CO)3 species are identified. Drastic changes in the na-
ture of the surface species are found on heating to ∼205 K
where oxalate and MoO2(CO)x species are proposed to
form. The MoO2(CO)x is thermally stable up to at least
450 K and the adsorbed oxalate species thermally decom-
poses at ∼300 K to form a bidentate carbonate species
which subsequently reacts at∼560 K to evolve the remain-
der of the CO, accounting for the equimolar amounts of
carbon monoxide desorbing at ∼300 and 560 K.
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