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The influence of the extent of hydroxylation on the surface-mediated decarbonylation of [Mo(CO),] has been
studied using temperature-programmed decomposition (TPDE). Different CO-evolution spectra were obtained
on silica and y-alumina supports, which can be explained based on the density of the OH groups and the strength
of Lewis-acid sites on the surface of the supports. The TPDE spectra changed dramatically with the extent of
surface dehydroxylation. The desorption signal can be deconvoluted into individual signals which correspond to
the stepwise elimination of one CO group after the other from the carbonyl complex. Intermediate subcarbonyl
species are stable on hydroxylated surfaces, whereas evidence for the formation of multinuclear clusters has been
obtained on dehydroxylated surfaces. Increasing dehydroxylation of the support lowered the temperature for the
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first elimination of CO, but the temperature for complete decarbonylation became higher. The reaction
mechanism changed from nucleophilic ligand exchange on hydroxylated surfaces to Lewis-acid-assisted
decarbonylation on severely dehydroxylated surfaces. Owing to its surface sensitivity, the decomposition of
[Mo(CO),] can be used as a probe for surface acid—base properties. Besides evolution of CO, variable amounts of
H, were also observed. Hydrogen is formed in a redox reaction between the metal and surface OH groups. The
amount and temperature of hydrogen evolution depended on the chemical nature and the pretreatment of the
support. Even on thoroughly dehydroxylated supports, thermal decomposition of [Mo(CO),] did not lead to

zerovalent metal, but to a slightly oxidized species.

Supported transition-metal carbonyl complexes have catalytic
properties which are attracting increasing interest. For example,
the system [Mo(CO)¢l-alumina is highly active in reactions
such as olefin metathesis,® hydrogenation®® and hydrogen-
olysis.>® However, in most catalytic reactions the exact identity
of the active site is unknown. It has been shown® that heating
the adsorbed complex to different temperatures greatly in-
fluences the activity. Different species are formed which catalyse
different reactions. Hydrogenation of propylene, H/D exchange
on alkanes, and the hydrogenolysis of alkanes are generally
assumed to indicate a metallic species,” whereas a partially oxi-
dized subcarbonyl [Mo(CO),0,] has been identified as the most
active species for metathesis.® Proper characterization of the
catalyst with respect to the nature of the active site is essential
for predicting the path of catalytic reactions, and to optimize
the activity.

The thermal decomposition of complexes containing zero-
valent metal species, notably of metal carbonyls, has been pro-
posed as a method to obtain highly dispersed metal.® However,
it has been observed that, on heat treatment, many carbonyl
complexes do not decompose to the metal, but react with
residual surface OH groups with evolution of hydrogen and
concomitant oxidation of the metal. Reduction of the resulting
oxides with hydrogen at elevated temperature leads to sintering
of the metal particles, so that the final dispersion is not con-
siderably higher than that obtained in the conventional method.
In order to obtain metal particles of high dispersion it is there-
fore necessary to prevent oxidation. The surfaces of metal
oxides are normally terminated with hydroxyl groups. Heat
treatment can remove these. The density of the OH groups as a
function of treatment temperature has been determined for a
number of supports.’® Treatment temperatures above 1000 °C
are necessary to eliminate the surface hydroxyl groups. How-
ever, most studies of the decomposition of supported metal
carbonyls have been performed in Pyrex apparatus. They were
therefore restricted to temperatures below 550 °C and con-
sequently deal mostly with hydroxylated or partially dehydroxy-
lated supports.®

Brenner and Burwell®''2 investigated the decomposition of
[Mo(CO)¢] on partially dehydroxylated supports (y-Al,O,,
SiO,) in detail and characterized the subcarbonyls and oxi-
dation state of the molybdenum species upon activation to
different temperatures. Thermal decomposition of [Mo(CO)]
on partially dehydroxylated supports leads to a catalyst with
high activity for metathesis, where the active site is believed to
be a co-ordinatively unsaturated and partially oxidized molyb-
denum species (probably Mo?*).%?

The presence of a support thus greatly affects the thermal
decomposition of the complex. Pure [Mo(CO)] is not sensitive
to air and is stable at room temperature. It can be sublimed but
decomposes above 150 °C; the decomposition process is auto-
catalytic and appears to be a single-step reaction. When
deposited onto a support, however, [Mo(CO),] can interact
with surface Lewis-acid and Bronsted-base sites, rendering it
more reactive and unstable. The system [Mo(CO)]-alumina is
not only air sensitive, but starts to decompose at a much lower
temperature. Moreover, the decarbonylation process occurs
over a wide temperature range. On partially dehydroxylated
alumina decarbonylation up to a temperature of 100 °C gives
the isolable subcarbonyl species [Mo(CO);](ads), [Mo(CO),]-
(ads) and [Mo(CO);](ads).** Each of these initial decarbonyl-
ation steps is reversible.***> Further heating of the tricarbonyl is
accompanied by evolution of hydrogen together with the loss of
the remaining CO groups. By 270 °C about 2 H per Mo have
been produced in this reaction, increasing to more than 4 H by
725 °C. Thus, decarbonylation beyond the tricarbonyl species is
accompanied by oxidation of the Mo®. Hydrogen is obviously
produced in a redox reaction between surface OH groups and
the molybdenum subcarbonyl. Complete decarbonylation is
irreversible. On a highly dehydroxylated alumina support, how-
ever, stable intermediate subcarbonyls are not formed, and even
after heating to 500 °C the average oxidation state of Mo is only
about 0.3. Obviously, the decarbonylation pathway depends on
the extent of surface hydroxylation.

In this paper, we report the influence of support pretreatment
on the decomposition pathway of adsorbed [Mo(CO)]. In par-
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ticular, the effect of increasing surface dehydroxylation has
been addressed. Evidence for the formation of multinuclear
cluster species on fully dehydroxylated surfaces is presented.

Calculations

Temperature-programmed desorption (TPD) or decomposition
(TPDE) can be used to study the Kkinetics of desorption and
decomposition, surface-catalysed reactions of adsorbates with
a reactive gas as well as reactions between co-adsorbates.® The
technique is frequently applied in surface science and catalysis
to measure surface coverages and to determine adsorption
energies.”’

Thermal desorption is the removal of adsorbed species from
a surface by heating. The time and temperature dependence of
the surface coverage 6 under desorption conditions is described
by the Polanyi-Wigner equation (1)*® where r(0) is the rate of

r(6) = —do/dt = v(6)0"exp[— E(0)/RT] @)

desorption, v(0) is the pre-exponential factor of desorption,
E(0) is the (coverage-dependent) activation energy of desorp-
tion, t is time, n is the order of desorption, R is the gas con-
stant and T the temperature; for a linear temperature ramp
T=T,+ Bt where B is the heating rate and T, the initial
temperature.

Quantitative evaluation of thermal desorption spectra is
normally only possible when the surface is uniform and pro-
vides only a limited number of well defined adsorption sites.
For coverage-independent desorption parameters and first-
order kinetics, differentiation of the Polanyi-Wigner equation
gives (2). Redhead'® showed that, with some approximations,

ERT,? = (vIB)exp(—E/RT,,) (2)
one obtains a simple linear relation (3) between the temperature
E=RT,[In(vT,/B) — 3.64] (3)

at the peak maximum, T, and the desorption energy E. This
equation is frequently applied to determine E from a single
TPD spectrum. One has to assume a value for v. Following
common practice, we choose v =102 s ™,

We show in this work that the elimination of CO from the
metal carbonyl complex can be treated with the same formalism
as the thermal desorption of an adsorbate from a surface. Since
the initial surface coverage with metal carbonyl complexes is
low, it is unlikely that the stability of the complex is influenced
by other adsorbed molecules. It was assumed that the desorp-
tion steps follow (pseudo-) first-order kinetics. The observed
signal was interpreted as the result of successive CO-
elimination steps rather than as desorption from energetically
different states. This interpretation is justified by the obser-
vation that on some supports, e.g. partially dehydroxylated silica,
the desorption signal is very narrow. In this case the influence of
surface heterogeneities on the bond energies within the complex
is obviously negligible. The observed desorption profile is
indeed even narrower than predicted by the Polanyi-Wigner
equation for a single-step reaction. However, we have shown
that sharper signals are the consequence of consecutive reac-
tions with very similar rate constants.® The observed desorp-
tion spectra were deconvoluted into individual CO-dissociation
signals with the assumption that the reaction proceeds through
the successive elimination of one CO molecule after the other
from the complex. For the deconvolution, a number of Gaus-
sian functions was summed in order to obtain a good fit to the
observed desorption profile. The area of each Gaussian contri-
bution has to correspond to one CO. The minimum width is
given by the ‘natural linewidth’ of a first-order reaction. Com-
puter simulation shows that the linewidth is related to the tem-
perature of the peak maximum, AT = fT,, where the parameter
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f depends on the heating rate. At the heating rate used, f has a
value of approximately 0.064. Broader lines indicate hetero-
geneity with desorption from states with a distribution of ener-
gies. The Redhead expression was then used to obtain acti-
vation energies for each rate-determining reaction step.

Experimental

The supports used were fumed aluminium oxide (Degussa
aluminium oxide C) and silica gel (Merck). The alumina was
pelletized before use by mixing with water and drying overnight
in an oven at 100 °C, after which it was ground and sieved. The
surface area of the pelletized alumina was only marginally
reduced by this treatment. All surface areas were determined by
single-point nitrogen adsorption (Micromeritics Flowsorb
2300). The values for the various supports after pretreatment at
different temperatures are given in Table 1. The support (0.5 g)
was placed in a quartz reactor and pretreated at 500, 800 and
1000 °C for 2-3 h before impregnating with [Mo(CO),]. The
support pretreatment, impregnation with [Mo(CO)], and
TPDE were all carried out in situ in a continuous flow of helium
gas. The experimental set-up for TPDE has been previously
described.’® Its main components are the quartz reaction cell
(volume 25 cm?®), which is placed inside a temperature-
programmed clam-shell oven. A continuous sweep of helium
gas is passed over the sample to remove all desorbed species.
The evolved gases are analysed in a quadrupole mass
spectrometer (Hiden Analytical) which is coupled to the reactor
by a differentially pumped interface. For impregnation,
[Mo(CO),] (ca. 5 mg) was dissolved in freshly distilled pentane
(5 cm®) and 4 cm?® of the solution were injected through a sep-
tum onto the pretreated support. All operations were done
under flowing helium. The slurry was kept at 0°C, and the
pentane was slowly purged off by the helium flow over about 2—
3 h. The solvent is recovered from a cold trap placed down-
stream of the reactor. The amount of [Mo(CO)g] sublimed with
the solvent can be quantified by measuring the UV absorption
of the contents of the cold trap at 290 nm. After the sample is
completely dry, the cold trap is exchanged with a U-tube of
lesser volume to reduce peak broadening and the time lag
between desorption in the reaction cell and detection in the
mass spectrometer. The cold trap removes all condensable
components from the gas stream and allows only the gases
hydrogen and CO into the detector. Most of the measurements
were done with a linear ramp of 20 °C min*. In order to quan-
tify the amount of gas evolved, the instrument was calibrated
by injecting a known volume of the gas into the reactor, using a
six-port Valco valve with a 250 pl sample loop.

For experiments with fully dehydroxylated supports, strict
exclusion of moisture is essential otherwise the support may be
rehydroxylated during cooling from the pretreatment tem-
perature or during impregnation. High-purity helium was fur-
ther dried by passing it through a column with freshly activated
molecular sieve placed just upstream of the reactor. The com-
position of the carrier gas was monitored with the quadrupole
mass spectrometer which was tuned for m/z 18. The water signal
decreased by a factor of 3 to a value indistinguishable from the
background signal in the mass spectrometer [2 x 107" mbar
(2 x 107° Pa)]. Immersing the molecular sieve in liquid nitrogen
did not lower the signal any further. Hence, it is concluded that
the molecular-sieve trap is sufficient to ensure a moisture-free
carrier flow through the set-up.

Despite thorough drying of the carrier gas, the TPDE of
[Mo(CO)¢] on fully dehydroxylated alumina pretreated at
1000 °C still showed a hydrogen signal at <500 °C. In order to
ensure that this hydrogen did indeed result from a reaction
between the [Mo(CO),] and residual surface OH groups, and
was not caused by other sources like moisture getting into the
system when the [Mo(CO)4] solution was injected, or from a
reaction between the hydrocarbon solvent with the highly acti-



Table 1 Surface area, loading and coverage of Mo on different supports

Pretreatment Loading, Coverage,
Code Sample temperature/°C  Surface area/m?g™ % w/w Mo Mo nm™2
A500 Alumina 500 101 0.24 0.16
A800 Alumina 800 95.8 0.30 0.21
A1000 Alumina 1000 93.4 0.21 0.15
S200 Silica 200 470 0.14 0.020
S500 Silica 500 450 0.24 0.034
S800 Silica 800 395 0.31 0.049
S1000 Silica 1000 277 0.35 0.078

Table 2 Oxidation state of Mo at 500 °C and OH : Mo ratio on different supports

Oxidation state of Ratio
Code Mo at 500 °C OH:Mo? umol
A500 5.4 19.3 27.9
A800 0.6 2.86 3.5
A1000 0.3 0.67 1.66
S200 0.54 224 1.93
S500 0.52 57 2.97
S800 0.38 11 2.79
S1000 0.21 1.8 1.76

H, Evolution®/

No. OH per nm? Dehydroxylation extent,’

reacting with Mo®  OH per nm?¢
0.69 3.1

0.12 0.6

0.04 0.1

0.011 4.48

0.017 1.94

0.018 0.55

0.017 0.14

2 Calculated from the extent of dehydroxylation and molybdenum coverage. ® Up to 500 °C. ¢ Obtained from the integrated hydrogen evolution signal

(assuming that 1 H, comes from two OH groups). ¢ Data from ref. 10.

vated surface, some blank runs were performed. For these the
alumina support was pretreated as before, pure distilled pentane
was injected and purged dry. Thereafter, a TPDE was run with
the mass spectrometer set to detect m/z 2 and 28 for hydrogen
and CO respectively. In these experiments neither CO nor
hydrogen was detected. In another experiment the cool bath
was removed from the trap, the support was pretreated in a
similar manner, and m/z 18 was observed. No increase in the
water signal was recorded during reheating of the support. It
has therefore to be concluded that the small amount of hydro-
gen evolved stems indeed from the reaction of the decarbo-
nylated molybdenum with residual surface OH groups.

In the following, a code Mxxx will be used to describe the
samples, where M = A for alumina and S for silica support, and
XXX represents the temperature to which the support has been
pretreated. Hence, [Mo(CO)4] adsorbed on alumina which had
been pretreated to 500 °C is referred to as A500.

Results

The surface areas of the supports after pretreatment are shown
in Table 1. For alumina the surface area did not change with
activation up to 500 °C. Upon heating to 800 and 1000 °C the
surface area fell marginally by 5 and 7.5% respectively. Silica
had a higher loss in surface area, especially upon heating to
1000 °C.

After impregnation with [Mo(CO),] and thermal treatment
in helium, the product appears greyish. The loading of
[Mo(CO),] was determined from the integrated CO-desorption
signal, assuming that six CO are evolved for each adsorbed Mo.
In addition, the molybdenum loading of the thermally treated
material was determined by X-ray fluorescence (Link 2000) and
inductively coupled plasma atomic emission. The results from
the different methods were in good agreement. They also agreed
well with the amount calculated from the mass balance of
[Mo(CO),] introduced into the sample and that recovered from
the cold trap. The amount of [Mo(CO),] determined in this way
corresponds to the strongly chemisorbed species, as physically
bound [Mo(CO),] will sublime intact from the surface before
the decomposition temperature is reached, and therefore does
not undergo decomposition. Surface areas were determined on
all samples after TPDE. The values were within the reproduci-
bility of the instrument identical with those measured on the

pure support material subjected to an identical temperature
treatment. The surface coverage with [Mo(CO),] can then be
expressed in terms of Mo atoms per nm?. The loading and
surface coverage are listed in Table 1 as a function of pretreat-
ment temperature.

Alumina-supported molybdenum hexacarbonyl

Values for the number of OH groups on the surface as a func-
tion of pretreatment temperature were taken from lwasawa.™
This number decreases from 3.1 nm~2 for alumina calcined at
500 °C to less than 0.1 nm~2 after heating to 1000 °C (Table 2).
However, the surface coverage of Mo was found to be about 0.2
Mo nm™2, independent of the extent of hydroxylation of the
alumina support.

The maximum number of [Mo(CO),] which can be adsorbed
in a monolayer can be calculated from simple geometrical con-
siderations. Taking [Mo(CO),] as a spherical particle with a
radius of 0.43 nm gives a coverage of 1.5 Mo nm™2 for the
closely packed surface layer. The experimentally determined
coverage of 0.2 Mo nm™2 thus corresponds to about 13% of a
monolayer. This number can also be compared with the number
of defect sites on the alumina surface, which has been reported
to be about 0.6% of the surface cations,?®? or about 0.12 nm~2,
It is therefore possible that the binding sites on dehydroxylated
alumina are AP* cations in a co-ordinatively unsaturated
environment, e.g. at steps and edges. Such Lewis-acid sites are
only formed at very high temperatures.

Typical TPDE spectra of [Mo(CO)s] on alumina pretreated
at 500, 800 and 1000 °C are shown in Fig 1. The CO-desorption
spectrum for A500 shows two peaks in the ratio of 1:1. This is
consistent with the findings of Brenner and Hucul®?# who
showed that decomposition of [Mo(CO)g] proceeds to a stable
tricarbonyl, [Mo(CO),](ads), which decomposes only above
200 °C. On alumina supports which had been dehydroxylated at
800 °C and higher the CO-evolution profile changes, and the
spectrum consists of a series of overlapping peaks.

Fig. 2 shows the deconvolution of the signal of CO into its
components. Each individual peak has to correspond to an
integral number of CO molecules, and the total signal has to
correspond to a multiple of 6. For supports dehydrated at
>500 °C, integer values for all peaks are obtained only by using
a total number of 24 CO, indicating that 4 [Mo(CQO),] are
involved in the reaction. The elimination of one CO molecule
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Fig. 1 The TPDE spectra of [Mo(CO),] on alumina pretreated at dif-
ferent temperatures; heating rate = 20 °C min~*. Thick lines, CO; thin
lines, H,

for every two Mo atoms is taken as evidence that dimer for-
mation occurs. Since the decomposition of [Mo(CO);] finally
leads to finely dispersed metal particles on the surface, such
clustering appears to be a necessary step in a reaction sequence
that leads from the mononuclear complex to the metallic par-
ticles. The deconvolution of the spectra for A800 and A1000
gives a series of narrow features followed by two very much
broader peaks at higher temperature. Narrow bands arise from
the decomposition of well defined surface species, whereas the
broad features are typical of desorption from states with a wide
distribution of binding energies. The first four bands indicate
the loss of 4, then 2, 5, and another 5 CO for every 4 Mo atoms.
This is then followed by the evolution of another 7 and finally
1 CO in two broad bands. These broad bands indicate the for-
mation of larger entities, possibly metallic aggregates which
are still covered with CO.

The surface-assisted decomposition of metal carbonyls does
not in all cases proceed directly to a metal. Rather, it is observed
that hydrogen evolves during the temperature ramp, especially
at higher temperature. This hydrogen evolution takes place
simultaneously with elimination of CO from the complex. The
amount of hydrogen evolved depends strongly on the pretreat-
ment temperature. In the case of A500, two hydrogen desorp-
tion peaks were observed. The first coincides with the second
CO-desorption signal, and a second one has a maximum above
500 °C. Up to 150 °C oxidation of the metal does not take
place and the decarbonylation is reversible. However, if the
complex is heated to a higher temperature, then not only are
the remaining CO removed from the [Mo(CO),](ads) com-
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Fig. 2 Deconvolution of the TPDE signal of [Mo(CO),] on alumina
pretreated at (a) 500, (b) 800 and (c) 1000 °C

plex, but one observes also the evolution of hydrogen. This
indicates that the metal becomes oxidized. A second
hydrogen-evolution peak is observed above 400 °C, with a
maximum at about 525 °C. The final oxidation state of Mo,
calculated from the amount of hydrogen evolved, is 5.4
(Table 2). A higher pretreatment temperature leads to a much
reduced hydrogen signal as most of the surface OH groups
have been removed.

The thermal bond dissociation does not involve an additional
activation energy. The activation energies as determined from
the desorption temperature using the Redhead equation are
therefore identical with the Mo—CO bond energies in the
surface-bound complex. The results (Table 3) show that on
more highly dehydroxylated alumina the temperature for the
first evolution of CO is lowered. The temperature of the onset
of evolution of CO seems to be correlated with the extent of
surface hydroxylation. Obviously, the interaction of [Mo(CO)]
with a more highly dehydroxylated alumina surface weakens
the Mo-CO bond.

Silica-supported molybdenum hexacarbonyl

The results for the TPDE of [Mo(CO),] on silica are different
from those on alumina. The surface coverage on silica is lower
than that on alumina by a factor of seven or more (Table 1).
However, increasing dehydroxylation of the silica surface leads
to an increase in the surface coverage, whereas on alumina the
amount chemisorbed was essentially independent of the density
of surface OH groups.

The TPDE spectra for [Mo(CO),] on silica are characterized
by a single peak. Evolution of CO starts at a substantially
higher temperature than on alumina. Typical TPDE spectra of



Table 3 Temperature of evolution of CO and H, during TPDE

First CO  Subsequent CO peaks
Code peak, °C  (deconvoluted), °C
A500 105 263
A800 103 141, 184, 190, 299, 560
A1000 99 133, 183, 184, 297, 560
S200 182 —
S500 178 —
S800 163 196 (main peak)
S1000 163 204 (main peak)

H, Evolution, °C

Activation energy E, for first
decarbonylation/kJ mol *

200-500 105.3
300-800 104.7
400-800 103.6
120-350 127.5
120-350 126.3
140-320 122.0
200-250 122.0

$500

(x15)

S800

S1000
(x15)

Desorption Signal (arbitrary unit)

0 200 400
Temperature (°C)

Fig. 3 The TPDE spectra of [Mo(CO),] on silica pretreated at differ-
ent temperatures; sensitivity of detector for H, is about 15 times higher
than for CO. Other details as in Fig. 1

[Mo(CO),] on silica pretreated at 500, 800 and 1000 °C are
shown in Fig 3. Partially dehydroxylated silica supports were
previously investigated by Brenner et al.?® We confirm their find-
ings of a single very narrow decomposition signal. The sharp-
ness of this signal indicates that it arises from a single species,
and surface heterogeneity does not play a role. On more highly
dehydroxylated material, S800 and S1000, the onset of decar-
bonylation begins earlier. A small broad shoulder develops on
the low-temperature side of the main peak. Simultaneously, the
maximum of the peak shifts to higher temperature. Thus, as
in the case of alumina, the temperature range over which
decarbonylation takes place increases with increasing extent of
dehydroxylation. As discussed for alumina, more complete
dehydroxylation will create Lewis-acid centres (metal ions in a
co-ordinatively unsaturated environment) accessible on the sur-
face. The shift to lower temperatures of the onset of evolution
of CO may be explained by the interaction of the hexacarbonyl

complex with the increasing number of Lewis-acid sites. Never-
theless, the decomposition profile for CO remains narrow, and
no evidence of clustering is detected even on the fully dehy-
droxylated silica surface.

The amount of hydrogen produced during the TPDE of
[Mo(CO),] on silica is much less than that on alumina. The
resulting oxidation state of Mo after activation to 500 °C is
below 0.6. Thus, the different nature of the supports affects the
decomposition reaction of adsorbed carbonyl complexes.

Discussion

After exposure to air at room temperature the surfaces of most
oxidic materials are terminated with OH groups and physi-
sorbed water. The latter can be removed by heating to about
100 °C but much more drastic treatment is necessary to remove
the residual OH groups. In fact, even at temperatures as high as
1000 °C, there are still some OH groups present at the surfaces
of refractive oxides as is evident from IR and Raman spectra
and high-temperature TGA. However, the OH groups of differ-
ent materials differ widely in their nucleophility, that is in the
ability of the oxygen to donate electrons from its lone pair and
act as a ligand. The compound [Mo(CO)g] is a relatively large
molecule of high symmetry. It will therefore be quite polariz-
able, and will bind to a surface by dispersive forces. Such a
physisorbed nearly spherical molecule is expected to possess
high mobility on the surface. When the temperature is increased
the physisorbed [Mo(CO),] can react with surface OH to form a
chemisorbed complex. This complex in turn can become fur-
ther stabilized by loss of a CO and formation of a bond to the
oxygen. The temperature at which this reaction sets in depends
very much on the chemical nature of the support. We have
earlier reported that the loss of the first CO from the hexacar-
bonyl complex is a function of the surface nucleophility. Small
cations polarize the metal-oxygen bond and reduce the ability
of the oxygen to act as an electron donor. Experimentally, it
was found that for a large number of different supports the
charge density at the metal cation correlates well with the
observed desorption temperature.*®

The present study concentrates on the influence of dehy-
droxylation on the reactivity of alumina and silica surfaces. The
surface-assisted decarbonylation of [Mo(CO)s] can follow
either of two mechanisms depending on the extent of hydroxy-
lation of the surface. (i) The [Mo(CO),] binds to the surface by
ligand exchange with one or more surface OH groups. More
nucleophilic OH groups react at a lower temperature. The
molybdenum binds as a formally zerovalent subcarbonyl, with
three CO ligands being replaced by surface OH groups to form
the stable subcarbonyl [Mo(CO),] as observed in the case of
A500. Since this species is anchored by three bonds to the sur-
face it is not mobile. On increasing the reaction temperature the
remaining CO is lost, the metal atom becomes oxidized, and
hydrogen evolves. This mechanism will be dominant if the
number of surface OH groups is much larger than that of the
physisorbed complex.

(ii) On a dehydroxylated surface, the density of OH groups is
much reduced, and the probability of finding two or more OH
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groups sufficiently close to bind to the same molybdenum car-
bonyl becomes very small. The decrease in the surface density
of OH leads to an increase in the number of Lewis-acid sites.
This has been confirmed by measurements of the adsorption of
CO on dehydroxylated alumina.?* These Lewis-acid sites form
when surface OH groups are removed as water, leading to
exposed cations in co-ordinatively unsaturated sites on the sur-
face. The compound [Mo(CO)4] chemisorbs at these Lewis-acid
sites since they are strong electron-pair acceptors whereas the
CO ligand is a soft base, its oxygen acting as an electron-pair
donor. Such complexes have been identified by IR spectro-
scopy.”® The chemisorbed [Mo(CO),] has considerable mobil-
ity 2® since the surface bond is relatively weak, and a large num-
ber of Lewis-acid sites provide almost identical adsorption
sites. At the same time, the binding interaction between the
complex and the Lewis-acid site leads to charge transfer to the
co-ordinatively unsaturated site, resulting in a weakening of the
trans-CO bond in the complex. The adsorbed carbonyl may
move over the surface until it finds a site next to an OH group
(s-OH) where the ligand substitution can take place. The result-
ing Mo(CO)s(OH-s) subcarbonyl is less strongly bound to the
surface than the three-fold anchored species formed on the
hydroxylated surface, and has therefore still some mobility. This
leads to encounters between adsorbed subcarbonyl entities,
which react to form surface-adsorbed clusters of higher nucle-
arity. The accuracy of our measurement is not sufficient to
monitor the formation of larger clusters, but we have clear evi-
dence for the formation of dimers and possibly of tetramers on
the alumina surface.

The analysis of the evolution of CO from A800 and A1000
shows a series of narrow features corresponding to 4, 2, 5and 5
CO, followed by much broader bands the area of which corres-
ponds to another 7 and finally 1 CO. The following model is
proposed to describe the decomposition of [Mo(CO)¢] on
dehydroxylated alumina. In the first step, the [Mo(CO)4] chemi-
sorbs at a Lewis-acid site L*, equation (4). This species is mobile

[Mo(CO),] (physisorbed) + L*—— [(OC);Mo-CO-L*] (4)

and can ‘hop’ from one Lewis-acid site to the next until it
encounters a surface OH or O?~ group, where it can undergo
ligand replacement, equation (5). These chemisorbed sub-

[(OC);Mo-CO-L*] + O-s—>
[(OC),M0(O-s)(CO-L*)] + CO  (5)

carbonyls are still sufficiently mobile on the surface to move
towards each other as the temperature is raised. The evolution
of one CO for every two Mo atoms may indicate the reaction
(6) where for simplicity the binding site is no longer explicitly

2 [(OC),Mo(0-s)(CO-L*)] —>
[Mo,(CO),] (chemisorbed) + CO (6)

indicated. Subsequently, about 10 more CO are lost for every
four Mo in two rapid reaction steps, leading to a species of the
composition [Mo,(CO),] or perhaps [Mo,(CO)], equation (7).

2 [M0,(CO)g] — [M0,(CO),] + 10 CO (7)

Further loss of CO takes place over a considerable temperature
range. The broad feature corresponding to seven CO is prob-
ably not the result of a single decomposition step from a well
defined cluster species, but the signal is more likely the envelope
of many desorption/decomposition processes with slightly dif-
ferent bond energies. The broad feature is thus indicative of the
formation of larger metal particles, where the coverage of CO
decreases with temperature from two CO per molybdenum
atom to a composition of approximately one CO for four Mo,
equations (8) and (9).
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[M0,(CO)s] —> [M0,(CO)] + 7 CO ®)
[M0,(CO)] — Mo, + CO ©)

However, it is unlikely that this remaining CO is bound in a
four-co-ordinated (B4) state on a metallic cluster. More likely, it
is desorbed as the product of recombination between a carbidic
carbon and lattice oxygen, similar to the reaction which has
been proposed to explain the high-temperature signal observed
during TPD of CO from metallic single-crystal tungsten and
molybdenum.?”?® This interpretation is made all the more plaus-
ible by the fact that the last desorption signal is separated from
the other broad feature by more than 200 °C. The existence of
carbidic carbon can also be inferred from Bowman and Bur-
well’s observation of methane, which is evolved alongside
hydrogen during activation of [Mo(CO)¢] on dehydroxylated
alumina.?® Recent extended X-ray absorption fine structure
work by Lee and Boudard® also confirmed the existence of a
carbidic species and the formation of clusters with an average
Mo-Mo co-ordination number of four during the thermal
decomposition of [Mo(CO),] on alumina which had been
dehydroxylated at 883 °C.

For the silica support, the molybdenum coverage is found to
increase with dehydroxylation. The surface of silica is termin-
ated by silanol and siloxane groups. The silanol groups, Si—-OH,
are fairly acidic. Owing to the strong polarization of the
Si**—OH bond, they are not as good a nucleophile for ligand
substitution of CO as is the AI-OH group. Thus substitution of
CO by OH on partially dehydroxylated silica does not occur
until a much higher temperature is reached (175-190 °C).
Under the conditions of the experiment (continuous helium
sweep) sublimation occurs as a parallel reaction channel. This
explains why the observed loading on silica is about one order
of magnitude lower than that on alumina. If [Mo(CQO)4] cannot
become anchored to the surface via ligand substitution or Lewis
acid-base interaction, it will eventually sublime away, resulting
in a very low coverage with subcarbonyl species.

When silica is dehydroxylated surface OH groups are
removed, exposing Si** ions in the surface. These species are
good Lewis-acid sites which can aid in anchoring the [Mo-
(CO),). Hence, the loading of Mo increases progressively with
increasing dehydroxylation (Table 1). A trans-CO labilization
can occur in the chemisorbed species, so that decarbonylation
sets in at a slightly lower temperature. Since the OH groups on
silica are poor nucleophiles, it is postulated that the removal of
the first CO is unassisted by substitution of OH. This leads
to the species L*~OC-Mo(CO),, which however cannot be
isolated but decomposes further at a slightly higher tem-
perature without any cluster formation. The magnitude of the
trans labilization will depend on the strength of the interaction
with the surface. Lewis acids of different strength exist at the
surface. This heterogeneity is reflected in the width of the initial
desorption feature which consists of a plateau about 50 °C
wide.

The final oxidation state of the molybdenum depends on the
ratio of surface OH to deposited Mo. Lowering the hydroxide
concentration by pretreating the support at a higher tempera-
ture reduces the extent of oxidation of Mo. Likewise, increasing
the loading of Mo at constant surface hydroxylation should
also reduce the extent of oxidation. The first factor is well illus-
trated by the TPDE of [Mo(CO),] on alumina. Both factors are
seen at work in the case of silica.

The number of OH groups which react with the molybdenum
complex is only a fraction of the totally available OH groups.
On alumina the oxidation of molybdenum is significantly
reduced at OH : Mo ratios less than 3:1 (Table 2). For the silica
support, OH: Mo ratios are as big as 300:1. Nevertheless, the
extent of oxidation is much less than on alumina and decreases
with increasing dehydroxylation of the support.

In recent spectroscopic studies % of [Mo(CO)] on hydroxy-



lated (treated at 200 °C) and partially dehydroxylated alumina
several of the postulated species have indeed been observed: the
physisorbed hexacarbonyl, a chemisorbed species identified as
[Mo(CO)¢] bound to surface-exposed aluminium ions, a
[Mo(CO)s(OH-s)] species, as well as a pentacarbonyl species,
[Mo(CO).]. Reddy and Brown? postulate that, on partially
dehydroxylated alumina, chemisorption of [Mo(CO),] occurs at
Lewis-acid sites. This leads to weakening of the bond to the
trans-CO group, which is lost forming the [Mo(CO):](ads)
complex. The loss of this CO is proposed to be the rate-
determining step. Such a mechanism seems to describe the
[Mo(CO)g]-silica system where the surface silanol groups have
little tendency to act as ligands and to stabilize subcarbonyls.
The initial decomposition of the hexacarbonyl occurs at a high
temperature of 178 °C, and is facilitated by increasing Lewis
acidity of the binding site so that on more highly dehydroxy-
lated surfaces the evolution of CO sets in at a somewhat lower
temperature. However, our results for alumina do not agree
with the observations of Reddy and Brown. On partially dehy-
droxylated alumina there are still sufficient OH groups at the
surface so that an Sy2 type of nucleophilic ligand-replacement
reaction can take place. On supports dehydroxylated at 800 and
1000 °C the onset of desorption of CO shifts gradually to lower
temperatures. There is no change in the mechanism of nucleo-
philic substitution. On partially and fully dehydroxylated alu-
mina surfaces the decomposition of [Mo(CO),] is assisted by
OH groups. However, the presence of Lewis-acid sites decreases
the strength of the Mo—CO bond and accelerates the ligand-
replacement reaction.

Reddy and Brown? were able to follow the reaction from the
physisorbed to the chemisorbed state, and further to the first
subcarbonyl species, [Mo(CO)s], by observing the changes in
UV absorption at 410 nm. They reported a rate constant for the
first process k,=2.3x107% s at 25°C, while the decom-
position reaction has a rate constant k, = 1.8 x 107 s™1. From
the TPDE spectra we calculate values for k, between 6.8 x 1078
and 2.1 x 1077 s7* at 25 °C, depending on the extent of surface
hydroxylation. Our values are more than three orders of magni-
tude smaller than the rate constant reported by Reddy and
Brown. The higher value applies obviously to a photoassisted
reaction since the spectroscopic experiments were done under
white light illumination in a diode-array spectrophotometer. In
our measurements the sample was kept in the dark, and the rate
constants are more likely to represent the intrinsic kinetics of
the process.

Conclusion

Molybdenum hexacarbonyl adsorbed on partially dehydroxy-
lated alumina forms a highly dispersed subcarbonyl species,
[Mo(CO);](ads), upon thermal decomposition at 100 °C in
flowing gas. Heating this material further to a temperature of
500 °C results in complete decarbonylation, but produces Mo in
a higher oxidation state (>5), which seems to be highly dis-
persed. On more severely dehydroxylated alumina (dried at
1000 °C), Mo with an oxidation number near zero (=0.3) can be
obtained after heating to 500 °C. Higher heating leads to fur-

ther oxidation of the metal. The TPD profile gives evidence for
the formation of bi- and perhaps tetra-nuclear molybdenum
subcarbonyls adsorbed at the surface which are intermediates
on the way to the formation of metallic particles. The decom-
position on silica supports follows a different reaction mechan-
ism. On partially dehydroxylated SiO, surfaces the tricarbonyl
does not form as a stable intermediate. Instead, complete
decarbonylation takes place in a single step once a sufficiently
high temperature is reached. On more highly dehydroxylated
silica the presence of Lewis-acid sites seems to stabilize the
subcarbonyl [Mo(CO)s], but it loses the remaining 5 CO at a
slightly higher temperature simultaneously, resulting in Mo
of near zerovalent state. Metallic Mo of very high dispersion
is formed but the maximum loading which can be achieved is
low due to the poor ability of silica to chemisorb [Mo(CO)g].

References

1 R. L. Burwell, jun. and A. Brenner, J. Mol. Catal., 1975/1976, 1, 77.

2 A. Brenner, J. Mol. Catal., 1979, 5, 157.

3 R. G. Bowman and R. L. Burwell, jun., J. Catal., 1984, 88, 388.

4 R. Nakamura, D. Pioch, R. G. Bowman and R. L. Burwell, jun.,
J. Catal., 1985, 93, 388.

5 R. Nakamura and R. L. Burwell, jun., J. Catal., 1985, 93, 399.

6 J. Smith, R. F. Howe and D. A. Whan, J. Catal., 1974, 34, 191.

7 R. L. Burwell, jun., J. Catal., 1984, 86, 301.

8 A. Brenner and R. L. Burwell, jun., J. Catal., 1978, 52, 364.

9 J. Philips and J. A. Dumestic, Appl. Catal., 1984, 9, 1.

10 Y. lwasawa, Tailored Metal Catalysts, D. Reidel, Dordrecht, 1986,
p. 16.

11 A. Brenner and R. L. Burwell, jun., J. Catal., 1978, 52, 353.

12 A. Brenner and R. L. Burwell, jun., J. Am. Chem. Soc., 1975, 97,
2565.

13 J. C. Mol, in Olefin Metathesis and Polymerization Catalysts, eds.
Y. Imamoglu, B. Zumreoglu-Karan and A. J. Amass, Kluwer,
London, 1990, p. 247.

14 R. F. Howe, Inorg. Chem., 1976, 15, 486.

15 A. Brenner and D. A. Hucul, Prepr., Div. Petrol. Chem., Am. Chem.
Soc., 1977, 22, 1221.

16 J. L. Falconer and J. A. Schwarz, Catal. Rev., 1983, 25, 141.

17 A. M. de Jong and J. W. Niemantsverdriet, Surf. Sci., 1990, 233, 355.

18 P. A. Redhead, Vacuum, 1962, 12, 203.

19 H. G. Ang, K. S. Chan, G. K. Chuah, S. Jaenicke and S. K. Neo,
J. Chem. Soc., Dalton Trans., 1995, 3753.

20 G. D. Gatta, B. Fubini, G. Ghiotti and C. Morterra, J. Catal., 1976,
43, 90.

21 A. Zecchina, E. S. Platero and C. O. Arean, Inorg. Chem., 1988, 27,
102.

22 A. Brenner and D. A. Hucul, J. Catal., 1980, 61, 216.

23 A. Brenner, D. A. Hucul and S. J. Hardwick, Inorg. Chem., 1979, 18,
1478.

24 T. H. Ballinger and J. T. Yates, jun., Langmuir, 1991, 7, 3041.

25 K. P. Reddy and T. L. Brown, J. Am. Chem. Soc., 1995, 117, 2845.

26 T. H. Walter, A. Thompson, M. Keniry, S. Shinoda, T. L. Brown,
H. S. Gutowsky and E. Oldfield, J. Am. Chem. Soc., 1988, 110, 1065.

27 B. E. Nieuwenhuys, Surf. Sci., 1983, 126, 307.

28 G. Broden, T. N. Rhodin, C. Brucker, R. Benbow and Z. Hurych,
Surf. Sci., 1976, 59, 593.

29 R. G. Bowman and R. L. Burwell, jun., J. Catal., 1980, 63, 463.

30 J S. Lee and M. Boudard, Jpn. J. Appl. Phys., 1993, 32, 472.

Received 16th October 1996; Paper 6/07054J]

J. Chem. Soc., Dalton Trans., 1997, Pages 1243-1249 1249



