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Abstract

The interaction of CO with silica supported molybdenum atoms has been studied by means of density functional calculations
and cluster models. Experimentally two bands in the IR spectra of adsorbed CO have been observed at 2170 and 1990 cm−1

with vibrational shifts of +27 and −153 cm−1, respectively, with respect to the gas-phase molecule, the peak at +27 cm−1 has
been related to the presence of neutral Mo atoms anchored to two oxygen atoms of the SiO2 substrate. Possible reactive sites
at the Mo/SiO2 interface have been explored as candidates for CO adsorption. Mo atoms in various formal oxidation states,
from +II to +VI, have been considered. Both molecular and cluster models of the Mo/SiO2 interface have been employed.
The analysis shows that a neutral Mo(II) atom, proposed to be responsible for the blue-shift of ν(CO), is not likely to be the
origin of the IR band at 2170 cm−1. Only Mo atoms in high oxidation states or Mo cations carrying a real positive charge can
account for the positive shifts in the CO frequency. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Supported metals form a broad class of technologi-
cally important catalysts [1]. These catalysts are usu-
ally synthesized by reaction of a metallic salt with the
hydroxylated surface of an oxide, typically silica or
alumina. However, the largest amount of theoretical
studies in this area is dealing with metals deposited on
non-defective and hydroxyl-free highly ionic surfaces,
e.g. MgO [2].

Molybdenum-based catalysts are involved in sev-
eral reactions that include partial oxidation and strong
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reductions [3]. This chemical ability of Mo is due to
the large number of available oxidation states (OS).
The concentration of Mo atoms in a given OS in the
catalyst depends heavily on the working conditions.
For instance, activation procedures usually result in
a complex distribution of species in several valence
states [4]. Recently, different procedures to synthe-
size Mo-based catalyst with a narrow OS distribu-
tion have been described [5,6]. In these schemes, it
is possible to tune the selected oxidation state neces-
sary for a given reaction. One of these methods is de-
scribed in Scheme 1. Yermakov and Iwasawa reported
synthetic routes that allow the creation of uniform
surface sites that can evolve to Mo(IV) and Mo(VI)
in a discrete way [5,6] (here we adopt the notation
Mo(II) to indicate the formal +II oxidation state of a
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Scheme 1.

neutral system, and Mo2+ to indicate a real cation).
More specifically, the reaction of Mo(�3-C3H4)4 with
hydroxyl groups at the amorphous silica surface is sup-
posed to lead to a structure with an isolated Mo atom
linked by two ≡Si–O– groups to the silica network,
see structure A in Scheme 1. The subsequent hydro-
genation may lead to the formation of structure B,
another kind of Mo(II); oxidation in mild conditions
may lead to Mo(IV)-like structures, while in stronger
oxidation conditions Mo(VI) forms. These last steps
are reversible upon H2 exposure.

From XPS measurements, it has been found that
a mixture of different oxidation states coexist in
compound C and, to a smaller extent, in B [7]. The
stretching frequencies of CO adsorbed on samples
containing species B, C and D, have been determined
by FT-IR [8]. CO vibrational frequencies are known
to be strongly dependent on the electron density of the
metal and very sensitive to details of the electronic
structure of the substrate, a particularly important
role is that of the metal d orbitals and of the asso-
ciated back-donation mechanism. Following results
in [8], the adsorption of CO on species B results in
a final frequency for CO of 2170 cm−1, blue-shifted
by 27 cm−1 with respect to the free gas-phase CO
molecule, 2143 cm−1. In addition, it has been sug-
gested that H2 can block the adsorption sites for CO
and that products C and D do not show peaks corre-
sponding to CO bands. If the sample B is in contact
with CO for a longer period, a new band at 1420 cm−1

evolves slowly, the intensity of this peak is almost
constant after 2 h, does not depend on the amount

of Mo, and is located in the region corresponding to
carbonate groups [9]. When considering longer times,
24 h, a peak at 1990 cm−1 appears and increases in
intensity with time in contact with CO while the cor-
responding peak at 2170 cm−1 decreases sharply. If
light is present, other bands appear at 2120, 2090,
2030 cm−1, while if the sample is kept in dark, the
interchange between bands at 2170 and 1990 cm−1 is
strongly reduced. The band at 2170 cm−1 has been
assigned to isolated Mo(II) in the catalyst by Brito
and Griffe [8]. Zaki et al. and Louis et al., how-
ever, have assigned these peaks to the presence of
Mo(III) [10,11]. At low temperatures two maxima at
2155–2133 cm−1 for CO physisorbed on silica at 77 K
[11] have been observed; the corresponding binding
energy is about 0.1 eV [12–15] while calculations for
the CO molecule with models of isolated hydroxyl
groups on silica lead to values for the harmonic shift
of about +20 cm−1 [16]. Finally, the adsorption of
Mo(CO)6 on SiO2 leads to two bands at 1990 and
2020 cm−1 [11].

Aim of this work is to analyze the assigned fre-
quencies by comparing the available experimental data
for the adsorption of CO on Mo/SiO2 with results
from density functional theory (DFT) quantum chem-
ical models of this complex system. It is now well es-
tablished that modern quantum-chemical methods are
able to reproduce with satisfactory accuracy the vibra-
tional energies and in particular the vibrational shifts
of molecules adsorbed on transition metals. We have
determined the C–O adsorption geometry and vibra-
tional frequency for a series of systems where the OS
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of Mo is increased from +II to +VI. The effect of
having charged species on the surface has also been
analyzed. We have considered first a series of molec-
ular models where the Mo atom is bound to O or OH
groups, in a second series of calculations, the support
has been explicitly included by means of cluster mod-
els of the SiO2 surface.

2. Computational approach

The computational approach adopted follows our
previous works on supported metals [17–21]. This is
based on the use of finite cluster models and of DFT in
a localized basis set. The exchange-correlation func-
tional employed is the B3LYP [22,23], since it has
been shown that it represents in a proper way the inter-
actions taking place at the interface between a metal
atom and an oxide surface [24,25]. In some cases,
the electronic structure of the resulting models has a
marked open-shell character. When this is the case, the
unrestricted, UB3LYP, formalism has been used to ob-
tain the self-consistent Kohn–Sham density. The final
electronic states, thus, obtained do not have a definite
spin multiplicity. Nevertheless, the usual notation —
singlet, doublet, triplet, etc. — will be used to denote
the electronic states corresponding to a given number
of unpaired electrons.

In order to analyze the effect of electronic contri-
butions to the vibrational frequency of adsorbed CO,
a series of small Mo-containing molecular models has
been considered. In a second step, more realistic mod-
els of the silica surface have been derived from the
structure of �-quartz. The choice to use the �-quartz
crystalline phase of silica instead of the amorphous
one may look somehow arbitrary, since the structure of
the support in a real catalyst is not known in detail and
depends on the history of the sample, e.g. preparation
procedure. For instance, distances between hydroxyl
groups at the silica surface show a continuous range
of values depending on the preparation temperature
[26]. However, since the formation of a bond between
the OH groups and the incoming Mo organometallic
complex is a local phenomenon, it can be studied with
cluster models derived from the quartz structure.

The model that describes the hydroxylated surface
of the SiO2 network contains two SiO4 tetrahedra. It
simulates two adjacent or vicinal silanol groups on

two neighboring silicon atoms, the model is referred
to as 2(T-OH). The selection of such small cluster
model is justified both from the analysis of experimen-
tal data [27] and from theoretical studies [17,18]. The
two-tetrahedra SiO4 cluster is the minimum structure
that can provide the correct coordinative pattern for the
deposited metal. The unpaired bonds originated by the
cut of the two tetrahedra structure from the solid have
been saturated with hydrogen atoms [28]. The final
stoichiometry is (HtO)2Si–(OH)–O–Si(OHt)2(OH),
where Ht indicates a terminal saturating H atom. In
the geometry optimizations, the terminal H atoms
have been fixed so as to reproduce the effect of the
mechanical restrictions induced by the solid matrix
in a simple, but rather effective, way. The positions
of all the other atoms of the cluster, Si, O, Mo and
C have been fully optimized by means of analytical
gradients of the total energy.

The Kohn–Sham orbitals have been expanded by
means of localized contracted Gaussian type orbitals.
The basis set for the O and Si atoms have been de-
scribed by a 6-31G(d) basis set [29] while H terminal
atoms on the silica model employ a smaller 3-21G
basis set [30], for the Mo atom the representation in-
cludes a relativistic pseudopotential and the basis set
described by Hay and Wadt in a double-zeta represen-
tation [31]. For CO, we used the 6-311G(d) basis set
[32]. For the molecular models, the determination of
the vibrational frequencies has been performed within
the harmonic approximation by computing the second
derivatives of the total energy at the fully optimized
geometry. For supported metals, the mass of the Ht
atoms in the SiO2 models has been set to a very large
value so as to uncouple the vibrations of the model
from the rest of the solid. The calculations have been
performed with the Gaussian 94 program [33].

3. Results

3.1. Mo molecular models

The relation between the Mo OS and the frequency
of an adsorbed CO molecule has been subject of sev-
eral analyses. For instance, Zaki et al. [10] noticed
that it is possible to reproduce the vibrational shifts
of an adsorbed CO molecule on molybdena supported
on various oxides assuming that the shift is related
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Table 1
Electronic properties of CO adsorbed on molecular models of Mo
atoms in various oxidation statesa

Species Model Symmetry Er

(eV)
De

(eV)
�ν

(cm−1)

Mo(II) Mo(OH)2
1A1 0.85 2.35 −294

Mo(II) Mo(OH)2
3B2 0.00 1.51 −224

Mo(III) Mo(OH)3
2A 0.00 1.59 −211

Mo(IV) MoO2
1A′ 0.60 1.57 −112

Mo(IV) MoO2
3A′′ 0.00 1.22 −61

Mo(V) MoO2(OH) 2A′ 0.00 0.57 −81
Mo(VI) MoO3

1A′ 0.00 1.14 +76
Mo(VI) MoO3

3A′′ 1.54 0.72 −77
Mo(III)+ [Mo(OH)2]+ 2A1 0.00 1.83 −20
Mo(V)+ [MoO2]+ 2A′′ 0.00 1.87 +79

a Er : relative energy with respect to the ground state; De: CO
adsorption energy; �ν: harmonic CO vibrational frequency shift
with respect to the free molecule. Computed values for free CO:
re = 1.127 Å, v = 2221 cm−1.

to the electric field associated to the presence of a
Mon+ ion. Unfortunately, as we will show below,
while this approach works quite nicely for CO ad-
sorbed on non-transition metal cations [34], it is not
adequate in the case of metal atoms with a filled or par-
tially filled d shell because of the occurrence of a sub-
stantial back donation. In order to investigate these ef-
fects, we have studied the adsorption of CO on molec-
ular models representing different OSs of Mo, these
have been generated by adding O atoms or OH groups
to a single Mo atom, the formal OS has been deduced
following the usual rules to assign a −II value to O
and a −I value to OH. OH groups are the closest ana-
logues to the real situation where Mo is bound to O–Si
groups. However, to achieve some of the OSs without
increasing the coordination number of Mo, we have
used only O atoms for larger oxidation states.

The smallest molecular model that would simulate
system B, tentatively assigned to Mo(II) (Scheme 1),
is Mo(OH)2. The relative energetic position of two
spin states is reported in Table 1, with the triplet being
0.85 eV lower than the singlet. The Mo(OH)2 struc-
ture, together with some geometric parameters, for
both singlet and triplet states is shown in Fig. 1. The
interaction energy with a CO molecule is rather strong,
1.51 eV for the triplet state and 2.35 eV for the sin-
glet one. These energy differences have been calcu-
lated with respect to their corresponding spin state.
Since, as stated above, the triplet stable is more sta-

Fig. 1. Structure of (a) the Mo(OH)2 molecular model, (b) the
product of CO adsorption (singlet state), and (c) the product of
CO adsorption (triplet state). Distances in Å, angles in degrees.
Values in parenthesis are for the triplet state.

ble than the singlet by 0.85 eV but the binding en-
ergy in the singlet is 0.84 eV higher, in CO/Mo(OH)2,
the singlet and the triplet states are nearly degenerate.
The CO equilibrium bond distance provides a direct
measure of the extent of metal to CO back-bonding.
For the singlet case, it is about 1.17 Å, while for the
triplet it is 1.16 Å. In both cases, it is longer than
in the free molecule where at the same level of the-
ory one finds 1.127 Å. This is already indicative of a
considerable back-donation. The Mo–CO distance is
shorter for the singlet configuration than for the triplet,
1.87 versus 1.94 Å, consistent with the stronger bind-
ing. The harmonic CO stretching frequency is signifi-
cantly red-shifted, by 294 cm−1 in the singlet state and
by 224 cm−1 in the triplet, respectively, with respect
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Fig. 2. Structure of (a) the Mo(OH)3 molecular model, and (b)
the product of CO adsorption. Distances in Å, angles in degrees.

to the calculated reference for the free CO molecule,
2221 cm−1. Notice that for the gas phase molecule, the
experimental harmonic frequency is 2170 cm−1 while
2143 cm−1 is the anharmonic value [35]. Compared
to the experimental band appearing at 2170 cm−1, the
computed shifts of −294 and −224 cm−1 not only
have the wrong sign, but are almost one order of mag-
nitude larger in absolute value than the experimental
shift of +27 cm−1 assigned to Mo(II).

The introduction of a third (OH) group leads to the
formation of Mo(OH)3, the model for the Mo(III),
which has a doublet ground state. The bare Mo com-
plex and the product of adsorption with CO are shown
in Fig. 2. CO is bound to Mo(OH)3 by 1.57 eV with a
Mo–CO distance of 1.93 Å, the CO frequency shift is
−211 cm−1 (Table 1). All these values are very close
to those obtained for the triplet state of Mo(OH)2.
Therefore, even a Mo atom in a +III OS maintains a
strong back bonding ability shown by the red-shift of
more than 200 cm−1. A MoO2 molecule is the model
of a Mo(IV) neutral atom, and its structure is shown
in Fig. 3. For this system both singlet and triplet states
have been explored, the triplet being more stable by
about 0.6 eV, see Table 1. The interaction energy with
CO, however, is again larger by 0.35 eV for the singlet

Fig. 3. Structure of (a) the MoO2 molecular model, and (b) the
product of CO adsorption. Distances in Å, angles in degrees.
Values in parenthesis are for the triplet state.

than for the triplet state, 1.57 versus 1.22 eV, thus, the
complex with CO keeps an open shell ground state
structure. The Mo–CO distance increases and becomes
larger than 2 Å (Fig. 3). The CO stretching frequen-
cies are still red-shifted by 112 and 61 cm−1 for the
singlet and triplet states, respectively (Table 1). Thus,
even a low-coordinated Mo(IV) atom exhibits a sub-
stantial back donation to CO, contrary to what one
would expect from chemical intuition.

The Mo(V) oxidation state is represented by the
MoO2(OH) molecule (Fig. 4). The resulting system
shows an unpaired electron and has been computed in
a doublet state. The products of CO adsorption are also
represented in Fig. 4. The interaction energy with CO,
0.57 eV, is much smaller, almost one-half, than for the
previous system. This can be due to the reduction of
the metal d-population which implies a smaller con-
tribution to the bonding from back-donation mecha-
nisms. This correlates with the metal–carbon distance,
2.16 Å, much larger than in previous cases and with a
shorter C–O distance, 1.12 Å. As a result, the vibra-
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Fig. 4. Structure of (a) the MoO2(OH) molecular model, and (b)
the product of CO adsorption. Distances in Å, angles in degrees.

tional frequency is only 80 cm−1 smaller (red-shifted)
than the one calculated for free CO. In this case, we
are in the presence of a relatively weak bond, but still
of a red-shift of the frequency. It is somewhat surpris-
ing that despite the long Mo–CO distance, the over-
lap of the metal d orbitals with the CO antibonding
levels is sufficiently large to give rise to a significant
red-shift in ν(CO).

A Mo(VI) center has been represented by a MoO3
molecular model. This molecule has the same stoi-
chiometry of some of the Mo particles that may ex-
ist in the real catalysts. As can be seen in Table 1,
the singlet state is much more stable than the triplet
one, by about 1.5 eV. The products of CO adsorption
are shown in Fig. 5. The interaction energy is 1.14 eV
for the singlet ground state, and 0.72 eV for the ex-
cited state triplet. The interaction is, therefore, weaker
than on most of the other complexes considered so
far with the exception of MoO2(OH) (Table 1). This
is reflected also in the metal to adsorbate distances
which becomes rather larger, >2.2 Å. For the singlet
state, the C–O distance is small, 1.12 Å, and the vi-
brational frequency, 2297 cm−1, is larger (blue-shift)
that the gas-phase value by 76 cm−1, for the triplet
state the CO frequency is still red-shifted by 70 cm−1.
This in part connected with the fact that in the triplet
state the Mo–CO distance is shorter than in the sin-
glet (Fig. 5). Indeed, the distance in the triplet state,

Fig. 5. Structure of (a) the MoO3 molecular model, and (b) the
product of CO adsorption. Distances in Å, angles in degrees.
Values in parenthesis are for the triplet state.

2.13 Å, is close to that found on MoO2(OH), and also
the �ν, −77 cm−1, is comparable. One can indirectly
deduce that at a Mo–CO distance of more than 2.2 Å,
the metal d�-CO 2�∗ overlap is virtually zero and the
shift is dominated by electrostatic effects (see below),
at distances shorter than 2.2 Å the d�-CO 2�∗ overlap
starts to occur. This balance leads to a positive shift
in the CO frequency which is peculiar for the Mo(VI)
OS.

Some trends can be recognized from these results.
To a higher OS of the metal, i.e. to a larger number of
oxygen or hydroxyl groups, corresponds a longer Mo
to CO distance, a shorter C–O distance, and a larger
value of the CO frequency. The back-donation mech-
anism which is responsible for the strong red-shift of
CO stretching mode when CO interacts with metal
atoms, is significantly reduced by decreasing the elec-
tronic population in the d orbitals. Not surprisingly, a
higher OS implies less electron density on the d or-
bitals and a reduced electron transfer to the 2�∗ or-
bitals of CO. What is less intuitive is that even for a
Mo atom in high OS, +IV or +V, the shift in the CO
frequency is still large and negative. Only when CO is
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Fig. 6. Structure of (a) the [Mo(OH)2]+ molecular model, and (b)
the product of CO adsorption. Distances in Å, angles in degrees.

bound to the MoO3 molecule (singlet state), a positive
shift is predicted from DF calculations. This is due to
the particular electronic structure of the molecule and
to the high formal OS of the metal. However, since
species B in Scheme 1 is not a completely oxidized
species and no contribution of Mo(VI) has been found
in XPS, it seems that a simple change in the number
and nature of the ligands around the Mo atom does not
account for the observed blue-shift in the CO stretch-
ing frequencies for CO on Mo/SiO2.

We have seen that only the most oxidized species
show a shift in the vibrational frequency close to
the observed value. In principle, one cannot rule out
the possibility that charged structures form at the in-
terface. Charged ions induce an electric field which
interacts electrostatically with the CO dipole moment
causing important displacements in the CO vibra-
tional frequency [10,34]. In order to verify this point,
two different systems have been considered to repre-
sent charged structures. The first one leads to a +III
oxidation state of the Mo atom [Mo(OH)2]+, while
the second corresponds to Mo(V) [MoO2]+ (see
Figs. 6 and 7). For the first structure [Mo(OH)2]+, the
computed interaction energy with CO is about 1.8 eV
(Table 1). The charge induces an electric field which
interacts with the CO molecule, but also causes a con-
traction of the d orbitals on Mo and a reduction of the

Fig. 7. Structure of (a) the [MoO]+ molecular model, and (b) the
product of CO adsorption. Distances in Å, angles in degrees.

Pauli repulsion. As a consequence, the CO distance
becomes 1.13 Å and the vibrational frequency is very
close to that of the free molecule, but still red-shifted
by about 20 cm−1. In the case of [MoO2]+, on the
contrary, the shift of the CO frequency is large and
positive, +79 cm−1 (Table 1). Note that in this latter
complex, despite the large Mo–CO distance, 2.19 Å,
the interaction is strong, 1.87 eV. This is due to the
fact that the loss in metal–CO bonding due to the
reduced back-donation is compensated by the elec-
trostatic interaction with the local electric field.

From these data, two general conclusions can be
drawn. Neutral Mo atoms, even in high OS give rise
to red-shifts in the CO vibrational frequency. The only
exception is that of Mo(VI) in MoO3 where a positive
shift is computed for the singlet ground state. For the
lower OSs, the shifts are negative and large. Models
of Mo(II), for instance, result in a reduction of the CO
stretching frequency of up to 300 cm−1, suggesting
a strong back bonding ability of the transition metal
atom. Positively charged complexes can induce posi-
tive shifts in the CO frequency provided that the OS
of the metal is medium or high. These conclusions are
based on very simple molecular models, with little re-
semblance to the real silica substrate. However, these
oversimplified models have proven to be useful to pro-
vide guidelines for the construction of models that take
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into account the presence of the support. These more
realistic models of the support are considered in the
next section.

3.2. Silica supported Mo

From XPS measurements of the position of the 3d
band [7] and from stoichiometric measurements of
H2/O2 consumption [8], it has been concluded that
structure B corresponds to a large extent to a Mo in
a +II oxidation state. However, a significant fraction,
≈10% of Mo(IV) contribution has been found even
when performing two oxidation–reduction cycles [7].
Following stoichiometric measurements, structure C
should correspond to an average OS (IV), but the broad
3d peak in the XPS spectrum has been fitted with con-
tributions from different oxidation states from Mo(III)
to Mo(VI). Thus, species C does not represent a unique
OS. Further oxidation produces Mo(VI) as a single
isolated species and has been proposed to be tetrahe-
drally coordinated.

We have considered four possible candidate struc-
tures for species B in Scheme 1 (see Figs. 8–11),
and we have studied their reactivity towards CO,
starting with the 2(T-OH) model, the final structure
for the adsorbed Mo results in a three-member ring
[(HO)4OSi2O2–Mo] (Fig. 8) (here we adopt the usual
notation for quartz where a n-member ring corre-
sponds to n-Si–O units). These kinds of close ring
structures are very stable and have already been found
in the theoretical study of interaction of Cu, Pd and Cs
metal atoms with non-bridging oxygens at the silica
surface [18]. A non-bridging oxygen radical, ≡Si–O•,
can be seen as the product of the homolytic scission
of a surface silanol group, ≡Si–OH → ≡Si–O• +H•.
The Mo atom in [(HO)4OSi2O2–Mo] is bonded to
two surface oxygens with distances of about 1.89 Å.
Notice that these are rather short distances, similar to
those found for single Mo–O bonds in the molecu-
lar models (Figs. 1–7). With this model of the SiO2
surface, we do not see additional minima. The triplet
state is more stable than the singlet one by 0.83 eV
(Table 2). This is practically the same energy differ-
ence found between singlet and triplet in Mo(OH)2,
supporting the analogy of the molecular models with
the surface models.

For the interaction energy of the CO molecule
with [(HO)4OSi2O2–Mo] (see Fig. 8), the adsorption

Fig. 8. (a) The [(HO)4OSi2O2–Mo] cluster model, and (b) the
product of CO adsorption. Distances in Å, angles in degrees.
Values in parenthesis are for the triplet state.

energy is similar for the singlet and triplet states,
1.8–1.9 eV. The addition of the CO molecule results in
a strong relaxation of the Si–O–Mo ring which is in-
dicative of the nature of the Mo–CO bonding. In fact,
while in the SiO2–Mo complex, the distance between
Mo and the non-bonded O atom of the ring is 3.1 Å
(Fig. 8(a)), in the SiO2–Mo–CO surface complex this
distance decreases to 2.49 Å (Fig. 8(b)). This is due
to the dative bonding formed between a lone pair on
the bridging oxygen and the electron deficient Mo(II)
atom. This bonding, which is not present in absence
of CO, is a clear sign of the strong depletion of charge
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Fig. 9. The [(HO)4OSi2O2–Mo] cluster model of a supported Mo
interacting with two CO molecules (singlet state). Distances in Å.

on Mo due to the back donation to the CO molecule.
The reduced electron density and the increased pos-
itive charge on Mo favor the formation of the dative
bonding O → Mo. As a consequence, an O atom of
the ring becomes effectively three-coordinated (O3c).
The strong back bonding from Mo to CO is shown
also by the calculated CO frequency, 1999 cm−1 for
the singlet and 2006 cm−1 for the triplet state, with
a red-shift of more than 200 cm−1, typical for CO
bound to metal atoms in low OS. Notice that also
this result is similar to that obtained with a molecular
Mo(OH)2 model. Thus, it is not possible to support
structure B as responsible for the frequency reported
in [8], 2170 cm−1. On the contrary, it is more likely
that this structure generates the band observed after
light treatment at 1990 cm−1. Since the differences in
frequencies are small for the singlet and triplet state,
we have computed the interaction of the singlet state
with a second CO molecule in order to form a gemi-
nal Mo(CO)2 species (Fig. 9). The adsorption energy
of the second CO molecule is still favorable, 1.86 eV.
Removing the two CO molecules has an energy cost
of 3.69 eV (cf. Table 2). Apparently, on Mo there is
enough electron density to give rise to a considerable
back donation towards both CO molecules. As a con-
sequence, the dative bonding from the ring O atom
is reinforced and the Mo–O3c distance decreases to

Fig. 10. (a) The [(HO)4OSi2O2–Mo]+ cluster model, and (b) the
product of CO adsorption. Distances in Å, angles in degrees.

2.30 Å (Fig. 9). As expected for a geminal carbonyl,
two frequencies are computed for the C–O stretch-
ing, both red-shifted by 224 and 155 cm−1 (Table 2).
Thus, even a geminal dicarbonyl complex does not
account for the observed band at 2170 cm−1.

The charged [(HO)4OSi2O2–Mo]+ surface species
and its complex with CO have also been studied (see
Fig. 10). Here, even in absence of adsorbed CO, the
presence of a positive charge results in a strong re-
laxation of the ring and in a rather short Mo–O3c
distance. Differently from the previous case, the ad-
dition of a CO molecule now results in the elongation
of the Mo–O3c bond (Fig. 10). This is probably due
to the fact that in presence of a fourth ligand, the pos-
itive charge is distributed over more centers and the
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Fig. 11. (a) The [(HO)4OSi2O2–Mo]2+ cluster model, and (b)
the product of CO adsorption. Distances in Å, angles in degrees.
Values in parenthesis are for the triplet state.

Table 2
Electronic properties of CO adsorbed on cluster models of Mo atoms bound on the surface of a SiO2 supporta

Species Model Er (eV) Ns De (eV) �ν (cm−1)

Mo(II) [(HO)4OSi2O2–Mo]–CO 0.83 0 1.83 −222
Mo(II) [(HO)4OSi2O2–Mo]–CO 0.00 2 1.90 −215
Mo(II) [(HO)4OSi2O2–Mo]–2CO 0.83 0 3.69b −224, −155
Mo(III) [(HO)4OSi2O2–Mo]+–CO 0.00 1 1.73 −41
Mo(IV) [(HO)4OSi2O2–Mo]2+–CO 0.68 0 1.82 +58
Mo(IV) [(HO)4OSi2O2–Mo]2+–CO 0.00 2 1.52 +116

a Er : relative energy with respect to the ground state; Ns: number of unpaired electrons; De: CO adsorption energy; �ν: harmonic CO
vibrational frequency shift with respect to the free molecule. Calculated values for the gas phase CO molecule: re = 1.127 Å, v = 2221 cm−1.

b Energy required to dissociate both CO molecules.

electrostatic interaction with O3c is reduced. The CO
binding energy, 1.73 eV is large and comparable to that
found in [Mo(OH)2]+ and the stretching frequency,
2180 cm−1, with a �ν = −41 cm−1, is also similar
to the molecular analogue (see Tables 1 and 2). The
value of ν(CO) is mainly due to the electrostatic terms
which arise when charged species are into play, but the
shift is still opposite to what is observed for the band
at 2170 cm−1. One has to conclude that despite the
positive charge, some back bonding is still occurring.

Divalent charged species such as [(HO)4OSi2O2–
Mo]2+ may also exist, and about a 10% of Mo atoms
in the real catalyst are indeed Mo(IV) as determined
in the XPS spectra of species B [7]. The singlet and
triplet states of [(HO)4OSi2O2–Mo]2+ have been ex-
plored. The ground state is the triplet, separated by
0.68 eV from the excited singlet (Table 2 and Fig. 11).
The bond of Mo to O3c is even stronger than in the pre-
vious case as shown by the very short Mo–O distance
of 2.16 Å (Fig. 11(a)). This is not surprising given the
+2 actual charge on Mo and the formal +IV OS. The
interaction energy with CO is comparable to that found
for neutral or singly charged species, about 1.5 eV. The
Mo–CO distance, however, becomes 2.16 Å (it was
2.09 Å on the singly charged complex and 1.98 Å on
the neutral form). This means that two different bond-
ing mechanisms occur, with a stable binding energy
as a net result. On the neutral form, the back dona-
tion dominates and the Mo–CO distance is short, a
very small electrostatic contribution is expected in this
case. On the doubly charged complex, the electrostatic
mechanism dominates and the back donation is prac-
tically absent due to the long Mo–CO distance and to
the negligible d�-CO 2�∗ overlap. The singly charged
complex is in between, with both mechanism acting
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at the same time. Given this analysis, it is not surpris-
ing that in [(HO)4OSi2O2–Mo]2+, the CO vibrational
frequency is blue-shifted by +58 and +79 cm−1, re-
spectively, for the singlet and triplet states. This im-
plies that charged Mo(IV) species may be responsi-
ble for band observed at 2170 cm−1. In a similar way,
the theoretical results do not support the assignments
done in [10,36] where the bands shifted by +34, +38
and +60 cm−1 are tentatively attributed to Mo(III),
Mo(IV) and Mo(V) species, unless they really are in
a cationic form.

4. Conclusions

The vibrational frequencies of CO adsorbed on dif-
ferent models of Mo-based catalysts have been studied
by DFT cluster model calculations. Only negative fre-
quency shifts with respect to free CO have been found
for CO bound to neutral Mo-containing species. The
only exception is that of the MoO3 molecule where
a positive shift has been found in correspondence of
a Mo atom in +VI formal oxidation state. This re-
sult can be rationalized with a pronounced ability of
the Mo atom to back donate charge to the antibond-
ing levels of CO even when the Mo atom is in a rel-
atively high formal oxidation state. A blue-shift of
the CO stretching frequency is found when charged
species are present on the silica support. In this case,
the electric field arising from the charge on the metal
cation interacts electrostatically with the CO dipole
moment leading to a substantial increase in the vibra-
tional frequency. Candidates for the band observed at
low-energy, 1990 cm−1, are, therefore, CO molecules
adsorbed on two-coordinated neutral Mo(II) atoms. It
must be noted also that the intensity of the low-energy
band increases when the reduction time increases [11].
Likewise, the Mo(CO)6 species cannot be ruled out as
the one that is responsible of the band at 1990 cm−1.
The CO stretching frequencies calculated for this com-
plex are 2070 and 2183 cm−1, rather close to the exper-
imental values for the same complex in the gas phase
(2000, 2025 and 2121 cm−1) and also to some of the
peaks — 1990, 2030, 2120 cm−1 — corresponding to
the Mo supported species.

In summary, the assignment of the CO stretching
bands corresponding to CO molecules interacting with
supported Mo atoms is far from being a simple task.

However, computational models such as those used in
the present work provide important useful information
that may help to interpret the experimental measure-
ments and to gain further understanding about the role
of the support in supported metal catalysts.
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