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The structures and properties of transition metal oxide (TMO) clusters of the group VIB metals, (MO3)n

(M ) Cr, Mo, W; n ) 1-6), have been studied with density functional theory (DFT) methods. Geometry
optimizations and frequency calculations were carried out at the local and nonlocal DFT levels with polarized
valence double-ú quality basis sets, and final energies were calculated at nonlocal DFT levels with polarized
valence triple-ú quality basis sets at the local and nonlocal DFT geometries. Effective core potentials were
used to treat the transition metal atoms. Two types of clusters were investigated, the ring and the chain, with
the ring being lower in energy. Large ring structures (n > 3) were shown to be fluxional in their out of plane
deformations. Long chain structures (n > 3) of (CrO3)n were predicted to be weakly bound complexes of the
smaller clusters at the nonlocal DFT levels. For M6O18, two additional isomers were also studied, the cage
and the inverted cage. The relative stability of the different conformations of M6O18 depends on the transition
metal as well as the level of theory. Normalized and differential clustering energies of the ring structures
were calculated and were shown to vary with respect to the cluster size. Bro¨nsted basicities and Lewis acidities
based on a fluoride affinity scale were also calculated. The Bro¨nsted basicities as well as the Lewis acidities
depend on the size of the cluster and the site to which the proton or the fluoride anion binds. These clusters
are fairly weak Bro¨nsted bases with gas phase basicities comparable to those of H2O and NH3. The clusters
are, however, very strong Lewis acids and many of them are stronger than strong Lewis acids such as SbF5.
Brönsted acidities of M6O19H2 and M6O18FH were calculated for M) Mo and W and these compounds were
shown to be very strong acids in the gas phase. The acid/base properties of these TMO clusters are expected
to play important roles in their catalytic activities.

Introduction

There is significant interest in the use of transition metal
oxides (TMOs) as catalysts. Catalytic oxidation and acid/base
chemistries account for over 90% of practical applications of
metal oxides as catalysts. A fundamental understanding of TMO-
catalyzed chemical transformations is needed for new catalysts
to be systematically developed. For example, an important class
of reactions in TMO catalysis is oxidative dehydrogenation
(ODH). Alkane ODH reactions, for instance, the conversion of
CH3CH2CH3 to CH3CHdCH2, are not currently practiced
despite extensive scientific studies1 and their significant potential
as an alternate route to alkenes,2 because secondary combustion
of primary alkene products limits yields to∼30%.2 A model
system that incorporates much of the chemistry involved in the
ODH of alkanes and with a mechanism that is reasonably well
established is the ODH of methanol (CH3OH) to formaldehyde
(CH2O) where a lattice oxygen is incorporated into the water
molecule.

In addition to the formation of CH2O, acidic side reactions can
produce CH3OCH3. A consideration of potential reaction
mechanisms for the reactions leading to the formation of CH2O
and CH3OCH3 shows that fundamental properties such as the
Brönsted basicity (the ability to bind a proton) and the Lewis
acidity (the ability to bind an electron pair donor) of transition

metal sites can play important roles in the chemistry of the
TMOs. For example, addition of CH3OH to a TMO can occur
by addition of the CH3OH to a metal site with subsequent
transfer of a proton to an oxide site leaving an OCH3 group on
the metal site. Thus the balance of the Bro¨nsted basicity of an
oxygen site and the Lewis acidity of a metal site can play
important roles in controlling the catalytic behavior.

Molecular clusters of TMOs have been used as models of
real catalytic sites. Both experimental and computational studies
have been carried out to investigate the neutral, cationic, as well
as anionic clusters. Infrared spectra of CrO3, (MoO3)1-5, and
(WO3)1-4 have been measured in the gas phase3,4 as well as in
rare gas matrixes.5-7 It is interesting to note that the structure
of WO3 in rare gas matrixes was initially suggested to be
planar;5a,6 however, the structure of MoO3 was proposed to be
pyramidal on the basis of the number of observed infrared
absorption bands, suggesting that of WO3 is pyramidal as well.5b

The structures of (CrO3)4, (MoO3)3, and (WO3)3 were shown
to be ring structures in the gas phase by electron diffraction
measurements. The puckering angle was estimated to be
∼39(4)° for (CrO3)4, much larger than that of∼10(5)° for
(WO3)3, and (MoO3)3 was determined to haveD3h symmetry.8

Mass spectroscopic measurements have been used to monitor
the production of the cationic and anionic (MO3)n (M ) Cr,
Mo, W; n ) 1-6) clusters in the gas phase.9-12 These clusters
can be generated by the sublimation of the metal oxides,10,11,12a,c,d

high power density laser ablation of the metal oxides,9c,12eor

CH3OH + TMO f CH2O + H2O (1)
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low temperature and high oxygen pressure oxidation of the
metals with oxygen.12b A number of thermodynamic properties
have been measured for the molybdenum and tungsten clusters
from these experiments. In addition, anion photoelectron
spectroscopy has been employed by a number of groups to study
these metal oxide clusters. The mononuclear, dinuclear, and
trinuclear metal oxide anions, as well as the Lindqvist dianions
have been studied by Wang and co-workers using this approach
coupled with quantum chemical calculations.13-18 Yoder et al.
have studied the Mo2O2-4 clusters,19 and Jena and co-workers
have studied the (WO3)1-4 clusters using a similar approach.20

In their work, the energy for adding a WO3 unit to the (WO3)n-1

cluster to form (WO3)n is given by the differential binding
energy, defined as

and was calculated as 4.52, 4.61, and 3.82 eV forn ) 2-4,
respectively, at the BPW91/6-311G*/Stuttgart effective core
potential (SECP) level. Besides the computational studies
mentioned above, there are a number of quantum chemical
calculations on these metal oxide clusters reported in the
literature, most of which have focused on the mononuclear and
dinuclear clusters.21 Furthermore, there is also interest in using
polymetalloxalates22 as models of catalysts. These ions can be
considered to be a clathrate with an (MO3)6 cage encapsulating
an anionic Bro¨nsted base site. One of the simplest example of
these polymetalloxalates is the Lindquist ion [(MO3)6O]2-.

There are a number of important energetic quantities ap-
propriate for describing the behavior of TMO catalysts including
the cluster binding energies as well as the acid/base characters
of the site. The gas phase Bro¨nsted basicity is defined by the
negative of the free energy of reaction 3 and the proton affinity
(PA) is the negative of the enthalpy for this reaction.

If a proton is present on a neutral cluster, one can remove
the proton to form an anion. The gas phase acidity is defined
as the free energy of reaction 4 and the proton affinity of the
anion is the enthalpy for this reaction.

In addition to the interactions of protons with these clusters,
it is also appropriate to consider the interaction of Lewis bases
with these sites. We have recently developed a quantitative
Lewis acidity scale based on calculated fluoride affinities (FAs)
where the FA is defined as the negative of the enthalpy of
reaction 5.23 Due to its high basicity and small size, the fluoride

anion reacts with essentially all Lewis acids. This scale has
enabled us to predict the Lewis acidities of a wide range of
inorganic and organic molecules.

In this study, we present Bro¨nsted basicities and Lewis
acidities based on our fluoride affinity scales for the (MO3)n

(M ) Cr, Mo, W;n ) 1-6) clusters. In addition, we calculated
the clustering energies for these species for a number of
conformations. We studied structures with different numbers
of µ-oxo groups to look at their effect on the binding energies
and the acid/base properties. We also present the Bro¨nsted
acidities of M6O19H2, M6O19H-, and M6O18FH. The calculations

were done at the density functional theory (DFT) and ab initio
molecular orbital theory levels.

Calculations

Extensive studies have shown that care must be taken in the
calculations of the geometries and vibrational frequencies of
transition metal compounds with ab initio molecular orbital
methods. DFT calculations at the local and nonlocal levels
usually provide good results on the geometries and frequencies
for a wide range of transition metal complexes.24 We have
previously found that the local density approximation (LDA)25

provides good geometric parameters and vibrational frequencies
for transition metal compounds so we initially optimized the
geometries and calculated the frequencies at this level. Geom-
etries (minima for a given symmetry) were optimized with the
Berny algorithm with redundant internal coordinates.26 The LDA
approach, however, often leads to overbinding so we have
calculated the final energetics with the gradient-corrected
exchange-correlation functionals B3LYP27,28 and B88P86.29,30

On the basis of the results of these calculations, we re-optimized
the geometries of these TMO clusters at the B3LYP level. The
resulting geometries at the B3LYP level are rather similar to
those obtained at the LDA level except for a few cases as
discussed below. To predict spectral properties of these clusers,
time-dependent DFT (TD-DFT) calculations at the B3LYP level
were performed to locate the lowest few singlet and triplet
excited states of these metal oxide clusters. These calculations
were run in the Tamm-Dancoff approximation. For the TD-
DFT calculations, we used the asymptotically corrected exchange-
correlation functional approach recently developed by us31

following Casida’s work32 and based on our semiempirical
ionization potential fit at the B3LYP level.33 Entropies were
calculated by using statistical mechanics approaches.34

We have found that a basis set of at least polarized double-ú
quality is required for reasonable calculations of geometries and
frequencies at the DFT level. Basis sets at this level are available
for atoms up to Xe.35 The high atomic numbers of the second
and especially the third row transition metals imply that
relativistic effects must be properly accounted for to attain even
semiquantitative accuracy.36,37 For most of the properties of
interest in the proposed work, the core electrons are chemically
inert so one can eliminate the core contributions from direct
consideration by using pseudopotentials or effective core
potentials (ECPs).38-40 We have shown that one can get
excellent results for the structures and frequencies of a broad
range of transition metal complexes with ECPs.41 For this study,
we have chosen the Stuttgart relativistic small core ECPs with
the associated basis sets for Mo and W and polarized double-ú
DFT optimized basis sets for all other atoms for the geometry
optimizations and frequency calculations. The final electronic
energies were obtained with the Stuttgart basis sets40,42 aug-
mented by two sets of f functions and one set of g functions
for the metal atoms as recommended by Martin and co-workers43

and the aug-cc-pVTZ basis set for all other atoms. These were
used for the calculations at the gradient-corrected DFT and MP2
levels. For the fluoride affinities, because we have such a large
set of computational data to compare to, we calculated these
values at the MP2 level with the Stuttgart ECPs and basis sets
without the additional f and g functions on the transition metal
atoms and the aug-cc-pVDZ basis sets on the other atoms. The
fluoride affinities were calculated relative to the value of 49.9
kcal/mol obtained for CF2O.44 These calculations were carried
out on an SGI system with the UniChem/DGauss45 program;
on the Cray XD1 and SGI Altix systems at the Alabama

∆Ediff,n ) -E[(MO3)n] + E[(MO3)n-1] + E[MO3] (2)

B + H+ f BH+ (3)

AH f A- + H+ (4)

A + F- f AF- (5)
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Supercomputer Center and a local Parallel Quantum Solutions
(PQS) system with the Gaussian 0346 program system; and on
the∼2000 processor HP Linux cluster in the Molecular Science
Computing Facility with the NWCHEM 4.7 program.47 Results
were visualized with the AGUI graphics system on local
personal computers.48

Results and Discussion

Equilibrium Geometries. Relative energies are listed in
Table 1 for the different conformations of the (MO3)n clusters
at the LDA and B3LYP optimized geometries. The geometries
and frequencies from the LDA calculations are given as
Supporting Information. The metal oxygen bond distances are
listed in Table 2 for the different conformations of the (MO3)n

clusters at the B3LYP optimized geometries. Structures of these
molecules are shown in Figures 1-3. The results from the
B3LYP optimizations are in general consistent with the LDA
calculations especially for the Mo and W clusters. For the
weakly bound Cr complexes, the LDA calculations lead to
substantial overbinding.

The monomer and the dimer have only one conformation.
The structure of MO3 as shown in Figure 1a is trigonal
pyramidal with three equivalent metalµ-oxo bonds. For MoO3,

this is consistent with the prediction by Weltner and co-workers
on the basis of two observed absorption bands in the infrared
spectrum in the rare gas matrixes.5b The MdO bonds are
substantially elongated from Cr (1.59 Å) to Mo (1.72 Å),

TABLE 1: Relative Energies in kcal/mol for the Different
Conformations of (MO3)n (M ) Cr, Mo, W; n ) 3-6)

at LDAa geom at B3LYPb geom

cluster
LDAa

∆E0K

B88P86a
∆E0K

B3LYPc

∆E0K

B3LYPb

∆E0K

B3LYPc

∆E0K

B3LYPc

∆G298.15K

Cr3O9

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 28.7 29.9 32.4 32.2 33.6 32.7

Cr4O12

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 38.5 44.2 49.7 42.9 47.4 41.7

Cr5O15

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 44.9 57.9 71.1 63.5 69.8 68.9

Cr6O18

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 47.8 66.3 86.7 65.1 73.9 64.6
cage -2.0 56.1 106.6 97.2 101.6 108.0

Mo3O9

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 22.9 27.3 26.9 24.4 26.7 27.8

Mo4O12

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 30.9 41.9 41.0 33.1 39.2 36.8

Mo5O15

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 32.1 50.8 49.4 37.1 47.5 44.7

Mo6O18

ring 0.0 0.0 0.0 0.0 0.0 0.0
cage -65.5 3.8 14.5 5.3 14.7 25.9
chain 30.9 57.2 54.3 40.5 59.4 59.0
inverted cage -41.1 41.5 57.8 46.0 58.9 69.5

W3O9

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 24.8 29.2 26.7 23.9 25.1 25.5

W4O12

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 30.8 41.9 34.1 28.0 33.7 30.5

W5O15

ring 0.0 0.0 0.0 0.0 0.0 0.0
chain 29.3 48.3 36.5 27.6 34.7 33.6

W6O18

cage 0.0 0.0 0.0 0.0 0.0 0.0
ring 102.6 32.4 33.1 36.7 26.7 15.3
inverted cage 18.0 32.4 36.7 33.5 31.3 30.6
chain 127.5 84.3 68.9 64.5 63.6 50.7

a DZVP2 for O and Cr, SECP for Mo and W.b aug-cc-pVDZ for
O, SECP for Cr, Mo, and W.c aug-cc-pVTZ for O, SECP augmented
with two sets of f functions and 1 set of g function for Cr, Mo, and W.

Figure 1. Equilibrium structures of (MO3)n (M ) Cr, Mo, W;
n ) 1-3) at the LDA level.

Figure 2. Equilibrium structures of (MO3)n (M ) Cr, Mo, W; n ) 4,
5) at the LDA level.
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whereas they are slightly lengthened from Mo to W (1.74 Å).
The metal oxygen bond lengths optimized at the B3LYP level
agree with those obtained at the LDA level within 0.01 Å. The
fact that the ModO bond lengths are much closer to those of
WdO than CrdO is consistent with the crystal ionic radii of
the atoms at an oxidation state of VI with a coordination number
of six, Cr (0.44 Å)< Mo (0.59 Å) ∼ W (0.60 Å).49 The Od
MdO bond angles decrease from Cr to Mo to W, 112°, 108°,
and 105°, respectively, presumably due to the reduced repulsion
among theµ-oxo groups as the metal oxygen bond lengths
increase. Weltner and co-workers were able to deduce the
pyramidal angle for MoO3, which was shown to be 62(2)°,
equivalent to 99° for the OdModO bond angle.5b,50 This
value is smaller by about 10° as compared to our calculated
OdModO bond angles, 108° at the LDA level and 110° at the

B3LYP level. A natural orbital population analysis51,52 at the
B3LYP level shows significant increase of positive charge on
the metal atom from Cr to Mo to W, 1.33e, 1.94e, and 2.15e,
respectively. We note that the ionization potentials and elec-
tronegativities increase from Cr to Mo to W (ionization
potentials: 6.7665 eV for Cr, 7.09243 eV for Mo, and 7.8640
eV for W;49 electronegativities: 1.66 for Cr, 2.16 for Mo, and
2.36 for W53). However, higher-order ionization potentials are
much higher for Cr than for Mo and W (the second and third
ionization potentials are 16.49 and 30.96 eV for Cr, and 16.16
and 27.13 eV for Mo),49 and it is well-known that higher
oxidation states of Mo and W are more stable than those of
Cr.54 The increasing ionic character from CrO3 to MoO3 to WO3

is consistent with the calculated dipole moments at the B3LYP
level, 3.02, 4.91, and 5.63 D, respectively. As shown in Figure

TABLE 2: Metal Oxygen Bond Distances in Angstroms for (MO3)n (M ) Cr, Mo, W; n ) 1-6) at the B3LYP/aVDZ
Optimized Geometries

cluster MdO M-O

CrO3 1.576 (×3)
Cr2O6 1.556 (×4) 1.774 (×4)
Cr3O9

ring 1.552 (×3), 1.556 (×3) 1.765 (×6)
chain 1.535, 1.559 (×4) 1.717 (×2), 1.748 (×2), 1.794 (×2), 1.895 (×2)

Cr4O12

ring 1.553 (×8) 1.759 (×8)
chain 1.555 (×4), 1.558 (×2) 1.773 (×6), 1.775 (×2), 3.564 (×2)

Cr5O15

ring 1.552 (×5), 1.554 (×5) 1.756 (×10)
chain 1.538 (×2), 1.550, 1.558 (×4) 1.674 (×2), 1.684 (×2), 1.728 (×2), 1.755 (×2), 1.785 (×2), 1.868 (×2),

1.904 (×2), 1.978 (×2)
Cr6O18

ring 1.552 (×6), 1.554 (×6) 1.755 (×12)
chain 1.555 (×8), 1.558 (×4) 1.773 (×6), 1.775 (×6), 3.573 (×2), 3.690 (×2)
cage 1.537 (×6) 1.656 (×2), 1.662 (×2), 1.672 (×2), 1.678 (×2), 1.688 (×2), 1.695 (×2), 1.922 (×2),

1.940 (×2), 1.974 (×2), 1.990 (×2), 2.027 (×2), 2.058 (×2)
MoO3 1.723 (×3)
Mo2O6 1.703 (×4) 1.932 (×4)
Mo3O9

ring 1.700 (×6) 1.910 (×6)
chain 1.683, 1.704 (×4) 1.915 (×4), 1.949 (×4)

Mo4O12

ring 1.700 (×8) 1.902 (×8)
chain 1.686 (×2), 1.705 (×4) 1.843 (×2), 1.892 (×2), 1.911 (×2), 1.940 (×2), 1.992 (×2), 2.049 (×2)

Mo5O15

ring 1.699 (×10) 1.900 (× 10)
chain 1.687 (×3), 1.705 (×4) 1.845 (×2), 1.847 (×2), 1.893 (×2), 1.914 (×2), 1.937 (×2), 1.990 (×2),

2.041 (×2), 2.046 (×2)
Mo6O18

ring 1.699 (×12) 1.902 (×12)
chain 1.687 (×4), 1.705 (×4) 1.847 (×6), 1.893 (×2), 1.915 (×2), 1.937 (×2), 1.991 (×2), 2.038 (×2),

2.043 (×2), 2.046 (×2)
cage 1.682 (× 6) 1.929 (×24)
inverted cage 1.678, 1.682 (×4) 1.874 (×4), 1.913 (×4), 1.935 (×8), 1.938 (×4), 1.973, 2.023 (×4),

2.399 (×4), 2.618
WO3 1.740 (×3)
W2O6 1.725 (×4) 1.944 (×4)
W3O9

ring 1.721 (×6) 1.919 (×6)
chain 1.704, 1.726 (×4) 1.926 (×4), 1.960 (×4)

W4O12

ring 1.720 (×8) 1.911 (×8)
chain 1.706 (×2), 1.727 (×4) 1.925 (×4), 1.941 (×4), 1.963 (×4)

W5O15

ring 1.720 (×10) 1.911 (×10)
chain 1.706 (×3), 1.727 (×4) 1.898 (×4), 1.914 (×2), 1.934 (×2), 1.946 (×2), 1.983 (×2), 1.986 (×2),

1.996 (×2)
W6O18

ring 1.720 (×12) 1.912 (× 12)
chain 1.707 (×4), 1.727 (×4) 1.888 (×2), 1.896 (×2), 1.899 (×2), 1.914 (×2), 1.933 (×2), 1.948 (×2), 1.983 (×2),

1.986 (×2), 1.999 (×2), 2.006 (×2)
cage 1.705 (×6) 1.938 (×24)
inverted cage 1.701, 1.704 (×4) 1.890 (×4), 1.922 (× 4), 1.936, 1.946 (×12), 2.026 (×4), 2.425 (×4), 2.632
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4a, the highest occupied molecular orbital (HOMO) of the
monomer is predominantly of O-2pπ character.

The structure of M2O6 shown in Figure 1b exhibits a planar
four-member ring with two bridging M-O-M bonds and two
additional metalµ-oxo bonds located on each metal center.
The MdO bonds are in a plane perpendicular to the plane of
the ring containing the two metal and two bridging oxygen
atoms. The MdO bonds in M2O6 are 0.01-0.02 Å shorter than
those in MO3, due to the fact that there are now twoµ-oxo
groups on each metal, and two M-O-M bridging interactions.
The bridging M-O bonds are considerably longer than the
MdO bonds. The Cr-O bonds are 0.19 Å longer than CrdO.
The difference is slightly larger for Mo and W, 0.22 and 0.21
Å, respectively. The Mo-O bonds are of similar length to the
W-O bonds, both of which are considerably longer than the
Cr-O bonds, similar to the case of the MdO bonds. The
OdMdO bond angles, 111° for Cr2O6 and 110° for Mo2O6

and W2O6, are nearly identical for the three metal oxides and
are comparable to those in the monomers. The O-M-O bond
angles, however, are much smaller, 88° for Cr, 84° for Mo and
W, due to the geometric constraint of the four-member ring

structure and the much longer M-O bonds, which reduce the
repulsion between the bridging oxygens. Compared to the
monomer, the charge on the metal atoms in the dimer slightly
decreases for Cr to 1.22e, and slightly increases for Mo and W
to 2.02e and 2.33e, respectively. Furthermore, the bridge
oxygens carry more negative charge than theµ-oxo oxygens.
In the case of Cr2O6, the charge on the bridging oxygens is
about twice as much as that on theµ-oxo oxygens, as shown in
Table 3. This probably arises because the bridging oxygens can
accept electrons from both metal atoms. The HOMO of the
dimer as shown in Figure 4b is dominated by the O-2pπ orbitals
on theµ-oxo oxygens.

Larger metal oxide clusters can be systematically built in two
basic ways. A lower energy structure results from each metal
sharing one bridge oxygen with another leading to the formation
of a ring where each metal has twoµ-oxo groups and two
M-O-M bridge bonds. A higher energy structure is generated
as a chain type structure with each terminal metal having two
µ-oxo groups and each interior metal having oneµ-oxo group.
The metals are connected to each other by two bridging oxygens
as found in the dimer. The smallest metal oxide cluster that
exhibits both isomers is M3O9. The ring structure of M3O9 is a
six-member ring formed by replicating the (-MO2-O-) unit.
The ring structure of Cr3O9 has a chair conformation as shown
in Figure 1c, whereas those of Mo3O9 and W3O9 are planar as
shown in Figure 1e. The planar ring structure of Cr3O9 is a
third-order saddle point and lies about 3.4 kcal/mol higher in
energy than the chair conformation at the B3LYP optimized
geometries. The structure of Mo3O9 has been shown to be of
D3h symmetry by electron diffraction, consistent with our
prediction.8aThe structure of W3O9, however, has been estimated
to have a puckering angle of about 10(5)°, although this could
easily be due to the high temperature (1400° C) at which the
measurement took place.8b Furthermore, such a small puckering
angle is in reasonable agreement with our predicted planar
structure. The ring structure of Cr4O12, on the other hand, has
a much larger puckering angle of about 39(4)°, which is likely
to be the case for Cr3O9 as well.8c The puckering angles for the
Cr3O9 and Cr4O12 ring structures are 31° and 36° at the LDA
level and 27° and 34° at the B3LYP level from our calculations,
in good agreement with the electron diffraction data. In addition,

Figure 3. Equilibrium structures of M6O18 (M ) Cr, Mo, W) at the
LDA level.

Figure 4. Highest occupied molecular orbitals of some of the (WO3)n

(n ) 1-6) clusters.
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the electron diffraction measurements yield bond lengths and
bond angles for the W3O9 ring.8c The WdO and W-O bond
lengths were measured to be 1.703(6) and 1.899(5) Å and are
calculated to be 1.72 and 1.90 Å at the LDA level and 1.72
and 1.92 Å at the B3LYP level, in very good agreement with
the experimental values. The OdWdO, O-W-O, and
W-O-W bond angles were measured as 112(5)°, 110(3)°, and
128.0(5)°, respectively, and were calculated to be 107°, 105°,
and 135° at both the LDA and B3LYP levels, in good agreement
with the experimental results. Compared to the dimer, the ring
trimer has comparable metal oxygen bond lengths, with the
Mo-O and W-O bonds about 0.03 Å shorter. The OdMdO
bond angles are also close to those in the dimer, whereas the
O-M-O bond angles are much larger. This is due to the
reduced geometric constraint in a six-membered ring. The charge
distribution in the ring trimer is also very similar to that in the
dimer, as listed in Table 3. As shown in Figure 4c, the HOMO
of the ring trimer is predominantly of O-2pπ character on the
µ-oxo oxygens.

The chain structures for M3O9 are all about 30 kcal/mol above
the ring structure: 32.4 kcal/mol for Cr, 26.9 kcal/mol for Mo,
and 26.7 kcal/mol for W.55 The terminal metal centers closely
resemble those in M2O6, whereas the interior metal center has
only one MdO bond and four M-O bonds. The interior MdO
bond is about 0.01-0.02 Å shorter than the terminal MdO
bonds. Furthermore, not all of the M-O bonds are of equal
length. The M-O bonds split into four groups for Cr3O9 (Figure
1d) and two groups for Mo3O9 and W3O9 (Figure 1f). The
longest Cr-O bond in Cr3O9 is about 0.09 Å longer than that
in Cr2O6, whereas the longest Mo-O and W-O bonds are 0.02
Å longer than those in Mo2O6 and W2O6. The Cr3O9 chain
structure is a relatively stable structure as the binding energy
for forming Cr3O9 from CrO3 and Cr2O6 is 71.7 kcal/mol at the
B3LYP level using the LDA geometries. Re-optimization at the
B3LYP level led to a slight increase (<2 kcal/mol) in the

binding energy to 73.2 kcal/mol. The cluster dissociation energy
for M3O9 to MO3 and M2O6 at the B3LYP level using the LDA
geometries is 82.8 kcal/mol for M) Mo and 111.2 kcal/mol
for M ) W, respectively, somewhat higher than that for M)
Cr. At the B3LYP optimized geometries, the cluster dissociation
energy for M) Mo increases to 90.9 kcal/mol whereas that
for M ) W is essentially unchanged at 110.1 kcal/mol. The
charge distributions on the metal atoms are similar to those in
smaller metal oxide clusters, as shown in Table 3. The HOMO
of the chain trimer is also dominated by the O-2pπ orbitals of
the µ-oxo oxygens on the terminal metal centers as shown in
Figure 4d.

Frameworks of larger ring structures of (CrO3)n are nonplanar
with CnV symmetry as shown in Figures 2a,e and 3a, whereas
those of (MoO3)n and (WO3)n are planar withDnh symmetry as
shown in Figures 2c,g and 3e. The planar ring structure is 4.6
kcal/mol for Cr4O12, 3.0 kcal/mol for Cr5O15, and 0.8 kcal/mol
for Cr6O18 higher in energy than the nonplanar form at the
B3LYP optimized geometries. In contrast, the planar ring
structure is 3.1 kcal/mol for Mo4O12, 2.8 kcal/mol for Mo6O18,
2.0 kcal/mol for W4O12, 3.4 kcal/mol for W5O15, and 7.6 kcal/
mol for W6O18 lower in energy than the nonplanar conforma-
tions at this level of theory. As an exception, the planar ring
structure of Mo5O15 was calculated to be 2.9 kcal/mol higher
in energy than the nonplanar form. Thus, the heavier metal
atoms are more likely to form a planar ring structure. To a good
approximation, the ring conformations of M4O12, M5O15, and
M6O18 for Mo and W can be considered to be planar, although
we note that these structures are rather fluxional in terms of
moving atoms in and out of the plane and lowering the overall
molecular symmetry. For example, the ring structure in a heart
conformation withC1 symmetry for Cr6O18 as shown in Figure
3b is only about 0.8 kcal/mol higher in energy than that in Figure
3a. For W6O18, the chair structure withC1 symmetry in Figure
3f is about 3.6 kcal/mol higher in energy than the one in Figure

TABLE 3: Charges on the Metal and Oxygen Atoms for the (MO3)n (M ) Cr, Mo, W; n ) 1-6) Clusters from the Natural
Orbital Population Analysis at the B3LYP/aVDZ Level

cluster M Od(M) O-(M)

CrO3 1.33 -0.44
Cr2O6 1.22 -0.30 -0.61
Cr3O9

ring 1.19 -0.27 -0.64
chain 1.15, 1.20(×2) -0.14,-0.32 (×4) -0.53 (×2), -0.55 (×2)

Cr4O12 (ring) 1.20 -0.27 -0.66
Cr5O15 (ring) 1.21 -0.27 -0.66
Cr6O18 (ring) 1.21 -0.27 -0.67
MoO3 1.94 -0.65
Mo2O6 2.02 -0.58 -0.85
Mo3O9

ring 2.03 -0.56 -0.91
chain 1.92, 2.02(×2) -0.46,-0.59 (×4) -0.79 (×4)

Mo4O12 (ring) 2.04 -0.56 -0.93
Mo5O15 (ring) 2.05 -0.56 -0.93
Mo6O18

ring 2.05 -0.56 -0.93
cage 1.92 -0.46 -0.73
inverted cage 1.87 (×4), 1.92, 1.97 -0.41 (×4), -0.43 -0.70 (×4), -0.69 (×8), -0.95

WO3 2.15 -0.72
W2O6 2.33 -0.70 -0.94
W3O9

ring 2.33 -0.67 -0.98
chain 2.26, 2.33 (×2) -0.58,-0.70(×4) -0.88 (×4)

W4O12 (ring) 2.35 -0.67 -1.01
W5O15 (ring) 2.35 -0.67 -1.01
W6O18

ring 2.35 -0.67 -1.02
cage 2.26 -0.58 -0.84
inverted cage 2.22 (×4), 2.25, 2.33 -0.55 (×5) -0.99,-0.82 (×4), -0.81 (×8)
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3e. The nonplanarity of the ring structures of (CrO3)n is likely
due to the rather large repulsion between like atoms resulting
from the much shorter CrdO and Cr-O bond distances, as
compared to those of Mo and W. The ModO and Mo-O bonds
are about 0.13 and 0.14 Å longer than the CrdO and Cr-O
bonds and the WdO and W-O bonds are about 0.15 Å longer.
The calculated structure of the Cr4O12 ring can be compared to
that obtained from the electron diffraction experiment.8c The
CrdO and Cr-O bond lengths were measured to be 1.580(5)
and 1.775(7) Å and were calculated to be 1.57 and 1.75 Å at
the LDA level and 1.55 and 1.76 Å at the B3LYP level. The
experimental bond angles are 133(3)°, 97(3)°, and 128(1)° for
OdCrdO, O-Cr-O, and Cr-O-Cr, respectively, and they
were calculated to be 110°, 110°, and 130° at both levels of
theory. The calculated results suggest that there are substantial
errors in the experimental determination of the first two angles,
which deviate substantially from the predicted near tetrahedral
values. There is no computational evidence for such large
deviations from the tetrahedral angles as from the experimental
analysis.

As the size of the ring increases, the properties of the (MO3)n

cluster exhibits a number of trends. First, the metal oxygen bond
lengths, as well as their bond angles rapidly approach asymptotic
values. The MdO and M-O bond distances reach the asymp-
totic values of 1.57 and 1.74 Å for Cr, 1.70 and 1.88 Å for Mo,
and 1.72 and 1.89 Å for W atn ) 2 for MdO andn ) 4 for
M-O. The OdMdO and O-M-O bond angles approach the
tetrahedral angle as n increases. For the ring structures of
(MoO3)n and (WO3)n, the M-O-M bond angle increases as n
increases until it reaches nearly 180° at n ) 5. Forn ) 6, the
M-O-M bond angles slightly bend toward the center of the
ring. In the case of (CrO3)n, although the Cr-O-Cr bond angle
also increases as n increases, it reaches a maximum of about
140° instead of 180° because of the nonplanarity. The calculated
puckering angle for the (CrO3)n ring cluster increases asn
increases and it converges to about 35°. Second, the effective
charges on the metal atoms also approach the asymptotic values
of ∼1.2e for Cr,∼2.0e for Mo, and∼2.3e for W, as shown in
Table 3. Third, as shown in Figure 4, the HOMOs of the ring
structures all display O-2pπ character on theµ-oxo oxygens.

The longer chain structures are all less stable than the
corresponding ring structures. The energy difference between
the ring and chain structures depends on the metal. This energy
difference increases as the cluster size increases and the changes
are more dramatic for Cr than for Mo and W. From M3O9 to
M4O12 to M5O15 to M6O18, this energy difference increases from
32.4 to 49.7 to 71.1 to 86.7 kcal/mol for Cr but only increases
from 26.9 to 41.0 to 49.4 to 54.3 kcal/mol for Mo and 26.7 to
34.1 to 36.5 to 35.8 kcal/mol for W. This shows the increasing
instability of the chain structure relative to the ring structure
for the (CrO3)n clusters and also shows that this energy
difference for W is reasonably well converged atn ) 4. As
shown in Figures 2b,f and 3c, there are very long Cr-O bonds,
marked with dashed lines, in the chain structures of Cr4O12,
Cr5O15, and Cr6O18. These bonds are 0.25 Å for Cr4O12, 0.17
and 0.18 Å for Cr5O15, and 0.21 Å for Cr6O18 longer than those
in Cr2O6. Due to their low binding energies (see below) with
respect to smaller cluster fragments, we re-optimized these
structures at the B3LYP level. With the gradient corrected
functional, the long Cr-O bonds are now 1.79 Å longer in
Cr4O12 and 1.80 and 1.92 Å longer in Cr6O18 as compared to
Cr2O6, substantially different from the LDA results. However,
they are only 0.36 and 0.38 Å longer for Cr5O15, as compared
to Cr2O6 in reasonable agreement with the LDA results. In

comparison, the longest M-O bonds in M4O12, M5O15, and
M6O18 are only about 0.10 Å for Mo and 0.07 Å for W longer
than those in M2O6. Therefore, it is appropriate to consider the
Cr4O12, Cr5O15, and Cr6O18 chain structures as weakly bound
complexes of the smaller clusters. The fact that these are weakly
bound complexes for Cr in contrast to molecules with significant
interactions is consistent with LDA giving structures which are
substantially overbinding. The Cr4O12 chain conformation is
bound with respect to two Cr2O6 molecules at the LDA/DZVP2
level by 18.9 kcal/mol but is unbound by 4.9 kcal/mol at the
B3LYP/aVTZ//LDA/DZVP2 level. At the B3LYP/aVTZ//
B3LYP/aVDZ level, the Cr4O12 chain is essentially unbound
with a binding energy of 0.1 kcal/mol. At this level of theory,
the exothermicity to form the Cr5O15 chain from one CrO3
molecule and two Cr2O6 molecules is 37.9 kcal/mol. However,
the Cr5O15 chain is essentially unbound with respect to one
Cr2O6 molecule and one Cr3O9 chain with a binding energy of
-1.6 kcal/mol. Similarly, the Cr6O18 chain is essentially
unbound with respect to three Cr2O6 molecules with a binding
energy of 0.4 kcal/mol. In contrast, the exothermicities for
forming M4O12, M5O15, and M6O18 from two M2O6 molecules
for the tetramer, one M2O6 molecule and one M3O9 chain for
the pentamer, and three M2O6 molecules for the hexamer are
respectively 23.1, 26.8, and 50.1 kcal/mol for Mo, and 51.2,
52.6, and 104.9 kcal/mol for W at the same level of theory.
The relative energies obtained at the B3LYP/aVTZ//LDA/
DZVP2 level are in good agreement to those at the B3LYP/
aVTZ//B3LYP/aVDZ level of theory.

We considered two additional structures for M6O18, the cage
shown in Figure 3d for M) Cr and Figure 3h for M) Mo
and W and the inverted cage shown in Figure 3i for M) Mo
and W. The cage structure is based on the polyoxometalates
(Lindquist anions) where the central Lewis base is removed to
give a structure with one M)O bond and four M-O bridging
bonds on each metal. For the inverted cage structure, one of
theµ-oxo oxygens is inverted to point toward the center of the
cage and serves as a Lewis base to stabilize the other pieces,
just as in the structure of the Lindquist anion, M6O19

2-. The
chemical environment around the metal atoms with metalµ-oxo
bonds in the tungsten structure is similar to that in the distorted
octahedral structure predicted for the c(2×2)O-terminated (100)
WO3 surface.56 This surface structure has an octahedrally
coordinated W with a WdO bond of 1.71 Å terminating the
surface and the metal site trans to the WdO has a WdO bond
of 1.77 Å which acts as a Lewis base with a long W-O bond
distance of 2.27 Å. A similar type of distortion with smaller
differences in the W-O bond distances of 1.78 Å and 2.12 Å
along thec axis has been predicted56 for the low temperature
ε-WO3 structure.57 The relative stability of the different isomers
of M6O18 depends on the metal and on the level of theory. At
the LDA level, the cage is the most stable conformation. At
the B3LYP level using the LDA optimized geometries, the ring
becomes the most stable one for Cr6O18 and Mo6O18, whereas
the cage remains the lowest energy conformation for W6O18.
Re-optimization at the B3LYP level yield similar results. At
the B3LYP level with the LDA geometries, the ring is 106.6
kcal/mol more stable than the cage for Cr6O18, but it is only
14.5 kcal/mol lower in energy than the cage for Mo6O18. For
W6O18, the cage is 33.1 kcal/mol more stable than the ring. For
Mo6O18 and W6O18, the inverted cage is 43.3 and 36.7 kcal/
mol respectively higher in energy than the cage. The cage
structure of Cr6O18 at the B3LYP optimized geometries appears
to be a complex of six discrete CrO3 molecules. Thus, it behaves
in a similar way to the chain structures which also represents

Group VIB Transition Metal Oxide Clusters J. Phys. Chem. A, Vol. 110, No. 19, 20066237



clusters of discrete CrO3 or Cr2O6 units. The longest Cr-O bond
connecting different CrO3 units is 0.28 Å longer than the Cr-O
bond in Cr2O6, whereas it is 0.15 Å longer at the LDA optimized
geometries. This is consistent with the fact that local functionals
tend to overbind, thus favoring the more compact cage structure.
At the B3LYP level, although it is highly exothermic (about
-240 kcal/mol) to form the Cr6O18 cage from six CrO3
molecules, it is endothermic (about 30 kcal/mol) from three
Cr2O6 molecules. Optimized geometries at the LDA and B3LYP
levels for the cage and inverted cage structures of Mo6O18 and
W6O18 agree within 0.02 Å.

The cage structure of W6O18 hasOh symmetry at both the
LDA and B3LYP levels. The structure of Mo6O18 at the LDA
level also hasOh symmetry. At the B3LYP level, this structure
has a triply degenerate imaginary frequency of∼30i cm-1, even
with the ultrafine grid. Re-optimization of the Mo6O18 cage
structure led to a higher energy (1.2 kcal/mol)Ci symmetry
structure with no imaginary frequencies. This shows that the
Mo6O18 cage hasOh symmetry and that the small imaginary
frequencies arise from the quality of the grid. For these cage
structures, the MdO bonds are about 0.01 Å shorter than those
in the ring structures, whereas the M-O bonds are about 0.03
Å longer. The size of the central cavity is about 4.9 Å. For the
inverted cage structure, the oxygen inside the cavity is bound
to one of the metal atoms at a bond distance of about 0.07 Å
for Mo and 0.03 Å for W longer than the corresponding M-O
bond length in the cage structure. The five MdO bond lengths
are essentially the same as those in the cage structure, whereas
the M-O bond lengths on the surface of the inverted cage
structure differ from those in the cage structure by as much as
0.08 Å.

The inverted cage structure of W6O18 hasC4V symmetry at
both the LDA and B3LYP levels, and that of Mo6O18 has the
same symmetry at the LDA level. However, at the B3LYP level
the Mo6O18 inverted cage ofC4V symmetry is again a third-
order saddle point with imaginary frequencies of 103i, 103i,
and 87i cm-1. In this case distortion of theC4V structure for the

Mo6O18 inverted cage led to a lower symmetry. The optimized
structure of the W6O18 inverted cage has five terminal WdO
bond distances of 1.70 Å. The W-O bond distance to the central
O (originally a WdO before inversion) lengthens to 1.94 Å
and has a weak interaction with the W along theC4 axis at a
distance of 2.63 Å. This structure is qualitatively similar to the
one described above for the c(2×2)O-terminated (100) WO3
surface except that the interior oxygen has longer bond distances
to the Lewis acid W and to the one it is directly bonded to
because there are no crystal lattice constraints and no additional
oxygen to stabilize the inverted W center with the oxygen
pointing toward the center. Different from other metal oxide
clusters, the HOMOs of the cage and inverted cage structures
shown in Figure 4h,i are of O-2pπ characters on the bridging
oxygens instead ofµ-oxo oxygens.

The effects of including entropy yielding free energies (∆G)
are given in Table 1. In general the free energy differences for
the different conformations are comparable to the relative
energies with only zero point and electronic energy effects
included. The chains are less strongly bound and have smaller
frequencies. This reduces the free energy with respect to the
more stable rings by up to 10 kcal/mol for the large clusters.
The more compact 3-D cage structures become less stable in
terms of∆G at 298 K but the qualitative ordering of the different
conformational energies does not change except for Mo6O18

where the inverted cage becomes less stable than the chain at
the free energy level.

Cluster Binding Energies.The normalized and differential
binding energies, defined by eq 2 and

are given in Table 4. The results for the ring structures for Cr
show a general increase in the normalized binding energy that
levels out betweenn ) 5 and 6. The cage structure for Cr6O18

clearly has a lower normalized binding energy. For the Mo and
W clusters, the convergence of the normalized binding energy

TABLE 4: Normalized and Differential Clustering Energies in kcal/mol for M 2O6 (M ) Cr, Mo, W), the Ring Structures of
(MO3)n (n ) 3-6), and the Cage Structure of M6O18

normalized differential

at LDAa geom at B3LYPbgeom at LDAa geom at B3LYPbgeom

B3LYPc B3LYPc

cluster
B88P86a

∆E0K

B3LYPc

∆E0K

B3LYPb

∆E0K ∆E0K ∆G298.15K

B88P86a

∆E0K

B3LYPc

∆E0K

B3LYPb

∆E0K ∆E0K ∆G298.15K

Cr2O6 43.6 45.9 44.6 45.9 39.8 87.2 91.8 89.3 91.7 79.6
Cr3O9 52.7 54.5 53.3 55.0 46.6 70.9 71.7 70.7 73.2 60.2
Cr4O12 54.7 56.7 55.5 57.7 48.2 61.1 64.7 62.1 65.8 53.0
Cr5O15 55.2 57.9 55.8 58.2 48.1 57.2 62.7 57.0 60.2 47.7
Cr6O18

ring 54.9 58.1 55.7 58.2 47.8 53.4 59.1 55.2 58.2 46.3
cage 45.6 40.3 39.5 41.3 29.8 -2.4 -47.7 -42.0 -43.2 -61.7

Mo2O6 47.6 55.0 53.5 54.3 47.9 95.2 110.0 106.9 108.6 95.8
Mo3O9 60.7 68.9 66.0 66.5 58.7 73.8 82.8 91.0 90.9 80.3
Mo4O12 64.5 72.0 68.5 69.9 60.1 75.0 82.4 76.0 80.1 64.3
Mo5O15 65.7 73.0 69.2 71.2 60.8 70.5 77.0 72.0 76.4 63.6
Mo6O18

ring 66.0 73.2 69.5 72.6 62.4 67.5 74.2 71.0 79.6 70.4
cage 65.4 70.8 68.7 70.1 57.9 63.9 59.8 66.2 64.6 43.4

W2O6 50.0 60.5 58.7 59.1 52.8 100.0 121.0 117.5 118.1 105.6
W3O9 67.5 77.4 75.1 76.1 68.0 102.5 111.2 107.9 110.1 98.4
W4O12 72.5 81.7 78.2 80.3 70.4 85.5 94.2 87.5 92.9 77.6
W5O15 74.0 82.9 79.1 81.7 71.5 80.0 87.7 82.7 87.3 75.9
W6O18

ring 74.5 83.2 79.5 82.7 72.4 77.0 84.7 81.5 87.7 76.9
cage 79.9 88.7 85.6 87.1 75.0 109.4 111.7 118.1 114.1 92.5

a DZVP2 for O and Cr, SECP for Mo and W.b aug-cc-pVDZ for O, SECP for Cr, Mo, and W.c aug-cc-pVTZ for O, SECP augmented with two
sets of f functions and 1 set of g function for Cr, Mo, and W.

∆Enorm,n ) {-E[(MO3)n] + n*E[MO3]}/n (6)
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as a function ofn for the ring structure is similar to that for Cr.
The normalized binding energy for the ring clusters increases
from Cr to Mo to W. The normalized binding energy for the
cage cluster forn ) 6 increases substantially from Cr to Mo to
W.

The differential binding energies as calculated from eq 2 show
an interesting behavior. For the ring structures of Cr, Mo, and
W, the differential binding energy decreases as n increases. The
most dramatic differential binding energy is found for the dimer.
The differential binding energy increases from Cr to Mo to W.
They are clearly not converging for Cr but do appear to be
converging for Mo and W. The surprising result is that the
differential binding energy for the cage structure ofn ) 6. For
W, the differential binding energy for forming the cage from
the ring withn ) 5 is comparable to the energy found to form
the ring with n ) 3 from the dimer. Our differential binding
energies forn ) 2-4 for W can be compared to those of Jena
and co-workers20 who predicted values of 104.2, 106.3, and 88.1
kcal/mol, respectively. Their absolute values are smaller than
ours and they find then ) 2 andn ) 3 values to be comparable
just as we find with the B88P86 functional. The B3LYP
functional places then ) 3 differential binding energy well
below that of then ) 2. From the experimentally measured
enthalpies58 for (WO3)n, n ) 2-4, these differential binding
energies are 139(24), 135(27), and 117(27) kcal/mol, respec-
tively, in reasonable agreement with our respective calculated
values, 121, 111, and 94 kcal/mol (B3LYP/aVTZ//LDA/aVDZ)
and 118, 110, and 93 kcal/mol (B3LYP/aVTZ//B3LYP/aVDZ),
especially considering the large experimental uncertainties.

For the normalized and differential clustering energies, the
effect of including the entropy effects in terms of free energies
is to reduce the energies by up to 20 kcal/mol but the qualitative

observations do not change. The effect grows with increasing
cluster size as expected.

Vibrational Frequencies.Harmonic vibrational frequencies
of the metal oxygen stretches for the metal oxide clusters are
given in Table 5 at the B3LYP level. The LDA and B3LYP
frequencies are quite similar. The MdO frequencies are larger
than those of M-O as expected. For MO3, the symmetric
MdO stretching frequency of the three metal oxides are all
about 1000 cm-1. The doubly degenerate asymmetric M)O
stretch is higher than the symmetric stretch by about 80 cm-1

for Cr but is lower by about 30 cm-1 for Mo and by about 70
cm-1 for W. Experimentally, the symmetric stretching frequency
is 890(60) cm-1 for CrO3 in the gas phase13 from a photoelectron
spectroscopy measurement and the asymmetric stretching
frequency was measured as 991.3 and 968.4 cm-1 in neon and
argon matrixes, respectively.7 Our calculated values for CrO3
are 1002 and 1012 cm-1 for the symmetric stretching frequency
and 1082 and 1075 cm-1 for the asymmetric stretching
frequency at the LDA and B3LYP levels, respectively. These
values are about 100 cm-1 larger than the experimental values.
For MoO3, the symmetric stretching frequency has been
measured as 976 cm-1 in a neon matrix5b and the asymmetric
stretching frequency was measured as 923.4 and 915.8 cm-1 in
neon and argon matrixes, respectively.7 Our calculated sym-
metric stretching frequencies of 992 and 987 cm-1 for MoO3

at the LDA and B3LYP levels, respectively, are in excellent
agreement with the experimental value as are the asymmetric
stretching values of 958 and 961 cm-1 at the LDA and B3LYP
levels. We note that the order of the symmetric and asymmetric
stretching frequencies inverts between CrO3 and MoO3. The
asymmetric stretching frequency was measured as 924.3 and
918.3 cm-1 for WO3 in neon and argon matrixes, respectively,7

TABLE 5: Vibrational Frequencies in cm-1 of the Metal Oxygen Stretches for (MO3)n (M ) Cr, Mo, W; n ) 1-6) at the
B3LYP/aVDZ Level

cluster MdO M-O

CrO3 1075 (×2), 1012
Cr2O6 1114, 1106, 1104, 1072 775, 737, 722, 478
Cr3O9

ring 1114, 1104 (×2), 1100, 1078 (×2) 838 (×2), 639 (×2), 598, 570
chain 1126, 1105, 1103, 1085, 1076 846, 806, 735, 728, 674, 638, 471, 359

Cr4O12 (ring) 1112, 1103, 1102 (×2), 1099, 1087 (×2), 1077 893, 875 (×2), 617, 591, 573 (×2), 541
Cr5O15 (ring) 1112, 1104, 1103 (×2), 1098 (×2), 1092 (×2),

1080 (×2)
909 (×2), 873(×2), 596, 584 (×2), 541 (×2), 530

Cr6O18 (ring) 1111, 1103 (×3), 1096 (×2), 1095, 1094 (×2),
1083 (×2), 1078

914, 912 (×2), 861 (×2), 595, 583, 558 (×2), 531(×3)

MoO3 987, 961 (×2)
Mo2O6 1027, 1010, 1004 (×2) 713, 696, 657, 483
Mo3O9

ring 1032, 1018 (×2), 1011, 1006 (×2) 858 (×2), 658, 521 (×2), 485
chain 1046, 1014, 1009, 1005, 1004 769, 735, 695, 670, 633, 627, 465, 442

Mo4O12 (ring) 1033, 1026 (×2), 1022, 1012, 1007 (×2), 1005 925, 893 (×2), 697, 448
Mo5O15(ring) 1034, 1029 (×2), 1025 (×2), 1012, 1007 (×2),

1004 (×2)
928, 927, 880 (×2), 696

Mo6O18

ring 1035, 1030(×2), 1026(×2), 1023, 1013, 1008(×2),
1004(×2), 1003

921, 911 (×2), 856 (×2), 692

cage 1055, 1043 (×3), 1040 (×2) 849 (×2), 844 (×3), 563 (×3), 540 (×3), 531 (×3), 514 (×3)
WO3 1001, 934 (×2)
W2O6 1020, 1004, 989, 984 706, 688, 635, 501
W3O9

ring 1026, 1020 (×2), 992, 987 (×2) 863 (×2), 698, 489 (×2), 480
chain 1035, 1010, 1007, 985, 983 767, 733, 705, 657, 627, 617, 484, 483

W4O12 (ring) 1032, 1029 (×2), 1028, 993, 989 (×2), 987 928, 899 (×2), 744
W5O15 (ring) 1035 (×2), 1030 (×2), 1029, 994, 990 (×2), 987 929 (×2), 887 (×2), 743
W6O18

ring 1035, 1033 (×2), 1030 (×2), 1029, 995, 991 (×2),
987 (×2), 986

925, 916 (×2), 867 (×2), 739

cage 1038, 1029 (×3), 1026 (×2) 878 (×2), 861 (×3), 569 (×3), 557 (×3), 536 (×3), 532 (×3), 527, 512,
471 (×3), 447 (×2)
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and the calculated values of 930 and 934 cm-1 at the LDA and
B3LYP levels are in excellent agreement. This good agreement
suggests that the values of 1000 and 1001 cm-1 for the
symmetric stretch in WO3 at the LDA and B3LYP levels are
good estimates for the symmetric stretch. We note that the
splitting between the symmetric and asymmetric stretch grows
from Mo to W and that the symmetric stretch is of higher energy
in WO3. The agreement between the experimental and theoreti-
cal results is better for the heavier metal oxides consistent with
the fact that the calculations on the Cr clusters are more difficult.
For M2O6, four MdO and four M-O stretching frequencies
can be readily identified by visualization of the normal modes.
The MdO µ-oxo stretching frequencies in M2O6 are similar to
those in MO3, and the M-O stretching frequencies are 300-
500 cm-1 lower. For all three dimers, the highest frequency
stretches are all higher than that for the monomer and there is
less spread than in the monomer. For larger clusters, the metal
oxygen stretching frequencies fall into the frequency ranges
exhibited by the dimer. There is little spread in the MdO
frequencies and they are not strongly dependent on the structure.
This suggests that although one can clearly distinguish the Md
O form the M-O bonds, it will be difficult to make detailed
frequency assignments for the infrared spectra of these multi-
nuclear oxide clusters.

Excitation Energies. Table 6 lists the energy difference
between the highest occupied and lowest unoccupied molecular
orbitals from the B3LYP calculations, as well as the excitation
energies for the first singlet and triplet excited states from the
time-dependent DFT (TD-DFT) calculations. We note that the
Kohn-Sham unoccupied orbitals have a different role than do
the Hartree-Fock orbitals and the former are a good representa-
tion of the excited state.31,33 For the monomer, the HOMO-

LUMO energy gaps (3.2-3.5 eV) are about the same in the
order MoO3 > CrO3 > WO3. The actual calculated lowest
excitation energies are about 1.4-1.7 eV smaller than this
energy gap, because of the orbital relaxation upon electronic
excitation. The lowest singlet and triplet excitation energies
follow a slightly different order: CrO3 < WO3 < MoO3 with
the singlet states about 0.1-0.2 eV higher than the triplet states.
The LUMO of MO3 is dominated by d orbitals on the metal
atom. Qualitatively, the excitation to the lowest excited state
can be considered as electron transfer from the oxygen lone
pair p orbitals (see Figure 4) back to the metal d orbitals.

The HOMO-LUMO energy gap, as well as the lowest
excitation energy increases from the monomer to the dimer and
the change is larger for Mo and W than for Cr. The LUMO of
M2O6 is also dominated by d orbitals on the metal atoms. For
the (MO3)3 ring, the LUMO is a degenerate orbital as is found
for the (MO3)5 ring. For the (WO3)3 ring, there is a nondegen-
erate virtual orbital only 0.7 kcal/mol higher in energy than the
LUMO. The LUMO for the (MO3)4 (M ) Mo and W) ring is
nondegenerate, but the NLUMO is degenerate with an energy
difference between the LUMO and the next virtual orbital of
4.1 and 2.7 kcal/mol for M) Mo and W, respectively. This
suggests that there could be very low lying states for the anions
as well as suggesting that photoexcitation of the cluster could
lead to different catalytic chemistries. For the ring structures,
asn increases, the HOMO-LUMO energy gap, as well as the
lowest excitation energy reaches its maximum at aboutn ) 3
and decreases asn further increases. For M3O9, these energies
are much lower for the chain structure than for the ring structure
and those for the chain structure are fairly close to those of
M2O6. For the different conformations of Mo6O18 and W6O18,
these energies follow the order ring> cage> inverted cage.

The lowest excitation energy can be considered as an
approximation to the indirect band gap of a semiconductor, in
our case those of MoO3 and WO3. To the best of our knowledge,
the indirect band gap was measured to be 2.6 eV for WO3,59

and 3.0 eV for MoO3.60 Previously, Jena and co-workers have
used the difference between the singlet and triplet vertical
detachment energies of the anionic cluster as an approximation
to the indirect band gap, and they found this energy difference
increases as the size of the cluster increases and converges to
the indirect band gap for W atn ) 4.20 As the band gap is
related to the energy levels of the neutral clusters, it is more
appropriate to use the lowest excitation energy of the neutral
cluster as an approximation to the indirect band gap. As shown
in Table 6, the lowest excitation energy for the singlet states
converges to about 3.8 eV for the ring structures of (MO3)n

and 4.2 eV for those of (WO3)n. These values are substantially
larger than the reported indirect band gaps. However, the lowest
excitation energy for the inverted cage structure of W6O18 is
2.9 eV, which is much closer to the measured indirect band
gap of WO3 of 2.6 eV. This is consistent with the fact that this
cluster may serve as a model for the c(2×2)O-terminated (100)
WO3 surface and is closer to the bulk structure of WO3.
Furthermore, the indirect band gap of MoO3 could be smaller
than the measured value of 3.0 eV, as the lowest excitation
energy of the inverted cage structure of Mo6O18 is about 2.4
eV. Further evidence that the measured indirect band gap of
MoO3 is likely to be smaller is that the direct band gap of MoO3

has been measured as 2.9 eV.61 We note that a variety of band
gaps have been reported in the range 2.8-3.4 eV for MoO3

films,62 and 2.5-3.2 eV for WO3 films.63

Bronsted Basicities.The Brönsted basicities are listed in
Table 7. For MO3, the only possible site for the proton addition

TABLE 6: Energy Gap between the Lowest Unoccupied and
Highest Occupied Molecular Orbitals, ∆E(LUMO -HOMO),
the Excitation Energies for the First Singlet Excited State,
∆ES, and the First Triplet Excited State, ∆ET, in
Electronvolts at the B3LYP/aVDZ Level

cluster ∆E(LUMO-HOMO) ∆ES ∆ET

CrO3 3.30 1.75 1.60
Cr2O6 3.65 2.36 2.16
Cr3O9

ring 4.20 3.03 2.62
chain 2.87 1.76 1.69

Cr4O12 (ring) 4.00 2.98 2.61
Cr5O15 (ring) 4.00 2.98 2.57
Cr6O18 (ring) 3.64 2.76 2.45
MoO3 3.47 2.15 2.02
Mo2O6 4.30 3.14 3.00
Mo3O9

ring 5.08 3.97 3.55
chain 3.84 3.02 2.96

Mo4O12 (ring) 4.99 4.03 3.57
Mo5O15 (ring) 4.79 3.92 3.49
Mo6O18

ring 4.56 3.83 3.45
cage 3.98 3.08 2.62
inverted cage 3.41 2.35 2.23

WO3 3.23 1.97 1.85
W2O6 4.08 2.97 2.89
W3O9

ring 5.51 4.29 4.01
chain 3.91 3.04 3.00

W4O12 (ring) 5.39 4.40 4.03
W5O15 (ring) 5.14 4.26 3.92
W6O18

ring 4.88 4.15 3.85
cage 4.58 3.83 3.43
inverted cage 3.94 2.91 2.80
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is the oxygen as the metals are formally M(VI) centers. Thus
in the formal charge sense there is a-2e charge on the O atoms.
One would expect that the negatively charged O atoms would
strongly attract a proton. However, the proton affinities (PAs)
of the MO3 species are not that high. For CrO3, the PA is 171
kcal/mol, slightly higher than that of 165.1 kcal/mol at 298 K
for H2O.64 The PA increases to∼185 kcal/mol for MoO3 and
WO3. The reason that these PAs are not as high as might be
expected is that addition of the proton decreases theµ-oxo
character in the O to which it binds, thus destabilizes this
interaction.

For M2O6, there are two possible binding sites for the proton,
theµ-oxo oxygen and the bridge oxygen. The bridge oxygen is
less able to accept a proton than is theµ-oxo oxygen. In fact,
the PA of the bridge oxygen is even less than that of H2O, which
is not a strong base in the gas phase. The difference in the ability
of the bridge O to bind the proton as compared to that of the
µ-oxo oxygen increases from Cr to Mo and W with differences
of 8, 15, and 14 kcal/mol, respectively. The ability of theµ-oxo
oxygen in the dimer to bind the proton is less than that of the
µ-oxo oxygen in MO3 by 4 to 6 kcal/mol.

For the larger clusters, we also have to consider proton
binding to different isomers. For the ring structure of M3O9,
the results are similar to those for the dimer with theµ-oxo
oxygen having a larger PA than the bridge oxygen. There is
now only one bridge oxygen between two metal atoms and its
ability to bind a proton increases for M) Cr and decreases for
M ) Mo and W as compared to that in the dimer. The ability
of theµ-oxo oxygen to bind the proton is slightly higher for M
) Cr and comparable for M) Mo and W to that in the dimer.
The ability of the Cr cluster to bind a proton is lower than that
for the Mo or W clusters and the Mo cluster can bind a proton
slightly better than the W cluster. The chain structure of M3O9

has a uniqueµ-oxo oxygen on the central metal atom, two

bridging O atoms on each metal and twoµ-oxo oxygens on
each of the terminal metals. The singleµ-oxo oxygen on the
central atom is the least able to bind a proton of all of the
oxygens and the terminalµ-oxo oxygens are the best site for
binding the proton. The ability of the terminalµ-oxo oxygens
to bind a proton is higher than those in the monomer, the dimer,
or the ring trimer. The ability of the bridge oxygens to bind a
proton is substantially larger than that of the dimer or the ring
trimer.

Similar trends are found for larger ring clusters. For Cr, the
tetramer has a larger PA for theµ-oxo oxygen as compared to
the trimer as does the bridging oxygen. For Mo and W, the
tetramer has a slightly larger PA for theµ-oxo oxygen but a
slightly lower PA for the bridge oxygen than the trimer. Forn
) 5 for Cr, the PA of the bridge oxygen slightly decreases and
that of theµ-oxo oxygen slightly increases as compared to the
tetramer. Forn ) 5 and 6 for Mo and W, the PAs of both the
µ)oxo and bridge oxygens increase as compared to that of the
tetramer.

For n ) 6, the PAs of the cage structure are quite different
for Mo and W, whereas those of the ring and inverted cage are
rather similar. For the Mo6O18 cage, as well as the Mo6O18 and
W6O18 inverted cages, the bridge oxygen is predicted to be
protonated as compared to theµ-oxo oxygen in contrast to all
of the other structures. For the W6O18 cage, the PAs of theµ-oxo
oxygen and bridge oxygen are predicted to be comparable. The
PAs of the Mo and W cage and inverted cage compounds are
among the highest for all the clusters.

The cage clusters have a site at their center that can be
occupied by a Lewis base, in this case a monatomic anion.
Placing an O2- at the center forms the species M6O19

2- (the
Lindquist ion) and placing an F- at the center forms the species
M6O18F-. These molecules can bind protons to form the neutral
species M6O19H2 and M6O19FH as well as the anion M6O19H-.

TABLE 7: Bro1nsted Basicities in kcal/mol of (MO3)n (M ) Cr, Mo, W; n ) 1-6) at the LDA Optimized Geometries

LDA/DZVP2 B88P86/DZVP2 B3LYP/aVTZ

M ) Cr M ) Mo M ) W M ) Cr M ) Mo M ) W M ) Cr M ) Mo M ) W

n ) 1
162.4 175.0 175.8 168.8 181.2 181.7 170.9 184.5 185.4

n ) 2
dO 160.0 170.2 176.6 167.2 177.1 178.0 167.4 179.6 179.3
-O- 148.2 154.8 154.4 156.8 163.6 157.7 159.5 164.9 156.3

n ) 3
ring

dO 162.7 172.1 171.6 170.2 179.4 178.6 171.8 180.7 179.6
-O- 151.9 150.4 141.3 161.0 160.8 150.9 164.0 158.9 147.8

chain
dO, center 149.8 158.2 156.8 157.1 165.2 163.3 154.2 165.9 166.6
dO, terminal 172.1 178.1 178.8 180.3 185.6 186.0 182.9 187.3 188.3
-O- 166.9 169.4 162.9 175.8 178.1 171.4 176.9 178.1 172.0

n ) 4, ring
dO 165.3 173.1 171.9 173.3 180.3 178.9 177.3 182.7 181.3
-O- 153.5 151.1 142.9 162.9 156.6 146.4 165.6 154.8 143.4

n ) 5, ring
dO 169.4 174.1 172.6 176.4 181.4 179.5 175.7 183.5 181.5
-O- 157.5 152.6 140.9 164.8 157.2 149.6 167.2 155.8 145.7

n ) 6
ring

dO 175.2 167.6 182.6 174.0 184.6 179.5
-O- 152.0 165.9 161.4 175.9 159.5 180.1

cage
dO 167.2 172.7 173.1 179.6 178.5 181.2
-O- 172.0 141.9 181.2 150.6 186.2 146.7

inverted cage
dO 174.5 175.4 181.6 181.3 185.2 186.2
-O- 182.4 178.2 191.4 187.1 195.0 189.7
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Removal of a proton from these molecules corresponds to the
acidity of these species. We have previously shown that one
can calculate quite reliable acidities with the approach that
we are have used.65 The acidities are given in Table 8. We
predict that the acidities of M6O19H2 and M6O19FH to be quite
low, making them very strong gas phase acids. For compari-
son, the acidity of H2SO4 is calculated to be 310.9 kcal/mol.65

For Mo and W, we predict the acidity of M6O19H2 to be
273 and 267 kcal/mol, respectively, at the B3LYP level. These
values are similar to the first acidity of PW12O40H3 of
256-258 kcal/mol depending on the site at the DFT level
with the B88P86 gradient corrected functional.66 For M6O18-
FH, we predict respective values of 259 and 265 kcal/mol for
Mo and W. It is useful to note that these very acidic sites are
almost overlapping with the basicities of the most basic
molecules such as the imidazoles, suggesting that very basic
neutral molecules could abstract a proton from these acids. The
second acidities for these species (loss of a proton from
M6O19H-) are also quite high, 355 and 347 kcal/mol for Mo
and W, respectively. These can be compared, for example, to
the acidities of H2O and H2CO3 which are 383.7 and 331.3
kcal/mol, respectively.58,65 They can also be compared to the
loss of a proton from PW12O40H2

- in the range 316-322 kcal/
mol depending on the site with the B88P86 gradient corrected
functional.44

Lewis Acidities. Table 9 lists the fluoride affinities of these
species. The fluoride affinities of MO3 are quite high, 125, 137,
and 147 kcal/mol, respectively. Thus the W site is the strongest
Lewis acid site. These fluoride affinities are higher than the
fluoride affinities of some of the very strong Lewis acids such
as SbF5, showing the strong Lewis acid character of an MO3

site.23 The fluoride affinities of the dimers are substantially
smaller than that of the monomer. There are two possible sites
for the F- to bind, one at the metal and one bridging between
the two metals. The binding of F- is preferred at the metal as
compared to the bridging site by a substantial amount. Again,
the Lewis acidity of the W dimer is the highest among the three
metals. In fact the fluoride affinity of W2O6 is still higher than
that for SbF5. However, the FA of Cr2O6 is much lower, so this
dimer is not a very strong Lewis acid. The fluoride affinity of
the trimers is of interest because of the ring and the chain
structures. For the Cr3O9 ring, the FA is lower than that of the
dimer and it is not a very strong Lewis acid. For the Cr3O9

chain, the FA has substantially increased for the terminal Cr.
For the Mo3O9 ring, the FAs for the bridging site and the
terminal MO2 site are comparable. The FA for the Mo central
site in Mo3O9 chain is substantially less than that of the terminal
site and the terminal site has an FA higher than that for the
ring structure. The same holds for W3O9 with a substantial value
of 127 kcal/mol for the terminal site in the chain structure and
a value of 116 kcal/mol for the terminal MO2 site in the ring.
The FAs of the larger ring clusters are slightly higher than those
of the ring trimer. For Cr, the FA of the bridge site is lower
than that of the terminal MO2 site, although their difference
gets smaller as n increases. For Mo and W, the FA of the bridge
site is comparable to that of the terminal MO2 site. Forn ) 6,
the FAs at the center of the cages are 135 and 145 kcal/mol,
only slightly lower than those for MoO3 and WO3. This shows
the strong Lewis acid character of the vacancy at the center of
the cage. The FAs at the inverted metal centers of the inverted

TABLE 8: Bro1nsted Acidities in kcal/mol of M6O19H2,
M6O19H- and FM6O18H (M ) Mo, W) at the LDA
Optimized Geometries

cluster
LDA

DZVP2
B88P86
DZPV2

B3LYP
aVTZ

Mo6O19H2 261.4 269.8 273.4
Mo6O19H- 342.3 350.1 355.1
Mo6O18FH 258.7 268.0 258.7
W6O19H2 255.3 264.5 266.7
W6O19H- 335.1 343.5 347.4
W6O18FH 252.1 261.3 265.1

TABLE 9: Fluoride Affinities (Lewis Acidities) of (MO 3)n (M ) Cr, Mo, W; n ) 1-6) at the LDA Optimized Geometries

LDA/DZVP2 B88P86/DZVP2 B3LYP/aVTZ

M ) Cr M ) Mo M ) W M ) Cr M ) Mo M ) W M ) Cr M ) Mo M ) W

n ) 1
120.5 128.3 136.3 121.2 129.9 138.2 124.5 137.2 147.4

n ) 2
terminal 89.2 106.0 125.7 91.0 107.1 121.5 89.2 108.6 121.2
bridge 69.1 83.2 67.3 75.7 68.7 76.6

n ) 3
ring

terminal 87.4 103.0 113.0 89.2 103.9 113.7 86.9 102.4 116.2
bridge 77.9 106.5 116.3 74.8 100.2 109.6 70.1 100.6 111.7

chain
terminal 99.2 112.6 124.8 103.9 114.4 126.3 104.2 113.1 126.8
center 94.1 103.0 94.1 102.6 91.0 103.1

n ) 4, ring
terminal 92.3 106.0 115.6 92.6 106.2 116.0 89.1 106.8 118.4
bridge 94.5 119.6 129.5 87.6 109.9 120.3 82.2 106.2 118.7

n ) 5, ring
terminal 96.3 107.3 116.5 95.2 107.1 116.4 91.1 108.1 119.5
bridge 101.2 118.8 129.4 94.1 110.2 120.1 87.7 109.7 122.1

n ) 6
ring

terminal 108.5 117.3 107.9 117.5 109.3 119.9
cage

terminal 81.8 87.4 82.6 87.2 84.0 89.1
center 145.1 154.5 133.8 142.2 134.5 144.9

inverted cage
inverted metal 156.8 170.0 155.7 169.4 161.2 175.9
MdO 76.8 81.0 79.7 81.5 79.5 82.0
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cages are 161 and 176 kcal/mol for Mo and W, respectively,
much higher than those for MoO3 and WO3. These values are
some of the highest known fluoride affinities and are indicative
of a site with very strong Lewis acid character. This is consistent
with the stability of the polymetalloxalates and the fact that they
are very strong gas phase acids. For the three different M6O18F-

structures, that with the F- at the center of the cage is the most
stable for M) Mo and W. The structure with the F- at the
inverted metal center of the inverted cage is 17 and 6 kcal/mol
higher in energy than the most stable structure for M) Mo
and W, respectively, whereas that with the F- at the terminal
MO2 site of the ring structure is 11 and 58 kcal/mol higher in
energy.

Conclusions

The group VIB metal oxide clusters, (MO3)n (M ) Cr, Mo,
W; n ) 1-6), have been studied. Equilibrium geometries and
vibrational frequencies were obtained at the local and nonlocal
density functional theory (DFT) levels, whereas the energetics
were calculated at gradient-corrected DFT levels, namely with
the B3LYP and B88P86 functionals. Two types of conforma-
tions, the ring and the chain, were calculated, with the ring being
more stable. The calculations predict very weak binding in the
chain structure of (CrO3)n (n ) 4-6). For M6O18, two additional
conformations were obtained, the cage and the inverted cage,
with the cage structure being the most stable for W, slightly
higher in energy than the ring structure for Mo, and the most
unstable for Cr. Both normalized and differential clustering
energies were calculated for the metal oxide clusters. The
normalized clustering energies for the ring structures increase
as the size of the cluster grows and they appear to be converging
for Cr, whereas the convergence is slower for Mo and W. The
differential clustering energies of the ring structures, however,
decreases as the size of the cluster increases and they appear to
be converging for Mo and W, but not for Cr. Both clustering
energies increase from Cr to Mo to W. Calculations of the
Brönsted basicites and Lewis acidities predict these clusters to
be weak Bro¨nsted bases and strong Lewis acids. Their basicities
are similar to that of H2O and the bridge oxygens are often less
basic than theµ-oxo oxygens. The Lewis acidities of many of
these clusters are stronger than those of strong Lewis acids such
as SbF5 and they appear to decrease as the size of the cluster
increases. An exception is that the cage structure of M6O18

appears to have Lewis acidities nearly identical to those of MO3.
We have also predicted clusters of the form M6O19H2 and
M6O18FH to be very strong acids. This is due to the stability of
the polymetalloxalates. The results show that these clusters can
be very strong Lewis acids and so can easily accept a lone pair
in a catalytic process. This is critical to the first steps in catalytic
processes such as oxidative dehydrogenation of alcohols where
the alcoholic oxygen can readily bond to the metal center and
we will describe details of the potential energy surfaces of such
processes in later publications.
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