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The structure and bonding in [M2O7]n- anions of the early transition metals V, Nb, Ta, Mo, and W have been
investigated by density-functional methods. Several molecular conformations have been tested in geometry
optimizations, and systems with a linear M-O-M bridge have been the only structures obtained for V, Nb,
and Ta, and the most stable configurations for Mo and W. Molecular-orbital analysis has indicated that multiple
bonds are formed between the metal and both bridging (Ob) and terminal (Ot) oxygen atoms. However, it has
been found that M-Ob interactions are characterized by bond lengths and bond orders that are typical of a
single M-O bond. The results from population analysis (Mulliken charges and Mayer bond indices) have
suggested that the repulsive interactions between the ends of the molecules may be a more important structural
factor in determining the configuration of the bridge than M-Ob π bonding is.

Introduction

Vanadium, molybdenum, tungsten, and to a lesser extent
niobium and tantalum stand out among the transition metals in
their ability to form polymeric oxoanions. These polyoxoanions
or polyoxometalates constitute an immense class of compounds
in number and diversity1,2 and exhibit remarkable chemical and
physical properties, their actual and potential applications
spanning a variety of fields, including medicine, catalysis, solid-
state technology, and chemical analysis.2-4

The structures of polyoxometalates can be characterized as
an assemblage of MOx coordination polyhedra, the octahedron
being the most commonly observed constituent unit.1 However,
the simplest polyoxoanions, namely the dinuclear [M2O7]n-

species, consist of two corner-sharing tetrahedra, and therefore
contain only four-coordinate metal centers.

The existence of discrete [M2O7]n- anions has been experi-
mentally confirmed only for V5,6 and Mo,7-9 among the
polyanion-forming transition metals, but unlike the case of the
larger polyoxometalates, it is not limited to these elements. The
Cr species, [Cr2O7]2-, is arguably the best known dinuclear
oxoanion, and crystal structures for several main-group systems
have also been reported.10,11

Although computational studies of transition-metal [M2O7]n-

anions have concentrated on dichromate,12-14 some calculations
on the V, Nb, Ta, Mo, and W systems have been reported.12,15,16

Considerable attention has been focused on the molecular
structures of the oxoanions, as experimental data for crystals
have revealed a diversity of conformations in the solid state.
Also, investigations of the vibrational12,16and electronic12 spectra
of some species have been performed. Notably, descriptions of
the chemical bonding in these anions (based on computational
results) are scarce and, to the best of our knowledge, limited to
a Mulliken population and density analysis of [Mo2O7]2- and
[W2O7]2- 12 and a discussion of the importance of d-p orbital

interactions in determining the preferred geometry of the
M-O-M bridging unit.16

In the present work, the results of density-functional inves-
tigations on [V2O7],4- [Nb2O7],4- [Ta2O7],4- [Mo2O7]2-, and
[W2O7]2- are reported. The optimized molecular geometry of
the oxoanions is utilized to assess the performance of the
computational methods employed, and a detailed account of the
nature of the M-O chemical bonds, based on molecular-orbital
and population analyses including bond-order indices, is pre-
sented.

Computational Approach

The density-functional (DF) calculations reported in this work
were performed with the ADF17 density-functional code and
with the GAMESS-UK18 suite of quantum chemistry programs.
Functionals based on the Vosko-Wilk-Nusair (VWN)19 form
of the local density approximation (LDA),20 and on a combina-
tion (BP86) of Becke’s 1988 exchange21 and Perdew’s 1986
correlation22 corrections to the LDA, and basis sets of triple-ú
(tz) quality incorporating frozen cores and the ZORA relativistic
approach17 were utilized in ADF calculations. The B3LYP23

functional and basis sets of double-ú (dz) quality and of the
effective-core-potential24-26 type were employed in GAMESS-
UK calculations. Bond indices were obtained according to
Mayer’s definition,27,28 with a program29 designed for their
calculation from the ADF output file. Molecular-orbital graphics
were generated with the MOLDEN program.30

Results and Discussion

Molecular Structures. Geometry optimizations of conforma-
tions with D3h, C2V (syn and anti),D3d, Cs, andC2 symmetry
(Figure 1) were performed for all five [M2O7]n- systems. The
relative total energies of the conformers are given in Table 1,
and a comparison of calculated and (available) experimental
values for the structural parameters is presented in Tables 2
and 3. It should be noted that the results of the present
calculations correspond to isolated molecules and do not include
any solid-state effects. However, data for the anions are only
available from studies of crystalline phases.
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Three different density-functional approaches were utilized
for the geometry optimizations of theD3d andD3h conformers.
Although a direct comparison of calculation and experiment is
not possible due to the aforementioned discrepancies, it is
observed that (where experimental information is available) the
LDA results are, in general, more satisfactory than those
obtained with BP86 and B3LYP methods, the bond lengths from
LDA calculations being closest to the crystal-structure param-
eters. In species with relatively high negative charges, bond
distances predicted by gas-phase calculations can be expected

to be longer than the corresponding solid-state values, and in
these cases the well-known overbinding character of the LDA31

may introduce some favorable cancellation, and therefore, better
geometries (than those yielded by more elaborate functionals)
can be obtained, as shown by the present results and also by
recent work on main-group and transition-metal [MO4]n-

anions.32

In view of the results forD3d andD3h conformations, only
LDA optimizations were carried out on the systems with bent
M-O-M bridging units, and the vast majority of the results
reported throughout this work are based on LDA/tz calculations.
Nevertheless, because the LDA is known to be not as reliable
for thermochemistry as the B3LYP functional is,31 relative
energies have also been determined by performing single-point
B3LYP calculations at LDA geometries. It is worth noting that,
although the differences are quantitatively significant (as
expected), the agreement between LDA and B3LYP calculations
is remarkably good on a qualitative basis, given the considerably
small energies involved.

For the systems with the highest negative charge ([V2O7]4-,
[Nb2O7]4-, [Ta2O7]4-), only structures containing a linear
M-O-M moiety were obtained (optimizations that were started
from a C2, C2V, or Cs conformation converged to aD3h or D3d

configuration), and the staggered conformation was found to

Figure 1. Structural schemes (left) for [M2O7]n- conformers (M: open
circle; O: full circle) and projections (right) along the M-M axis.

TABLE 1: Relative Total Energies (kJ mol-1) of Optimized
Molecular Structuresa

molecule symmetry LDA B3LYP

[V2O7]4- D3d 0.00 0.00
D3h 1.03 1.92

[Nb2O7]4- D3d 0.00 0.00
D3h 0.85 2.90

[Ta2O7]4- D3d 0.00 0.00
D3h 1.20 2.27

[Mo2O7]2- D3d 0.00 0.00
D3h 0.35 1.44
C2V,anti 1.04 3.70
C2 1.45 5.21
Cs 1.83 4.27
C2V,syn 2.46 8.68

[W2O7]2- D3d 0.00 0.00
D3h 0.26 1.15
C2V,anti 1.28 3.54
C2 1.74 4.90
Cs 1.85 4.68
C2V,syn 2.64 7.81

a The most stable conformer was chosen as reference.

TABLE 2: Structural Parameters (M -O Distances in
Picometers, M-O-M and O-M-O Angles in Degrees) for
the Species with Linear M-O-M Units

molecule parameter LDA BP86 B3LYP experiment

[V2O7]4- M-Ob 186 190 188 176-18235-37

M-Ot 171 173 171 165-172
Ot-M-Ob 111 111 111 104-110
Ot-M-Ot 108 108 108 110-113

[Nb2O7]4- M-Ob 200 204 203
M-Ot 185 187 186
Ot-M-Ob 111 111 111
Ot-M-Ot 108 108 108

[Ta2O7]4- M-Ob 200 202 201
M-Ot 186 189 186
Ot-M-Ob 111 111 111
Ot-M-Ot 108 108 108

[Mo2O7]2- M-Ob 190 193 193 1849

M-Ot 175 177 176 169-170
Ot-M-Ob 110 110 110 109-110
Ot-M-Ot 109 109 109 109-110

[W2O7]2- M-Ob 191 193 193
M-Ot 177 179 176
Ot-M-Ob 110 110 110
Ot-M-Ot 109 109 109

TABLE 3: Structural Parameters (M -O Distances in
Picometers, M-O-M and O-M-O Angles in Degrees) for
the Species with Bent M-O-M Units

molecule parameter LDA experiment

[Mo2O7]2- M-Ob 191 182-1957,8

M-Ot 175 168-179
Ot-M-Ob 110 109-110
Ot-M-Ot 109 109-110
M-O-M C2V,anti 161

C2V,syn 152
C2 154 154
Cs 153 160

[W2O7]2- M-Ob 191
M-Ot 177
Ot-M-Ob 110
Ot-M-Ot 108
M-O-M C2V,anti 163

C2V,syn 154
C2 156
Cs 154
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be slightly more stable. Although diniobate and ditantalate
species have not been prepared, several experimental studies
of divanadates have reported structures ofD3d symmetry
(nevertheless, the M-O-M angle values observed in crystals
span a considerably wide range, V-O-V: 117-180° 5,6). The
results of the present work agree with those of previous
Hartree-Fock (HF) and DF16 calculations of the V, Nb, and
Ta dimetalate ions, which have also yielded, exclusively, the
D3d andD3h conformers.

In the case of [Mo2O7]2- and [W2O7]2-, the geometry
optimizations for all six molecular conformations investigated
were successful. The results in Table 1 indicate that, although
dimolybdates and ditungstates with a linear M-O-M unit
should be more stable than those possessing a bent bridge, the
differences are too small for definitive conclusions to be drawn.
Moreover, these results do not agree completely with previously
reported DF calculations,16 which have also shown similarly
small differences in the relative stabilities of the conformers
but have suggested that the systems with a bent M-O-M
moiety should be the most stable structures. As in the Nb and
Ta cases, discrete ditungstate molecules are not known. How-
ever, materials containing [Mo2O7]2- ions with D3d,9 C2,7 and
Cs

8 configurations have been synthesized.
For the V and Mo systems, where experimental data are

available, the calculated geometry for the isolated molecules
compares reasonably well with the parameters from the crystal
structures. In general, M-O-M and O-M-O angles and
terminal-bond distances are closely reproduced by the calcula-
tions, whereas bridging-bond lengths tend to be somewhat longer
than the corresponding experimental results. In addition, it is
worth noting that calculations predict that the M-O bond
distances in Mo and W species are essentially equal, regardless
of the molecular conformation of the anion.

Amado and Ribeiro-Claro16 have recently reported compu-
tational results for a series of group 5-7 transition-metal
[M2O7]n- systems and have suggested that linearity of the
M-O-M bridging unit appears to be particularly favorable for
V, Nb, and Ta (over group 6 and 7 elements) primarily as a
consequence of strongerπ-type M d-O p orbital interactions
in these species, although some consideration was also given
to the effect of the total charge of the oxoanions. In the present
work, we have carried out detailed molecular-orbital and
population analyses to gain insight into the influence of the
electrostatic and bonding interactions on the molecular structures
of the [M2O7]n- anions. The results obtained are discussed in
the next two sections.

Molecular-Orbital Analysis. Eigenvalue diagrams for the
occupied valence levels inD3d andCs conformers are shown in
Figure 2. A comparison of absolute orbital eigenvalues is not
possible due to the differences in the total charge of the systems.
Therefore, molecular-orbital energies are given relative to a
value of 0.0 eV assigned to the 1a2g (D3d) and 13a′′ (Cs) orbitals,
which constitute the highest-occupied level (HOMO) and are
purely O p in character, in all species. Qualitative diagrams for
D3d andCs species are shown in Figures 3 and 4, respectively.
It should be noted that these molecular-orbital schemes are
entirely qualitative, and no accurate quantitative correlation
exists among the positions of the atomic and molecular energy
levels. The diagrams are intended to summarize the most general
and representative characteristics of the electronic structure of
the oxoanion series studied, by highlighting the major atomic
contributions to the molecular orbitals.

All the molecular-orbital diagrams possess a common (quali-
tative) characteristic in that they consist of two sets of energy

levels, separated by a gap of about 10 eV. Only (quantitatively)
small differences can be detected among the individual anions,
mainly some stabilization of the orbital energies in Mo and W
species with respect to those of the Nb and Ta systems,
associated with the increase of the metal nuclear charge and
decrease of the total molecular charge. In dimolybdates and
ditungstates, the electronic structures of the different conformers
are all (qualitatively and quantitatively) remarkably similar,
whether the M-O-M bridge is linear or bent.

The orbitals comprising the low-lying set are predominantly
of O s (both Ob and Ot) character and, thus, are nonbonding.
Two subsets can be distinguished in the high-lying group,
although some overlap between them is observed, especially in
the V, Nb, and Ta oxoanions. The higher-energy levels
correspond to nonbonding combinations of p-type functions
from Ob and Ot atoms, whereas the lower-energy levels are
composed of orbitals incorporating significant contributions from
both the metal and oxygen atoms, thus representing M-O
bonding interactions.

Some details of the composition of the M-O bonding orbitals
are given in Figures 3 and 4, and spatial electron-density plots
for the orbitals involving the bridging-O atom are shown in
Figures 5 and 6 forD3d andCs species, respectively (these plots
correspond to Mo anions but are representative of all systems).
All molecular orbitals in this subset possess M d and O p
character, and there are no significant contributions from metal
s or p orbitals, or from oxygen s-type functions. The lowest-
lying orbital (4a2u (D3d) and 12a′ (Cs)) describes aσ bond over
the M-O-M bridge, whereas the seven highest-lying orbitals
represent interactions between the M and Ot centers, with no
appreciable Ob contributions. The two remaining orbitals (3eu

Figure 2. Eigenvalue (eV) diagram for occupied valence orbitals of
systems with linear (D3d) and bent (Cs) M-O-M bridging units.
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(D3d), 13a′ and 5a′′ (Cs)) correspond to the M-Ob-M π bonds,
but they are also substantially delocalized over the M-Ot

groups.
The M-O-M bridge can be described, in terms of molecular-

orbital theory, as a three-center triple bond, and a bond order
of 1.5 could in principle be ascribed to the individual M-Ob

interactions. Multiple-bonding character in the M-Ot groups
is also revealed by the molecular-orbital analysis. However, the
bridging-bond lengths are considerably longer than the terminal-
bond distances, and they are, in fact, more typical of a single
M-O bond.6 This point is discussed further in the next section.

Population Analysis. Results obtained from Mulliken and
Mayer analyses are summarized in Tables 4-7. It is worth
noting that, although these methods are known to exhibit basis-
set dependence, (relative) Mulliken charges and Mayer bond
indices can provide valuable chemical information for inorganic
systems, if uniformity and consistency of the basis sets are
maintained.33 Furthermore, Mulliken analysis has been described
as “not an arbitrary choice ... but consistent with the internal
structure of the molecular-orbital formalism”.27

Mulliken charges for metal and oxygen atoms are given in
Table 4, where they are compared with the results from Voronoi
analysis. The absolute charges are different, the latter being
somewhat larger, but the relative values (the most useful
chemical data) display a similar behavior. The populations of
the metal basis functions have been calculated, for each type
of orbital, by dividing the corresponding total percentage
population by the number of orbitals, and are shown in Table
5. The almost exclusive participation of metal d orbitals in M-O

bonding in the [M2O7]n- anions, evident in the results from the
molecular-orbital analysis, is clearly shown by the population
figures, the values per individual d-type function being, on
average, 6 or 7 times greater than those for s and p orbitals.
The Mulliken charges on the M atoms are all rather small,
especially when compared with the formal oxidation states, and
correspond to d3 or d4 electronic configurations for the metal
centers (in contrast to the formal d0 assignment).

Some trends are worthy of comment and can be summarized
by noting that the charges on the metal atoms increase across
a given row and downward in each group. The first trend reflects
the increase in formal oxidation state, and has also been observed
for [MO4]n- anions of several transition metals.32 However, the
second trend contradicts the results of HF calculations on the
Mo and W oxoanions.12 This disagreement may simply be the
consequence of computational effects associated with the basis-
set dependence of Mulliken charges. Nevertheless, there is an
important difference between these HF calculations and our DF
approach, which lies in the explicit use of a relativistic treatment,
included in the present work (via the ZORA method) but not
in the HF investigation.12 Thus, the higher charges on Ta and
W (than on Nb and Mo) appear to correlate with changes in
the populations of s and d orbitals (which increase and decrease,
respectively) that can be related to the relativistic stabilization
of the former and destabilization of the latter in 5d transition
metals.34 This reduction in Ta and W d-orbital populations (with
respect to those of Nb and Mo) is greater than the increase in
s-orbital populations and results in higher values for the
Mulliken charges.

Figure 3. Qualitative molecular-orbital diagrams showing (a) pre-
dominant metal and oxygen contributions to the occupied valence
orbitals ofD3d conformers and (b) a more detailed description of the
orbitals possessing substantial M and O character (for da, dz2; for de:
dx2-y2, dxy, dxz, dyz).

Figure 4. Qualitative molecular-orbital diagrams showing (a) pre-
dominant metal and oxygen contributions to the occupied valence
orbitals of Cs conformers and (b) a more detailed description of the
orbitals possessing substantial M and O character.
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The Mulliken charges on the Ob atoms are similar in all
systems, and those on the Ot atoms are about 0.2 units smaller
for the Mo and W anions than they are for the Nb and Ta spe-
cies (a natural-population analysis ofD3d dimolybdates and
ditunsgates has yielded similar relative O charges12). These
results indicate that the excess negative charge in the latter
appears to accumulate on the two terminal O3 groupings, and
therefore suggest that the electrostatic repulsion between them
should be an important factor in the apparently strong preference
for linear-bridge conformations shown by the Nb and Ta
dimetalates. Mayer bond orders are given in Table 6, and an
analysis of the different orbital contributions to the indices for
bridging bonds, grouped by symmetry types, is presented in
Table 7. Also included in Table 6 is a comparison between the
Mayer values and the results obtained with a bond-valence
model based on the following relationship6

wheres is the bond valence,d0 is the single-bond length,B
defines the slope of the bond length-bond valence functions,
andd is a calculated bond distance. In general, the Mayer values
are in good agreement with those from the classical model. All
results lie within the typically observed deviation range of 0.2-
0.3 units from bond-valence values, the largest differences

occurring in terminal Nb-O and Ta-O bonds, and bridging
Mo-O and W-O bonds.

The Mayer indices clearly show the multiple-bonding char-
acter of terminal bonds, but not of bridging bonds, in accordance
with the significant differences observed between M-Ob and
M-Ot distances. Although the molecular-orbital analysis reveals
multiple bonds between M and Ob atoms, the orbitals corre-
sponding toπ interactions along the M-O-M moiety extend

Figure 5. Spatial molecular-orbital representation of the (a)σ (4a2u

orbital) and (b) and (c)π (3eu orbitals) M-O interactions involving
the bridging-oxygen atom, inD3d conformers.

log s ) (d0 - d)B

Figure 6. Spatial molecular-orbital representation of the (a)σ (12a′
orbital) and (b) and (c), respectively,π (12a′ and 5a′′ orbitals) M-O
interactions involving the bridging-oxygen atom, in Cs conformers.

TABLE 4: Mulliken and Voronoi Charges

Mulliken Voronoi

molecule symmetry M Ob Ot M Ob Ot

[V2O7]4- D3h, D3d 1.40 -0.94 -0.98 2.02 -1.13 -1.15
[Nb2O7]4- D3h, D3d 1.46 -1.02 -0.98 2.78 -1.41 -1.36
[Ta2O7]4- D3h, D3d 1.58 -1.03 -1.02 2.93 -1.46 -1.40
[Mo2O7]2- D3h, D3d 1.87 -0.98 -0.79 2.96 -1.31 -1.10

C2V, C2, Cs 1.87 -0.99 -0.80 2.96 -1.30 -1.10
[W2O7]2- D3h, D3d 2.01 -1.02 -0.84 2.22 -1.39 -1.18

C2V, C2, Cs 2.01 -1.02 -0.84 3.21 -1.38 -1.17

TABLE 5: Populations of Metal Basis Functions, Given as
Percentage per Individual Orbital

molecule symmetry s p d

[V2O7]4- D3h, D3d 1.9 3.4 17.6
[Nb2O7]4- D3h, D3d 2.0 3.3 17.6
[Ta2O7]4- D3h, D3d 5.8 2.9 17.1
[Mo2O7]2- D3h, D3d 0.0 2.3 18.6

C2V, C2, Cs 0.0 2.3 18.6
[W2O7]2- D3h, D3d 3.5 2.3 17.9

C2V, C2, Cs 3.5 2.3 17.9

Dinuclear Oxoanions of V, Nb, Ta, Mo, and W J. Phys. Chem. A, Vol. 105, No. 29, 20017115



over the whole molecular structure, and the small value of the
M-Ob bond order indicates that this extensive delocalization
of the electron density must have an important weakening effect
on the bonding along the bridging unit, which is observed
through (unexpectedly) long M-Ob bonds.

For the species with a linear bridge, it is possible to separate
the σ and π contributions to M-Ob bonds by calculating a2u

and eu indices, respectively (in order to ensure that the partial
values add up to the total bond order, small contributions to
theσ index have to be included, and this is represented as (a1g+)
a2u in Table 7). The results obtained for the eu index agree with
the suggestion that the conformations with a linear bridge are
preferred by group 5 elements due to more favorableπ-type
interactions between metald and bridging-oxygen p orbitals.
However, the differences between the two groups are small,
and it is therefore likely that the repulsions between the terminal
O3 groupings may be as, or even more, important as the orbital
interactions in determining the structural preferences. A factor
that seems to reinforce the effect of repulsive interactions is
found in the identical bond-order results for theD3d and Cs

conformers of the Mo and W anions (it should be noted that
both total and partial values are identical, as the correspondence
between the symmetry types is a2u, a′ and eu, a′ + a′′). This
suggests that the M-Ob bonding interactions in these species
are largely unaffected by bending.

Conclusion

The molecular and electronic structures of the [M2O7]n-

anions of V, Nb, Ta, Mo, and W have been studied by density-
functional methods. Among the possible conformations inves-
tigated, only those exhibiting a linear M-O-M bridge have
been found for V, Nb, and Ta, and although they have also
been calculated to be the lowest-energy configurations for Mo
and W, in these cases, the species with linear bridging units
are only slightly more stable than those possessing a bent
M-O-M moiety.

The molecular-orbital analysis has indicated that all M-O
interactions possess M d-O p character, and that multiple bonds
are formed between the metal and both bridging and terminal
oxygen atoms. The multiple-bonding nature of M-Ot interac-

tions has been confirmed by the bond-order values obtained.
However, possibly due to a weakening effect associated with
electron delocalization, M-Ob interactions are characterized by
bond lengths and bond orders that are typical of a single M-O
bond.

The results from population analysis (Mulliken charges and
Mayer bond indices) have revealed that most of the negative
charge in the oxoanions resides on the terminal O3 groupings
and that bending of the M-O-M bridge does not appear to
affect the nature of the M-Ob bonds. These observations have
led us to the conclusion that repulsive interactions between the
ends of the molecules may play a more important role in
determining the structural preferences observed for the oxoan-
ions than M-Ob π bonding does.
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