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The structure and bonding in f@;]"~ 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 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 bridgingd@d terminal (§ oxygen atoms. However, it has

been found that MO, 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-®8, 7 bonding is.

Introduction interactions in determining the preferred geometry of the
, M—O—M bridging unit1®

_Vanadium, molybdenum, tungsten, and to a lesser extent |, the present work, the results of density-functional inves-
niobium and tantalum stand out among the transition metals in tigations on [MO7],4 [Nb,07],% [Ta:07],4~ [M0,0;]2-, and
their ability to form polymerlc oxoanions. These polyoxoanions [W,07]2~ are reported. The optimized molecular geometry of
or polyoxometalates constitute an immense class of compoundshe gxoanions is utilized to assess the performance of the
in number and diversity” and exhibit remarkable chemical and  ¢omputational methods employed, and a detailed account of the
physical properties, their actual and potential applications nagre of the M-O chemical bonds, based on molecular-orbital
spanning a variety of fields, including medicine, catalysis, solid- 5 population analyses including bond-order indices, is pre-
state technology, and chemical analysis. sented.

The structures of polyoxometalates can be characterized as
an assemblage of M@oordination polyhedra, the octahedron Computational Approach

i)heéngi :ESI ;r;)s; glc;rg)gg:li)é r?ssiglrig I;ophséltgﬁﬁ 3;"{3‘;&’? The density-func'gional (DF) calcula_tions rep_orted in this work
> it of two cornér-sharin tetrahedra. and therefordVEre performed with the_AD“Ii densny-functlo_nal code and
species, consist of two « g ’ with the GAMESS-UKS® suite of quantum chemistry programs.
contain ohly four-coo.rdlnate metal cemers. . Functionals based on the VoskVilk —Nusair (VWN) form
The existence of discrete [i@;]" anions has been experi- ot the |ocal density approximation (LD/&,and on a combina-
mentally confirmed only for ¥ and Mo/™® among the g, (BP86) of Becke’s 1988 excharfdeand Perdew’s 1986
polyanion-forming transition meta_ls,_ but unlike the case of the . relatioR2 corrections to the LDA, and basis sets of trile-
larger polyoxometalates, it is not limited to these elements. The () quality incorporating frozen cores and the ZORA relativistic
Cr species, [GIO7]*", is arguably the best known dinuclear  anhr0ack were utilized in ADF calculations. The B3LYP
oxoanion, and crystal structures for several main-group systemsg,nctional and basis sets of doutiletdz) quality and of the
have also been reportée:* effective-core-potenti&t26 type were employed in GAMESS-
Although computational studies of transition-metab{d]"~ UK calculations. Bond indices were obtained according to
anions have concentrated on dichromdté? some calculations  Mayer's definition2”-28 with a program® designed for their
onthe V, Nb, Ta, Mo, and W systems have been repéf€t®  calculation from the ADF output file. Molecular-orbital graphics
Considerable attention has been focused on the moleculanyere generated with the MOLDEN prografh.
structures of the oxoanions, as experimental data for crystals
have revealed a diversity of conformations in the solid state. Results and Discussion
Also, investigations of the vibratiori@i*®and electroni¥ spectra Molecular Structures. Geometry aptimizations of conforma-
of some species have been performed. Notably, descriptions of.. . ' .
the chemical bonding in these anions (based on computationaltlons with Dan, Cz, (Syn and anti) Dsq, G, andC; symmetry

- (Figure 1) were performed for all five [MD7]"~ systems. The
;eiﬂulitlﬁ?(:;epiﬁ:giggdéég ?SHZ?t;tg;;;;izng]yv[l;&g]Sj l;z:;Ed t© relative total energies of the conformers are given in Table 1,

o 12 : . : . and a comparison of calculated and (available) experimental
[W207] and a discussion of the importance ofplorbital values for the structural parameters is presented in Tables 2

and 3. It should be noted that the results of the present
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Figure 1. Structural schemes (left) for [MD;]" conformers (M: open
circle; O: full circle) and projections (right) along the-MM axis.

TABLE 1: Relative Total Energies (kJ mol™) of Optimized

Molecular Structures?

C

molecule symmetry LDA B3LYP
[V207]% D3y 0.00 0.00
Dan 1.03 1.92
[Nb,O7]4~ Daq 0.00 0.00
D 0.85 2.90
[Ta07]4 Daq 0.00 0.00
Dan 1.20 2.27
[Mo,07]> Daq 0.00 0.00
Dan 0.35 1.44
Copanti 1.04 3.70
C 1.45 5.21
Cs 1.83 4.27
Cau,syn 2.46 8.68
[W207] 2= D3qg 0.00 0.00
Dan 0.26 1.15
Covanti 1.28 3.54
C, 1.74 4.90
Cs 1.85 4.68
Covsyn 2.64 7.81

a2 The most stable conformer was chosen as reference.

Three different density-functional approaches were utilized
for the geometry optimizations of tHesy andDg, conformers.

Bridgeman and Cavigliasso

TABLE 2: Structural Parameters (M —O Distances in
Picometers, M—O—M and O—M —0O Angles in Degrees) for
the Species with Linear M—O—M Units

molecule  parameter LDA BP86 B3LYP  experiment

V2014 M-0p 186 190 188 176182537
M—0; 171 173 171 165172
O-M-0, 111 111 111 104110
O—-M-0O; 108 108 108 116113

[Nb, O+ M—0 200 204 203
M—0 185 187 186
O-M-0, 111 111 111
O—M-0O, 108 108 108

[Ta;07]*~ M-0p 200 202 201
M—0 186 189 186
O-M-0, 111 111 111
O—-M-0, 108 108 108

[M0,07]2~ M—0 190 193 193  18%
M—0 175 177 176 169170
O-M-0, 110 110 110 109110
O—-M-0, 109 109 109 109110

W01 M-0, 191 193 193
M—0y 177 179 176
O-M-0, 110 110 110
O—M-0; 109 109 109

TABLE 3: Structural Parameters (M —O Distances in
Picometers, M—O—M and O—M —0O Angles in Degrees) for
the Species with Bent M-O—M Units

molecule parameter LDA experiment
[Mo,0O7)% M-0, 191 182-195'8
M—0 175 168-179
O—M-0, 110 109-110
O—M—-0; 109 109-110
M—-0O—-M Cop,anti 161
C2u,syn 152
C 154 154
Cs 153 160
[W207)2~ M-0, 191
M—-C, 177
O—M-0, 110
O—M—-0, 108
M—-0O—-M Cop,anti 163
Covsyn 154
C 156
Cs 154

to be longer than the corresponding solid-state values, and in
these cases the well-known overbinding character of the3DA
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 [MO
anions32

In view of the results foiD3y and D3y, conformations, only
LDA optimizations were carried out on the systems with bent
M—0O—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 3isyelative
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

Although a direct comparison of calculation and experiment is _expected), the agreement be_twgen LDA and B3LYP CaIC_ulationS
not possible due to the aforementioned discrepancies, it isis remarkably good on a qualitative basis, given the considerably
observed that (where experimental information is available) the small energies involved.

LDA results are, in general, more satisfactory than those

For the systems with the highest negative charge@V*-,

obtained with BP86 and B3LYP methods, the bond lengths from [Nb,O7]*~, [Ta,O7]*"), only structures containing a linear
LDA calculations being closest to the crystal-structure param- M—0O—M moiety were obtained (optimizations that were started
eters. In species with relatively high negative charges, bond from aC,, C,,, or Cs conformation converged to Bz, or Dag
distances predicted by gas-phase calculations can be expectedonfiguration), and the staggered conformation was found to
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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 df symmetry
(nevertheless, the MO—M angle values observed in crystals
span a considerably wide range;@—V: 117—-18C >9). The
results of the present work agree with those of previous
Hartree-Fock (HF) and DF® calculations of the V, Nb, and

Ta dimetalate ions, which have also yielded, exclusively, the
D34 and D3, conformers. [V207]* (Daq)

In the case of [MgO7]?>~ and [Wx0O7]?", the geometry
optimizations for all six molecular conformations investigated :
were successful. The results in Table 1 indicate that, although 0.0
dimolybdates and ditungstates with a linea—&—M unit 20 o
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 calculation®, which have also shown similarly
small differences in the relative stabilities of the conformers 170
but_ have suggested that the systems with a b_eﬂ{O\/’rM (NbyO7*~ (Ds)  [MozOs]2~ (Dsa) [Mo304]2 (C4)
moiety should be the most stable structures. As in the Nb and
Ta cases, discrete ditungstate molecules are not known. How-
ever, materials containing [M@;]2~ ions with D3q,° C,,” and 00
CS® 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, MO—M and O-M—O angles and -15.0
terminal-bond distances are closely reproduced by the calcula- -17.0 5
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—® bond Figure 2. Eigenvalue (eV) diagram for occupied valence orbitals of
distances in Mo and W species are essentially equal, regardles$ystems with linearl{sg) and bent C) M—O—M bridging units.
of the molecular conformation of the anion. o

Amado and Ribeiro-Claf have recently reported compu-  €Vels, separated by a gap of about 10 eV. Only (quantitatively)
tational results for a series of group-% transition-metal sm{ill differences can l_)e detected among the_lnd_|V|duaI anions,
[M,O;]" systems and have suggested that linearity of the maln_ly some stabilization of the orbital energies in Mo and W
M—O—M bridging unit appears to be particularly favorable for SPecies with respect to those of the Nb and Ta systems,
V, Nb, and Ta (over group 6 and 7 elements) primarily as a associated with the increase of the metal nuplear charge and
consequence of strongertype M d—O p orbital interactions d_ecrease of the total m(_)lecular charge. In _dlmolybdates and
in these species, although some consideration was also givergltungstates,_the_ electronic structures of the different coryfo_rmers
to the effect of the total charge of the oxoanions. In the present@re all (qualitatively and quantitatively) remarkably similar,
work, we have carried out detailed molecular-orbital and Whether the M-O—M bridge is linear or bent.
population analyses to gain insight into the influence of the  The orbitals comprising the low-lying set are predominantly
electrostatic and bonding interactions on the molecular structuresof O s (both @ and Q) character and, thus, are nonbonding.
of the [M,O7]" anions. The results obtained are discussed in Two subsets can be distinguished in the high-lying group,
the next two sections. although some overlap between them is observed, especially in

Molecular-Orbital Analysis. Eigenvalue diagrams for the the V, Nb, and Ta oxoanions. The higher-energy levels
occupied valence levels Bs3 andCs conformers are shown in ~ correspond to nonbonding combinations of p-type functions
Figure 2. A comparison of absolute orbital eigenvalues is not from O, and Q atoms, whereas the lower-energy levels are
possible due to the differences in the total charge of the systems composed of orbitals incorporating significant contributions from
Therefore, molecular-orbital energies are given relative to a both the metal and oxygen atoms, thus representingOM
value of 0.0 eV assigned to the,34D3q) and 134 (Cy) orbitals, bonding interactions.
which constitute the highest-occupied level (HOMO) and are ~ Some details of the composition of the-ND bonding orbitals
purely O p incharacter, in all species. Qualitative diagrams for are given in Figures 3 and 4, and spatial electron-density plots
Dsq andCs species are shown in Figures 3 and 4, respectively. for the orbitals involving the bridging-O atom are shown in
It should be noted that these molecular-orbital schemes areFigures 5 and 6 foDsy andCs species, respectively (these plots
entirely qualitative, and no accurate quantitative correlation correspond to Mo anions but are representative of all systems).
exists among the positions of the atomic and molecular energy All molecular orbitals in this subset posses d and O p
levels. The diagrams are intended to summarize the most generatharacter, and there are no significant contributions from metal
and representative characteristics of the electronic structure ofs or p orbitals, or from oxygen s-type functions. The lowest-
the oxoanion series studied, by highlighting the major atomic lying orbital (4ay (Dag) and 12&(Cs)) describes @ bond over
contributions to the molecular orbitals. the M—O—M bridge, whereas the seven highest-lying orbitals

All the molecular-orbital diagrams possess a common (quali- represent interactions between the M andcénters, with no
tative) characteristic in that they consist of two sets of energy appreciable @contributions. The two remaining orbitals (3e
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Figure 3. Qualitative molecular-orbital diagrams showing (a) pre- 1227 : Md+0,

dominant metal and oxygen contributions to the occupied valence Figure 4. Qualitative molecular-orbital diagrams showing (a) pre-

orbitals of D3y conformers and (b) a more detailed description of the dominant metal and oxygen contributions to the occupied valence
orbitals possessing substantial M and O character (fod4 for de: orbitals of Cs conformers and (b) a more detailed description of the

de—y2, Chy, Oxz, Oyy). orbitals possessing substantial M and O character.

bonding in the [MO;]"~ 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 Hor d* electronic configurations for the metal
centers (in contrast to the formal dssignment).

(Dsg), 13d and 54 (Cy)) correspond to the MO,—M 7 bonds,
but they are also substantially delocalized over the- @/
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 individuaH®,
interactions. Multiple-bonding character in the-®; groups
is also revealed by the molecular-orbital analysis. However, the .
bridging-bond lengths are considerably longer than the terminal-  SOMe trends are worthy of comment and can be summarized
bond distances, and they are, in fact, more typical of a single by noting that the charges on the metal atoms increase across

M—0 bond® This point is discussed further in the next section. @ given row and downward in each group. The first trend reflects
Population Analysis. Results obtained from Mulliken and  the increase in formal oxidation state, and has also been observed

Mayer analyses are summarized in Tables741t is worth for [MO4]"~ anions of several transition metéfsHowever, the

noting that, although these methods are known to exhibit basis-Second trend contradicts the results of HF calculations on the
set dependence, (relative) Mulliken charges and Mayer bond Mo and W oxoaniond? This disagreement may simply be the
indices can provide valuable chemical information for inorganic consequence of computational effects associated with the basis-
systems, if uniformity and consistency of the basis sets are set dependence of Mulliken charges. Nevertheless, there is an
maintained® Furthermore, Mulliken analysis has been described important difference between these HF calculations and our DF
as “not an arbitrary choice ... but consistent with the internal approach, which lies in the explicit use of a relativistic treatment,
structure of the molecular-orbital formalisr?. included in the present work (via the ZORA method) but not
Mulliken charges for metal and oxygen atoms are given in in the HF investigatiod? Thus, the higher charges on Ta and
Table 4, where they are compared with the results from Voronoi W (than on Nb and Mo) appear to correlate with changes in
analysis. The absolute charges are different, the latter beingthe populations of s and d orbitals (which increase and decrease,
somewhat larger, but the relative values (the most useful respectively) that can be related to the relativistic stabilization
chemical data) display a similar behavior. The populations of of the former and destabilization of the latter in 5d transition
the metal basis functions have been calculated, for each typemetals®* This reduction in Ta and W d-orbital populations (with
of orbital, by dividing the corresponding total percentage respect to those of Nb and Mo) is greater than the increase in
population by the number of orbitals, and are shown in Table s-orbital populations and results in higher values for the
5. The almost exclusive participation of metal d orbitals ir® Mulliken charges.
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Figure 6. Spatial molecular-orbital representation of the ¢a)124d
orbital) and (b) and (c), respectively, (12d and 54 orbitals) M—O
interactions involving the bridging-oxygen atom, i €@nformers.

Figure 5. Spatial molecular-orbital representation of the ¢ajda. ] )
orbital) and (b) and (c)r (3, orbitals) M—O interactions involving TABLE 4: Mulliken and Voronoi Charges
the bridging-oxygen atom, iDsq conformers. Mulliken \/Oronoi

molecule symmetry M (9] O M Op (o}

The Mulliken charges on the LOatoms are similar in all [V207]*  DanDsy 140 —0.94 —0.98 2.02 —1.13 -1.15
systems, and those on the &oms are about 0.2 units smaller [Nb;O7]*~ Dz, Dss  1.46 —1.02 —0.98 2.78 —1.41 —1.36
for the Mo and W anions than they are for the Nb and Ta spe- [Ta207]4; Dan, Dsg 158 —1.03 —1.02 2.93 —1.46 —1.40
cies (a natural-population analysis Bgy dimolybdates and [Moz07]*" Den Dea ~ 1.87 —0.98 —-0.79 2.96 —1.31 -1.10

. - - . Cz, Cy,Cs 1.87 —0.99 —0.80 2.96 —1.30 —1.10
d|tunsgz_;1te_s has yielded similar relatlv_e (@) cha%@e_s?l’hese [W.0.> DanDsy 201 —1.02 —0.84 2.22 —139 —1.18
results indicate that the excess negative charge in the latter Co Cp, Cs 2.01 —1.02 —0.84 3.21 —1.38 —1.17
appears to accumulate on the two terminglgBoupings, and ) ) _ )
therefore suggest that the electrostatic repulsion between themlABLE 5: Populations of Metal Basis Functions, Given as

should be an important factor in the apparently strong preferencePércentage per Individual Orbital

for linear-bridge conformations shown by the Nb and Ta molecule symmetry s p d
dlmetglates. Mayer bond orders are given in TabIQ 6', and an  [v,0,]+ Dan, Dag 1.9 34 17.6
analysis of the different orbital contributions to the indices for [NbO7]4- D3n, Dag 2.0 3.3 17.6
bridging bonds, grouped by symmetry types, is presented in [TazO7]“;_ Dan, Daa 5.8 2.9 17.1
Table 7. Also included in Table 6 is a comparison between the ~ [M0207] 83'% 83dc 8-8 gg 12-2
Mayer values and the results obtained with a bond-valence 2 S ’ : )
. ; . [W207] D3n, Dag 35 2.3 17.9
model based on the following relationship Cay, Ca, Ce 35 23 17.9
- B N . o
log s= (d, — d) occurring in terminal Nb-O and Ta-O bonds, and bridging
Mo—0 and W-0O bonds.
wheres is the bond valence]y is the single-bond lengttB The Mayer indices clearly show the multiple-bonding char-

defines the slope of the bond lengthond valence functions,  acter of terminal bonds, but not of bridging bonds, in accordance
andd s a calculated bond distance. In general, the Mayer valueswith the significant differences observed betweer®} and

are in good agreement with those from the classical model. All M—0; distances. Although the molecular-orbital analysis reveals
results lie within the typically observed deviation range of0.2  multiple bonds between M and,Gtoms, the orbitals corre-
0.3 units from bond-valence values, the largest differences sponding tor interactions along the MO—M moiety extend
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TABLE 6: Mayer Indices for Bridging and Terminal M —O
Bonds?

molecule symmetry MOy M—0,
[\/207]4_ D3y 0.75 (0.85) 1.44 (2.27)
[Nb,O7]+~ Daq 0.72 (0.80) 1.49 (1.20)
[Ta,O7]*4 Dag 076 (0.81) 150  (1.18)
[Mo,07]%~ Daq 0.68 (1.04) 1.55 (1.49)

Cs 0.68 (1.01) 1.55 (1.49)
[W,07]%~ Daq 0.72 (1.01) 1.59 (1.43)
Cs 072 (1.01) 1.60  (1.43)

Bridgeman and Cavigliasso

tions has been confirmed by the bond-order values obtained.
However, possibly due to a weakening effect associated with
electron delocalization, MOy, interactions are characterized by
bond lengths and bond orders that are typical of a singtelM
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 terminab@upings
and that bending of the MO—M bridge does not appear to
affect the nature of the MOy, bonds. These observations have

“Values in parentheses are results from classical bond-valence|eq ys to the conclusion that repulsive interactions between the

analysis.

TABLE 7: Bond-Order Index Decomposition for Bridging
Bonds

symmetry molecule bond order decomposition
D3d (alg+) Sou €u
[V07% 0.75 0.33 0.42
[Nb,O7]* 0.72 0.36 0.36
[Ta07]4~ 0.76 0.41 0.35
[Mo,07]>~ 0.68 0.36 0.32
[W207]%~ 0.72 0.42 0.30
Cs a a’'
[Mo207]%~ 0.68 0.52 0.16
[W.07]%~ 0.72 0.57 0.15

over the whole molecular structure, and the small value of the 34

M—0Oy 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 MO, bonds.

For the species with a linear bridge, it is possible to separate

the o andr contributions to M-Op, bonds by calculating.a
and g indices, respectively (in order to ensure that the partial
values add up to the total bond order, small contributions to
theo index have to be included, and this is represented;gé)a
ayin Table 7). The results obtained for theiedex agree with

the suggestion that the conformations with a linear bridge are

preferred by group 5 elements due to more favorablgpe
interactions between metdland 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 they and Cs

conformers of the Mo and W anions (it should be noted that

ends of the molecules may play a more important role in
determining the structural preferences observed for the oxoan-
ions than M-Oy, 7 bonding does.
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