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The structure and bonding in [MsO10]"~ isopolyanions of Nb, Ta, Mo, and W have been investigated using density-
functional methods. The computational—experimental agreement is good for the geometrical parameters of Mo and
W species but less satisfactory for Nb and Ta clusters. The electronic structure of the anions has been probed with
molecular-orbital, Mulliken—Mayer, and bonding-energy approaches. The results have indicated that M—O interactions
are largely M d—0O p in character and that o and sz bonds link the metal centers to terminal and bridging (O)
oxygen atoms. Some M—0O,, bonds exhibit a [M4O4] closed-loop structure, but this orbital-interaction mode has not
been found to make a particularly outstanding contribution to the bonding stability of the molecules. Mayer indexes
correspond to (fractional) multiple, approximately single, and low-order character for terminal, bridging, and internal
bonds, respectively, and the valency analysis has yielded similar bonding capacities for the different oxygen atoms.
A distribution of the negative charge over all types of oxygen sites and metal charges considerably smaller than
the formal oxidation states have been obtained from the Mulliken analysis. Minimal structural changes have been
detected on reduction of molybdates and tungstates, in accord with the general properties of the orbitals occupied
by the added electrons.

Introduction Nomiya and Miw& have proposed a connection between the
structural stability of polyoxometalates and the number of
closed loops per M@octahedron in the form of an index
(1) defined as

Polyoxometalates constitute an immense class of com-
pounds in number and diversityyand exhibit remarkable
chemical and physical properties, their actual and potential
applications spanning a variety of fields, including medicine, SBC
catalysis, solid-state technology, and chemical anafyéis. =5 1)

The formation of polymeric oxoanions is, in general, a

phenomenon largely limited to the transition metals of groups whereA is the number of octahedra constituting the poly-
5 and 6 and, in particular, to molybdenum and tungsten, anion cageB is the number of M@ units constituting the
which have been considered the “polyoxoanion formers par closed loop, and is the number of closed loops. It should
excellence™ be noted that the polyanion cage is not necessarily identical

Most of the typical polyanion structures exhibit interpen- with the whole structure, although it does comprise most of
etrating closed loops, formed by the metal centers and theit.®
bridging-oxygen atoms linking the octahedral units, that have A large number of isopoly and heteropoly species have
been regarded as a type of macrocyclic bonding sy8t&m. been analyze®,® and it has been concluded that the
structural stability index can be related to various properties
o e e e mennatacy O the polyanion systems. A partcularly important observa-
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has been suggestédthat closed loops may also play a tigation of aromaticity in [MO:g" clusters$® have been
significant role in electron-transfer processes, by providing performed using the X method.

pathways for electron delocalization, viebonding type In this article we report the results of density-functional
interactions between metal d and bridging-oxygen p orbitals. calculations on the oxidized [N©®1®, [TasOug®,

The structure of [MO1¢]"™ isopolyanions is characterized [M0gO19]%", and [WeO1¢]>~ anions and on the one-electron-
by the presence of one terminal-MD bond at each metal and two-electron-reduced forms of the Mo and W systems.
center, and thus, they belong to the type-I category in Pope’sThe optimized molecular structures and a description of
classification schem€Type-I systems can undergo reversible chemical bonding in terms of molecular-orbital, population,
reactions, with minor structural changes. This redox behavior and bonding-energy analyses are presented, and a discussion
can in principle be understood in terms of the electronic of the nature and properties of closed-loop orbital interactions
structures of [MOk] complexes, which are suitable models is included.
for the MG; units in the anionic clusters. In monooxo species, )
the lowest unoccupied molecular orbital (LUMO) is, to a Computational Approach
first approximation, M dlike and nonbonding. Therefore, All density-functional calculations reported in this work were
the additional electrons introduced by reduction are not performed with the ADE3° program. Functionals based on the
expected to cause significant structural disruption. Vosko—Wilk —Nusaif! (VWN) form of the local density ap-

Although polyoxoanion chemistry is an extremely rich area Proximatiorf? (LDA) and on a combination (labeled BP86) of
of experimental research, high-level calculations on poly- Becke's 1988 exchangeand Perdew's 1986 correlatitcorrec-
oxometalates have remained relatively scarce, mainly due'ions 1o the LDA were employed. Slater-type-orbital (STO) basis
to the intensive computational demands imposed by the large>etS (APF type IV) of triple€ quality incorporating frozen cores

. . . S : and the ZORA relativistic approa#h were utilized.
size of these species. Most of the first-principle studiats The functional and basis-set choices were based on the results
the Hartree-Fock (HF) or density-functional (DF) levels of

. N of tests performed on several [MPand [M,O;] species36
theory—have been carried out by’Bard, Poblet, and co- Geometry optimizations were carried out using LDA methods,

workers;**?who have investigated a variety of systems and \hereas data on thermochemistry and energetics were extracted
chemical phenomena, including the relative basicities of from single-point BP86 calculations. Bond and valency indexes
oxygen sites, redox properties, heguest interactions, and  were obtained according to the definitions proposed by M&yeér
inclusion complexes. Many of these calculations have and by Evarestov and Veryaz&¥with a program designed for
primarily concentrated on the application of molecular their calculation from the ADF output file. Graphics of molecular
electrostatic-potential distributions to understanding the orbitals were generated with the MOLEKELprogram.

chemical structures and interactions in the polyanion clusters
and have recently been review&®Borshch and co-workers
have reported DF investigations dealing with electron de-  Molecular Structure. Calculated M-O bond distances
localizatiorf*??in substituted isopoly and heteropoly species  for the oxidized anions and for the Mo and W one-electron-
and with the reducibility of Keggin aniorf8.In addition to  and two-electron-reduced systems are given in Table 1. A
the HF and DF research, several computational studies ofstructural scheme showing atom labels is presented in Figure

Results and Discussion

the catalytic properties of Keggin aniéfg’ and an inves-
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Table 1. M—0O Bond Distances (in pm) for Oxidized Anions and Mo == =
and W Reduced Anions with Available Experimental Results in € 40 - _ _
Parentheses g = I
by —_—
molecule M-Oc M—0p M—0 }g,
[NbgO1g]®~ 244 (238) 201 (201) 188 (177) 150 -
[TagO19)®~ 244 (238) 202 (199) 190 (180) e — p—
[MogO14)2~ 232 (232) 193 (192) 171 (168) — —
[M0gO14]3" 233 193 173 -17.0 —
[MOeOlg]‘F 234 194 174
[WeO1g]2~ 234 (233) 194 (192) 173 (169) ~ ~
[WeO1q]3~ 235 195 175 [Tas010)® [Ws0u)?
[WeO1d*~ 237 196 176 Figure 2. Eigenvalue (in eV) diagram for occupied valence levels of

oxidized anions.

included. These were taken from the compilations of Tytko o )
and co-worker& and correspond t®,-symmetry averages Oxidized clusterd3 This is observed in the results of the
of bond-length values observed in crystalline phases. Com-calculations on Mo and W reduced anions. Only a small
putational data for reduced anions are limited to Mo and W lengthening of the M-O distances (about-12 pm in each
because the considerably high negative charge of the Nb andeduction step) occurs, and minimal changes to the global
Ta clusters causes difficulties in handling virtual orbitals. Octahedral arrangement have been detected, even when the

For [NbsO1g]®~ and [TaOug®~, bridging-bond (M-Oy) molecular symmetry had been lowered to allow for the
distances compare well with experimental results, but the POSSibility of geometry variations.
calculated lengths of central D) and, especially, terminal Electronic Structure. Eigenvalue diagrams for the oc-
(M—0) bonds are significantly longer than the average Ct_Jp|ed valence Ievgls of the oxidized anions are given in
values in the crystal structures. The overall agreementFigure 2. A comparison of absolute orbital eigenvalues is
between calculation and experiment improves considerably "0t possible due to the differences in the total charge of the
for [MoeO1g)2~ and [WkO16]2-, including M—O; distances, ~ SPecies. Therefore, molecular-orbital energies are given
although these are the parameters showing the greatesfélative to a value of 0.0 eV assigned to the4irbitals.
discrepancies. These constitute the highest-occupied level (HOMO) and

Recent investigations on several oxoanihgve shown  POSSess, almost exclusively, bridging-oxygen p character, in
that, despite corresponding to gas-phase systems and therdll four species. o
fore lacking solid-state effects, isolated-molecule calculations _ Qualitative descriptions are presented in Figure 3 and
(as those reported in this work) are able to satisfactorily 1able 2. Figure 3 shows the predominant metal and oxygen
reproduce experimental condensed-phase information. Incontributions to the valence molecular orbitals, whereas Table
cases where significant deviations are observed, a high2 contains some details of the composition of & bonding
negative charge appears to be an important factor (for interactions. These schemes are entirely qualitative, and no
example, the computationaéxperimental accord is ap- accurate quantitative correlation exists among the positions
preciably better for [S@% and [CrQ]> than it is for of the atomic and molecular energy levels. They are intended
[SiOJ% and [TiO)*", respectively). This negative-charge 0 Summarize the most general and representative charac-
influence is, therefore, also likely to be affecting the present teristics of the electronic structure of the polyanions by
results for the Nb and Ta anions. highlighting the major atomic contributions to the molecular

The products obtained by reducing type-I polyoxometalates OrPitals.

are known to retain the general structural features of the (8) Molecular Orbital Schemes.The molecular orbital
diagrams of all [MO1¢]"™ anions are characterized by the

(42) Tytko, K. H.; Mehmke, J.; Fischer, Struct. Bowling 1999 93, 129. presence of two distinct sets of molecular energy levels,
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Figure 3. Qualitative molecular orbital diagram showing predominant
metal and oxygen contributions to the valence levels of oxidized anions.

Table 2. Symmetry Decomposition of Molecular Orbitals Possessing
Substantial Metal-d and Oxygen-p Character

symmetry species bonding properties
tlu M—Oc, M—Ob, M—Q
A1, €, tog, tou M—0p, M—C;
g, Bu € M—0p
tig M—C

separated by a gap of approximately 10 eV. The low-lying
orbitals comprise a predominapnto s (Q, O, O and
nonbonding band. The high-lying set can be divided into
two additional bands. Most higher energy levels correspond
to nonbonding combinations of p-type functions frorg O
O, and Q atoms, whereas most lower-energy levels are
composed of orbitals that incorporate significant contributions
from both the metal and oxygen atoms and represenOvi
bonding interactions of largely M-€lO p character. The le
orbitals appear as a distinctive level in that, despite being
M—O bonding, they lie considerably higher than the rest of
the M d—O p molecular orbitals and split the O p-based band.
The predominant contributions of the different types of Figure 4. Spatial representation of the.2wbitals: (a, b) three-dimensional
oxygen atoms to MO bonding are described by the structure; (c) [MOy] closed loops.
symmetry-based decomposition of the levels in the M
p band, shown in Table 2. In addition, the lowest unoccupied
level (LUMO) is particularly important as it is the acceptor
of the additional electrons in the reduced species. The LUMO
corresponds to the 2éevel (Figure 3) and is characterized

by participation of metal d~0.55-0.60) and, exclusively, between metal gHike and bridging-oxygen p orbitals and

bridging-oxygen p £0.40-0.45) orbitals. can be viewed as extensively delocalized analogues of the

A three-dimensional spatial representation of the two 2hy, orbital in the model monooxo complex&sshown in
orbitals comprising the 2devel is given in Figure 4. The Figure 5.

first symmetry-adapted combination (part a) involves 4 of
the 6 metal centers and 8 of f[he 12 b_rldglng‘OXYQGn atoms, 43y Bridgeman, A. J.; Cavigliasso, G.Chem. Soc., Dalton Tran001
whereas the second symmetrized orbital (part b) incorporates ~ 3556.

all of the M and @ sites and can also be described in terms
of 3 planar [MO4] rings, the closed loops proposed by
Nomiya and Miwed The orbital properties of these rings are
shown in the spatial representation of the @esed loops,
given in Figure 4 (part c). They corresponditanteractions

1764 Inorganic Chemistry, Vol. 41, No. 7, 2002
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Figure 5. Spatial representation of the LUMO in [MO4JI- complexes.
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Figure 6. Qualitative molecular orbital diagram showing orbital inter-
actions of M dy-like and Q character. Figure 7. Spatial representation of bonding j¥] closed loops: (a)#
orbital; (b) &, orbital.

These results are partially in agreement with the analysis . )
presented by King® who has considered the idea that closed loops as a structural-stability factor in polyoxometa-
electron delocalization in [MD:g]™ anions may be realized lates. These authors have also suggested thatdatidz
through M—O—M bridges and has suggested, on the basis bonding b_etween the metal and bridging-oxygen atoms
of topological models, that overlap of metg} drbitals would should be involved.
create a bonding LUMO. However, Figure 4 and the overlap-  The analysis in Table 2 indicates that three groups of levels
population data £0.1216 for Mo and—0.1285 for W)  (lag la., le) involve M—O bonding molecular orbitals
indicate that the 2eorbitals are M-O, antibonding. This containing contributions exclusively (because of symmetry
discrepancy arises as a consequence of assuming that theonstraints) from bridging-oxygen atoms. As in the case of
LUMO in the individual MQ; units is a nonbonding Mg the (vacant and antibonding) 2kevel, these three orbitals
orbital1° In contrast, calculations on model [MGLcom- are characterized by three-dimensional electron-density
plexe$? have revealed antibonding interactions between the distributions but can also be described in terms of planar
metal atom and the equatorial ligands in the corresponding[M4O4] rings. Figure 7 gives a spatial representation of1a
LUMOs (Figure 5), analogous to those observed in the and layclosed loops. The l@rbitals represent the bonding
polynuclear systems. counterpart of the 2devel, which is shown in Figure 4.

In the [MgO1g]" anions, interactions predominantly in- The interactions along the closed loops are of laothayg)
volving M d,like and Q orbitals span the,g &, and bq and (1a., le) character, as suggested by Nomiya and
species. The qualitative scheme in Figure 6 shows that theseMiwa. Their corresponding relative contributions to the
interactions generate six occupiedH®, bonding (1a,, 4ty bonding energyHsz) of the polyanions can be quantitatively
le) and six vacant MOy antibonding (2 6ty 28) characterized by decomposition B according to
molecular orbitals. King’s topological analy$lgjields an
exactly reverse ordering for the latter and, thus, a non- Eg=EotEx+Eg 2)
degenerate LUMO instead of the devel.

(b) Closed Loops and Bonding.lt has been pointed in  and subsequent analysis of the componentsnfin eq 2,
the Introduction that Nomiya and Miwa have developed the Eo, Ep, and Eg are respectively orbital-mixing, Pauli-
idea—and quantified it through the index defined by egg 1 repulsion, and electrostatic-interaction terms. Descriptions
of the importance of metaloxygen interactions along MO, of the physical significance of these properties have been

Inorganic Chemistry, Vol. 41, No. 7, 2002 1765
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Table 4. Comparison of M-O Bond Distances (in pm) fo€4, and Oy
Forms of Mo and W One-Electron Reduced Anions

C4u
molecule parameter A, B, On

[M0ogO1¢]3~ M—0Oc 232.8-233.6 232.4233.4 233.0
M—0p 192.3-195.1 191.6-194.4 193.3
M—-C; 172.6-172.8 172.5172.7 1725
[WeO1q]3~ M—0Cc 235.0-235.9 234.4235.7 235.2
M—0p 193.4-196.7 192.3+195.7 194.5
M—-C; 173.7~174.7 173.6-174.8 174.6

Table 5. Bonding-Energy Analysis (in eV) for Mo and W
Two-Electron-Reduced Anions (S, Singlet; T, Triplet)

molecule state Eo Ee Ep Eg
[MogOig*~ T —477.15 —161.37 +44251 —196.01
_ ) _ ) S —477.01 -161.40 +442.58 —195.83
Figure 8. Spatial representation of the;gbrbitals. [WeO1d4 T _515.47 —189.79 4504.40 —200.85
] ) o » ) S —51550 —189.91 +504.74 —200.67
Table 3. Orbital-Interaction Energies (in eV) for Oxidized Anions
molecule ag = e tay total restricted to ligand O atoms without involving neighboring
[NbO1g®~  —15.37 —-11.02 -1152 -109.80 —396.77 Mo sites and that it appears to be of relatively small
[TagOyg]®~  —13.85 958 —853 13593 —419.78 magnitude. From the NMR information it has been pointed
[MogO1g]>~  —14.75 —9.39 —6.95 —168.33 —505.88

out that the additional electron is delocalized over all the
metal atoms in the anion (on the NMR time scale), which

given by Landrum, Goldberg, and Hoffmdfinand by  PoSsesses effective cubic symmetry. o
Baerends and co-workef$Both Eo andEp represent orbital- The fact that the LUMO in the oxidized anions is an e
interaction effects, but the former is stabilizing whereas the '€vel leads to an orbitally degenerate ground state for the
latter is destabilizing. TheEz contribution is primarily ~ ©ne-électron-reduced anions in calculations that utilize
dominated by the nucleulectron attractions and, therefore, Molecular symmetry. The possibility of observing distortions
has a stabilizing influence. that would remove the degeneracy and could also allow for
electron localization has been explored by lowering the
symmetry toC,,. As mentioned in the Molecular Structure
section, only minimal geometrical changes are observed, and
the octahedral arrangement is largely retained in the reduced
anions. The 2¢level is split into 6a and 8b orbitals C,,)

and, thus, the degeneracy is effectively removed, but the
energy differences between these two orbitals and the
corresponding electronic statég,, and?B,, are negligible

[WeOi2~  —15.94 —10.35 —8.84 —181.54 —549.46

Interaction energies for.g &., and  orbitals and total
Eo values for the four oxidized isopolyanions are given in
Table 3. The 4, orbitals are also included for comparison,
as they contain all types of oxygen sites (Table 2 and Figure
8) and are the largest component of thg term. The
contributions from the exclusively MO, group are impor-
tant, but they represent-6.0% of the totalEs energy and
are three to six times smaller than that from theotbitals. gE

and no localization has been detected.

Furthermore, the , tog, and t, terms, all including M- .
18 % b g gMO Table 4 summarizes the structural data for@gandO,

bonding (Table 2), are also greater than thg @, and @ ; : -
energies. These results suggest that the closed-loop mod&rms- The 6aand 8k orbitals in the former are respectively

of orbital mixing does not stand out as a stabilizing factor. €guivalent to the symmetrized functions in parts (a) and (b)

(c) Reduced AnionsThe added electrons in the reduced gf Flgure24 and accomquate the un_palred e'eCtTO” in the
anions are normally considered to be “delocalized according A, and !32 stlates,trlleadmg _It_?] a Sdl.'g.zt ellongat|oP_ a||1d
to various time scales over certain atoms or regions of the compression aiong the axis. The individual geometrica

structures’® Two mechanisms have been proposed to explain parameters an?t:]he gene[a: cort1rf]|gurat|on glf_(ﬂnes%emes .
these electron-delocalization phenomena: thermally activated®'© averages otthe twid,, states, thus resembling a dynamic

hopping and ground-state delocalization presumably throuthahﬂ_TilllegeﬁSft' It. can be conct!udeg th%t(;.h.e caIIleIanons
m-bonding-type interactions between metal d and bridging- on the [MaOse”" anion suggest that the additional electron

oxygen p orbitals is delocalized over the whole [M{Pnetwork and, therefore,

i 7
Experimental results for the [M®:4)*~ cluster, including agree with the 0 NMR results.

. P
electron-spin-resonance (ESRand 1’0 nuclear magnetic Calculations on the Mo and W [M.]* anions were
resonance (NMRY data, have been reported. The ESR performed for the singlet (S) and triplet (T) states, and the

studies have indicated that the ground state of this One_results_are given in Table 5 in the form of the bondlng—en_ergy
. . analysis of eq 2. The S and T states are found to be of similar
electron-reduced system is orbitally nondegenerate and hav

suggested that the ground-state delocalization seems to b onding st.ab|I|ty, and their respectlye _o_rb|tal, Eauh, and
eélectrostatic terms do not show significant differences.

(44) Landrum, G. A.; Goldberg, N.; Hoffmann, B. Chem. Soc., Dalton Additional calculations were carried out using ti@,

Trans.1997 3605.
(45) Sanchez, C.; Livage, J.; Launay, J. P.; Fournier, M.; Jeannid, Y.  (46) Piepgrass, K.; Barrows, J. N.; Pope, M. J..Chem. Soc., Chem.
Am. Chem. Sod 982 104, 3194. Commun.1989 10.
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arrangement and an unrestricted broken-symmetry molecular-
orbital formalism. As observed in the one-electron-reduced
systems, no appreciable changes to the structural, electronic,
and thermochemical properties of thegd®d*~ species have
been found, for any of the foti(6a)?, (8hy)?, paired (6a)*
(8hy)%, and unpaired (63 (8h,)'—configurations explored.
The present computational results agree satisfactorily with
experimental evidence indicating absence of important
structural changes after reduction of type-1 polyoxometalates
has taken place. The explanation lies in that the effect of
the orbitals occupied by the added electrons on the stability
of the clusters is rather limited (Table 3), despite their
formally antibonding character. As noted in the Molecular
Orbital Schemes section, this argument is different from that
proposed by King?®
(d) Comparison to Natural-Bond-Orbital Results. Cai (b)
and co-worker® have reported a natural-bond-orbital (NBO)
analysis of the electronic structure of {h¢]"~ anions, with
emphasis on the aromatic properties of these clusters. The
origin of the aromaticity has been associated with conjugated
M—0Oy d—p & bonding along the eight-membered JO}]
rings. The description of these metalxygen interactions
involves in-plane and out-of-plane delocalization, the latter
being significantly more important.
The results of our calculations are in general agreement
with the NBO analysis. The,&nd a, closed loops in Figures
4c and 7b, respectively, are examples of out-of-plane
interactions, whereas the spatial representation of the 3t
orbital, given in Figure 9, corresponds to in-plandike
delocalization (the 3& level has not been included in the Figure 9. Spatial representation of 3torbitals: (a) three-dimensional
scheme of Figure 6 because, as shown by Figure 9, it exhibitsstructure; (b) [MO4] closed loops.
considerable MO, in addition to M-0O,, character). _ _ _ o
. . Table 6. Mulliken Charges and Metal Orbital Populations for Oxidized
Electron delocalization in polyoxometalates has frequently anions and Mo and W Reduced Anions
been comparéf@?® to analogous properties of typical aro-

. . . charges M orbitals
matic systems such as hydrocarbon rings and boranes. It is 9
interesting to note that in-plane and out-of-plane modes of _Molecule M Q O & S p_d
ndina have al n ted for\Pinteractions in [NbO1g®~ 1.58 -098 -092 -091 019 000 3.29
bonding have ascé;légge suggested eractions [TasOi®~ 172 —1.07 -094 —099 027 008 2.93
cyclophosphazenés: [MogOi2~ 219 —1.19 —-0.83 —0.66 0.0 0.7 3.80

A difference from the NBO study is worthy of comment. [M0581g]j’ 2(1)% —1.18 —8-22 —8-72 8-88 g.lg g.gg
Cai and co-workers have described the-Bk interactions {\'\,"Vzgl;]%_ 202 —11r —086 077 000 016 3.93
in terms of M—-O.—M bonds analogous to those involving  (w0,g> 222 -1.16 -088 -077 011 016 351
the 64, orbitals (Figure 8), but they have also considered [W¢Oid*~ 214 -115 -0.90 -0.82 013 015 3.58
that an M-to-O; bond is formed between the central-oxygen
s orbital and an g combination of metal p functions.
However, as mentioned in the molecular-orbital description,
our results indicate that, to a large extent,@ls orbitals
occur in low-lying nonbonding levels and that Mp orbitals
are almost entirely unpopulated (Table 6). Consequently, M
p—O s interactions do not appear to contribute to bonding
in the [MgO10]"" polyanions.

nonetheless provide valuable chemical information for
inorganic systems, if uniformity and consistency of the basis
sets are maintaineéd.Furthermore, Mulliken analysis has
been described as “not an arbitrary cleic . butconsistent
with the internal structure of the molecular-orbital formal-
iem™ 37

(a) Mulliken Analysis. Mulliken charges for all atoms

. N . and metal basis-function populations are given in Table 6.
Population Methods.The results presented in this section The results for the oxidized systems correspond to métal d

are based on Mulliken and Mayer methodology. These d* electronic configurations, in contrast to the form&l d

methods are known to exhibit basis-set dependence, bUtassi nment, and the charges are considerably smaller than
(relative) Mulliken charges and Mayer bond indexes can g X 9 y

the formal oxidation states. The s and p orbitals are sparingly
populated, in accordance with the molecular orbital analysis

(47) Greenwood, N. N.; Earnshaw, 8hemistry of the Element&nd ed.;
Butterworth-Heinemann: Boston, MA, 1997.

(48) Huheey, J. E.; Keiter, E. A.; Keiter, R. Inorganic Chemistry4th (49) Bridgeman, A. J.; Cavigliasso, G., Ireland, L. R.; Rothery, Chem.
ed.; Harper Collins: New York, 1993. Soc., Dalton Trans2001, 2095.
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Table 7. Mayer Indexes for Oxidized Anions (Results from Classical Table 8. Bond Parameters for Equatorial M-Cl Groups in [MGICt
Bond-Valence Analysis in Parentheses) and Mo and W Reduced Anions Complexes (M-Cl Bond Lengths in pm)
molecule M-Oc¢ M—0y M—0x molecule bond length bond order
[NbgO1g]8~ 0.30 (0.25) 0.77 (0.78) 1.51 (1.10) [MoOCls]~ 235 0.91
[TagO19]®" 0.25 (0.25) 0.77 (0.76) 1.53 (1.06) [MoOCls]?~ 242 0.66
[M0gO1g]?~ 0.19 (0.38) 0.75 (0.96) 1.68 (1.64) [MoOCls]3~ 255 0.44
[M0gO1q]3~ 0.20 0.74 1.64 [WOCls] - 235 0.96
[MogO1g*~ 0.21 0.74 1.59 [WOCIs]?~ 242 0.68
[WeO1g]?~ 0.18 (0.36) 0.77 (0.94) 1.73 (1.57) [WOCIs]3~ 252 0.47
[WgO1g]3 0.19 0.76 1.68
[WeO1g*™ 0.19 0.75 1.63

distances (Table 1) and the fact that the-Nb and Ta-O
single-bond lengths in eq 3 are probably shorter than the
s predictions according to Mayer’s definition would be.
The M—O distances in [N§O1g® and [TaOyg® are

indicating almost exclusive participatiof M d functions
in M—O bonds. The slightly higher s and lower d character
of Ta and W configurations, with respect to those of Nb X
and Mo, are probably a consequence of the Strongerappremably3 longer tzhan tho_se_ calculated for t_he model
relativistic effects in the 5d elemerf&These characteristics =~ COMPlexes? [MOCIg]*", Ef't similar to ste Obta'snid for
have also been observed in the [MO and [MxO;]™ the four-coordinate [M@?3~ and [M,O7]* systems>3¢In
aniong5% and [MOCE"™ complexed? these anions, as in the hexanuclear clusters, multiple-bonding
The O values reveal that the negative charge is distributedcharacter is predicted for theMD, interactions by both the

over all types of atoms and that the excess charge in the npMayer and the molecular-orbital analyses of the electronic
and Ta anions, and in the reduced species, is accepted bytUcture.
the surface sites, especially the terminal O centers. These For all oxidized anions, the Mayer indexes reflect the
observations are similar to those made by Tytko and co- trends in the M-O distances and reveal weakD. bonds,
workers from results based on a bond-valence model for @Pproximately single character for M0, bonds, and sig-
polyoxometalate425! These authors have also considered Nificant, but as previously observétinot maximized M-C
that the description of the [MDig]2~ anions as a neutral ~Multiple bonding. The differences found in the Nb and Ta
[M¢O1¢ cage encapsulating an oxide s incorrect. This ~ Systems with respect to the Mo and W species are primarily
point is discussed further in the next sections. related to ionicity. The terminal bonds in the former and the
The geometrical modifications of the reduced anions seemcentral bonds in the latter are somewhat more ionic and
to be substantially driven by stronger repulsions involving €xhibit smaller index values.
external oxygen atoms, in particular the terminal sites as these For the reduced Mo and W anions, the largest changes
display the largest charge increase. The changes in theoccur in the M-O; bonds, the smaller indexes being
Mulliken populations caused by each one-electron reduction associated with increased ionicity. The-®, bonds are only
step correspond to a partition of the excess unit charge inslightly affected by the additional electrons occupying the
approximately 0.34 (Q20.18 (Q):0.48 (M) proportions. This ~ M—0y antibonding levels. This is consistent with the, 2e
result reflects the delocalization mechanism associated withorbitals (or the equivalent gaand 8b orbitals in theC,,
the M—O, -like orbitals that accept the additional electrons forms) representing relatively weak interactions that make
and the increased ionicity of the MD; bonds. comparatively small contributions to the bonding stability
(b) Bond-Order Analysis. Mayer bond-order indexes are  of the polyanions (Table 3). It is interesting to note that this
given in Table 7. For the oxidized anions, additional results result differs significantly from the redox behavior of the
have been obtained with a bond-valence model based on thenodel Mo and W [MOG]|"™ complexes? in which a

following relationship*? considerable lengthening of the equatorial bonds is caused
by reduction (Table 8), and supports the idea (proposed by
d,—d Nomiya and Miwd) that the whole polyanion cage, and not
logs=—p— @) only the properties of the individual M®ctahedra, should
play an important role in electron-transfer phenomena.
Heres is the bond valence, is the single-bond lengttB A decomposition analysis of the bond indexes that utilizes
defines the slope of the bond lengthond valence functions,  the C,, symmetry of the M@ unit is presented in Table 9.
andd is a calculated bond distance. The ¢ or & nature of the M-O interactions is described

Most of the computational indexes compare well with the respectively by anseor e index for axial ligands and by an
bond-valence values. The differences are similar in magni- g + b, or b, + e index for equatorial ligands. The -MD,
tude to those observed in previous studies of oxo- bonds are largely-like, as also shown by Figure 8. The
anions?>*typically 0.2-0.3 units, with the exception of the  results given in Table 2 and the spatial plots of Figures 4, 7,
results for the terminal bonds in the Nb and Ta systems. In and 9 indicate that the MO, interactions possess the typical
these cases, the reasons for the greater discrepancy are th@olecular orbital structure of a multiple bond, with bath

considerably longer optimized than experimentat-® andzr contributions being important, and this feature is also
o) Kalt MU Chem. Soc. Dalton Trang997 1 present in the partial-index values in Table 9. The fact that
§513 Tytko K. H. Struct, Bowing 1009 93 67. the M—O, distances and total-index values are, however,
(52) Day, V. W.; Klemperer, W. GSciencel985 228, 533. characteristic of an approximately single bond reflects the
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Table 9. Mayer-Index DecompositionJg, Symmetry) for M—-O Table 11. Fragment Analysis for Oxidized Anions (Energy Terms in
Bonds in Oxidized Anions evV)
decomposition term  atom  [NBO1g®~  [TagO19®~ [M0eO1g]2~  [WeO1g%™
molecule M-O a e AEg O +19.94 +19.97 —20.20 —20.77
- Op +18.76 +18.78 —21.21 —22.17
8
ﬁ'bﬁgﬁ]& 939 030 o0 O +17.16  +1713  -2162  —22.45
60nsl ° : : : AEo O —12.65 -12.34 —-12.25 -12.77
{\'\/’\'/0801]9;, 912 o o O,  -1402  -1360  -1596  —16.30
619 : : : O —12.95 —12.56 —18.01 —-17.67
r r Ae O -2.11 —2.06 —2.04 -2.13
ecomposition Op -7.01 —6.80 ~7.98 -8.15
molecule M-0y a + by b, +e O —12.95 —12.56 —-18.01 —-17.67
[NbeOsg]8~ 0.77 0.32 0.45 _ .
[Ta6014" 077 036 041 M—0O, bond orders. The Mayer and covalenc_y indexes for
[MogO1¢]%~ 0.75 0.28 0.47 the Q atoms are smaller for the Nb and Ta anions (than for
[WeO1l?~ 0.77 0.34 0.43 the Mo and W clusters), and this corresponds with greater
decomposition values for the Qatqms. N '
Fragment Analysis. A fragment-decomposition analysis
molecule M-O¢ a e . .
NDO o1 0.66 085 based on eq 2 can provide a further measure of the relative
6019 . . . . . L.
[Tas01q" 153 0.66 087 bond_mg c_apa_cny and strength of_ central, bridging, and
[M06O19)2~ 1.68 0.58 1.10 terminal sites in the [MO19"~ polyanions. The clusters can
[WeO19* 173 0.63 110 be described as
Table 10. Covalency and Full-Valency Indexes for Oxygen Atoms in (6-)/(0) (2-) _ (8-)/(2-)
Oxidized Anions [M 6018] + [O] - [M 6019] (4)
covalency full valency and the total molecular bonding energy relative to the
molecule Q Op G Oc Ov G fragments is then given by
[NbgO1g]8~ 1.94 1.79 1.81 2.35 2.18 2.19
[TasOwg®~ 165 175 173 217 217 217 AEg = AE; + AE, + AEL (5)
[MogOig2~ 141 192 210 208 223 230
[WeO1l?~ 131 188 208 199 221 230 The orbital-interaction contribution can be normalized\as

effect of the extensive electron-density delocalization over by calculating

the [M—Oy] network. The smaller bond orders for the-\D; AE,

interactions in the Nb and Ta anions, compared with the Mo Ae, = n (6)
and W clusters, correspond to weaker contributions,

probably as a consequence of these being more directlywheren is the number of additional bonds in the molecule
affected by the much higher molecular charge. with respect to the uncombined fragments.

(c) Oxygen Valency.Covalency and full-valency indexes The results from eqs+46 are summarized in Table 11. It
for the oxygen atoms are shown in Table 10. The former is evident that the large charge differences between Nb/Ta
are calculated as a sum of all Mayer indexes for a particular and Mo/W systems have a strong influence on the bonding
atom (and therefore include some contributiefar example stability as reflected by the completely oppogitEs values.
O—0 interactions-that may be small but not necessarily Nevertheless, it is important to note the similarities in the
negligible), whereas the latter are a combined measure ofresults for the various O atoms that, as the full-valency
covalent (covalency) and ionic (electrovalency) bonding on indexes do, indicate that the bonding contributions from each
the basis of the Mayer and Mulliken results. oxygen type are comparable, despite the rather different

The weakness of internal (MO.) bonds in polyanions  nature of the individual M-O interactions.
has been frequently ascribed to the trans influence of the If each anion is considered separately, e values are
strong M—0 interactions:? This effect is evident in the  found to display a correlation with the Mayer bond orders
values of distances and orders for individual central bonds but are rather sensitive to charge-redistribution effects, and
in the [MsO10]"~ anions. However, Tytko and co-workets it is not possible to use them for a direct comparison of
have pointed out that although the individual trans-to-oxo different species. Thé\Eo terms also correlate with the
M—O bonds are longest and weakest, the O atoms involvedcovalency indexes, and these results suggest that, for
interact with a high number of metal centers and may be as[Mo¢O1¢]?>~ and [WsO10]?~, although ionic effects are some-
(or even more) strongly bound overall as the terminal-oxo what more significant for @(than Q or O) atoms, the
ligands are. The results in Table 10 support this idea. In eachcovalent character of MO, bonding is appreciable, and the
species, the full-valency indexes for the various types of central-oxygen site thus appears to be considerably different
oxygen atoms are all rather similar, and the differences in from an G~ entity.
the covalency values are much smaller than those observed As discussed in the Electronic Structure section, no
for the individual bond orders. particularly outstanding effects from bonds tg &oms are

There is a comparable trans-influence correlation in the observed. In the [MD1¢]"~ polyanions, the structural stability
covalency indexes to that observed betweer®j and derived from M—Oy, orbital interactions may be greater than
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the contributions from central and terminal bonds as a result  Minimal structural changes have been detected on reduc-
of the number of bridging bonds being (much) greater but, tion of molybdates and tungstates. This result is consistent
apparently, not because these are distinctively stronger.  with the general properties of the orbitals occupied by the
added electrons. These orbitals have been found not to
strongly affect the stability of the polyanions being only
The molecular and electronic structures of o{DMg]™™ slightly antibonding and to be extensively delocalized over
isopolyanions have been investigated using density-functionalthe [M—Oy] network.
methods. Good computationaéxperimental agreementhas  The Mulliken analysis has yielded a distribution of the
been obtained for the geometrical parameters of Mo and W negative charge over all types of oxygen sites and has
species, but important discrepancies have occurred in thesyggested that some structural changes in the reduced species
results for Nb and Ta clusters, probably as a consequencemay be closely connected with repulsions on the polyanion

Conclusion

of the high negative charge of these molecules. surface, as the excess charge tends to accumulateamdO
~ The molecular orbital and population analysis have tg a lesser extent, £atoms. The metal charges have been
indicated that the MO interactions are largely of M-€O found to be considerably smaller than the formal oxidation

p character and can be characterized as (fractional) multiplegtates.

terminal bonds, approximately single bridging bonds, and

low-order central bonds, in accord with bond-valence and  Acknowledgment. The authors thank the EPSRC, the
structural data. Bonds ef andxr nature are formed between Cambridge Overseas Trust, Selwyn College (Cambridge,
the metal centers and the terminal and bridging oxygen U.K.), and the University of Hull for financial support and
atoms. Some of these bonds, including the LUMO of the Computational Chemistry Working Party for access to
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closed loops proposed by Nomiya and Miwa. The valency tory.

and bonding-energy results have revealed similarities in the
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sites, and the latter have not indicated that there is a specia®~M—0 and M-O—M angles for oxidized anions. This material
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