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A detailed bonding analysis of Mo and W [M[2", [M,07]?>", and [MsO1¢]?>~ anions has been carried out.

The nature of the metaloxygen interactions and the bonding properties of oxygen sites have been explored
by combining population analysis, including bond and valency indexes, with information based on the
composition of molecular orbitals and the calculation of bonding energetics. Particular attention has been
focused on the effects of basis sets and functionals on the correlations between the various approaches. The
results obtained from population analysis have been found to be qualitatively consistent with those provided
by bonding-energy approaches for basis sets of tdpiprality and all functionals tested. Use of smaller

basis sets has had only a relatively minor effect on the bonding-energy results but has led to some significant
discrepancies in the population analysis.

1. Introduction population analysis of molecular orbitals with the decomposition
of the bonding energy into physically meaningful quantities as

The success and popularity of density functional théasy an excellent method for the study of the interactions between
a method of calculating and describing the electronic structures chemically useful fragments in a molecular structure.

of molecules and materials have been frequently attributed to |, 5 detailed and extensive investigation of polyoxoanions
computational features that provide a combination of practicality ¢ormeq by the transition elements Mo and % we have
and accuracy that cannot be matched by conventional methods,mpjoyed this combined approach based on population methods
including electron correlation. and bonding energetics, and in addition to the traditional analysis
The conceptual aspects of density-functional theory have alsoof molecular-orbital compositions and the calculation of (Mul-
been recognized as highly appealing from a chemical point of |iken) atomic charges, we have also incorporated computational
view, since several important universal concepts of molecular hond orders and valency indexes. In particular, we have found
structure and reactivity, such as chemical potential, electrone-that the combination of the bond and valency indexes with
gativity, hardness and softness, reactivity indexes, are naturallyhonding-energy results can be a useful analytical and interpreta-
involved in the density-functional language. tive tool. The purpose of the present work is to further explore
The physical and chemical significance of the Ket8ham the general applicability of bond-order and bonding-energy
molecular orbitals has, nevertheless, been a rather controversiamethods by investigating how basis-set and functional depen-
subject. The initial views of these orbitals as mathematical dence, and the choice of fragments, affect the correlations and
entities devoid of any useful analytical character have been complementary nature of these analytical techniques. The
disproved by rather extensive comparative investigations on thecalculations concentrate on three groups of oxoanions of Mo
general properties of the HartreBock (HF) and Koha-Sham and W: [MQy)%", [M207]?", and [MsO1q)%".
orbitals (KS) and their application to the calculation of atomic
charge, bond index, and valence. The most important conclu-2. Computational Approach
sions from these studies indicate that “the shape and symmetry
properties of the KS orbitals are very similar to those calculated
by the HF method?® and that “no appreciable difference is
noticed between their performance in the theoretical study of

bonding”# Bag = (PS:(PS; 1)
a8 ZZ i(PS

A computational definition for the bond orde#Ag) between
two atomsA and B has been proposed by Mayers an
extension of Mulliken population analysis, as is given by

In a recent article on the role of Kohtsham density
functional theory as a tool for predicting and understanding
chemistry, Bickelhaupt and Baerefidigmve considered that this ~ where the density matrix*;) elements are defined by
method “not only offers a road to accurate calculation and
prediction, but also allows interpretation and understanding of P = Zcik*cjk 2
chemical bonding phenomena using elementary physical con-

cepts”. These authors have also described the combination Ofand the overlap matrixg) elements are
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in the construction of the molecular orbitalg] as a linear
combination of atomic orbitals, that is,

D= Zgicik (4)

Mayer bond orders and Mulliken atomic charges have been
integrated in a definition of atomic valency, proposed by
Evarestov and Veryazoi,which can be used as a combined
measure of covalent (covalency) and ionic (electrovalency)
bonding. The (full) valency\() of atom A is defined as

Vo =300 + (€ 4 40,9 ©)
whereCa andQa are, respectively, the sum of the Mayer bond
indexes and the Mulliken charge associated with atom A.

The covalencyC,) index is defined as a sum of all Mayer
bond orders for a given atom and therefore includes contribu-
tions (for example, from atoms not directly bonded to one

another) that may be small but not necessarily negligible. This
can be represented as

Ca= zﬁgs + Zﬁzs (6)
where the first term can be considered as a bond $4g) {or
atom A which involves the contributions from directly bonded
atoms (B),

S = zﬁgs (7)
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TABLE 1: Composition of Basis Sets, Given as Orbitals
Included in the Core and Number of Valence Sets, 0§, p, d,
and f Type

element core orbitals valence functions type

o 1s 2s 2pld DZ1P
3s 3p 1d TZ1P
3s 3p 1d 1f TZ2P

Mo 1s-3d 2s2p2d2s1p Dz1P
2s3p3d3slp TZ1P
2s3p 3d 3s 1p 1f TZ2P

w 1s—4f 2s2p2d2s1p Dz1P
3s3p3d3sip TZ1P
3s3p 3d 3s 1p 1f TZ2P

the total molecular bonding energy of thY[4 system relative

to the separateX], [V], [Z] fragments is then given by
AEg = AE, + AE, + AE (11)

It should be noted that the fragments in eq 10 can take any

chemical form, atom, ion, or molecule.

The magnitude of the orbital-mixing, Pauli, and electrostatic
contributions to the bonding energy has been found to correlate
with the extent of density and orbital overlapn general, the
greater the interpenetration of the fragment charge distributions
and the more strongly the fragment orbitals overlap with one
another, the more favorable or less unfavorable the electrostatic
and orbital-mixing effects are, respectively. In contrast, a more
extensive orbital overlap leads to stronger Pauli repulsion due
to the enhancement of destabilizing kinetic-energy effects.

and the second term represents the small contributions arising3- Calculation Details

from secondary (largely nonbonding) interactions.

A computational analysis of bonding energetics can be carried
out by decomposing the total bonding energy)(of a molecular
system as

Eg=E;+ E-+ E¢ (8)
whereEg, Ep, andEg are, respectively, orbital-mixing, Pauli-
repulsion, and electrostatic-interaction terms. Descriptions of

the physical significance of these properties have been given

by Landrum, Goldberg, and HoffmaHnand by Bickelhaupt
and Baerend3.

The Eg component is calculated from the superposition of
the atomic ;) densities at the molecular geometry,

Pe = zpi

)

and represents the classical electrostatic effects associated with

the interacting (fragment) charge distributions. Haecontribu-

tion is primarily dominated by the nucleus-electron attractions,
and therefore has a stabilizing influence. THecomponent is
obtained by requiring that the (Pauli) antisymmetry conditions
be satisfied. This leads to a destabilizing orbital contribution
that has been described as a measure of steric repulsion. Th
Eo component represents a stabilizing factor originating from
the relaxation of the molecular system due to the mixing of
occupied and unoccupied orbitals, and involves the effects
associated with electron-pair bonding, charge transfer or gonor
acceptor interactions, and polarization.

Equation 8 corresponds to a molecular system described as

a collection of neutral atomic fragments. If the molecular
structure is generically decomposed as

X +[Y] +[2] =[XYZ (10)

All density functional calculations reported in this work were
performed with the ADF (2000.0%1° program. Bond and
valency indexes were obtained with a progféaesigned for
their computation from the ADF output file. Graphics of
molecular orbitals were generated with the MOLEKEL
program. Functionals based on the VosMiilk —Nusaif?
(VWN) form of the local density approximatiéh(LDA) and
on the gradient-corrected forms BP86, consisting of Becke
(1988) exchangé and Perdew (1986) correlati#rexpressions,
BLYP, consisting of Becke (1988) exchange and t¥ang—

Parr correlatioff expressions, and PW91, given by Perdew and
Wang?’ were utilized. Basis sets of douhieand triple€ quality
incorporating frozen cores and the ZORA relativistic approach
19 were employed. The basis sets were combined in three
different schemes labeled DZ1P, TZ1P, and TZ2P. Detailed
descriptions are given in Table 1.
All results reported in this work correspond to optimized
geometries obtained with an LDA/TZ1#2° approach. The
influence of basis sets and functionals on the computational
properties investigated was probed by means of single-point
calculations at these LDA/TZ1P geometries. Studies of basis-
set effects were carried out using the LDA and BP86 functionals
or population analysis and bonding energetics, respectively.
tudies of functional effects on bonding-energy results were
performed using the TZ1P basis sets. Previous investigdtions
have indicated that Mayer indexes appear to be largely insensi-
tive to the functionals employed in the calculations, and therefore
the functional dependence of the bond orders was not explored
in this work.

4. Results and Discussion

4.1. Molecular Structures. Structural and atom-labeling
schemes for the three groups of oxoanions studied in this work
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Figure 1. Structural and atom-labeling scheme for (a) [NRO, (b)
[M;07]?7, and (c) [MO1¢]?~ anions.

are given in Figure 1. The metal atoms in the [)© and
[M207]2~ species lie in four-coordinate environments which
possess regular tetrahedrdj)(symmetry in the former, but are
distorted in the latter due to the presence of longer bridging
(M—0y) than terminal (M-Oy) bonds.

The molecular structure of the j@-]2~ anions can adopt a
variety of configurations which correspond to the occurrence
of linear or bent [M-O,—M] units and of eclipsed or staggered
orientations of the [M@ terminal groups. All of these
configurations have been investigated in a previous woakd
it has been found that the possible conformers exhibit only minor
differences in stability. However, the anions with linear bridges

Bridgeman and Cavigliasso

TABLE 2: Optimized (LDA/TZ1P) Bond Distances (in pm)
for [MO 4]%7, [M,07]?7, and [M¢O1g)%~ Anions

molecule bond result
[MoO4]% M—GC, 180
[WO4* M—-C, 181
[M0207]2_ M- 175
M—-0, 190
[W,07]2 M—0 177
M—-0, 191
[M06019]27 M—-0, 171
M—-0, 193
M—0O¢ 232
[WeO1g)2™ M—0 173
M—0p 194
M—0O, 234

TABLE 3: Mulliken Analysis (LDA) of [MO 4%~ Anions?

charge population
molecule  basis set M (0] Ms Mp Md Mf
[MoQ4]?~ DziP +1.79 -095 13 33 17.8 0.0
TziP +158 -090 13 30 179 0.0
TZ2P +1.38 —-085 33 28 17.0 0.5
[WO4% Dz1P +197 -—-099 45 34 171 0.0
TZ1P +1.78 -094 42 29 174 0.
TZ2P +159 -090 54 27 16.7 0.5

a2 The populations of metal basis functions are given as percentage
per individual orbital.

analytical purposes. The structures willyy symmetry are
considered in the present work.

The [MsO14)? clusters differ from the smaller anions in that
all metal atoms are six-coordinate. The molecular structure
possesses ideal octahed@}) symmetry, but the local environ-
ment of the Mo and W sites is a distorted polyhedrorCaf
symmetry. The metal atoms are all equivalent, whereas three
different groups of oxygen sites are observed. These are
represented by terminal (Q bridging (Q), and central (¢
atoms.

Bond distances calculated using an LDA/TZ1P approach are
reproduced in Table 2. These data have been taken from
previous work on the [M@?~,28 [M,07]%2~,2° and [MsO19]%~ 7
anions, and comparisons with available experimental results can
be found in the original publications. In all cases, the compu-
tationat-experimental agreement has been found to be satisfac-
tory.

4.2. [MO4]? ~ Anions. A qualitative molecular-orbital dia-
gram showing the metaloxygen interactions that are most
important to chemical bonding in the [M3~ anions is given
in Figure 2. The highest-occupied {llievel (HOMO) represents
the only group of orbitals whose composition, due to symmetry
constraints, should involve oxygen functions exclusively. (This
is strictly valid if f-type polarization functions are ignored). All
the orbitals of @ e, and 2 symmetry can, in principle, consist
of combinations of metal and oxygen functions, but the
calculations suggest that only the and 1e orbitals should be
considered strongly MO bonding.

The 3b and 1e levels contain substantial contributions from
both M d and O p orbitals, whereas in the 22t;, 3a, and 4%
levels, the participation of metal functions is relatively minor
and these orbitals appear to be largely of nonbonding (O s or
O p) character. The properties of the molecular orbitals of the
[MO,4]2~ anions therefore suggest a minor participation of metal
s and p and oxygen s functions in the bonding interactions.

The metal basis function populations, shown in Table 3, are
consistent with the molecular orbital analysis. These results have

possess higher symmetry and are thus more convenient forbeen obtained by dividing the relative percentage populations



Computational Analysis of Mo and W Oxoanions J. Phys. Chem. A, Vol. 107, No. 22, 200871

2e* TABLE 5: Relative (percentage) Contributions of Symmetry
Components to Mayer M—O Bond Indexes for [MO,4]%~
Anions
molecule basis set 1a e t t
[M0Q4)?~ Dz1P 2.2 35.3 0.0 62.5
TZ1P 2.1 32.9 0.0 65.0
TZ2P 5.7 30.6 2.6 61.1
[WO,J?~ Dz1P 5.9 345 0.0 59.6
TZ1P 54 31.8 0.0 62.8
TZ2P 7.0 29.1 3.2 60.7

expected from the dominant role of M d-type functions and
much more limited participation of M s-type functions in-ND
bonding. The more significant values and relative weights of
the a indexes obtained with the TZ2P (with respect to the DZ1P
or TZ1P) sets correlate with an increase in the population of M
S orbitals.

The nonzerojtcomponent in the TZ2P indexes is due to the
fact that this basis set includes Mype polarization functions
which have a small, but not negligible, population (Table 3).
The M f orbitals transform as the trreducible representation
and, although they are not significantly involved in the-K&

2t, chemical bonds (the composition of the; Krbitals being
0 = approximately 0.99 O and 0.01 M), some minor interaction with
2a; O p orbitals occurs and is reflected in the bond-order decom-
position.
[MO4J?- The calculation of the bonding energetics in a molecular

system requires a suitable choice of fragments. An analysis
based on equations 10 and 11 involves fragment calculations
that must be carried out in a restricted fashion. Therefore, in

Figure 2. Qualitative molecular orbital diagram showing predominant
metal and oxygen contributions to the valence levels of [MCanions.

TABLE 4. Mayer M —O Bond Indexes (LDA) for [MO 42~ the case of the [M@)?~ anions, the most convenient choice for
Anions computational purposes is closed-shell species, namely,
decomposition o o ”
molecule basisset index ia e t t M]™ +4[0]" = [MO4] (scheme Al)
[MoO,]%~ Dz1P 1.36 0.03 0.48 0.00 0.85 or
TZ1P 1.46 0.03 0.48 0.00 0.95
TZ2P 157 009 048 004 0.96 o+ o o
[WO,J2- DzlP 136 008 047 000 081 [M]”" + [0, =[MO,] (scheme A2)
TZ1P 1.48 0.08 0.47 0.00 0.93
TZ2P 158 011 046 0.05 0.96 These schemes are also convenient from a formal chemical

standpoint, particularly for larger systems, as the conservation
by the total number of orbitals of a given type. The effects of of (formal) oxidation states is strictly possible.
the basis set on the relative weights of the s, p, and d components The orbital-mixing effects in the fragment interactions
are minimal, a dominant d and much smaller s and p contribu- represented by schemes Al and A2 can be described as charge
tions being observed in all cases. However, the total populationtransfer from the oxide species to the metal ions. It is also
value increases with the number of functions as reflected by possible to consider electron-pairing effects by using the
the lower charges obtained with larger basis sets. following decomposition scheme, which has been previously
4.2.1. Bond Indexes and Bonding Energefidse composition applied to the [Mn@]~ anion?®
of the molecular orbitals and the population analysis of basis
functions can provide useful information about chemical bond- M " +[0]% =[MO,J*  (scheme A3)
ing, but a more detailed picture of the relative importance of
the different types of orbital interactions can be obtained with where the electronic configurations of the partially filled shells
bond-order and bonding-energy analyses, particularly throughin the [M]™ and [Q]%~ fragments are respectively Sdand
the decomposition of these properties into contributions associ- [t,%¢?]. These configurations are consistent with the molecular-
ated with the irreducible representations of the molecular system.orbital structure of the bonding in the Mo and W [MI®&
Mayer indexes for the metabxygen interactions in the  anions, which indicates that MO interactions can be mostly
[MO4]? anions are given in Tables 4 and 5. The actual values associated with the 3ind 1e orbitals.
and relative contributions of thd{) symmetry components of The results obtained from the application of the three different
the bond orders are also included. Mayer and Muliken analysesdecomposition schemes are summarized in Tables 6 and 7. It
are closely connected, and this is observed in the fact that theshould be noted that the analysis based on orbital-mixing
decrease of the Mulliken charges with basis-set size is reflectedenergetics includes orbital interactions between fragments and
by a corresponding increase in the values of the®/lindexes. polarization effects represented by the mixing of occupied and
The results of the symmetry-based decomposition of the bond unoccupied orbitals in a given fragment due to the presence of
orders are in agreement with the conclusions obtained from thethe other fragments. Therefore, bonding-energy and bond-order
molecular-orbital and population analyses. The e amdtri- results are not expected to show an exact correspondence, the
butions are considerably higher than thecantribution, as latter being only associated with the interactions between two
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TABLE 6: Energetics (BP86) of Orbital Mixing (AEo in eV) 1t lay + 6e
in [MO 4]?~ Anions —

decomposition
molecule scheme basis setAEo a e t t 4t, 7a; + 5e

[MoOJ> Al  DZIP —64.04 —0.94 —21.25 —1.97 —39.88
TZIP —65.23 —1.03 —21.07 —3.07 —40.06

TZ2P -66.09 —1.22 —20.75 —4.03 —40.09

A2  DZ1P -85.18 —2.87 —25.35 —5.07 —51.88

TZIP —91.23 —2.81 —25.62 —6.61 —56.20

TZ2P  —92.18 —3.02 —25.30 —7.65 —56.21

A3 DZIP —6254 —0.39 —17.64 —0.68 —43.84 le de

TZIP —62.05 —0.38 —17.23 —0.68 —43.77

TZ2P —62.97 —0.48 —17.34 —1.03 —44.11

[WOJ%~ Al  DZIP -56.89 —157 —18.22 —1.94 —35.16
TZIP —58.06 —1.61 —18.03 —3.03 —35.37 3ty 5a; + 3e

TZ2P —58.48 —1.64 —17.85 —3.55 —35.44

A2 DZIP —77.48 —3.66 —22.05 —4.97 —46.80

TZIP -83.42 —3.71 —22.33 —6.49 —50.89

TZ2P —83.94 —3.75 —22.16 —7.06 —50.97

A3 DZIP —67.17 —0.67 —18.89 —0.69 —46.92

TZIP -66.48 —0.72 —18.49 —0.69 —46.58

381 631

TZ2P —66.98 —0.74 —18.58 —0.85 —46.81 2t 4a; + 2e
TABLE 7: Relative (percentage) Contributions of Symmetry —_—
Components to the Orbital Mixing Energies of [MO,]?
Anions 2a; 3a;
molecule scheme basisset 1 a e t tz
[M0oO4]?~ Al Dz1P 1.5 33.2 3.1 62.2
TZ1P 16 323 47 614
TZ2P 1.8 314 6.1 60.7
A2 DzIP 33 298 60 60.9 Ta Csu
TZ1P 3.1 28.1 7.2 61.6 Figure 3. Correlation diagram for the molecular orbital description
TZ2P 3.3 27.4 8.3 61.0 of [MO,]?~ anions inTq and C3, symmetry representations.
A3 Dz1P 0.6 28.2 1.1 70.1
TZ1P 06 278 11 705 In general, for all fragment schemes and basis sets, the orbital-
_ Tz2p 08 276 16 700 mixing results compare well, on a qualitative basis, with the
[WO4]2 Al DZ1P 28 320 34 6138 ) .
TZ1P 28 311 52 609 bond-order results. In particular, somewhat closer correlations
TZ2P 28 305 6.1 606 between the Mayer analysis and bonding energetics of the
A2 DZ1P 47 285 6.4 604 [MO4]?~ anions are observed for schemes Al and A2 involving
TZ1P 44 268 78 610 closed-shell species than for scheme A3, which also considers
TZ2pP 45 264 84 607 interactions between partially filled shells.
A3 TDzzlllf i‘f %?_’é i_'g ?8:? 4.2.2. Analysis of Indidual Bonds.The % and e orbitals in
TZ2P 11 277 13 699 complexes exhibitingTy symmetry have sometimes been

described as approximately representingnd st interactions,

respectively. However, a definite separation of thend =z
atoms. However, a qualitative or semiquantitative correlation components of individual bonds is not possible if regular
should normally be observed. tetrahedral symmetry is used.

The total and partial orbital-mixingAEo) values vary with This can nonetheless be achieved by lowering the symmetry
the calculation approach employed, due to the different chemicalto Cs,, as in this case the decomposition of the orbital
nature of the fragments, but the relative contributions associatedinteractions corresponding to the bond lying along @aeaxis
with the individual symmetry subspecies are similar in all cases into their @ and e components can be associated wigdnds
and agree satisfactorily with the molecular-orbital analysis. The bonding modes, respectively. This is illustrated by Figures 3
orbital-mixing effects are dominated by e andiriteractions and 4. The aand e orbitals inTqy symmetry conserve their

with minor participation of aand t orbitals. characters in th€;, configuration, whereas theand § orbitals
The basis sets have a rather small effect, in general. The mos@re Split, respectively, into;&e and ate contributions.
significant difference between doubleand triple< functions The calculation of bond indexes only requires that the

is found for scheme A2 and is mostly associated with the t Molecular symmetry be changed fromato Cs,, but a suitable
orbitals. This discrepancy appears to be caused by the highfragment scheme is needed for the bonding energy analysis.
charge of the [GI8~ ion, as the orbital-mixing energy of this  1he scheme employed in this work can be represented as
fragment has been found to be rather more sensitive to the basis

set than those of the [®] and [O)]3~ species. [MO4 +[0]* =[MO,*  (scheme A4)

The relative importance of the ¢ontribution is probably the
most noticeable difference between bond-order and bonding-where the [MQ] fragment introduces the require@h, sym-
energy results. (Even with the DZ1P and TZ1P sets, which do metry.
not include metal functions of symmetry, is ajtcontribution Figure 4 shows that the le orbitals {ig symmetry) can be
observed). This is most likely a manifestation of polarization considered to represent a-like bonding mode which is
phenomena, which should be involved in the bonding energeticsunchanged by the use of th&s, configuration (where they
but not in the bond orders. become the 4e orbitals), but that tig)(3t, orbitals which have
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TABLE 8: Analysis of o and # Components (percentage contributions in parentheses) of MO Bonds in [MO4]?~ Anions?

bonding analysis

molecule basis set  Swo o T n AEo o 4 i

[MoO4]?~ Dz1P 1.36 0.50 0.86 0.00 (37:63:0) —-11.97 —5.16 —6.78 —0.03 (43:57:0)
TZ1P 1.46 0.64 0.82 0.00 (44:56:0) —10.52 —4.74 —5.74 —0.04 (45:55:0)
TZ2P 1.57 0.71 0.84 0.02 (45:54:1) —10.71 —4.79 —5.87 —0.05 (45:55:0)

[WO,]>~ DZ1P 1.36 0.49 0.87 0.00 (36:64:0) -11.81 —5.09 —6.68 —0.04 (43:57:0)
TZ1P 148 067 081 000 (45:55:0) -1052 —4.83 —564 —0.05  (46:54:0)
TZ2P 1.58 0.72 0.84 0.02 (46:53:1) —10.58 —4.83 -5.70 —0.05 (46:54:0)

aBond indexes fwo) and orbital energiesAEo in eV) correspond to LDA and BP86 calculations, respectively.
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Figure 4. Spatial representation of metabxygen bonding orbitals
of [MO4]? anions.
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a predominantlyo-like appearance can be described as a
combination ofo bonding, represented by th€4) 5a orbital,
andzr bonding, represented by th€4) 3e orbitals.

An analysis of thes and w components of the individual [M,O7]*~
M—0O bonds in the [M@?~ anions is presented in Table 8. Figure 5. Qualitative molecular orbital diagram showing predominant
This is based on the decomposition of the bond index and metal and oxygen contributions to the valence levels ofJf~ anions.
orbital-mixing energy into the contributions associated with the
irreducible representations @y, symmetry. Thes-like interac- The ¢ component of the Mayer index appears to be most
tions occur through the mixing of Madand O porbitals which  sensitive to the basis functions and, in particular, the value
transform as thesaspecies, whereas thelike bonding modes  obtained with the DZ1P set is comparatively rather small, and
correspond to M g—0 pc and M d,—O py interactions which  thjs seems to be the reason the relative contributions calculated
possess e character. In addition, there areoatributions that  yth this basis set are significantly different. In the case of the

are not directly associated with the-ND orbital-mixing effects  ponging energetics, although the absolute DZ1P values are rather
but can be present as a small component of the bond-order Valuqarger than the TZ1P and TZ2P values. the relativand 7z
and the orbital-mixing energy. These aontributions are K

included in Table 8 as an additional term labeled . o )

All the approaches used in the calculation of bond orders _4-3- [M207]? ~ Anions. A qual!tauve molecular-orb|tal
and bonding energetics have yielded qualitatively similar results diagram showing the metabxygen interactions that are most
which indicate that the-like interactions appear to be somewhat important to chemical bonding in [M7]*~ anions (withDaq
more significant than the-like interactions. The basis sets Mmolecular symmetry) is given in Figure 5. As observed in the
utilized in the calculations have an effect on both the bond- [MO4]?~ species, the orbital structure of bridging and terminal
order and orbital-mixing values but, with the exception of the bonds is largely dominated by interactions between M d and
DZ1P indexes, the relative (percentage) contributions are only O p functions, with a much more limited participation of M s,
slightly different. M p, and O s functions.

contributions are not strongly affected by the basis set.
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TABLE 9: Analysis of o and # Components (percentage contributions in parentheses) of MO, Bonds in [M,07]?2~ Anions?
bonding analysis

molecule basis set  fwo o 4 n AEo o T n

[Mo207]% DZ1P 064 029 035 0.00 (45:55:0) -10.84 —548 —478 —058  (51:44:5)
TZ1P 0.68 0.36 0.32 0.00 (53:47:0) —9.86 —4.96 —4.27 —0.63 (50:43:7)
TZ2P 0.77 043 033 001 (56:43:1) -10.18 —-5.05 —4.42 —071  (50:43:7)

[W.07]?~ DZ1P 0.65 0.30 0.35 0.00 (46:54:0) -10.83 —5.65 —4.61 —0.57 (52:43:5)
TZ1P 0.72 0.42 0.30 0.00 (58:42:0) —-10.04 —5.29 —4.12 —0.63 (53:41:6)
TZ2P 0.83 0.48 0.34 0.01 (58:41:1) —-10.23 532 —4.24 —0.67 (52:41:7)

aBond indexes fwo) and orbital energiesAEo in eV) correspond to LDA and BP86 calculations, respectively.

these contributions can be associated with thea,, and g
(a) orbitals and are collectively given in the term included in
Table 9.
The decomposition scheme used for the calculation of the
bonding energetics in [MD7]>~ anions can be described as

2[MO,] + [0]* =[M,0,]*”  (scheme B)

The general results based on Mayer analysis and bonding
energetics largely resemble those obtained for j}Oanions.
(b) All results from calculations employing triple-basis sets
suggest thav-like interactions appear to be somewhat more
important thanz-like interactions and that the difference
between the relative contributions is slightly greater in(]2-
than in [Mo,07]%".

The bond-order and orbital-mixing results obtained with the
double¢ basis sets are, however, not consistent with one
another. Although the latter are qualitatively equivalent to the
predictions based on the calculations carried out with the larger
(©) TZ1P and TZ2P sets, the DZ1P Mayer indexes indicate that,

along the M-Op—M bridging unit,.z bonding should be more
significant thano bonding. As noted for [MG}2~ anions, the
discrepancies between DZ1P and TZ1P/TZ2P results are prob-
ably related to the rather important basis-set dependence shown
by the s component of the MO bond indexes.

4.4. [MgO14)? ~ Polyanions.The polyoxoanions formed by
Mo and W are structurally and electronically (much) more
complex than the relatively simple four-coordinate species, but
Figure 6. Spatial representation of metadxygen bonding interactions  the general features of the chemical bonding in the JMO
in [M207]*" anions: (a) 4a orbitals, (b) and (c) 3eorbitals. and [MpO;]2~ anions are also observed in the larger(dg]2~

clusters. This is illustrated by the qualitative diagram presented

Spatial representations of the three molecular orbitals thatin Figure 7, which provides a schematic summary of the
are most significant to the description of bridging{{@;) bonds  predominant character of the orbital interactions in these

are shown in Figure 6. The 4gaorbital corresponds to-like polyanions.

interactions involving @ p; and M dz functions, whereas the Chemical bonding in the [¥D192~ species can be largely
3¢, orbitals represent-like interactions between gy or py associated with interactions between M d and O p functions,
functions and M ¢, or d;; functions, and also possess some the participation M s and p orbitals being minor and the O
M—0Ox bonding character. s orbitals being mostly involved in nonbonding combinations

An analysis of ther andsr components of the MO, bonds that appear as a low-lying “O s band” in the electronic structure.
can be carried out by considering the contributions te @4 _4.4.1. Orb_ltal Inter_actlons in T_ermlnal Bond3he levels
bond indexes and orbital-mixing energies associated with the hlghllgh_ted in the diagram of.Flgure ! represent the pnly
irreducible representations to which the M and Basis interactions than can be unequivocally ascribed to a particular

functions belong. The;gand a, symmetry species correspond 'i[z\ece)hg m;joifog?;’ngs dfjheei% t?g asn(rjn%gtr ?'tgésngggir?tgly
to M—0y, o-like interactions (the former being a small contribu- ging h SY y .

tion in this case as MOy, ¢ bonding is predominantly described An analysis of they andzr components of the terminal (M
b .
by the 4a, orbital). The M—Oy, interactions ofz-like character Oy bonds can nevertheless be performed by using the Ggal

dto th i . symmetry of the [M@] polyhedral unit. As in the [M@%~
correspond to the.e&Symmetry Species. anions,o-like and z-like interactions can be associated with

An analysis of thes andr components of the MO, bonds the a (Md2) and e (M d, M dy;) contributions to the bond
in the [M207]?~ anions is presented in Table 9. Analogously to orders and orbital-mixing energies.
the [MO4]?~ species, the bond-order and bonding-energy  The Mayer indexes can be calculated by changing the
description of M-Oy, interactions may contain small (indirect)  molecular symmetry fron©;, to C,,, and the bonding-energy
contributions, which are most likely linked with polarization analysis of M-O; bonds can be obtained with the fragment
functions or polarization effects. In the P®;]2~ molecules, scheme represented by
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2e} included. It may also be possible to observe correlations between
full-valency indexes and total bonding energies, as both
parameters can be considered to provide a relative measure of
the general interactions of an atom or chemical fragment in a

Mp _ molecular environment.
— Various oxygen valency indexes calculated using triple-
Ms le, basis sets are given in Table 11. The energetics for the binding
of a particular oxygen atom to the polyanion structure can be
M d obtained with scheme C. The results of this fragment analysis

are shown in Table 12 and are also used to test the functional
Op dependence of computational bonding energies.

The bond sums and covalency indexes for the various oxygen
atoms reflect the nature of the individual-ND interactions.
The highest values obtained correspond to the terminpk{@s,
which form the strongest covalent bonds and have the lowest

lagy Mulliken charges. The bridging (P sites are involved in two
—_— relatively strong M-O bonds (of approximately single character)
lag, and are also characterized by rather high bond sums and

covalency indexes. The internal {Catoms in the [MO1g]?~
polyanions occupy a six-coordinate site and the six individual
/ Os M—0O bonds that they form exhibit noticeably low(@.2) orders.
However, the high-coordinate environment compensates for the
individual bond weakness and the general covalent character
of the central atoms is thus significant, albeit smaller than those
[MgO1o]2~ of the bridging and terminal sites. The full-valency indexes
Figure 7. Qualitative molecular orbital diagram showing predominant suggest that the overall bonding (.:apacmeslof the. d'ffe.re”‘
metal and oxygen contributions to the valence levels o>~ oxygen t){peS are comparable desp!te the yanety of individual
polyanions. coordination environments and-MD interactions.
The comparison of the TZ1P and TZ2P valency results
[M¢O,d + [0]° =[MgO;J>°~ (schemeC) indicates some dependence on the basis sets used in the
calculations. This arises from the separate basis-set effects on

Where the [MO].B] fragment introduces the require64y MUI“ken and Mayel' analyses The |nd|V|dua| bond Order§
Configuration and the [G]’ ion represents a terminal site. obtained with the TZ2P set are hlghel’ than those COFI’GSpOI’IdIng

Table 10 summarizes the bond-order and bonding-energy'© the TZ1P set, and so are the resulting bond sums and
results obtained for [MD1g]2~ anions. The; term in this case  covalency indexes. The Mulliken charges are influenced by the

includes the small contributions associated with theba and basis functions used in the calculations, and this should also
b, irreducible representations that are not directly related to the affect the full-valency values. Nevertheless, the basis-set
major M—O bonding interactions. dependence does not have a considerable effect on the general

All approaches have yielded qualitatively comparable results, interpretation of the valency results, as the_trends obtained with
suggesting a somewhat more predominant rolerahan o both TZ1P and TZ2P sets are largely similar.
interactions in the terminal bonds. The observed basis-set A correlation between valency analysis and bonding energet-
dependence is similar to those described for the jMOand ics has been observed in previous studies of Nb, Ta, Mo, and
[M,07]2~ species, but the differences in the predicted relative W [MeO1g]? ~ polyanions’ This is reproduced by the results
contributions of thes and z components of the bond orders shown in Table 12, regardless of the functional employed in
are more significant than those obtained for the smaller anions. the calculations. The orbital-mixing energies correlate with the
However, the cause of these differences can be attributed tobond sums and covalency indexes, the highest and lowest values
the rather strong sensitivity of theindex to the basis functions ~ Obtained corresponding to terminal and internal oxygen sites,
used in the calculations, as noted in preceding discussions. —respectively, and the results for bridging atoms being relatively

4.4.2. Oxygen Valency and Binding Energy.addition to closer_ to those for the_ former than the Iatt_er. The t_otal bonding
calculating orders and interaction energies associated withenergies correlate with the full-valency indexes in that both
individual bonds, it is possible to use Mulliken and Mayer data results suggest that the relative stabilities of the different oxygen
and bonding energetics to explore the general bonding environ-Sites in the clusters are, to a large extent, comparable even
ment of a given atom in a molecule. This can be illustrated by though the general structural and bonding properties of the
an analysis of the three types of oxygen sites in theQ|2~ individual atoms are rather distinct.
polyanions. The functional effects on the bonding energetics for the

As described in the Computational Approach section, the 0xygen atoms in the [§Dig]*~ anions are minimal, not only
Mayer indexes corresponding to a single atom can be combinedon a qualitative basis but also on the quantitative level, as the
to obtain a bond sum or a covalency index, and the integration actual energy values are in all cases largely similar. This
of Mayer and Mulliken results into a full-valency index can be observation has been found to be valid for most results obtained
used as a relative measure of overall bonding capacity. Theusing fragment schemes and decomposition analysis of the
orbital-mixing energy may display some degree of correlation molecular bonding energ¥.
with the bond sum or the covalency index as it involves  4.5. General Remarks.The results obtained for the three
“covalent” interactions between fragments, but an exact cor- types of oxoanions investigated indicate that the agreement
respondence is not expected because polarization effects are alsbetween population analysis and bonding energetics is satisfac-
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TABLE 10: Analysis of o and & Components (percentage contributions in parentheses) of MO; Bonds in [MgO1¢]2~ Anions?
bonding analysis

molecule basis set  fmo o 4 n AEo o T n
[M0gO1q]?~ Dz1P 149 044 105 0.00 (30:70:0) -19.45 —-7.72 -10.74 —-0.99  (40:555)
TZ1P 168 058 110 0.00 (35:65:0) —18.01 —7.40 —9.67 —0.94  (41:54:5)
TZ2P 182 072 110 0.00 (40:60:0) —18.24  —7.46 -9.78 —1.00  (41:54:5)
[WeOrg]2~ DZ1P 150 041 1.09 0.00 (27:73:0) -19.02 -7.70 -1041 —0.91  (40:55:5)
TZ1P 173 063 110 0.00 (36:64:0) -17.67 —7.45 -9.36 —0.86  (42:53:5)
TZ2P 1.83 0.72 1.11 0.00 (39:61:0) —17.76 —7.48 —9.39 —0.89 (42:53:5)
aBond indexes ffwo) and orbital energiesAEo in eV) correspond to LDA and BP86 calculations, respectively.
TABLE 11: Valency Indexes for Oxygen Atoms in trates on the interactions between two bonded atoms, whereas
[MO1g]*~ Anions® the calculation of bonding energetics involves, in general,
molecule basis set atom  Suo Co Vo molecular fragments and, thus, in addition to orbital interactions
[M0eOsgl2- TZ1P Q 168 > 10 230 t?etween directly bonded atoms, polarization effe_cts and interac-
Oy 1.50 1.92 2.23 tions between nonbonded centers can also be important. These
O 1.14 1.41 2.08 “additional” effects in the bonding energetics can be expected
Tz2pP Q 1.82 2.23 2.37 to be more important for larger species, and this is probably
Ob 160 209 233 the reason the differences between bond-order and bonding-
O 1.26 158 221 o o
2- energy results are somewhat greater fos@*~ and [MsO14]
[WO1d] TZ1P Q 1.73 2.08 2.30 .
O 1.54 1.88 221 than for [MOy)?~ systems.
Oc 1.08 1.31 1.99 In [M>07]?~ and [MsO1g]?~ anions, thesf) term that measures
Tz2P Q 183 219 2.37 indirect bonding effects is a small but significant component
O 1.70 2.11 2.36

of the orbital-mixing energy, whereas its contribution to the
bond-order values is negligible. This difference in the magnitude
of they term affects the calculation of the relative contributions
associated witlo ands interactions and leads to the observed

Oc 1.38 1.64 2.19

aThe bond sum&uo), covalency Co), and full valency Yo) are
calculated from LDA Mayer and Mulliken data.

TABLE 12: Bonding Energetics (eV) of Oxygen Atoms in discrepancies between the bond-order and bonding-energy
[M 019>~ Anions? analyses. In [M@]%~ anions, the incidence of theterm in the
molecule functional atom AEo AEs results from both approaches is extremely small and, thus, the
Icul relativ ntributions of n nding m
[MocOr2 5PEo 9 180l —2L62 caclu ate? e.at.I e contributions of tkeands bonding modes
Oy _15.96 o191 are largely similar.
O —12.25 —20.20 In calculations that utilize doublé-basis sets, there is an
BLYP O —18.05 —21.38 additional factor that affects the correlations between bond-order
Op —-16.03  —20.91 and bonding-energy analyses. These smaller basis sets have
Oc —12.24 —19.93 yielded orbital-mixing results similar to those obtained with the
PW91 Q —18.03 —21.79 iol but h . v qi | | fordh
O _1508 5142 triple-¢ sets, but have consistently given lower values fordhe
O, —12.31 —20.43 component of the bond index. This has led to less satisfactory
[WeO1g)2~ BP86 Q —17.67 —22.50 agreement between the two approaches and, in the case of the
O —16.30 —22.17 [M,07]% anions, to a qualitative discrepancy in the prediction
Oc —=12.77 —20.77 e i
of the relative importance of the and.x components of the
BLYP O -17.72 —22.24 M—0Or—M bonds
o -16.36  —21.86 b :
Oc —12.75 —20.48
PW91 Q —17.67 —22.67 5. Conclusion
Ov -16.30  —22.38 . . , o
O —12.84 —21.00 It has been mentioned in the Introduction that the combination
a All results correspond to TZ1P calculations. of population analyses of molecular orbitals with bonding energy

decomposition approaches has been described as an excellent

tory if basis functions of triplés quality are utilized in the ~ method for the study of chemical bonding interactions in
calculations. In general, reasonably good correlations betweenmolecular systems. An extended population analysis, which
the two analytical approaches have also been obtained withincludes bond and valency indexes, can (significantly) enhance
smaller doublé: basis sets, but some discrepancies have beenthe description of the chemical bonding in molecular species,
found. This can be related to the considerably greater sensitivity as it provides details about the nature of the interactions between
of the bond-order and related methods to basis-set quality. ~bonded atoms and an indication of the bonding capacity of

The analysis of the andx components of the metabxygen individual atoms.
bonds provides a suitable example of the quality of the The preferred approach to the computational analysis of
correlations obtained and how these are affected by the choicechemical bonding should be a combination of the various
of basis functions. For calculations employing trigleasis sets, population, molecular-orbital, and bonding-energy methods. For
the agreement between bond-order and bonding-energy resultshe three groups of Mo and W oxoanions studied, all of these
is extremely good for [M@ 2~ anions, and is also satisfactory methods have provided qualitatively consistent descriptions of
for the [M07]%~ and [MsO14]%>~ species. However, for the larger  the bonding interactions and properties, for calculations employ-
oxoanions, (quantitative) differences of some significance, ing basis sets of moderate size (which corresponds to tiple-
between the two approaches, are observed. quality). The use of smaller basis sets has led to some

As noted in preceding discussions, these differences are likelydiscrepancies, whereas the functional influence has been, in
to be connected with the fact that bond-order analysis concen-general, minimal.
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It is important to note that although a combined approach  (9) Bridgeman, A. J.; Cavigliasso, Gorg. Chem.2002, 41, 3500.
should provide the most detailed description, this can be difficult __ (10) Bridgeman, A. J.; Cavigliasso, G. Phys. Chem. 2002 106
to achieve for some particular species. The calculation of bond Gllfi Brid A 3 Cavidi Golvhedron2002 21. 2201
orders and related properties can be advantageous in that it is 212; szgefﬁ:é&’]erh E’hyi\.nﬁé?;&s)gé ggyy;O.ron 224, '
computationally more economical and can be more widely (13) Evarestov, R. A.; Veryazov, V. ATheor. Chim. Actal991, 81,
applied than the methods based on bonding energetics. Boncbs.
indexes can be obtained for species of any molecular symmetry (14) Landrum, G. A.; Goldberg, N.; Hoffmann, R.Chem. Soc., Dalton
and can be highly useful as a means of quantifying bonding Trans.1997 3605. ,
interactions in systems of low symmetry, for which the fragment ~ (15) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.

- . . h : . (16) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322.
ggfﬂgt'gi?ffcﬁ?L(')':er:jottop%tg;'&'e”format'on onbonding energetics 7 oyeide. G.. Baerends, E.d. Comput. Phys1992 99, 84.

(18) FonsecaGuerra, C.; Snijders, J. G.; teVelde, G.; Baerends, E. J.
Theor. Chem. Accl99§ 99, 391.
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