Journal of Cluster Science, Vol. 13, No. 1, March 2002 (© 2002)

Electronic Structures, (d-p)n Conjugation Effects,
and Spectroscopic Properties of Polyoxometalates:
M,0,,>~ M=Cr, Mo, W)'
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The electronic structures and bonding of isopoly oxometalates MgO,o2~
(M=Cr, Mo, W) have been investigated by using ab initio and relativistic
density functional methods. We have discussed the role of the central oxygen
atom and the (d-p)n conjugation interactions between the metal and bridging
oxygen atoms. It is found that there exist 12 three-centered two-electron
(d-p-d)z bonds for the three M,(u-O), planar rings in MgO,,2~ ions and these
hexametalates are considered to have quasi-aromaticity. The (d-p)z conjugation
effects play essential role in stabilizing these cluster compounds, and the reduced
(d-p)m conjugation effects account for the instability of the isopoly oxochromate
ion, CrgO,,2~. The vibrational spectra and electronic spectra of MsO,y>~ ions
are evaluated and assigned theoretically and the calculated spectra are in fairly
good agreement with the measured experimental results.

KEY WORDS: Polyoxometalate; M¢O,,>~ isopoly ion; Lindqvist-type metal-
oxygen cluster; (d-p)z conjugation effect; three-centered two—electron bond;
quasi-aromaticity.

INTRODUCTION

The Lindqvist-type metal-oxygen clusters, M;O;,2~ (M=Mo, W), and
their functionalized compounds have fascinating chemical properties, pho-
tophysical properties, and diverse practical applications [1, 2]. Because
of their potential applications in analytical chemistry, electrochemistry,
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photocatalytic reactions, biological and medical fields, and non-linear optic
material sciences, experimental investigations of these isopoly oxometalates
have significantly increased in recent years [ 3, 4]. Even though the MO,-
type hexachromate counterpart is unknown so far, the hexamolybdate and
hexatungstate cluster ions have been synthesized and characterized for a
long time [5]. The x-ray structure of MosO,y>~ cluster was first charac-
terized in 1973 [6], shortly after the reports of its infrared (IR) and Raman
spectra [7, 8]. Many compounds with Mo,O,,%~ ion are synthesized since
then [9]. The single-crystal x-ray structure of W¢O,,*>~ cluster ion was
determined in 1978 [10]. In addition, similar hexametalate structures are
also known for the group V elements, V [11], Nb [12], and Ta [13]. These
isopoly hexametalate ions represent an important group of the metal-oxygen
clusters or polyoxometalates.

The fascinating characteristic of these M4O,,2~ isopoly anions is that
they contain mutually perpendicular M,(u-O), planar rings (Fig. 1), which
are also common for many other isopoly or heteropoly anions. The struc-
ture of the M-O-M subunits and short M-O distances in these clusters
point to the possible existence of (d-p)z conjugation effects in these
polyoxometalate systems. It is therefore interesting to explore the role of
the (d-p)z conjugation effects and how they affect the electronic structures
and properties of these clusters. In addition, the presence of the unique six-
coordinate, central oxygen atom in the MO,,?~ clusters requires quantita-
tive theoretical calculations for understanding its effects on the stability of
the clusters.

The (d-p)z bonding in transition-metal cluster compounds has been exten-
sively studied by Lu and his colleagues [14]. By comparing with benzene
the geometrical structures and chemical reactivities of a series of trinuclear

{a) ) (=]

Fig. 1. Molecular structure of the MosO,,2" isopoly ion. (a) conventional atom-and-bond
representation; (b) octahedron representation; (c) space-filling representation.
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incomplete cubane-type M, X, compounds with [Mo;(u;-S)(u-S); 1** cluster
cores, a new concept, quasi-aromaticity, was proposed by Lu and his
coworkers to interpret the special stability and reactivities of [Mo,S,]**
cluster compounds [ 15, 16]. The quasi-aromaticity here refers to benzene-
like behaviors with regard to chemical reactivities and molecular structures
of the cluster compounds. This concept has been found to be helpful in
summarizing and interpreting some geometrical features, reactivities, and
spectroscopic and magnetic properties of [M;S,]*" and [M,0,]*" com-
pounds [17, 18]. Semi-empirical (EHMO [19, 20] and CNDO [21]) and
ab initio [22] theoretical investigations have all shown that there exists a
certain degree of (d-p)zx conjugation interaction between the d-orbitals of
the transition-metal atoms and the p-orbitals of the bridging ligands in
the puckered M;(u-X); (X=S, O) six-membered rings. Comparison of the
(d-p)m conjugation effects in these M,(u-O), rings to the quasi-aromatic
M;(u-0O); ring can provide useful information about the nature of the
bonding in the M4O,,2~ clusters.

Recently, theoretical investigations of several complicated polyoxo-
metalates have become available [23-26]. However, sophisticated theore-
tical calculations and detailed electronic structure analyses for these highly
symmetric M4O,,%~ isopoly anions have been surprisingly absent; The only
theoretical works on these systems involve two sketchy MO treatments
of MogO,,2~ via the extended Hiickel approach [27, 28] and a brief ab
initio calculation of the electrostatic potentials of MosO,,2~ [29], but little
information pertaining to bonding and electronic structure is available
therefrom. Analyses of the electronic structures of these systems are mainly
based on the qualitative MO picture of MO, octahedron and empirical
bond length-bond valence relationship [30]. With the rapid development of
computational chemistry, theoretical investigations in terms of state-of-the-
art quantum chemical methodologies are now possible for the large-size
polyoxometalate systems.

In this paper, we have investigated the electronic structures and
bonding of the title compounds by using the relativistic density functional
theory (DFT) and ab initio methods. Our concerns of these systems are as
follows. (1) Can the geometry parameters of these large-size polyoxo-
metalate systems be accurately predicted by using DFT methods? (2) What
is the role of the (d-p)z conjugation interactions between the metal and
oxygen atoms? (3) What is the bonding nature of the central (us-O) atom
in these spherical clusters? (4) Is the CrgO,2~ cluster thermodynamically
stable? (5) Can DFT methods be used to accurately predict the vibrational
spectra and electronic spectra of these polyoxometalate clusters? The
investigation of these questions will not only shed light on the electronic
structure and spectroscopic properties of these isopoly ions, but also
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provide helpful guidelines for future theoretical calculations of some more
complicated metal-oxygen clusters.

COMPUTATIONAL DETAILS

The theoretical calculations for these polyoxometalates were accom-
plished by using both DFT methods and ab initio methods. The DFT cal-
culations were performed by using the Amsterdam Density Functional
code, ADF 2000 [31]. We used the local density approach (LDA) [32]
and generalized-gradient method with Perdew-Wang 91 (PW91) exchange-
correlation functionals [33], which had previously been shown to produce
accurate geometries and energies for transition-metal systems [34]. Scalar
relativistic (mass-velocity and Darwin) effects were taken into account by
using the spin-free zero-order regular approximation (ZORA) [35], which
was found to work better than the quasi-relativistic method [36] when
applied to Cr-, Mo-, W-containing systems [37]. Spin-orbit coupling
effects for W,0,y>~ were evaluated by using the spin-dependent ZORA
formalism with double-group symmetry. Uncontracted triple-zeta Slater-
type-orbital (STO) basis sets were used for Cr, Mo, W, and O, with d-type
polarization functions for O [38]. Frozen core approximation [31a] was
applied to the inner orbitals, i.e., O.1s, Cr.2p, Mo.3d, and W.4f in the ADF
notation. All the geometry structures were fully optimized via analytical
energy gradient techniques. The frequency calculations were performed at
the geometries optimized with scalar relativistic effects included. Two-side
displacements were employed in the numerical determination of the force-
constant matrices. The vertical excitation energies were calculated at the
optimized ground-state geometries by using the time-dependent DFT
(TDDFT) method [39], which has been shown to perform very well for
transition-metal systems [40-42].

Traditional ab initio calculations were also carried out for MogO,y2~
at the self-consistent-field (SCF) level using the spin-restricted Hartree—
Fock scheme [43]. The scalar-relativistic effective core potentials (ECPs)
and valence basis set by Hay and Wadt were applied to molybdenum atom
[44], while 3-21G all-electron basis set was used for oxygen [45]. To
evaluate the degree of electron delocalization, canonical (delocalized)
molecular orbitals (CMOs) generated by the SCF procedure were trans-
formed into localized molecular orbitals (LMOs) via Boys localization
formalism [46]. Mulliken population analysis [47] was used to evaluate
the bond strengths, charge distributions, and percent compositions. All
these wavefunction-based calculations were accomplished by using the
Gaussian 94 system of programs [48].
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RESULTS AND DISCUSSION

Geometries of Isopoly Oxometalates. The MogO,,2~ geometry struc-
ture optimized with the density functional methods is shown in Fig. 1,
where the same structure has been shown in three different views: (a) an
atom-and-bond representation, (b) a coordination polyhedral representa-
tion, and (c) a space-filling representation. The geometries of the Cr and W
counterparts are similar. The M;O,,2~ (M=Cr, Mo, W) ion has an
octahedral M, skeleton, with one internal (central) atom, 12 bridging
atoms, and six terminal oxygen atoms. For the convenience of discussion,
the internal, bridging, and terminal oxygen atoms in M¢O,,*>~ are repre-
sented by O;, Oy, and O,, respectively. These ions can therefore be written
as Mg(16-0)(4-0),,04>~ or [Mo(0), /6(Oy)s/,0,1¢>~ forms. Here, each M
atom is hexa-coordinated by one internal atom, four bridging oxygen
atoms, and one terminal atom, forming an MOy octahedron with a C,,
local symmetry, and the overall symmetry of these isopoly ions are O, .

These structures can also be viewed as an M,(u,-O)(u-0),0, planar
unit being sandwiched by two OMO, (C,,) fragments or as six distorted
MOy octahedrons being connected through common edges with the central
atom. The M(u-O),, cage of these ions are made up of three mutually-
perpendicular M,(u-O), rings or of 8 puckered M,;(u-O); six-membered
rings fused together.

In Table I we listed the optimized LDA and PW91 bond distances and
bond angles, together with the average experimental data. As expected, all
the M---M, M-O;, M-O,, and M-O, distances increase from M =Cr to Mo
and to W, causing the increase of the cluster size of this M;O,y>~ series.

Table I. Optimized and Experimental Geometries of Octahedral M¢O,,2~ Ions*

M=Cr M=Mo M=W

LDA  PWII LDA  PWI1 Exp.? LDA  PW91 Exp.*

M---M 3.049 3.099 3.283 3.325 3.274 3.312 3.355 3.289
M-O; 2.156 2.191 2.321 2.351 2.319 2.342 2.372 2.325
M-O, 1.804 1.836 1.925 1.952 1.928 1.937 1.963 1.924
M-O, 1.577 1.593 1.712 1.726 1.677 1.735 1.748 1.693

£ OMO, 102.7 102.6 103.5 103.4 103.3 103.8 103.7 103.9
Z O,MO, 87.2 87.3 86.9 86.9 86.5 86.8 86.8 87.0
ZMOM 115.4 115.1 117.0 116.8 116.4 117.5 117.4 116.9

“ The theoretical geometries are calculated from LDA and PW91 optimizations.
b Reference 6.
¢ Reference 10.
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Not surprisingly, the geometry parameters of the Mo and W clusters are
close to each other, consistent with the lanthanide contraction and relativistic
effects for the third-row transition metals [49, 50].

The optimized LDA bond distances are in good agreement with the
experimental values, and they are shorter than the PW91 ones, as usual.
For the gradient-corrected PW91 method, although the calculated bond
distances are slightly longer than the experimental ones, the agreement
between the theoretical and experimental geometries can be improved by
including the nearest-neighboring interactions arising from the counter-
cations and the long-range interactions due to the Madelung potentials in
the crystal electrostatic fields, as exemplified previously [ 34, 51].

Electronic Structures and (d-p)n Conjugation Effects

The electronic structures and (d-p)z conjugation effects can be dis-
cussed from three aspects: (1) bonding in an MO, octahedron, (2) delo-
calized molecular orbitals, and (3) localized molecular orbitals. In Pope’s
classification [52], M4O,,%~ is a type-I polyanion, i.e., each metal center in
the polyanion only has one terminal oxo ligand (mono-o0xo). The bonding
of the MOy octahedron unit, consisting of one terminal triple bonds, four
bridging single bonds, and one weak internal single bond, is the basis for
qualitative understanding of the electronic structures of these polyan-
ions. We will take Mo,O,,2~ as an example in most of the subsequent
discussions.

Qualitative Analysis of the Bonding of MoO, Octahedron. For the
MoOg octahedron, it is convenient to assume that the Mo = O, terminal
bonds are along the z-axis, and the four bridging ligands along the x- and
y-axis. We have shown in Fig. 2 the correlation of the energy levels of Mo
and the MoOy unit in O, and C,, symmetry as well as the (d-p)z conjuga-
tion interaction between the lowest unoccupied metallic d-orbital (d,,) and
the ligand group orbitals (a, +b, +¢e for 40,). Since the hexametalate ions
are M(VI) d° compounds, all the d-orbitals in MoOy are essentially unoc-
cupied. When the octahedron is distorted from O, to C,, symmetry, the
familiar e, +t,, orbital manifolds in octahedral environment will further be
split into MOs with a; +b, +b, +e symmetries [53]. The Mo = O, triple
bonds, made up of a ¢(d,>-p,) and two n(d,, ,-p, y) bonds, and the four
Mo-O, bonds become shorter with the Mo-O; bond becomes longer. Con-
sequently, the energies of the d,» and d,, ,, orbitals increase, and the d,2
orbital energy also strongly increases due to the enhancement of the four
Mo-O, bonds.
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Fig. 2. Energy-level correlation diagram of Mo atom and MoOg octahedron with O, and
C,, symmetry. The (d-p)z conjugation interaction is also shown, where the HOMO (a,) is
marked by a two-electron occupation.

If only o-type orbital interaction is considered, the Mo d,, orbital will
be nonbonding because no s-type ligand group orbitals of O, have the
same symmetry (b,) in the C,, point group. However, the orientation of
this d,, orbital is such that the (d-p)n conjugation interaction between the
d,, orbital and n-type ligand group orbitals of the four neighboring O, can
take place. As a result, the 1b, and 2b, MO pair is formed. The 1b, orbital,
which is the (d-p)z bonding orbital and mainly O p-orbitals, is stabilized to
lie energetically lower than the non-bonding lone pairs in oxygen atoms.
Meanwhile, the 2b, orbital, which is the antibonding (d-p)z orbital and
mainly Mo d,; orbital, is destabilized and becomes the LUMO. This quali-
tative bonding picture for MoOg was previously discussed via an extended
Hiickel calculation [27] and has been used to explain the electrochemical
properties of MozO,,,(NR), 2~ systems [2c].

Inasmuch as the Mo4O,,2 " ion is composed of six MoOy octahedrons,
the electronic properties can be qualitatively understood from the picture
presented above. One can expect that the LUMOs of the MogO,,>~ ion will
mainly be formed from the d, -type orbitals and the HOMOs should be the
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lone-pair orbitals of oxygen atoms. Hence, electrochemical oxidation will
involve the ligand lone pairs and reduction will mainly involve the d, -type
metal orbitals. Similarly, the lowest-energy electronic excited-states will be
formed via ligand-to-metal charge transfer (LMCT) excitations, as we will
discuss below.

Delocalized Molecular Orbitals. In Fig. 3 the MO energy levels of all
the M;O,,2~ (M =Cr, Mo, W) ions are shown, together with the spin-orbit
(SO) energy levels of W,0,,%~. With the inclusion of spin-orbit coupling,
the triply-degenerate spatial orbitals should split into two components, e.g.,
tyy = €5/5 + U35, [54]. However, it is obvious from Fig. 3 that the spin-
orbit splittings of the occupied orbitals are negligible because they are

5t1 _,"'.'_‘,ﬁ'- -
ZeS—‘j}"
6tyg—"
1
S
A
> |-
2 0 4t1g_-.
3
w AL ’
1 —_—
| 10t .

Crg0,49% Mog0,4> Wg0,% W0, (SO)

Fig. 3. Energy levels of M¢O,,>~ (M =Cr, Mo, W). All the energies are calculated by using
PW91 method with scalar relativistic effects. The spin-orbit splittings of the levels of W0,4%~
are also shown.
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mainly ligand-based orbitals. Even for the metal-based virtual orbitals, the
spin-orbit coupling is also small, which is consistent with the well-known
fact that the first-order spin-orbit effects vanish for close-shell electronic
configurations. Since spin-orbit coupling effects decrease as W >> Mo > Cr,
we will therefore focus on the electronic structures calculated by only
including scalar relativistic effects.

In Fig. 3, the HOMO-LUMO energy gaps of the Mo and W com-
plexes are quite large (2.55 eV and 3.12 eV, respectively), suggesting their
stability. Indeed the frequency calculations below indicate that the
MogO,,2~ and W40,,%~ ions are true minima on the potential energy sur-
faces. On the contrary, as Cr 3d orbitals are quite contracted in the radial
distribution by comparing with those of Mo and W, the (d-p)z bonding in
the CryO,,%~ cluster ion is much weaker. Besides, as will be discussed below
for the orbital contour plots of MosO,,2~, the highest occupied 4t;, and
11t,, MOs are out-of-phase (antibonding) combinations of the lone pairs of
the ligands. The smaller cluster size of Cr,O,,%>~ ion will therefore have
higher energy for the HOMOs because of larger ligand-ligand repulsion.
These two factors are responsible for a very small HOMO-LUMO energy
gap (1.26 V) for CrsO,y> . Consequently, the CrsO,,%~ cluster ion is not
stable. In fact, frequency calculations (vide infra) indicate that the
octahedral CrgO,,2~ cluster ion is not a minimum on the potential energy
surface, but instead a high-order saddle point with six imaginary frequen-
cies (T;, 111i cm ™" and T,, 353i cm ™). Because of this, the Cr,O,y~ cluster
ion will suffer from the second-order Jahn-Teller (SOJT) instability [55].
That is, geometry distortions along the imaginary vibrational modes will
lead to more stable structures. This might explain why compounds con-
taining this ion have not been found so far even though similar clusters of
the neighboring V and Mo atoms are known.

The eigenvalues and percent compositions for some of the frontier
molecular orbitals in MO,,?~ are listed in Table II and the Mulliken net
charges, atomic configurations, and atom-atom overlap populations are
listed in Table III. From the atomic net charges, the negative charge
density increases in the order of O, <O, <O,, i.e., the internal O atom
possess more electrons than the bridging and terminal O atoms. These
results are in contrary to some early bond-valence analysis [8], but they
are in agreement with the experimentally observed basicity of these ligands
and with the traditional point of view that the MO,,2~ cluster ions can be
considered as an O?~ ion encapsulated in a M;O,; cage. As expected, the
atom-atom overlap populations are consistent with the bonding strength
ordering of M-O, > M-0O, > M-O,.

Some of the occupied and unoccupied MOs of MogO,,>~ are illus-
trated by the stereo contour plots depicted in Figs. 4 and 5, where only
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Table II. Orbital Energies (¢g;) and Percent Compositions (%)
of Some Frontier MOs of M40,y *

& (€V) o, M o, 0,
Crs0,9%~
2e, 1314 0 46 54 0
6t2g 1.159 0 65 32 0
4t,,* —0.103 0 0 99 0
11t,, —0.447 32 0 56 11
10t,, —1.276 14 3 75 7
5ty —1.524 0 3 41 54
5t,, —1.584 0 3 64 33
le, —2.005 0 54 46 0
Te, —2.160 0 12 87 0
MogO,2~
6ty 1.959 0 67 32 0
2e, 1.672 0 57 41 0
4t,,* —0.876 0 2 98 0
11t,, ~1.050 37 0 48 15
Sty —1.716 0 1 35 62
10t,, —1.736 12 1 75 10
5t,, —1.977 0 1 57 41
Te, —2.448 0 6 93 0
le, —2.449 0 41 59 0
W0,
6t 2.407 0 70 29 0
2e, 1.982 0 63 36 0
4tlg* —1.139 0 1 99 0
1t,, —1.366 30 0 53 17
Sty —1.831 0 0 32 65
Sty —1.941 0 0 52 46
10t,, —2.027 15 2 71 12
le, —2.606 0 34 65 0
ot,, —2.690 13 7 18 62

“The asterisk denotes the HOMOs.

one-components of the degenerate orbitals are shown for clarity. Obviously,
the HOMOs (4t,,) of MosO,,>~ are predominantly formed by the long
pairs in the bridging oxygen atoms (cf. Table II), and the SHOMOs (11t,,)
are formed by the lone pairs of the bridging, terminal, and central ligands.
These MOs are out-of-phase combinations of the ligand orbitals, but they
are only very weakly antibonding because of the long distances between the
ligands. The next block of the occupied MOs, consisting of 5t,,, 5t,,
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Table III. Mulliken Net Charges (q), s-, p-, d-type Orbital Populations, and Atom-Atom
Overlap Populations (OPy; ) (A=0;, M, O,, and O,) of M;O,,>~ (M =Cr, Mo, W)

Atom q S p d OPya
M=Cr
0O, —1.07 1.88 5.15 0.03 0.14
Cr 1.72 1.96 6.22 4.10 —0.08
0, —0.67 1.96 4.68 0.03 0.27
0O, —0.53 2.00 4.50 0.03 0.32
M=Mo
O, —1.22 1.91 5.28 0.03 0.09
Mo 2.28 1.86 6.11 3.75 —-0.22
0, —0.86 1.96 4.88 0.03 0.19
0O, —0.69 1.98 4.68 0.03 0.34
M=W
(o) —1.20 1.91 5.27 0.03 0.06
w 2.40 2.09 6.13 3.37 —-0.10
0, —-0.90 1.95 4.92 0.03 0.25
0O, —0.73 1.97 4.73 0.04 0.53
|
10,y 14y

-

Fig. 4. Contour plots of six frontier occupied molecular orbitals. For the energy-level order-
ing of these MOs, see Fig. 3.
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Elag

Fig. 5. Contour plots of three lowest-energy unoccupied molecular orbitals. For the energy-
level ordering of these MOs, see Fig. 3.

and 10t,,, are also lone pairs of the ligands and these orbitals are virtually
non-bonding.

To analyze the (d-p)z bonding inteactions, it is convenient to use a
local coordinate system (LCS) for each M atom, in which all the z-axes
points to the center of MO, octahedron and all the x-axes lie in the yz-
plane of the molecular coordinate system. In such a LCS, the metal skeletal
MOs were previously discussed by Hughbanks and Hoffmann [56]. Since
the six d,,-type orbitals of the MOg units in MsO,,>~ will transform as
a,, +¢€, +1t,, representations, they will have strong (d-p)z conjugation
interaction with the zn-type ligand group orbitals that have the same sym-
metry. Consequently, the ligand-based group orbitals with a,, +e,+t,,
symmetries will be stabilized and the metal-based orbitals with the same
symmetries will be destabilized. Indeed, the le, orbitals is one of such sta-
bilized MOs that have strong (d-p)z overlap. The LUMOs (2¢, and 6t,,)
are mainly metal-based orbitals with strong mixing of O,, and they are
the antibonding counterparts of the (d-p)z bonding orbitals. Therefore,
MosO,,2~ type ions indeed have non-negligible (d-p)n orbital interactions
and they will play significant role in the electronic structures and properties
of these cluster compounds. The metallic character of the LUMOs is con-
sistent with the fact that these isopoly anions can be electrochemically
reduced into M¢O,,>~ ions [57, 58].

The orbitals for the Mo = O, triple bonds are not shown in Figs. 4 and
5 because they are so strong as to lie energetically far from the frontier
MOs. We will not discuss these interactions here. However, the third
unoccupied MO (5t;,) shown in Fig. 5 is the Mo-O, antibonding orbital,
but this orbital is obviously stabilized due to the in-plane bonding interac-
tion between M and O,. This latter interaction explains why the antibonding
5t,, orbital becomes low-lying.
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For the central oxygen atom in MogO,,>~ cluster, experimental Mo-O,
distances are only 0.14 A larger than the covalent radii sum of Mo (1.45 A)
and O (0.73 A) [59]. The O, atom s- and p(x, y, z)-orbitals, which possess
a;, and t;, symmetries under O, point group, are subject to interacting with
the metal group orbitals with the same symmetries [60]. It is therefore
certain that there will be indispensable covalent bonding interactions
between the skeletal metal atoms and central oxygen atom, even though the
interaction is relatively weak due to the long bond distance. The calculated
overlap population of Mo-O, is about as twice bigger as that of Mo-O,, the
overlap population between Mo and the central oxygen atom is as high as
26% and 47% of the overlap populations of Mo-O, and Mo-O,. Therefore,
the interactions between the central oxygen atom and its six neighboring
Mo atoms are not just ionic interactions, but also non-negligible multi-
center covalent bonding interactions.

It is interesting to compare the Mo-O, bond lengths and overlap popu-
lations of MogO,,>~ with those of the quasi-aromatic [ Mo,(u,-O)(u-0);]**
clusters. The Mulliken overlap populations of Mo-(x-O) and Mo-(u;-O) in
[Mo,0,]1*" are 0.278 and 0.461 and the corresponding bond lengths,
depending on the peripheral ligands, are 1.90-1.92 A and 2.01 A, respec-
tively [22]. From our calculations, the Mo-O, bond length and overlap
populations in MogO,,>~ are almost the same as in the [Mo;0,]** clusters.
The Mo-O, bond lengths in these clusters lie between those of the Mo-O
single bond (2.06 A) and double bond (1.69 A) [61], indicating again that
(d-p)z conjugation effects play a role in these clusters so that these Mo-O,
bonds have some multiple-bond characters. The similarity of the Mo-O,
bonds in these cluster compounds will be further confirmed by the analysis
of the subsequent localized molecular orbitals.

Localized Molecular Orbitals and (d-p)n Conjugation. We will now
turn to discuss the localized molecular orbitals of these isopoly ions. LMO
technique has been well known to be useful in evaluating degree of delo-
calization of n-type bonding involving multi-centered interactions and
aromatic delocalization [17]. In addition, this approach can provide intui-
tive chemical pictures that usually agree well with classic valence-bond
viewpoints. We have listed the percent compositions, the bonding assign-
ments, and the total number of LMOs in MosO,,%~ cluster in Table IV,
where 4, 7, g, and 7 denote the lone pair, banana (bent) bond, ¢ bond, and
7 bond, respectively. As usual, banana bonds in LMO calculations come
from the mixing of ¢- and n-type orbitals.

From Table IV, each terminal O atom in the Mo4O,,2~ cluster has one
lone pair, and three banana bonds with the Mo atom it attaches to. The
formation of the localized triple Mo = O, bonds is consistent with the short
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Table IV. The Percent Compositions, LMO Assignment and the
Total Number of the LMOs in MozO,y2~ *

Ligand Percentage (%) LMO Assignment Total
0(100.0) AO(1s)) 19
O; Mo(8.3)+ 0;(82.6) + Mo(8.3) a(Mo-0Oy) 4
O, Mo(2.7)40,(96.6) AMOt) 6
Mo(31.2) +0O,(69.1) 7(Mo-O,) 18
0O, Mo(3.3) +0,(91.9)+Mo(3.3) AMOy) 12
Mo(26.3)+ O, (74.9) (Mo-0,) 24
Mo(12.8) + 0, (74.2) + Mo(12.8) n(Mo-O,~Mo) 12

“J, 7, 0, and 7 denote the lone pair, banana bond, ¢ bond, and = bond, respectively. The
LMOs are listed according to the classification of the ligands.

Mo-O, bond length and with the classical valence bond theory, according
to which there should be two covalent bonds and one dative bond from the
O, lone pair to the empty Mo d-orbitals. The existence of the Mo = O,
triple bonds is also in harmony with the long Mo-O; bonding distance,
which is significantly weaker than a normal Mo-O single bond because of
the trans effect from the triple bonds.

For the internal O atom, there are four LMOs representing the
bonding interactions between O; and Mo atoms. These LMOs are in the
large made up of the four s-p hybridized orbitals (lone pairs) of the central
oxygen atom, but each LMO possesses significant metal d-orbital charac-
ters of at least two of the skeletal Mo atoms. Although the other LMOs
are well localized, it is not possible to form a set of four unique LMOs for
the bonding between the central atom and the six skeletal Mo atoms.
Therefore, the LMO calculations have once again indicated that there are
multi-center covalent bonding interactions between O; and the Mo,
skeleton.

Based on the preceding delocalized and localized molecular orbital
results, the existence of the central oxygen atom in this M¢O,; super-octa-
hedron has two effects. On the one hand, the existence of the O; atom ful-
fills the octahedral coordination requirement of M atom via electrostatic
interaction. On the other hand, the O; atom can further stabilize the whole
ion through its covalent bonding interaction with the skeletal metals. In
order to assess the energetic effect of the internal atom on the stability of
the M,O,,?~ clusters, we have optimized the geometries of the MO, super-
octahedrons. It turns out that the M¢(M =Cr, M,, W) skeleton is expanded
by 0.103 A, 0.134 A, and 0.121 A, respectively when the O~ ion is
removed from the cage. Accordingly, the M =0, bond distances are
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shrunken by 0.031 A, 0.029 A, 0.025 A, respectively. The calculated PW91
“binding energy” for O?~ ion and the hollow M;O;; (M=Cr, Mo, W)
octahedrons are 17.44 eV, 19.15 eV, and 19.93 eV, respectively. These
binding energies are very large, indicating that the internal O, atom plays a
vital part in stabilizing these isopoly ions.

The bonding picture of the bridging O, atoms in the Mo4O,,%~ cluster
is even more interesting from the LMO results. According to Table IV,
each O, atom has a lone pair and two o-type bonds with two neighboring
Mo atoms. In addition, the O, atom is involved in a three-centered two-
electron (3c2e) (d-p-d)z bond of the Mo-O,-Mo unit. This (d-p-d)z bond,
arising from the conjugation delocalization of the lone pair electron of O,
into the empty d-orbitals of its two neighboring Mo atoms, is similar with
the 3c2e (d-p-d)z bonds that we have discussed in the quasi-aromatic
Mo, X, ** (X=0, S) cluster compounds [22]. The LMO percent composi-
tions of the 3c2e (d-p-d)z bonds in MosO,y2~ cluster are close to those
calculated for Mo;0,*" cluster (Mo(12.0)+ 0, (75.7) + Mo(12.0)) [22].

The orbital interactions of the (d-p-d)z bonds on the Mo, (u-O), eight-
membered ring of the yz-plane and the side view of these interactions along
the x-axis are illustrated in Figs. 6(a) and 6(b). The orbital interactions
along the other two Mo, (u-O), rings are the same. Based on analysis of the
wavefunctions of the 12 (d-p-d)z LMOs, each Mo atom utilizes its d, -type
orbital (in the LCS) to participate in four inter-adjacent (d-p-d)z bonds.
This bonding manner is quite similar to the back-donation interaction
between t,, (d,,, dy,, d,,) orbitals and pr orbitals of four co-planar ligands
in MLg type octahedral complexes [62], although the orbitals involved
here are slightly non-planar. Inasmuch as all the four (d-p-d)x LMOs share
exactly the same d, -type orbital of each Mo atom, the electron cloud of
(d-p-d)r LMOs is continuous and closed, and therefore these LMOs can
have significant interactions.

As we mentioned previously, Mo,;X,*" (X=0, S) compounds are
transition-metal cluster systems that show quasi-aromaticity. That is, like
benzene these clusters show stabilization via electron delocalization by
overlapping orbitals of adjacent atoms. Lu and his colleagues have sum-
marized that a quasi-aromatic transition-metal cluster should have strong
and extensively delocalized (d-p)7 conjugation interactions, and the con-
jugated orbitals should constitute a continuous, closed (d-p)z system with
strong interactions between the localized 3c2e (d-p-d)z bonds [16, 21, 22].
The above LMO analysis indicate that the (d-p-d)z bonds in MosO,42~
clusters are also continuous, closed, and have non-negligible interactions
with each other. These 3c2e (d-p-d)z bonds at least partially lay the foun-
dation of the stability of this kind of cluster compounds. Therefore the
MogO,,2~ clusters should also be considered as quasi-aromatic, even though
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Fig. 6. Orbital interactions of the localized (d-p-d)z bonds in MogO,,>~: (a) on the
Mo, (u-0O), ring of the yz-plane; (b) side view along the x-axis. The atomic orbitals are labeled
according to the molecular coordinate system shown in the right side.
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the (d-p-d)z bonds here are rather weak because of the non-linear structure
of the M-O-M units. In fact, the analogy of the interpenetrating Mo, (u-O),
rings to the macrocyclic #-bonding systems was noted before [63] and
from a topology analysis these M;O,,2~ clusters were previously considered
to have so-called “binodal aromaticity’” by King [ 64].

Vibrational Properties

The MO,,°~ cluster has 69 vibrational modes, with symmetries 3A,, +
1A, +4E,+3T,,+4T,, +1A,, +1E, 4+ 7T,, +4T,,, among which there are
only 7 IR-active modes (7T,,) and 11 Raman-active modes (3A,,+
4E,+4T,,). The calculated LDA and PW91 vibrational frequencies and
absorption intensities of the IR modes and frequencies for the Raman-
modes of MogO,,2~ and Ws0,,2~ ions are listed in Table V. While the
calculated PW91 frequencies are slightly worse due to the problem we
mentioned in the geometry optimizations, the IR and Raman frequencies

Table V. LDA and PW91 Vibrational Frequencies of the IR and Raman Modes of M40,,%~
M=Cr, Mo, W)

Cr0,5°~ MosOy2~ W05~

LDA PWI1 LDA PWI1 Exp.” LDA PWI1 Exp.¢

T 212 206 198 192 192 167 160 174
268 251 210 206 220 210 209 226

394 375 358 349 356 357 348 369

492 472 447 431 438 430 413 444

604 573 576 554 602 580 563 586

768 709 799 776 798 819 778 812

1034 998 963 934 957 970 942 972

A, 361 347 289 281 278 230 223 230
551 525 546 527 580 562 546 557

1081 1044 994 963 980 993 964 992

E, 210 198 154 149 197 123 120 178
460 434 481 461 — 499 481 501

766 711 807 763 809 840 798 836

1038 1001 964 935 951 971 942 968

T, 212 209 194 193 125 172 169 122
282 274 220 217 163 206 202 215

475 461 416 412 — 419 416 —

602 562 586 559 — 568 546 658

“The experimental IR and Raman wavenumbers are taken from [8].
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Fig. 7. Theoretical simulated infrared spectrum of MogO,,%>~ ion. The calculated LDA
frequencies and intensities are fitted by Gaussina-type functions.

and intensities from LDA calculations agree well with the experiments. In
order to illustrate the success of the theoretical calculations of the vibra-
tional spectra of these large metal-oxygen clusters, we have shown in Fig. 7
our simulated IR spectra of MosO,,%~, where Gaussian-type functions are
used to fit the peaks. As shown in Table V and Fig. 7, both the calculated
frequencies and the IR intensities are in excellent agreement with experi-
ments. For example, the positions and heights of the peaks in Fig. 7 cor-
respond very well to the experimental frequencies and intensities of
MosO,s>~ at 957 (vs), 798 (vs), 602 (m), 438 (s), 356 (m), 220 (w), and 192
(sh), respectively. Here the intensities are shown as very strong (vs), strong
(s), medium (m), weak (w), and shoulder (sh). Similarly, the frequencies
and intensities of the four strong IR absorptions for W,0,,?~ are cal-
culated at 970 (1348), 819 (2171), 580 (120), and 430 (630) cm ' (km/mol),
which again correspond very well with the experimental frequencies and
intensities at 972 (vs), 812 (vs), 586 (m), and 444 (s) cm ' (km/mol).

The present DFT calculations of the vibrational frequencies of
MogO,2~ and W40,,>~ ions have also confirmed previous normal-mode
analysis based on various empirical valence force field, where different
approximations were applied [65]. The atomic displacements of the six IR-
active modes are depicted in Fig. 8, where the lowest-frequency IR mode is
not shown because of its very low intensity. Based on the atomic displa-
cements, the three high-frequency IR bands are mainly the stretching
modes of M-O,, M-O,, and M-O,-M, while the four low-frequency bands
are primarily M-O, bending and M-O, bending.

Although the vibrational frequencies of MosO,,2~ and W¢0,,?~ ions
are all real, one of the T,,-modes of the MosO,,>~ ion has quite small
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B
g4

Fig. 8. Atomic displacements of the six IR-active vibrational modes of MogO,,?~ ion. LDA
frequencies: (a) 963 cm !, (b) 799 cm 7, (c) 576 cm !, (d) 447 cm ', (e) 358 cm !, () 210 cm .

frequencies (76 cm ™), indicating a very flat potential energy surface
regarding to this symmetry coordinate. It was noticed experimentally that
the MosO,y2~ ion experiences “a slight distortion of the octahedron that
involves the bridging bonds on the surface of the cage” [6]. The structural
irregularity is generally less significant for W¢O,2~ than for MogO,92~
Our calculated low-frequency vibrational modes of Mo4O,,%~ are depicted
in Fig. 9. It is clear that vibrations along this low-frequency mode will give
rise to a short-and-long alternative Mo=0"--Mo arrangement in the two

b

Fig. 9. Atomic displacements of the three components of the low-frequency T, ,-mode of the
MozO,,> " ion.
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OMOoO, fragments and a slightly puckered M, (u,-O)(#-0),0, ring. There-
fore, a slightly distorted octahedral structure of MogO,,>~ should be
energetically close to the regular structure with O, symmetry. This result is
consistent with the experimental finding mentioned above and with the
theoretical argument for an asymmetric linear M-X-M linkage [66]

As mentioned previously, the Cr,O,,>~ ion has two sets of large
imaginary frequencies at 358 cm ™ for T,, and 120i cm™ for T,,. The
vibrational frequencies of this ion are therefore not listed in Table V. To
verify whether the imaginary frequencies of the CrgO,y>~ ion are due
to numerical noises for low-frequency modes, we used very tight criteria
for the self-consistent-field convergence and geometry optimizations and
increased the integration accuracy from the default INTEGRATION =6.0
to 8.0 and to 10.0. It turns out that the imaginary frequencies remain
unchanged for the CrgO,y>~ ion. Therefore this ion will indeed subject to
second-order Jahn-Teller instabilities [ 55], as we discussed before.

Electronic Spectra

The characteristics of the electronic spectra of polyoxometalates are
useful in understanding their electronic structures [67]. Although it is
generally agreed that the first electronic transition band involves ligand-
metal charge transfer, first-principle theoretical analysis is still lack. The
success of time-dependent DFT methods in predicting and assigning elec-
tronic spectra of transition-metal systems has been exemplified recently
[40, 41]. We will therefore employ this new methodology to explore the
electronic transitions of the polyoxometalates. Before we perform TDDFT
calculations on these large isopoly ions, we take MoQO,2~ ion as a bench-
mark to verify the reliability of the TDDFT calculation of electronic
spectra of the polyoxometalates. The electronic absorptions of the MoO,?~
ion in the Na,MoO, crystal are 260 and 225 nm, corresponding to excita-
tion energies of 4.77 and 5.51 eV, respectively [68]. For the transitions
from the ground state ('A,) to the first and second 'T, excited states of
MoO,?" ion, our calculated excitation energies on the optimized geome-
tries are 4.02 and 5.02 eV (LDA) and 3.67 and 4.84 ¢V (PW91), respec-
tively. Since the effects of the counter-cations and the Madelung potentials
have not been taken into account in our calculations, the optimized bond
distances of the free MoO,2~ ion are too long and the excitation energies
are underestimated as a result. Even so, the calculated LDA excitation
energies are still fairly useful in discussing the electronic transitions in these
systems. Therefore, we will only use the LDA excitation energies for the
large systems.
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The calculated excitation energies, absorption wavelengths, and the
oscillator strengths for the electric-dipole-allowed (T, symmetry) electronic
excitations of the MosO,,>~ and W40,,?~ ions are listed in Table VI. The
experimentally measured absorption wavelengths and the molar extinction
coefficients for the electronic spectra are also listed for comparison [ 69, 70].
Experimentally, MogO,,2~ ion has two electronic absorptions at 3.82 and
4.82 eV, respectively. Our LDA calculations indicate that the first two
electronic excitations of this ion lie at 3.03 eV (4t,, - 2¢,, HOMO —
LUMO) and 3.24 eV (11t,, — 6t,,, HOMO-1 - LUMO+1). These two
excitations are both of LMCT type and should be responsible for the
experimental peak observed at 325 nm. The third excitation is calculated at
3.57 eV (11t}, — 5t,,, HOMO-1 - LUMO +2), which should correspond to
the experimental peak at 260 nm. For the W(O,,>~ ion, there are two
experimental peaks at 4.43 and 5.93 eV. The calculated LDA excitation
energies are at 3.59 eV (4t,, — 2¢,) and 3.99 eV (11t;, — 6t,,). The assign-
ments for the electronic transitions listed in the parenthesis are for the main
configurations.

Table VI. LDA and PWO91 Excitation Energies (4E), Absorption Wavelengths (1), and
Oscillator Strengths (f) for the Electric-Dipole Allowed Electronic Transitions

PWI1 LDA Exp.®

AE V) A(nm) 10*f AE@EV) A(mm) 10°f AE@EV) A(mm) 107 %

Mos0y%~

aT, 2.856 435 23.2 3.027 410 25.5 3.815 325 9.0
bT, 3.075 404 25.7 3.245 383 2717

cT, 3.382 367 19.5 3.551 350 0.2

dT, 3.427 362 2.8 3.566 348 25.8 4.824 260 17.6
eT, 3.764 330 0.1 3.904 318 0.1

i 3.822 325 2.6e-3 4.038 307 1.8e-2

oT, 3847 323 02 4058 306 0.4

W;0,5%~

aT, 3442 361 521 3593 346 546 4428 280 110
bT, 3.820 325 9.2 3.926 316 0.7

cT,, 3.866 321 25.1 3.992 311 339 5.932 209 19.5
dT,  4.217 294 24.7 4.360 285 28.0

eT,, 4.374 284 0.3 4.486 277 0.2
fT, 4.604 270 0.1 4.790 259 0.3
g1, 4.627 268 6.6 4.811 258 12.8

“The experimental electronic absorption wavelengths are taken from [69] and [70] and the
experimental molar extinction coefficients (¢) are in mol - L-cm ™.
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These calculated excitation energies for the free hexametalate ions are
systematically lower than the excitation energies derived from the experi-
mental maximum absorption wavelengths measured in solutions [69, 70].
We have also performed calculations that include solvent effects via a
dielectric continuum self-consistent-reaction-field model and there is no
significant improvement. Obviously, the metal-ligand interactions are under-
estimated in our calculations for the free ions. More accurate calculations
of these excitation energies will need to include the counter-cations and to
use a super-cluster model for the solvation shells. We will not pursue such
calculations in the present work.

CONCLUSIONS

We have performed relativistic DFT and ab initio calculations on the
Lindgvist-type M4O,,2~ isopoly oxometalate ions. The calculated struc-
tural parameters via DFT geometry optimizations are close to the experi-
mental measurements. Qualitative analysis of the bonding of the MOy
octahedron reveals the possibility of significant (d-p)p conjugation interac-
tions within the spherical MyO,, cage, which has been confirmed by the
calculated delocalized and localized molecular orbitals. It is shown that
there are crucial (d-p)z conjugation interactions between the empty d orbi-
tals of M atoms and the occupied p orbitals (lone pair) of the bridging
atoms. When the (d-p)z bonding orbitals are transformed via localized
molecular orbital technique, 12 three-centered two-electron (d-p-d)z bonds
are formed within the three M,(u-O), planar rings of the MO,,>~ ions.
Inasmuch as these localized (d-p-d)z bonds are continuous, closed, and
have non-negligible interaction with each other, these isopoly oxometalate
ions are considered to be quasi-aromatic, i.e., they are stabilized via elec-
tron delocalization by overlapping orbitals of adjacent atoms. The (d-p)n
conjugation effects or the quasi-aromaticity are partially responsible for the
stability of these polyoxometalate clusters.

Contrary to the stability of the Mo and W counterparts, the CryO,4%~
ion is not stable in an octahedral structure. Because of the large ligand
repulsion and small (d-p)n interaction, this ion only has a very small
HOMO-LUMO energy gap. The frequency calculations indicate that the
octahedral hexachromate ion is only a high-order saddle point on the
potential energy surface and it will be subject to the second-order Jahn-
Teller instability, which explains the mysterious absence of this ion so far.

We have also discussed the effect of the central u;-O atom. It is found
that there are significant multi-center covalent bonding interactions
between the central oxygen atom and skeletal M atoms in the MgO;o%~
cluster. Encapsulation of the O*~ion in the M;O,,>~ cage has unexpectedly
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large energetic effects. It is therefore clear that the central atom in these
clusters is not just a trivial ligand fulfilling electrostatic coordination
requirement, but also an indispensable atom that provides covalent
bonding to the M, skeleton. The central atom is hence an important factor
for stabilization of these unique spherical clusters.

The calculated infrared and Raman vibrational frequencies and
theoretical infrared absorption intensities are in good agreement with
experiments, indicating the power of the DFT methods in predicting,
explaining, and assigning vibrational modes of these complicated cluster
ions. The first-principle accurate calculations of the vibrational properties
have provided another avenue for understanding vibrational properties, in
addition to the traditional normal-mode analysis via empirical valence
force-field approaches, where various approximations have to be adopted.
The accurate predictions of the vibrational properties of these polyoxome-
talate clusters pave the way for further investigation of other properties,
e.g., non-linear optic properties, of some isopoly or heteropoly metal-
oxygen clusters.

In order to understand the electronic spectra of these isopoly ions, we
have also explored the electronic transitions via time-dependent DFT
theory. It is found that the two peaks of MogO,s2~ and WO,y>~ in the
visible regions mainly correspond to the HOMO —» LUMO and HOMO-1
— LUMO +1 transitions. Both these transitions belong to the ligand-metal
charge-transfer (LMCT) type, consistent with their large experimental
molar extinction coefficients. Although the calculations provided useful
information about the nature of the electronic transitions involved in the
electronic spectra, the calculated electronic excitation energies for the free
ions are not in quantitative agreement with the experimental electronic
spectra of these ions. Further calculations that include the solvation or
crystal environments and count-cations are needed if quantitative agree-
ment is sought.
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