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Abstract Computational chemistry applied to the study
of polyoxometalates has achieved its maturity in the last
years. During two decades, important advances have been
made using theoretical tools in the comprehension and
interpretation of many relevant issues. In the present mini-
review, we want to stress that different techniques have
been incorporated to the routine of computation: from the
very first Hartree-Fock LCAO-SCF calculation on the
decavanadate anion, followed by numerous density func-
tional theory—based studies on increasingly complex sys-
tems, also applying correlated ab initio techniques for
magnetism and, more recently, using molecular dynamics
to analyse properties in liquid media, the information
provided by computational chemistry gets more and more
relevant.
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1 Introduction

Polyoxometalates [1-4] (POMs), a rapidly growing family
of polynuclear metal oxide molecular anions, congregates a
huge number of compounds that display wide diversity
both in composition and in shape. Main transition metals
present in POMs, W and Mo (V and Nb to a lesser extent)
in their highest oxidation states, together with bridging and
terminal oxygens, build up the POM framework. The basic
octahedral MOg and square pyramidal MOs units share
either vertices or edges and, under the influence or not of
some templating species, condense and grow larger clus-
ters. With the exception of some few, almost all the ele-
ments have been incorporated either in the POM structure
itself or encapsulated within. This rather simplistic defini-
tion holds, however, for an enormous variety of structures
ranging from small molecules to supramolecular nano-
sized aggregates displaying high symmetry in most cases.
POMs are unique from several viewpoints, and their
chemical and structural possibilities have still unseen
limits. Regular shapes resembling balls, cylinders and
wheels, as well as displaying channels or cavities have
been reported [5—8]. The size and shape of a POM can be
purposely designed depending on the pH and the temper-
ature conditions, the ionic strength or the presence of
additional ligands during the synthesis, among other vari-
ables [4, 9]. Their amazingly vast structural diversity has
derived into exciting applications in fields as diverse as
medicine, magnetism and catalysis to cite just a few
[10-13]. From the first reports in the early nineteenth
century, several rises in POM popularity by P. Souchay
starting in the 1940s, M. T. Pope in the 1960s and
A. Miiller in the 1990s, among many others, have con-
tributed to the development and comprehension of POMs
chemistry. Recent times have been especially prolific, with

@ Springer



394

Theor Chem Acc (2011) 128:393-404

a steady growth in the number of papers per year, and more
than 4,000 items referenced under the topic ‘polyoxo-
metalates’ by the Web of Science in the last 20 years.

From the theoretical side, POMs are fascinating and
have attracted our interest since mid 1990s because of the
beauty of their symmetric structures, the presence of
multiple metal atoms, their properties and related fasci-
nating phenomena. As this account will show below,
describing the molecular and the electronic structure, redox
and spectroscopic properties, and reactivity of such species
in a proper manner is nowadays feasible, but it was a real
challenge 20 years ago.

The first Hartree—Fock LCAO-SCF single point calcu-
lation on a polyoxometalate structure was published by M.
Bénard, M. M. Rohmer and co-workers in 1991 [14-16],
using the Asterix program that had just been developed to
suite the particularities of the Cray-1 supercomputer. On
Christmas Day, 1989, the Cray-1 installed in the Super-
computer Center of Lausanne (Switzerland) was entirely
reserved to compute the SCF wavefunction for the deca-
vanadate anion, [V;0Ox]°", a relatively large inorganic
molecule with high symmetry (D,y,). From the room con-
trol of the supercomputer, Marie Madeleine Rohmer per-
sonally supervised that 10-h-long run. It is worth
mentioning that the average cost of a Cray-1 was between
$5,000,000 and $8,000,000. Nowadays, a home PC pro-
cessor can get a peak performance of more than 100
GFLOP (~300 times faster than a Cray-1). The results
obtained not only demonstrated how powerful the new

Fig. 1 Polyhedral
representation for several
typical isopoly-and
heteropolyanions: a Lindqvist,
[MgO19]; b Anderson-Evans,
[XMgOa4]; ¢ Keggin,
[XM,040]; d Wells—-Dawson,
[X2M130¢,] and e Preyssler,
[XP5W300110]. POlyhedral units
in grey contain the heteroatom,
blue octahedra represent MOg
units

(a)
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computational algorithm was but also opened the way to
theoretically analyse the electronic structure of POMs. By
using the molecular electrostatic potential and the laplacian
of the electron density, the basicity of the different oxygen
sites was investigated for the first time. This benchmarking
work was followed by a series of pioneering studies on the
analysis of Lindqvist and Keggin anions and with host—
guest interactions, which were reviewed in 1998 [17].
Ever since, many POMs’ features have been tackled by
means of computational tools: basicity, NMR chemical
shifts, spectroscopy, magnetism, redox properties, solution
dynamics, reactivity, etc. (some examples can be found in
Refs. [18-25]). Different computational approaches are
applied to maximize the accuracy/time ratio. Quantum
mechanical calculations have dominated the theoretical
publications on POMs during the last two decades, mainly
based on density functional methods (DFT), which are
moderately time-consuming though accurate enough for
providing information on the geometry and the electronic
structure. Among the publications devoted to this topic,
most focused on the classical Lindqvist [MO;9], Anderson-
Evans [XMgO,4], Keggin [XM;,040], Wells—-Dawson
[XoM;gO¢2] and Preyssler [XPsW300Oq1] clusters (see
Fig. 1), either containing one type of metal ions (W, Mo, V)
or a mixture of them. Correlated ab initio calculations
(CASSCF/CASPT2 and DDCI) have also been applied to
systems containing unpaired electrons, with the goal of
unravelling electron (de)localization and spin orientation
features [26], electronic energy gaps [27, 28], or to estimate
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Fig. 2 Polyhedral view of the
Keggin anion and MOg orbital
splitting from O, to Cy, local
symmetry. One octahedron is
shown in magenta, displaying
the connectivity with vicinal
polyhedra [31]

local magnetic couplings [29]. These accurate methods are
much more time-consuming and thus cannot be routinely
applied to large systems, but to the smallest POM members
or just to fragments. On the opposite side of computational
requirements, we find classical molecular dynamics meth-
ods, much more approximate but very useful to study the
POMs properties in liquid media such as the interactions
with counterions present in solution, or ion pairing pro-
cesses. A very recent work shows water clustering inside
giant POM structures [30]. These calculations are very
promising for future research related to self-assembly and
supramolecular applications.

Theoretical chemistry in Spain has a long-time tradition
that is reflected in the good quality and quantity of the work
published in the last 10 years. The scientific contribution of
this area includes a rich variety of theoretical methodolo-
gies and programme development. Research on POMs
carried out by means of computational methods has been
also fruitful as the present mini-review shows. We sketch
the most relevant work carried out by the Tarragona group
(URV, ICIQ) during the last decade. The topics that are
discussed concern structural and electronic properties,
NMR chemical shifts, redox chemistry, formation process,
ion pairing and reactivity. The next future will surely bring
interesting and abundant research in this area.

2 Structure, electronic properties and '**W NMR
chemical shifts

The basic structural motif common to all POM clusters is
the metal oxide MO, unit, either octahedral (MOg) or
square pyramidal (MOs). In the most typical octahedral
unit, four oxo ligands are bridging to neighbouring octa-
hedra, whereas in apical positions there are a terminal
oxygen and an internal one, the latter weakly bound to the
metal. The MOg unit undergoes a local distortion from the
ideal O, symmetry owing to the packing of several of these
units, the actual local point-group symmetry being close to
C,4,. Because of the symmetry reduction from O, to Cy,, the
metal orbitals split from two [(dxy, dxz,dyz) + (dxz,yz dz)]
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/ :
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to three [(dxy) + (dxz,dyz) + (dxz,yz, dg)] subsets of orbi-
tals [31], as shown in Fig. 2. In typical POMs, the metal d
valence orbitals are empty for M = W' and Mo"". Clas-
sical fully oxidized POMs without paramagnetic ions
present an occupied set of orbitals (or oxo band in the
literature) well separated from the lowest virtual orbitals
(metal band). The most stable of the virtual set, or LUMO,
is very important from the physicochemical point of view
since it governs, to a large extent, the redox processes of
POMs and some other properties (catalysis, magnetism,
etc.). The computational characterization of the LUMO
(composition, localization or delocalization, energy) is thus
critical for a successful description of the properties of a
POM compound.

POMs based on tungsten or molybdenum are much
more common than others due to their optimal relation
between charge and size, known to be critical in the high
stability of molecular metal oxide aggregates [32]. Poly-
oxotungstates have larger HOMO-LUMO (H-L) gaps than
homologous molybdates, the difference being approxi-
mately 0.8 eV for Keggin compounds. As observed from
DFT calculations, the nonbonding d(M)—p(O) interactions
are dominating the region of frontier orbitals. Such poor
covalent interactions between metals and oxo ligands
explain why POMs are considered strongly ionic struc-
tures. In addition, they are very strong acids despite their
high negative charges. On the origin of these unique
characteristics is the low surface charge density that can be
attributed to a strong inward polarization. Very important
also is the fact that electron reduction in most POM clusters
is quite innocent from the structural point of view. In
single-addenda classical compounds (Keggin, Wells—
Dawson), some reductions can be performed without
appreciable geometrical changes.

For Dawson structures, this difference between H-L
gaps is smaller since the [P,Mo,;504,]°" system displays
the alternating bond length (ABL) distortion. ABL has
been observed in polyoxomolybdates for a long time, but
just recently a theoretical explanation has been proposed
[33]. The net effect upon the structure converts the quasi-
symmetric O—Mo-O bonds into unbalanced O---Mo-O in a
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(a)

(b)

Fig. 3 DFT-optimized geometries for [P,Mo, s0621%" in a hypothet-
ical undistorted D3;, and b distorted D3 forms. Left-hand views show
one MogOg loop with selected Mo—O distances in A (with molyb-
denum and oxygen in blue and red, respectively). The rest of the
structure is displayed in soft colours. To the right, only the Mo
frameworks are shown to account for the distortion suffered in the D5
form [33]

concerted way, displacing the Mo ions off the centre of
each octahedron (Fig. 3). The vibronic coupling takes
place between a vibrational normal mode and an electronic
transition (pseudo Jahn-Teller effect), giving rise to min-
ima in the potential energy surface. So, for the species
featuring ABL distortion, it exists an imaginary frequency
that indicates the way into which the cluster distorts.
Among the cases studied theoretically, it is worth showing
that for the symmetrical (O;,) [M06019]27 Lindqyvist anion,
a triply degenerate normal mode with imaginary frequency
81i cm ™" indicates that this structure is not a minimum. In
contraposition, the octahedral [W6019]2_ structure shows
an analogous normal mode at 112 cm ™" that corresponds to
a minimum in the potential energy surface. From an
alternative point of view, ABL distortions may be related
to the energy gaps observed between frontier orbitals (with
metal-oxygen nonbonding n character) in molybdate
structures. Calculations show that, upon distortion, the
occupied orbitals get more Mo-O 7 bonding and the
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unoccupied ones more Mo—-O 7w antibonding, with a net
stabilization of the system. Taking the undistorted struc-
tures and then comparing them with the fully distorted
ones, it can be seen that smaller HOMO-LUMO gaps in
undistorted forms produce larger m-orbital mixing and,
thus, larger ABL distortion.

Since the preliminary studies on small molecules [34],
the theoretical determination of '®*W NMR chemical shifts
in polyoxtungstates has found serious difficulties [35, 36].
3W NMR chemical shifts of polyoxotungstates strongly
depend on the composition of the medium such as
concentration, ionic strength, pH and solvent resulting in
10-ppm deviation of the observed resonance lines [32].
Typically, DFT calculations of polyoxotungstates using
Slater TZP basis sets and the BP86 functional give usual
deviations of 0.05 A in some computed bond distances,
which is insufficient if we wish to reproduce '**W NMR
properties [37]. Our group has shown that the calculation of
'83W NMR chemical shifts in polyoxotungstates requires a
preliminary computational effort to determine excellent
geometries for the anion. This can be achieved using very
large basis sets of QZ4P and taking into account the solvent
effects [38]. From optimal geometries determined at
BP/QZ4P/COSMO, the '®*W NMR chemical shifts were
computed with the more standard basis sets of TZP quality
and including spin—orbit corrections with the ZORA
approximation to describe the relativistic effects of the
internal electrons. With this strategy, the average deviation
from experimental values was found to be about 7 ppm,
which is similar to the experimental error. For the family of
o-[XW12040]?” Keggin anions with X belonging to groups
12-15, NMR chemical shifts were computed at different
levels of accuracy. The geometry optimization using all
electron basis sets of QZ4P quality contracts slightly the
distorted WOg octahedra, significantly improving the
computed chemical shifts. As shown previously, the
inclusion of spin—orbit corrections is also fundamental to
obtain accurate shieldings for tungsten NMR chemical
shifts. For a series of nine Keggin anions, a mean absolute
error of 9.3 ppm was reached when the chemical shifts
were computed with the above-mentioned methodology.
Finally, when the chemical shift is measured in an organic
solvent there is a slight expansion of the WO¢ moiety,
which shifts the signal approximately 5-10 ppm to more
positive values.

3 Redox properties

One of POMs’ most investigated features is the ability to
reversibly accept and release electrons. This is the basis of
catalytic applications, among others. Most POMs get
reduced at weakly negative or even slightly positive
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potentials, indicating that their empty metal orbitals are
low in energy. The high oxidation number of metal ions
present in such clusters explains this tendency. From the
computational point of view, the modelling of redox
potentials has been a challenge in the past decade. How-
ever, it is done quite routinely nowadays applying the
COSMO [39-41], a numerical method that mimics the
solvent effects and that stabilizes the anionic clusters and,
thus, their molecular orbitals. Without the solvent effects,
there is no match between computed and experimental
reduction potentials because the cluster’s orbitals are too
high in energy. The COSMO incorporates not only the
stabilizing effects of the solvent but also those coming
from the presence of the counterions in the liquid media
that are present to balance the anion negative charge. The
solvation effects have been studied in the Keggin anion.
The configurations of the solvent molecules were taken
from molecular dynamics simulations and included into a
quantum mechanics calculation. The first solvation shell
was treated explicitly, the electrostatic bulk effect was
included modelling 9,000 water molecules as point charges
and, finally, the counterions were included as a charge
distribution from the radial distribution functions (Fig. 4).
The three shells stabilize the POM orbitals but only when
all the effects are included, the orbitals have energy com-
parable with that provided by the COSMO [42]. One of the
evidence that the COSMO is able to correctly describe the
relative POMs’ orbital energies is the electron transfer
reaction between [PW12040]37 and [P2W18062]67. As
computed in gas phase, the smaller negative charge of the
Keggin anion removes the electron off the more charged
Dawson anion. However, in solution, the Dawson recovers
the electron since its LUMO is correctly placed below in
energy with respect to the Keggin partner [43].

Fig. 4 Energies for the highest ]

occupied and lowest empty 6 1
levels for different POM-water 1
models. Black levels of the 4~

Keggin anion; red levels of the T
water molecules; dark grey

occupied levels; light grey

empty levels. The right-hand
view shows the Keggin anion
surrounded by explicit water:
the first solvation sphere and the 1
point charges [42] -4 -

Energy (eV)
T
RN

POM sizes range from a few metal atoms to giant clusters.
These inorganic systems are anionic in nature, and their
tendency to accept electrons depend on the negative charge,
but also on the size [37]. These two variables act oppositely
upon reduction. How do they balance? A comprehensive
DFT study showed that the ratio between the molecular
charge and the number of metal centres, g/m, which corre-
lates with the molecular charge density in a simplistic way,
explains the propensity of regular POM clusters to accept
electrons. For example, the highly charged [P2W18062]6_
Dawson anion is a stronger oxidant than [W4Nb2019]47.

Different metal addenda atoms can be combined into a
single structure to give the mixed-addenda compounds.
Their properties depend on the particularities of each metal
present, and thus the overall molecular features can be
tuned. Many cases have been studied from the computa-
tional side. Substitution of a tungsten ion by vanadium
produces a more oxidant species. The orbitals of V" are
lower in energy than those of WY’ Similarly, when from a
single-addenda tungstate we introduce a Mo"" ion, the final
product is also more oxidant. This tunability of the redox
properties can also arise from isomerism. Some POM
structures present several rotational isomers that display
slight variations in the frontier orbitals’ energies. In Keggin
anions, the most stable « form (7,;) has a LUMO 0.18 eV
higher than that of the ff form (Cs,). The f form is formally
produced upon a 60° rotation of a W50;3 triad about a
threefold axis of the o form. Both isomers are similar in
energy, but reduction is easier in the f form. After the
second reduction, a stability inversion occurs and the f
isomer gets more stable. The other three rotational isomers
of the Keggin anion (y, é and ¢) were theoretically studied
to show that the energy of the LUMOs governs their ability
to accept electrons [44].

T T T T T
Gas 49H,0 49H,0 49H,0 COSMO

Phase

9000 q, QgONOaEX
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4 Formation

In spite of the extensive theoretical research done in the
field of POMs during the last decades, [37, 45-49], only
few studies were devoted to analyse their formation
mechanisms. Kepert, in the early sixties, suggested that
formation of isopolyanions might involve the addition of
WO, tetrahedra. The first step would imply the addition of
a WO, unit, acting as a bidentate ligand, to a second WO,
by expanding the coordination number of the latter metal
ion to six [50]. In the late seventies, Tytko and Glemser
proposed elaborate mechanisms to explain the formation of
POMs based on the addition already formulated by Kepert
[51]. There is, however, little experimental evidence to
support these mechanisms and some of them do not even
agree with experiments [32].

Recently, mechanisms for the nucleation of the Lindg-
vist anion [W6019]27 have been put forward by Poblet and
Cronin in a collaborative work that combines theoretical
predictions and experiments of electrospray ionization
mass spectrometry (ESI-MS) [52]. They use two comple-
mentary computational methodologies: (1) standard DFT
methods with inclusion of the solvent as a continuum by
means of the COSMO model; and (2) Car-Parrinello MD
simulations with explicit solvent molecules. In this study,
the dinuclear structure proposed by Kepert as the first step
of the nucleation process is not found to be stable. Other
dinuclear structures in which the W' ions are four- or
fivefold coordinated are, however, predicted to be stable.
Car-Parrinello MD simulations show that the coordination
sphere of W' ions might be expanded due to direct
interaction with water molecules (see Fig. 5). This effect is
more important at low pH conditions [53].

Two formation mechanisms have been postulated to
justify the clusters that are observed in the ESI-MS frag-
mentation experiments: [WO5;(OH)] ™, [W,0,1°", [W,04
(OH)I™, [W3010I", [W309(OH)I™, [W,4O0131", [W4O12
(OH)]™, [W50461>", [WeO19]* and [WsO,5(OH)] . The
aggregation of each [WO3(OH)]™ monomer is followed by
the condensation of a water molecule, with or without

previous protonation, as shown in the next lines for the first
steps of one of these mechanisms:
2

[WO3(OH)] ;) +H[WO3(OH)] ;= [W206(OH), ], (1)
[W204(OH), | (2;;1)_’ [W207]@)+ H20(q) (2)
[W,05]% +[WO3(OH)| oy — [W3010(OH) [ (3)

[W3010 (OH)}?‘;) +H3O?;q) — [W3010](23_q) +2H20(aq) (4)

The structural features and the relative energies of
different possible intermediates in such a formation process
have been also analysed [54]. An energetic cascade profile
is predicted for the two mechanisms with the last steps
being the most exothermic. As far as the structural aspects
are concerned, a planar W3 unit is found to be very stable.
These W3 units, which are also observed in clusters with
higher nuclearities and even in the Lindqvist anion, act as
structural building blocks conferring high stability to the
intermediate clusters. Those penta- and hexanuclear
clusters that most resemble the Lindqvist anion are
within the most stable intermediates. In summary, the
complementarity between theory and experiment provides
important clues about the formation steps of the Lindqvist
anion. Further analogous experimental and theoretical
work on other iso- and heteropolyanions will provide
new insight to accomplish the ambitious purpose of
rationalizing such nucleation mechanisms.

5 Ion pairing

Ion pairing is invoked as a ubiquitous effect that orches-
trates a variety of processes occurring in several areas of
science, including POM chemistry [55]. It is well known
that the formation of ion pairs in solution is directly related
to a numerous physicochemical properties like redox
properties [56], supramolecular chemistry [57], catalytic
activity [58] and nuclear magnetic resonance spectra [59].
Traditionally, computational chemists have been focused in

Fig. 5 Representations of the structures for mononuclear (a, ball-
and-stick), dinuclear (b, ball-and-stick) and trinuclear species (c,
polyhedral) showing the expansion of the coordination sphere of the
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W(VI) ions due to interaction with the solvent (water). Tungsten in
grey, oxygen in red and hydrogen in white [52]
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the study of POMs electronic structure and reactivity [37],
but in the recent years the first theoretical studies about ion
pairing of these species have been reported. In the first part
of this section, we will describe some properties of a
solution formed by Keggin anions, alkaline ions and water
as solvent, whereas in the second part we will show that
some giant polyoxometalates like [H3;Mos57Ve(NO)sO1g3
(H,0);5]*'~ can capture counterions over its external
surface.

5.1 Keggin anion

The Keggin anion is one of the most relevant members of
the POM family with general formula [XM,040]"~ where
X and M can be a main-group element (P, Si, Al...) and a
transition metal (W, Mo, V...), respectively [32]. By using
an electrochemical methodology, Pope and Varga obtained
the diffusion coefficients and the hydrodynamic radius (Rg)
of [PW12040]3_ and [SiW12040]4_ anions [60]. These
authors reported that Ry was invariant under the exchange
of different cations in pure water. Grigoriev reported that
Ry varies in a series of vanadium monosubstituted Keggin
anions, [XVW,,040]"", in water/tert-butyl-alcohol (TBA)
[61]. It was then concluded that ion pairing was effective in
that water—alcohol mixture while it was not in pure water.
Moreover, recently [A1W1204o]5 ~ received the attention as
a well-behaved model for investigating an outer-sphere
electron transfer process in water [62]. Furthermore, it has
been shown that mono-valent cations catalyse anion—anion
electron transfer reactions [63], and the catalytic effect was
explained by the presence of partially dehydrated cations.

Recently, we investigated the structure and the effects
on the diffusion coefficient of the ion pairs between
[XW504]"" anions (X =P, Si, Al; n=3, 4, 5) and
mono-valent alkali counterions (Li*, Na*, K*) in water by
molecular dynamics simulations [64]. The radial distribu-
tion functions of [PW;,04]°~ with Na™ revealed two
peaks located at 7.7 A and 9.9 A from the centre of the
POM (Fig. 6). The first peak has been identified as a
contact ion pair between the Na™ cations and the terminal
oxygens of the POM. The second peak has been assigned to
a solvent-shared ion pair, in which a water molecule is in
between the cation and the terminal oxygen. The substi-
tution of the phosphorous heteroatom by silicon and
aluminium increases the POM negative charge and con-
sequently the formation ion pairs as shown in Fig. 6.

Replacement of Na™ cations by Li™ affects drastically
the ion pair structures previously presented since the sol-
vation shell is more strongly bound around Li* cations.
Consequently less charged species strongly favours the
solvent-shared ion pair structure and, when the charge is
increased, this structure collapses to a permanent contact
ion pair between the cation and a terminal oxygen.
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Fig. 6 Radial distribution function (RDF) for the X—Na* pair in the
[PW120401"" (PWy2), [SiW15040]"" (SiWyy) and [AIW5040]°"
(AW ,) systems, plotted versus the X-Na™ distance (in A) [64]

The computed diffusion coefficients reproduce reason-
ably well the order of magnitude of the experimental data
for similar systems under slightly different conditions [25].
Moreover, the behaviour of the diffusion coefficients does
not follow a simple pattern with respect to the heteroatom
or countercation in the system. Furthermore, the repre-
sentation of the diffusion coefficient versus the structural
Ry computed from the molecular dynamics simulations
unveils a full correlation among them as the Einstein-
Stokes equation states.

5.2 Giant polyoxometalates

In the POM field, Liu and Miiller realized a long time ago
that some POMs do not exist as single ions in water or in
other polar solvents [65]. Instead, they tend to further
aggregate into nanometric spherical vesicles, called
blackberries. These supramolecular structures range from
20 to 100 nm in water and consist in a monolayer of
thousands of individual POMs with a massive enclosed
volume occupied by solvent molecules. Liu unveiled the
driving force behind the self-assembly of these vesicles by
zeta potential analysis [8]. This technique revealed that the
average charge density on each POM unit in blackberries is
significantly lower than in the “free” POMs. This experi-
mental evidence suggests that the small counterions are
closely associated with, or even incorporated into, the
blackberry structures acting as glue between the POMs
units. The formation of ion pairs also reduces the negative
charge of POMs, favouring the growth of blackberries.

In collaboration with Miiller, we studied the distribution
of the countercations (Lit and Na™) on the surface of
[H3sMos,V¢(NO)sO,53(H,0)15]°' ™ in water by molecular
dynamics simulations [66]. This POM was experimentally
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Fig. 7 a Polyhedral and ball-
and-stick representation
(coordinated cations) of
Mos;Ve. Oxygen in red,
molybdenum in blue, potassium
in pink and nitrogen in orange.
b Spatial distribution function
isosurface of Li* counterions
around Mos; Ve, computed from
classical molecular dynamics
simulations. The yellow
isosurface volumes enclose the
highest probability regions of
finding the cations.
Molybdenum framework is
shown in ice blue and vanadium
centres are in ochre [66]

synthesized with a mixture of K™ and NH," as counterions
[67]. The position of the cations in the crystal structure was
determined, revealing a selective complexation of the cat-
ions in the pores and external cavities. In one hand,
Mo3V30g pores and the VMo,4Og crown-ether type rings
interact with NH, . In the other hand, K cations interact
with the lateral cavities, closing the VMo4Og rings (Fig. 7a).

In both systems, the spatial distribution function (SDF)
reveals two positions of high probability with respect to the
cations: at the entrance of the two Mo;V;0¢ pores and at
the VMo,Oq lateral cavities (Fig. 7b). Li" counterions
have a stronger interaction with the pores and the cavities
than Na*t ones, as their probability remains even if the
temperature is increased. These positions are in agreement
with the ones determined experimentally by X-ray spec-
troscopy. Additionally, the cations SDF in Mos;Ve dem-
onstrate the interaction between the giant POMs and their
cations in water. These computational results suggest the
POM-—counterion association as the main driving force in
the blackberries self-assembly.

The cation release/uptake was studied from DFT cal-
culations for a series of X" cations encapsulated inside a
Preyssler anion. Notable energy barriers, ranging from
40 kcal mol™! for Nat to 50 kcal mol™! for Th**, were
computed for ion release (E,,, in Fig. 8). The energy cost
for the cation uptake (E;,) mainly depends on the dehy-
dration energy of each X" since the necessary loss of the
solvation sphere is a very endothermic process, explaining
the high temperatures necessary for the encapsulation of
the most charged cations. The energy uptake was estimated
to be more than 200 kcal mol~'for Th** [49].

6 Reactivity

One of the most outstanding applications of POMs is
catalysis. Because of their properties as strong Brgnsted
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acids and as fast reversible multielectron oxidants, they are
applied in acid catalysis and in green selective oxidation
with molecular oxygen and hydrogen peroxide. They can
also act as bifunctional (acid and redox) catalysts, which
make them promising compounds in the field of water oxi-
dation for the utilization of solar energy to obtain molecular
oxygen. There are still relatively few theoretical studies on
this field, but during last years an increasing number of
reports are appearing in the literature. Here, we will sum-
marize the studies carried on two important reactions.

6.1 Water oxidation for energy systems

The recent discovery of the first all-inorganic water oxi-
dation catalyst has bring together the water oxidation and
the POM fields [68, 69]. A tetraruthenate core [Rug4(u-
OH),(H,0),]°" is stabilized by two y-[SiW¢056]*~ POM
ligands. The catalyst mimics the natural oxygen-evolving
centre, as the Ruy core evolves through four states namely
S, where n is the number of protons and electrons lost
(Fig. 9).

We investigated computationally the evolution of the
water oxidation catalyst along So—S, states [70]. The DFT
calculations predict a singlet as the most stable multiplicity
for the initial S state that is in agreement with the absence
of signals in Sy EPR spectrum. The release of one electron
and one proton generate one Ru'—OH moiety, and the
doublet S, state is predicted in agreement with the EPR
experiments. The rRaman spectrum of S, state demon-
strates the absence of any Ru¥'=0 moiety; moreover, the
relative position of the second RuY-OH moiety with
respect to the previously generated one derives in the for-
mation of two cis—trans isomers. The cis isomer is only
2 kcal mol~! more stable than the trans form; conse-
quently, they can be considered degenerate. The Sj state is
a quartet with three RuY—OH centres and displaying a clear
signal in the EPR spectrum.
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Fig. 8 Schematic energy
profile associated with X"
cation (orange sphere) release/
uptake in a Preyssler anion,
[XPsW300110]17” [77]

Finally, the active water splitting species with four Ru"—
OH centres is achieved. This species is EPR silent in
agreement with the calculated singlet ground state. The
absence of a S; rRaman spectrum does not indicate the
absence of isomers with Ru¥! = O and Ru!Y-H,O moieties
in the S, state. Moreover, these species are more than
10 kcal mol™" higher in energy compared with the tetra-
ruthenate core with four RuY—OH moieties.

The intra- and intermolecular water splitting mecha-
nisms are forbidden due the rigidity of the tetraruthenate
core and the first-order reaction rate with respect to the
catalyst, as shown by calculations. The molecular orbitals
analysis on the catalyst in the S, state reveals a high con-
tribution of the RuY—OH moieties in the LUMO, postu-
lating a nucleophilic attack of a water molecule as the most
plausible mechanism.

The rRaman spectrum of the catalyst in the
250-600 cm ™" region is sensitive to the evolution of the
Ruy core. According to our calculations in S, state, the low

Fig. 9 Structure of the water
oxidation catalyst (left).
y-[SiW10036]87 ligands and
Ruy core in polyhedral in
ball-and-stick representation,
respectively. Molybdenum in
iceblue, silicon in yellow,
oxygen in red, hydrogen in
white, ruthenium in orange.
Stepwise transformation of the
POM-embedded Ruy core along
So—S4 oxidation states under
oxygen-evolving catalysis
(right) [70]

wavenumber bands are assigned to Ru"V—(H,0) stretching
modes (250-400 cm™ "), while the prominent feature at
456 cm™ ' is associated with the normal modes of the
Ru4O¢ core. The new absorptions observed at approxi-
mately 500 cm~! in S1-S4 rRaman spectra have been
assigned to the normal modes of Ru'—OH moieties. The
rRaman rationalization is in agreement and demonstrates
that in each step through S-S, states, the catalyst releases
one proton and one electron.

Recently, Bonchio has joined the Ru, catalyst with
sensitizers able to capture light and transfer electrons in
order to regenerate the catalyst from S, to Sy state [71-73].

6.2 H,0O,-based epoxidation
Several theoretical studies have been reported for green
H,O,-based epoxidations by different types of polyoxo-

metalates: selenium containing dinuclear peroxotungstate
[Se04{WO(0,),},1*~ [74, 751, lacunary polyoxotungstate

[Ru4 (lV,lV,lV,lVﬂ
S 0,
Ht+e
2H,0

RI.14 (VJIV ]IV ]IV) [ R“4 (V,V,V.§¥) ]
S, S
Ht+e
H*+e
Ruy (V.VIVIV) Ruy (V,V,VIV)
S, ' S3

H+e
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Fig. 10 Schematic energy profile for the ethene epoxidation with
H,O, catalysed by [PTi(OH)W“O39]4_. The energy barrier for the
hydroperoxo mechanism increases when moving from the left to right
of the periodic table, whereas the barrier for the peroxo mechanism
decreases [78]

[PTi(OHTv:D;\— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ N/
(0]

[y—(SiO4)WmO32H4]4_ [76] and divanadium-substitued
polyoxotungstate [y—1,2—HZSiV2W10040]4_ [22, 77]. Very
recently, Antonova et al. [78] studied the epoxidation of
alkenes with H,0O, by two distinct titanium-substituted
POMs [PTi(OH)W“O39]47 and [Tiz(OH)ZAS2W19067]87
and compared them with other TM-substituted POMs to
assess the effect of the metal nature on the reaction. For
both Ti-containing POMs, B3LYP/SMD calculations pre-
dict that the Ti-hydroperoxo intermediate is responsible for
the oxygen transfer to the alkene to form the epoxide, being
the rate-limiting step (see Fig. 10). When we move from
left to right and down in the periodic table, the oxygen
transfer via peroxo intermediate becomes competitive
because of the higher mixing between the orbitals of the
transition metal and the O—O unit. Likewise, previous DFT
calculations proposed that the Se-containing dinuclear
peroxotungstate [74, 75] and y-V,-POM follow a peroxo-
type mechanism. On the other hand, for lacunary poly-
oxotungstate Musaev and co-workers discard peroxo
mechanism from the interpretation of experimental obser-
vations [76].

The [PTi(OH)W,;030]*" and [Tiy(OH)>As,W 90715~
POMs exhibit a well-defined 6- and 5-coordinated envi-
ronment, allowing using them as molecular models of Ti
single-site catalysts. Thus, several requisites to improve the
efficiency of Ti-containing catalysts were proposed: flexi-
ble and fivefold (or lower) coordinated Ti environments
[78]. Moreover, the higher activity of the Ti,-POM was
attributed to the absence of dimer formation due to the
steric shielding of tungsten groups adjacent to Ti centres.
The formation of intermolecular linkages between POM
units can have important implications not only in catalysis
but also in POM assembly to build nano-cluster structures.
We investigated the mechanism of dimerization, by acid
condensation, between Lindqvist and Keggin anions [79,
80]. The computational studies at BP86/COSMO level
revealed that the acid condensation via formation of p—O

@ Springer

linkages is favoured for structures with addendum atoms
TM = Ti, Zr and Nb but not for TM = W, Mo and V. Also
a correlation between the relative strengths of terminal
TM=0 bonds and the tendency of these to form dimers was
found.

Using pure UBLYP and hybrid UB3LYP functionals,
Shaik and co-workers analysed the Mn"'=0O-based POM
intermediate for epoxidation and hydroxylation of alkenes
[81] and designed the new FeV=0 catalyst [MosOg.
Fe=0]"" as a potential oxidant for monooxygenations [82].
Similarly, with UBP86 functional, we analysed a series of
group 6-8 high-valent TM nitrido derivatives
[PW,,030{TM"!N}1*~ and discussed their potential reac-
tivity as nitrogen donor species [24]. The analysis of
frontier molecular orbitals allowed rationalizing the
observed electrophilic reactivity for the RuY'N derivative,
whose empty antibonding n*(Ru-N) orbitals lay between
the oxo and tungsten orbital bands of the POM. Also,
calculations showed that the unknown Mn"'N and Fe"'N
species could be stabilized by the porphyrin-like ligand
[PW“O39]77 and, if it is ever made, should have a high
potential reactivity towards nucleophiles.

7 Epilogue

During the last 20 years, computational modelling of
polyoxometalates has evolved from the early studies lim-
ited at single-point Hartree—Fock level, to the use of bunch
of computational techniques that nowadays allow deter-
mining a variety of properties and simulating complex
phenomena. Because of the anionic nature of the com-
pounds, their computational treatment requires the incor-
poration of the stabilizing effects of the crystal field in the
solid state or of the solvent and the counterions in solution.
A definitive step forward was made when solvent effects
were taken into account by using continuum methods since
these enabled studying their electronic and structural
properties and reactivity. Later, the explicit treatment of
the solvent and counterions in solution using classical and
first-principles molecular dynamics has opened the door to
understanding ion pairing, confined water assemblies and
nucleation mechanisms among other phenomena.
Theoretical and computational chemists can still find
many exciting challenges in the polyoxometalates arena.
Some of them are as follows: polyoxometalates deposited
over metal and metal oxide surfaces and its implications in
material science and heterogeneous catalysis, large nano-
structures, the study of nucleation mechanisms of hetero-
polyanions and large vesicles, the rationalization of cation
exchange in polyoxometalates with pores, the reproduction
and rationalization of magnetic properties in species with
multiple magnetic centres, among many others. Our group
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in Tarragona, which has largely contributed to the evolu-
tion of the field, will keep working on these and other
topics.
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