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Quantum chemistry calculations have been performed to unravel the electronic and electrochemical properties of
a FeIII-sandwich polyoxometalate. Using a combination of methods, it is shown that in these clusters the first
reduction occurs in the so-called external Fe, which is bonded to a water ligand. Calculations also show that the
electron reductions are coupled with protonation processes, in full agreement with existing experimental results.

Introduction

Polyoxometalates (POMs) or polyoxoanions are a series
of inorganic metal oxides mainly formed by Mo or W in
their highest oxidation states.1,2 Nowadays, countless struc-
tures have been characterized and more than half of the
elements of the periodic table have already been incorporated
into the metal oxide framework. As a matter of fact, the
electronic properties of POMs can beintentionally tuned,
having potential applications in many fields such as catalysis,
medicine, chemical analysis, multifunctional materials, etc.3

POMs are also useful as model systems to understand the
electronic properties of metal oxides at the molecular level.
Fully oxidized anions have, in general, a simple electronic
structure with a set of doubly occupied orbitals mainly
centered at the oxo ligands, which are well separated from
the unoccupied orbitals, which are mainly centered at the
metal atoms.4 Fully oxidized POMs are easily reducible in

solution because the lowest unoccupied molecular orbital
(LUMO), a symmetry-adapted nonbonding dxy-like orbital,
is always very low in energy. When a WVI or a MoVI ion is
substituted by one, or more, early transition metals (TMs)
such as VV, NbV, or TiIV, the redox properties of these mixed
POMs are well rationalized experimentally5 and theoreti-
cally.6 However, the incorporation of a TM in a lower
oxidation state such as FeIII , FeII, CoII, NiII, etc., makes the
rationalization more difficult, particularly when the cluster
contains several TM ions. This is the case for the Keggin-
and Wells-Dawson-derived sandwich-type polyoxoanions,7,8

a versatile family of compounds with application in catalysis,8

molecular magnetism,9 and other areas. These coumpounds
are based on the B-type trivacant derivative of the parent
Keggin structure. This structural type was first reported by
Weakley, Tourne´, and co-workers10 and subsequently char-
acterized by Finke,11 Weakley,12 and Gómez-Garcı´a13 et al.
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Mixed-valence complexes and open structures are also
known.14,15 In these compounds, a central planar tetrameric
M4 unit links two trivacantR-[P2W15O56]12- or R-[PW9O34]9-

units, where M can be MnII, CoII, NiII, CuII, ZnII, and FeIII .
Numerous anions of this general formula have been reported
with diverse TMs over the past decade. The electrochemical
properties of the paramagnetic ions in these compounds were
studied.16,17

Figure 1a shows a polyhedral representation of the
sandwich clusters [Fe4(H2O)2(PW9O34)2]6- (1). We use the
shorthand notation [Fe4-POM] to represent anion1. The
central Fe4 block consists of the two so-calledexternalFe
atoms, which are coordinated to a water molecule to complete
the octahedral site, and twointernal Fe atoms, which are
coordinated to six oxo ligands. The electrochemistry of the
Fe4 block shows that a stepwise reduction of the Fe atoms
occurs before the addition of the first electron in the W
framework. However, it is not clear from the experiments

which Fe centers are reduced first, the external or internal.7

In fact, recent studies on electron-transfer behaviors of
several multi-Fe sandwich-type Dawson POMs have shown
a series of interesting results: the reduction of the four Fe
centers was resolved clearly in four separate steps; the same
studies revealed a clear pH dependence of the formal
potentials for these Fe centers; and finally, pH and ion-pairing
effects strongly suggest that the external Fe centers are
reduced first. However, support or invalidation for this last
hypothesis was awaited from new experimental facts and/or
complementary theoretical calculations.18

The main goal of this paper is to show that nowadays
computational methods can be very useful tools in the
rationalization of the redox properties of complex molecules
in solution. Recently, Musaev and co-workers have reported
detailed analyses of the electronic properties for several
γ-Keggin anions including TM ions.19 Previously, Poblet’s20

and Borshch’s21 groups reported electronic studies of com-
plexes containing FeIII ions. Shaik, Neumann, and co-workers
have evaluated the viability of FeVdO species and their
catalytic properties.22

Computational Details

Density functional theory (DFT) calculations were carried out
with theADF 2004.0123 implementation of the DFT using the OPBE
functional, which was recently demonstrated to reproduce accurately
spin states of FeII complexes.24 This functional combines Handy’s
optimized exchange (OPTX) with the PBE correlation.25 The basis
functions for describing the valence electrons of all of the atoms
are Slater-type orbitals of triple-ú + polarization quality (standard
TZP basis set in theADF package). The internal orcoreelectrons
(O, 1s; P, 1s2p; Fe, 1s2p; W, 1s4d) were frozen and described by
a single Slater orbital. We applied scalar relativistic corrections to
themszeroth-order regular approximation(ZORA)svia the core
potentials generated with the programDIRAC. The geometries of
ion 1 and its reduced and/or protonated analogues were fully
optimized in the presence of a model solvent, accounted for by
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Figure 1. Polyhedral (a) and ball-and-stick representation (b) of
[Fe4(H2O)2(PW9O34)2]6-.
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applying theconductor-like screening model(COSMO)26 imple-
mented as part of theADF code.2727 To define the cavity
surrounding the molecules, we used the solvent-excluding-surface
method. To obtain the electron density in solution, we first let the
self-consistent field (SCF) converge without solvent effects and,
thereafter, COSMO was turned on to include the solvent effects
variationally. The ionic radii for the POM atoms, which actually
define the size of the solvent cavity where the target molecule
remains, were taken to be 0.74 Å for all metal ions except Fe, for
which a radius of 1.26 Å is applied. We use 1.20 Å for H, 1.0 Å
for P, and 1.52 Å for O2-. The dielectric constant was set equal to
36.74 to model acetonitrile. Complete active space SCF (CASSCF)
and complete active space chemical ionization (CASCI) calculations
were also performed for the model fragment represented in Figure
1b, which contains the four Fe atoms at the experimental geometry.

Results and Discussion

The four Fe atoms in anion1 are formally in an oxidation
state of 3+ with 5 unpaired d electrons, giving rise to a
ground state with 20 unpaired electrons. The experimental
magnetic moment of 9.8µB at 24 °C implies some degree
of antiferromagnetic coupling between the Fe ions.7 In the
present study, however, we have only computed high-spin
states. Redox properties are only weakly dependent on the
intersite magnetic couplings, which are of a completely
different, smaller energy scale. Scheme 1 shows the frontier
orbital distribution in anion1 for the high-spin configuration.
Complete geometry optimizations underC2h symmetry
constraints in an acetonitrile solution show no significant
differences between the computed and X-ray structures with
the exception of the Fee-OH2 bond being∼0.2 Å too long
in the computed structure (see Table 1). The water ligands
display hydrogen bonding with the closest oxo terminal
ligands that are linked to belt W atoms. Probably, the present
DFT calculations overestimate the hydrogen bonding interac-
tion between the water ligands and the POM, explaining the
unusual discrepancy of 0.2 Å. Some calculations have been

carried out with the water ligands kept frozen at the
experimental distance.

When calculations are carried out in vacuum, all of the
frontier orbitals have positive energies, but in solution, they
are strongly stabilized by the effect of the solvent and
counterions. The highest doubly occupied oxo orbital lies at
-6.29 eV, and the lowest unoccupied orbital (with a large
W 5d contribution) appears at-3.35 eV. In between, there
is a series of spin-R orbitals centered at the Fe metals between
-6.9 and-3.0 eV. At slightly higher energy, there are
several unoccupied spin-â orbitals also centered at Fe atoms.
The energy gap between W and oxo bands was found to be
approximately 3.0 eV. This difference is quite independent
of the complex and of the framework structure, but it may
depend on the functional.4

The Mulliken spin population shows that the 20 unpaired
electrons are mainly localized on the Fe centers. According
to the OPBE-DFT calculations, the spin density on each Fe
atom is∼4.18e for external and internal Fe atoms. The rest
of the spin density is delocalized over neighboring O atoms.
Scheme 1 shows a 3D representation for the lowest unoc-
cupied orbital of symmetry au with orbital energy of-4.63
eV. This orbital is mainly centered at theexternalFe atoms
and can be described as a nonbonding Fe dxy orbital. Hence,
the shape of the LUMO of the 20e- species suggests that
the first reduction should take place preferentially at the
external Fe atoms. DFT calculations carried out on the 21e-

metal species confirm this hypothesis. When the incoming
electron is accommodated in the 84au orbital, the descent in
the spin density is more important in the external Fe, although
the difference in the total spin density for the external and
internal Fe atoms is not very big, 4.06e- for Fee and 4.13e-

for Fei. The rest of the spin density is delocalized over oxo
ligands directly linked to these Fe atoms. Similar behavior
was found when the reduction takes place in the next three
orbitals that are also mainly localized on the external Fe.
On the contrary, adding the electron to the spin-â 85au orbital
(-4.38 eV; see Figure 1) causes a slightly larger descent of
the spin density on the internal Fe atoms. The energy
difference between the two 21e- species was computed to
be 0.217 eV (5.0 kcal mol-1).

Although the OPBE-DFT calculations indicate that reduc-
tion on Fee is preferred above Fei, the differences in the spin

(26) Klamt, A.; Schu¨ürmann, G.J. Chem. Soc, Perkin Trans. 2 1993, 799.
Andzelm, J.; Ko¨lmel, C.; Klamt, A.J. Chem. Phys. 1995, 103, 9312.
Klamt, A. J. Chem. Phys. 1995, 99, 2224.
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Scheme 1. Representation of Frontier Orbitals for
[Fe4(H2O)2(PW9O34)2]6- in Acetonitrile

Table 1. Structural Parameters Computed for Several Reduction States
of Anion 1a

X-rayb [Fe4-POM]6- H2[Fe4-POM]6- H4[Fe4-POM]6-

Fee-Fei 3.26 3.30 3.13 3.40
Fei-Fei 3.56 3.61 3.53 3.46
Fee-Fee 5.44 5.51 5.68 5.86
P-Op

c 1.53 1.58 1.58 1.58
W-Ot

c 1.71 1.73 1.72 1.73
W-Ob

c 1.91 1.94 1.95 1.96
Fee-OH2 2.00 2.20 2.28 2.26
H‚‚‚Ot(belt) 2.27 2.15 2.53
Op-Fe-OH2 178.5 177.4 178.1 174.4
Ot-W-Ob(cap)c 101.9 102.2 103.6 104.0
Ot-W-Ob(belt)c 101.7 101.6 101.7 101.8

a Average bond distances in angstroms and bond angles in degrees.b X-
ray parameters reported for 20e- species in ref 7.c Ot ) terminal oxygen.
Ob ) doubly bridging oxygen. Op ) quadruple bridging oxygen.d Hydrogen
bonding with the Ot linked to belt W atoms.
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density are quite small (∼0.1e-) and the results could be
considered to be not completely convincing. Additional
support comes post-Hartree-Fock calculations, namely,
CASSCF and CASCI calculations as implemented in the
MOLCAS 6code.28 The calculations were performed on a
model fragment formed by the 4 Fe atoms, the 14 oxo ligands
directly linked to the Fe atoms, the two water ligands, and
the two internal P atoms. The nearest 12 W atoms were
described with Hay-Wadt large-core pseudopotentials with-
out basis functions29 and the rest of the atoms by formal
point charges (Figure 1b). All electron basis sets applied were
of the atomic natural orbitals (ANO) type,30 applying the
following contractions: Fe (5s,4p,3d,1f), O (3s,2p,1d), and
P (4s,3p). The active space contains 20 Fe 3d orbitals and
20e- or 21e- for the oxidized and reduced forms, respec-
tively. This active space accounts for all of the static electron
correlation effects in the Fe 3d shell. Other correlation effects
such as Of Fe charge transfer are certainly important if
one aims at chemical accuracy (1-2 kcal mol-1) but are not
essential for the question that we want to answer in the scope
of this study, namely, the preference for reduction on internal
or external Fe.

The CASSCF spin density on the four Fe atoms in the
20e- species is close to the formal value of 5 electrons per
Fe locally coupled to a sextet electronic spin state (second
entry in Table 2). Although this value is probably too high
due to the lack of dynamical correlation effects in the
CASSCF wave function, it serves as a reference to follow
the changes in the spin distribution when electrons are added
to the model system. The addition of the extra electron
without further orbital optimization (CASCI) leads to an
important lowering of the spin density at Fee while the value
on Fei remains unchanged. Hence, the extra electron is shared
by the two external Fe atoms, lowering their formal oxidation
state to Fe2.5+. The reduction of the internal Fe atoms occurs
at much higher energies. The lowest N-electron state that
shows a lowering of the spin density at Fei is found at almost
0.7 eV (18 kcal mol-1). These findings do not qualitatively
change when the orbitals are individually optimized for the
different electronic states (CASSCF entries in Table 2).

Again, the first reduction occurs at Fee, and at much higher
energy, one finds the electronic states that correspond to the
reduction of Fei.

Having established that the first reduction takes place at
the external Fe sites, we now analyze the ability of the
present calculations to provide reliable estimates of free
energies. The following cycle shows the different terms
involved in the reduction of a POM. The∆G(g) term

represents the free energy associated with the reduction of a
POM in the gas phase; the next terms∆Gsolvation1 and
∆Gsolvation2 correspond to the solvation free energies of the
oxidized and reduced forms, respectively. Finally∆G(sol)
is the free energy of the reduction process in solution. It
seems quite realistic to suppose that the entropic terms can
be neglected if we consider that for these charged species
the electronic contributions are very large for all four
processes. So, given the intrinsic difficulty to compute the
vibrational and entropic terms for these large structures, we
approximate∆G(sol) by the reduction energy of the complex
in solution. For a detailed description of the different terms
involved in the reduction process, see the recent paper of
Cramer and co-workers.31

Before describing the results for the title Fe complex, let
us first analyze each one of these four terms in the simpler
Keggin anion SiW12O40

4- (SiW12). For a charged species,
the ∆G(g) term is dominated by the electron affinity of the
system. In vacuum, the addition of one electron to an anion
is a strongly endothermic process. For SiW12, this process
requires +6.85 eV (+158.0 kcal mol-1). The solvation
energy depends on the charge and size of the cluster. The
solvation in water has been computed to be-18.78 eV
(-433.0 kcal mol-1) for the oxidized anion (∆Gsolvation1) and
-29.38 eV (-677.6 kcal mol-1) for the reduced anion
(∆Gsolvation2). From the thermodynamic cycle,∆G(sol) is
computed to be very exothermic,-3.75 eV (-86.6 kcal
mol-1) in a water solution. In acetonitrile, this value is
computed to be quite similar,-3.87 eV (-89.2 kcal mol-1).
The free-energy change associated with the reference NHE
(normal hydrogen electrode) half-reaction has been estimated
to be -4.36 eV.31 Using this value and the reduction
potentials characterized in cyclic voltammograms, the ex-
perimental and theoretical values can be compared very
easily. From the recent experimental reduction potentials
measured by Bond and co-workers,32 we have estimated∆G
for the Keggin silicotungstate (in acetonitrile) to be-3.95
eV, very close to the theoretical value of-3.87 eV. Applying

(28) Karlström, G.; Lindh, R.; Malmqvist, P. Å.; Roos, B. O.; Ryde, U.;
Veryazov, V.; Widmark, P. O.; Cossi, M.; Schimmelpfennig, B.;
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Table 2. Mulliken Spin Population for Fe Atoms and Energy
Differences Computed for the Fully Oxidized and Singly Reduced
[Fe4(H2O)2(PW9O34)2] Clustera

method species Fee Fei relative stabilityb

OPBE 20e- 4.18 4.18
CASSCF 20e- 4.81 4.83
OPBE 21e- (Fee) 4.06 4.13 0.0
OPBE 21e- (Fei) 4.17 4.05 +0.217
CASSCF 21e- (Fee) 4.35 4.84 0.0
CASSCF 21e- (Fei) 4.82 4.32 +0.555
CASCI 21e- (Fee) 4.34 4.81 0.0
CASCI 21e- (Fei) 4.79 4.36 +0.776

a Reduction on Fee is compared to that of Fei. b Energy difference
between Fee reduced and Fei reduced species in electronvolts.
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this strategy to other relatively simple POMs, we have found
as a general rule that the calculated first reduction in fully
oxidized anions shows a discrepancy between the experi-
mental and theoretical values of smaller than 0.3 eV.

The cyclic voltammogram of the Fe4 complex 1 in
acetonitrile shows a first cathodic peak at-0.042 V vs SCE
(saturated calomel electrode) (+0.20 V vs NHE).7 Conse-
quently, the free energy involved in the addition of one
electron to the external Fe is estimated to be-4.56 eV. The
computed energy of-4.21 eV is in quite reasonable
agreement with the experimental value. In cyclic voltam-
metry, the reduction at the internal Fe only occurs after the
two external Fe atoms have been previously reduced. The
peak detected at-0.38 vs SCE (-0.14 V vs NHE) yields a
free energy of-4.22 eV for the first of the two internal Fe
atoms. Present DFT calculations seem to be incapable of
reproducing the experimental values because we computed
a reduction energy of-3.01 eV for the Fe4-POM8-/Fe4-
POM9- redox process. The first reduction of the POM
framework appears at-0.87 V (-0.63 V vs NHE). The
energy associated with the reduction of a neighboring W to
the [Fe4] core was estimated to be-2.39 eV when the
experimental free energy was-3.73 eV. These computed
reduction energies were obtained using the optimized
geometry for the oxidized cluster. The estimated peak-to-
peak separation potentials (∆E) of 1.20 and 0.84 V are
excessively large in comparison to the observed values of
0.34 and 0.49 V. In order to check the influence of the
geometry, we have recomputed these values using the X-ray
geometry characterized for [Fe4(H2O)2(PW9O34)2]6-. The
reader may observe, in Table 3, that the absolute reduction
energies and∆E values do not change significantly.

Two factors have not been considered in the present
discussion so far: One is the geometry relaxation after
reduction, and another is the coupled proton/electron pro-
cesses. All of the energies and reduction potentials in Table
3 were computed using the experimental geometry or the
geometry optimized for the oxidized species. We have
observed that the geometry relaxation after reduction modi-
fies somewhat the computed reduction energies and the
associated reduction potentials (columns 7 and 8 in Table
3), but these can be quite sensitive to the protonation of the

cluster. The effect of protonation on the electrochemistry of
aPOMhasbeenwell studied forSiW12O40

4- andP2W18O62
6-.33

For both anions, it has been found that reduction potentials
change with the pH. In general, the protonation reduces the
separation between two consecutive peaks of a cyclic
voltammogram. In Table 4, we report the reduction energies
and reduction potentials considering that after a reduction
process there is a subsequent protonation of an O atom.

The topology of the molecular electrostatic potentials
(MEPs) has proven to be useful for detecting the most
nucleophilic regions of a POM.3434Electrophilic species tend
to minimize their potential energy by approaching as much
as possible a minimum of the MEP distribution. Figure 2
shows the computed MEP for anion1, where red identifies
regions in which the electrostatic potential is negative
(nucleophilic regions) and blue or green regions with a less
negative potential (more electrophilic regions). This MEP
distribution clearly shows that the O atoms bonded to the
Fe atoms, which link the two PW9 moieties, are the most
nucleophilic sites. To compute the reduction energies in
Table 4, we have protonated the brindging O sites that are
linked to one internal Fe atom and one W atom. The
geometries were optimized in solution using the dielectric
constant of acetonitrile. For the two times protonated/reduced
cluster H2[Fe4(H2O)2(PW9O34)2]6-, the geometry was com-
puted under the constraints of theCi symmetry group, and
for the corresponding four times protonated structure
H4[Fe4(H2O)2(PW9O34)2]6-, the optimal geometry was com-

(33) Prenzler, P. D.; Boskovic, C.; Bond, A.; Wedd, A. G.Anal. Chem.
1999, 71, 3650. Go´mez-Romero, P.; Casan˜-Pastor, N.J. Phys. Chem.
1996, 100, 12448. Guo, S.; Mariotti, A.; Schlipf, C.; Bond, A.; Wedd,
A. G. J. Electroanal. Chem. 2006, 591, 7.

(34) Kempf, J. Y.; Rohmer, M.-M.; Poblet, J. M.; Bo, C.; Be´nard, M.J.
Am. Chem. Soc.1992, 114 (4), 1136.

Table 3. Reduction Energies and Reduction Potential Differences
Computed for Anion1a

X-ray oxid opt expt

metal
electronsb

reduced
center REc ∆Ec REd ∆Ed REe ∆Ee ∆Gf ∆Ef

20 Fee -4.08 -4.21 -4.21 -4.56
22 Fei -2.91 1.17g -3.01 1.20g -3.28 0.94g -4.22 0.34g

24 W -1.95 0.94h -2.18 0.84h -2.22 1.06h -3.73 0.49h

a Reduction energies (REs) and free energies are in electronvolts, and
reduction potential differences (∆E) are given in volts.b Number of electrons
in the [Fe4] core. c DFT values obtained using the X-ray geometry.d DFT
values obtained using the optimal geometry for the 20e- species.e DFT
values obtained using the optimal geometry for 20e-, 22e-, and 24e-

species.f Experimental values obtained from ref 7 considering-4.36 eV
for the free energy associated with the half-electron reduction H+ + 1e-

f 1/2H2.31 g Difference in the reduction potential for the first and second
peak reductions.7 h Difference in the reduction potential for the second
and third peak reductions.7

Table 4. Effect of Protonation in the Reduction Potentials and
Reduction Energies for Anion1a

metal
electronsb

proton
number

reduced
center RE ∆Ed

20 0 Fee -4.21 (-4.56)
22 2c Fei -3.79 (-4.22) 0.42 (0.34)
24 4d W -3.05 (-3.73) 0.74 (0.49)

a Energies are in electronvolts and potentials in volts.b Number of metal
electrons in the [Fe4] core. c It is supposed that reductions are followed by
protonations (see the text).d Experimental values are in parentheses.

Figure 2. MEP for two orientations of anion1. Red identifies more
nucleophilic regions, and green and blue denote less nucleophilic regions.
The arrow shows the protonation sites for H2Fe4-POM6- and H4Fe4-POM6-.
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puted with aC2h symmetry. Representative distances are
given in Table 1. The effect of protonation on the redox
potentials is very high because the reduction of the POM
cluster results in an accumulation of negative charge, which
increases the basicity of the POM anion. The reduction
process may thus be accompanied by simultaneous proto-
nations. After protonation, the reduction process becomes
more exothermic, and consequently the reduction potential
is less negative. The values in Table 4 clearly show that in
these conditions the discrepancies between the experimental
and theoretical values significantly decrease. Notably, if we
compare the reduction potentials associated with the two
processes

in which the reduction on the external Fe atoms occurs for
the unprotonated anion and the reduction for the internal Fe
atoms takes place after the diprotonation of the cluster, the
computed ∆E is 0.42 V, only 0.08 V larger than the
experimental reduction potential. The first reduction on the
POM framework was computed to be at 0.74 V more
negative than the reduction of the internal Fe atoms if one
supposes that the corresponding redox process is

The calculations reproduce very well that the peak-to-peak
separation is larger for the reduction at the POM; the
computed gap is 0.25 V larger than the experimental value.
When the POM framework is reduced, the additional electron
is mainly located at the W atoms closest to the external Fe
atoms. A representation of the molecular orbital involved in
the reduction and the associated spin densities are given in
the Supporting Information. To evaluate the effect of the
water-Fe distance in the redox potentials, we have recom-
puted the peak-to-peak separation with the water ligand kept
frozen at the experimental distance reported for the oxidized
species. The difference in the redox potentials between the

reduction at the internal and external Fe atoms is improved
slightly (0.37 V), whereas the next signal, which accounts
for the reduction at the POM, is computed at+0.72 V.

Conclusions

For the first time, a computational approach has been used
to study electrochemical processes in complex systems such
as TM-substituted polyoxoanions. Using DFT and ab initio
multireference calculations, we have shown that the redox
properties of [FeIII 4(H2O)2(PW9O34)2]6- can be completely
understood. DFT, CASSCF, and CASCI methods strongly
suggest that the first reduction occurs at the so-called external
Fe atom that is bonded to a water ligand. The two internal
Fe atoms are reduced to higher potentials. When the four
Fe centers have been reduced to FeII, the next reduction
occurs in the neighboring W atoms to the [Fe4] core. Using
an estimate for the half-electron reduction H+ + 1e- f 1/2H2

process,31 we have been able to compare the experimental
free energies with the computed reduction energies in
solution. The cathodic reduction peaks of the cyclic volta-
mmogram reported for the title anion7 were quite well
reproduced and rationalized when electron reduction and
protonation processes were considered to be coupled.
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