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The apparent formal potentials for the one-electron redox process of most Keggin-type heteropolytungstates,
XW12O40

q-, have long been shown to linearly depend on their overall negative charges, in the absence of proton
interference in the process. However, for a given overall negative charge, these formal potentials are also shown here
to depend on the specific central heteroatom X. In the present work, cyclic voltammetry was used to study a large
variety of Keggin-type anions, under conditions where their comparisons are straightforward. In short, apparent
potential values get more negative (the clusters are more difficult to reduce) for smaller central heteroatoms within a
given family of Keggin-type heteropolyanions carrying the same overall negative charge. Density functional theory
calculations were performed on the same family of Keggin compounds and satisfactorily reproduce these trends. They
show that internal XO4 units affect differently the tungstate oxide cage. The electrostatic potential created by each
internal anionic unit in a fragment-like approach (XO4

q-@W12O36) was analyzed, and it is observed that X atoms of
the same group show slight differences. Within each group of the periodic table, X atoms with lower atomic numbers
are also smaller in size. The net effect of such a tendency is to produce a more negative potential in the surroundings
and thus a smaller capacity to accept electrons. The case of [BW12O40]

5- illustrates well this conclusion, with the
smallest heteroatom of the Keggin series with group III central elements and a very negative reduction potential with
respect to the other elements of the same group. Particularly in this case, the electronic structure of the Keggin anion
shows the effects of the small size of boron: the highest occupied molecular orbitals of [BW12O40]

5- appear to be
∼0.35 eV higher than those in the other clusters of the same charge, explaining that the BO4 unit is more unstable than
AlO4 or GaO4 despite carrying the same formal charge.

Introduction

Polyoxometalates (POMs for short) are early-transition-
metal anionic molecular nanoclusters that simultaneously
exhibit many properties that make them attractive for appli-
cations in catalysis, separations, imaging, materials science,

and medicine. The chemistry of POMs1 has become a very
rich field, especially since the 1960s, and is still in constant
academic and technological development.2 With the recently
summarized pioneering work of Baker and co-workers,3 the
study of the properties of POMs entered an era of systematic
investigation that continues unabated. Among the plethora
of beneficial properties, the importance of redox behaviors
was soon recognized. In this domain, simple rules could be
rapidly established. Keeping, for clarity, with Keggin-type
XW12O40

q- anions, the followingmain parameters appear to
govern their voltammetric behaviors: (i) the basicity of the
first reduced species and, occasionally, of the fully oxidized
species; (ii) the overall negative charge of the POM,which is a
function of the central heteroatom charge; (iii) the size of this
central heteroatom; (iv) finally, it is worth noting that, in the
vast majority of the most studied Keggin-type POMs, the
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central heteroatom,X, is not electroactive, and we aremostly
concernedwith the redox behaviors of the addenda atoms. In
this context, Pope and co-workers4-6 established that the
one-electron redox potentials of Keggin XW12O40

q- anions
are a linear function of their overall charge, in the absence of
proton interference in the process.4 Since then, electron
addition in Keggin anionic species (shown in Figure 1), as
well as other POM species,7,8 has carefully been investigated
from both the experimental2e and theoretical9 points of view.
However, to our knowledge, the physical and/or electronic
factors that govern the energetics of the first electron-transfer
process in POM electrochemistry are not yet completely
elucidated. The aim of the present work is to propose an
answer to this question in the case where only electron tran-
sfer is involved. For this purpose, a large series of Keggin-
type anions with different central heteroatoms were synthe-
sized and studied under conditions in which a proton does
not interfere with the electron-transfer process. Indeed, the
influence of X has been studied, especially comparing the
effect when X of different groups of the periodic table (i.e.,
P-Si-Al) is considered.4-6,10 In contrast, this work will
compare variations of the redoxpotentials upon changes inX
of the same group (P-As, Si-Ge, and B-Al-Ga). A few
decades ago, Pope and co-workers observed small influences
of the central heteroatom on the redox potentials of Keggin
anionswith the same electrical charge, but no thorough study
that could explain this phenomenon was done.10e More
recently, Eda et al. reported that the first redox potential
linearly depends on charge density calculated from the “real”
size of thePOMmolecule.10f In their study, the chargedensity
was calculated for each Keggin compound by dividing its
charge by the average volume valueV, which is, of course, the
same for allKeggin anions. They confirmedPope’s results, but
still no clear explanation was found for differences observed
on the redox potentials of compounds with the same charge.

We herein combine cyclic voltammetry measurements with
quantum mechanical calculations to clearly explain, for the
first time, variations encountered in the redox potentials
of POM compounds with different heteroatoms (X in the
molecular formula XW12O40) of the same group of the
periodic table.

Experimental Section

All compounds studied were prepared according to pub-
lished methods10 and were characterized by Fourier trans-
form infrared (FTIR) spectroscopy and electrochemistry.
The IR spectra were recorded with KBr pellets on a Nicolet
Magna IR 550 spectrophotometer. Pure water was used
throughout.Water was purified by passing it through aRiOs
8 unit followed by a Millipore-Q Academic purification set.
All reagents were of high-purity grade and were used as
purchased without further purification. All cyclic voltammo-
grams (CVs) were recorded at a scan rate of 10mV s-1, unless
otherwise stated, on 0.5 mM solutions of the relevant poly-
anion. The compositions of the various media were as fol-
lows: for pH 0.5, 1.0, 2.0, and 3.0, 0.2 M Na2SO4 þ H2SO4;
for pH 4 and 5, 0.4 M CH3COONaþ CH3COOH; for pH 6
and 7, 0.4 M NaH2PO4 þ NaOH. The solutions were deae-
rated thoroughly for at least 30minwith pure argon and kept
under a positive pressure of this gas during the experiments.
The source, mounting, and polishing of the glassy carbon
(GC; Le Carbone Lorraine, France) electrodes have been
described.11 The GC samples had a diameter of 3 mm. The
electrochemical setup was an EG&G 273 A driven by a PC
with the M270 software. Potentials are quoted against a
saturated calomel electrode (SCE). The counter electrode
was platinum gauze of a large surface area. All experiments
wereperformedat room temperature,which is controlled and
fixed for the laboratory at 20 �C. Results were very reprodu-
cible from one experiment to another, and slight variations
observed over successive runs are rather attributed to the
uncertainty associated with the detection limit of our equip-
ment (potentiostat, hardware, and software) andnot to temp-
erature variations, which are negligible anyway. The uncer-
tainty in the redox potential values as measured on different
CVs recorded under these working conditions is evaluated to
be equal to 4 mV.

Results and Discussion

Re-exploration of theElectrochemicalBehavior ofSelected
Heteropolytungstates in Solution. All of the polyanions
used for our measurements are R isomers, according to
the Baker and Figgis definition.12 β-[AlW12O40]

5- was
also used for comparison with its parent R isomer. Cyclic
voltammetry and controlled potential coulometry, when
necessary, were used to revisit the electrochemical be-
havior of each compound in an aqueous solution at pH
values in which the selected compound is stable enough to
be characterized. To keep the overall negative charge of
the POMs constant in each series, the study compares the
redox behaviors of selected Keggin heteropolytungstates,
whose central heteroatom belongs to the same group of
the periodic table. The four different families of Keggin
anions studied in this work according to the group number
of the central heteroatom and thus their electrical charge
are gathered in Table 1. We found that the requirements of
stability and one-electron reversible reduction are fulfilled
for all of the compounds in a pH 5 medium. However,

Figure 1. Polyhedral view of the R-Keggin structure. White octahedra
and striped tetrahedra correspond to WO6 and XO4 units, respectively.
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a complete re-exploration of the electrochemical behaviors of
the selected heteropolytungstates was carried out at several
pH values for the following reasons: (i) to compare the
potentials measured exactly under the same conditions;
(ii) occasionally, to checkwhether the same trends aremain-
tained at several pH values in order to eliminate the inter-
ference of an eventual undetected initial protonation; (iii) to
visit once more the voltammetric behavior of some clusters
with a complex behavior like [BW12O40]

5-. Such detailed
results are relegated to the Supporting Information (SI).
Table 2 gathers the apparent formal potentials, E�=

(Epa þ Epc)/2, for the first one-electron redox process of
selectedKeggin compounds at pH 5 (0.4MCH3COONaþ
CH3COOH). The volumetric charge densities issued
from the density functional theory (DFT) calculations are
added and will be commented on later. A general trend
emerges from the potential values quoted in this table:
within a given family of heteropolyanions, i.e., Keggin
compounds with the same overall negative charge, the
apparent potential values get more negative (the clusters
are more difficult to reduce) as the size of the central
heteroatom reduces. It is worth noting that the observed
trend is also found in several media, depending on the
particularKeggin family (see the SI).Within eachgroupof
the periodic table, X atoms with lower atomic numbers
are also smaller in size. This general trend is observed
throughout the Keggin anion families (Table 2) and is
illustrated inFigure 2, presented for theXW12O40

q- anion
series (X=B, Al, Ga).
The following qualitative reasoning might account for

these observations. As has been previously proposed13-16

and applied,10c,17-19 many close-packed POMs may be

seen as an internal anionic fragment surrounded by a
neutral metal oxide cage, often expressed as XO4

q-@
W12O36 for Keggin tungstates. This assumption permits
the simplification of some features of these anions, such
as some electronic properties. So, in order to explain the
observations made on the redox potentials, we focus on
the properties of the internal XO4

q- units. This implies
that the external neutral cages are virtually identical in
all cases, and they cannot be at the origin of the experi-
mental trends. Observation of W12O36 geometries re-
veals that they are very similar within a group of Keggin
anions. In other words, the overall size of the Keggin
anion remains nearly independent of the nature of the
central heteroatom. Now, we focus on the bond seq-
uenceX-μ4-O-W-Ot,whereOt features a terminal oxygen
atom. The aforementioned literature supports10c,13-19

established that the sum of X-μ4-O and μ4-O-W bond
lengths remains constant while, in contrast, the size of
the XO4

q- unit changes with X. As a consequence, the
μ4-O-W bond length changes. The larger X is, the
shorter the distance and the stronger the corresponding
bond. Correlatively, the electron density will be high
between the two atoms and the W atom will be partly
depopulated of electrons. Because the W atom is the
center and will receive the incoming electron in a reduc-
tion process, its reduction will be easier with larger X
and vice versa. Such reasoning is also supported by
the existence of a large difference between the electro-
negativities of the two bonded elements (3.44 for O and
2.36 for W).

DFT Calculations

In the search for a direct theoretical justification of the
above reasoning, DFT calculations have been carried out on
the [XW12O40]

q- (X=B, Al, Ga, Si, Ge, P, As) series of
compounds. The goal of these calculations is to find the
physical origin for the observed redox potentials. In addition,
theory might be helpful in identifying the better of the two
parameters, equivalent in principle, to describe this physical
origin, in terms of the electrical charge or electrostatic

Table 2. Apparent Potentials, E� = (Epa þ Epc)/2, for the First One-Electron
Redox Process of Selected Keggin Compounds at pH 5 (0.4 M CH3COONa þ
CH3COOH),a and Volumetric Charge Densities for Each Compoundb

family compound volumetric density E� (V)

Keggin I R-[H2W12O40]
6- -0.608

Keggin III R-[BW12O40]
5- 1.882 -0.491

R-[AlW12O40]
5- 1.868 -0.410

R-[GaW12O40]
5- 1.866 -0.387

Keggin IV R-[SiW12O40]
4- 1.506 -0.227

R-[GeW12O40]
4- 1.503 -0.190

Keggin V R-[PW12O40]
3- 1.138 þ0.064

R-[AsW12O40]
3- 1.133 X

aPotentials are quoted against a SCE reference electrode. Scan rate:
10 mV s-1. Working electrode: GC. bThe significance of the volumetric
charge densities indicated in this table is issued fromDFTcalculations to
be discussed later.

Figure 2. CVsofR-[BW12O40]
5- (black line),R-[AlW12O40]

5- (blue line),
and R-[GaW12O40]

5- (red line) at pH 5.0. The scan is restricted to the
first redox wave. POM concentration: 0.5 mM. Scan rate: 10 mV s-1.
Working electrode: GC. Reference electrode: SCE. For further details,
see the SI.

Table 1. Classification of Selected Keggin Compounds into Four Different
Families According to the Group Number of the Central Heteroatom

Keggin I Keggin III Keggin IV Keggin V

[H2W12O40]
6- [BW12O40]

5- [SiW12O40]
4- [PW12O40]

3-

[AlW12O40]
5- [GeW12O40]

4- [AsW12O40]
3-

[GaW12O40]
5-
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(14) Day, V. W.; Klemperer, W. G. Science 1985, 228, 533.
(15) M€uller, A. Nature 1991, 352, 115.
(16) Pope, M. T. Nature 1992, 355, 27.
(17) Jansen, J. A.; Singh, D. J.; Wang, S.-H. Chem. Mater. 1994, 6, 146.
(18) Maestre, J. M.; L�opez, X.; Bo, C.; Casa~n-Pastor, N.; Poblet, J. M.

J. Am. Chem. Soc. 2001, 123, 3749–3758.
(19) L�opez, X.; Maestre, J. M.; Bo, C.; Poblet, J. M. J. Am. Chem. Soc.

2001, 123, 9571–9576.
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potential. Using the ADF20-22 program, we applied the
generalized gradient approximation, applying the XRmodel
with Becke’s corrections23,24 for describing exchange and the
VWN parametrization25 with Perdew’s corrections26,27 for
correlation (BP86 functional). The electrons were described
by Slater-type functions with basis sets of triple-ξþ polariza-
tion quality for all valence electrons.Core electronswere kept
frozen and described by single Slater functions (core shells by
atom: O and B, 1s; Al, Si, P, 1s2p; Ga, Ge, and As, 1s2p;
W, 1s4d). We applied scalar relativistic corrections to core
electrons by means of the zeroth-order regular approxima-
tion with the core potentials generated using the DIRAC
program.20 We optimized all of the geometries by using the
conductor-like screening model (COSMO)28 to account for
solvent effects (water, ε = 78.4). This specific dielectric
constant mimics the media in which the present electroche-
mical studies have been performed. The solvent cavity
surrounding the anions was created using the solvent-exclud-
ing method with fine tesserae. The ionic radii for the atoms
that actually define the size of the solvent cavity were chosen
to be 1.26 Å for tungsten and 1.52 Å for oxygen. We applied
the spin-unrestricted formalism to open-shell species. The
geometries were fully optimized within the restrictions of
the maximal symmetry point groups for the oxidized and
reduced species.
To compare theoretical and experimental first reduction

processes, we computed the reduction energies (REs) by
means of DFT calculations, shown in Table 3, for Keggin
III-Vcompounds. TheRE isdefinedas the energy difference
between the one-electron-reduced and -oxidized forms of the
Keggin anion:

½XW12O40�q- þ e f ½XW12O401e�ðqþ 1Þ-

Because the anion charges of the reduced and oxidized
forms differ, the RE must be computed in the presence of a
solvent (COSMO). Otherwise, energies would not be reliable

for comparison, as in the gas phase.29 Not all of the REs are,
in the present case, directly comparable to the experimental
potentials on an equal footing because the latter are much
more dependent on the media in which the CVs have been
measured.We are thereforemainlymotivated at reproducing
and understanding the differences between the redox poten-
tials. Taking RE=-4.10 eV for PW12 as the computational
reference, we find three sets of RE values, with the correct
trend: the lowest values obtained correspond to the most
oxidant species (XW12, X=P and As) with the lowest anion
charge (3-). Intermediate and more positive RE relative
values are computed for X=Si and Ge (191 and 119 meV,
respectively) with an anion charge of 4- and, finally, the
most positive ones (and least oxidizing species) correspond to
X=B, Al, and Ga (458, 373, and 337 meV, respectively)
because they carry a charge of 5-. This trend is simply
attributed to the anion charge. The differences encountered
within each group are, however, smaller in general and must
be assigned to other factors.
The values of RE in Table 3 may be compared to the

experimental pH 5 half-wave potentials (E�), shown in
Table 2 (the highest RE correspond to the lowest E�). The
differences computed by DFT (ΔRE) are, in absolute value,
very similar to those ofΔE�,30 soDFTcalculations reproduce
fairly well the experimental trends. From DFT calculations,
we have investigated the origin of those differences within
each group. The lowest unoccupiedmolecular orbital (LUMO)
energies (empty W-like orbitals) in compounds of the same
group, where the reducing electron goes, are not the only
reason for the differences encountered. Even if this could
be the reason for the P/As couple (the energy difference is
30 meV), for Si/Ge, it decreases to 20 meV, whereas their
mutual ΔRE=72 meV. Especially for group III compounds
(X= B, Al, and Ga), where the energy differences of W
orbitals are on the order of 20-30 meV from one compound
to another, we discard this fact as the reason for variations in
the redox potentials.
One hypothesis is based on the different electrostatic

potentials created by the internal XO4
q- units on their

surroundings, such as the W position, where an incoming
electron goes. As previously, we keep with the view10c,13-19

that the Keggin tungstates under consideration can be
expressed as XO4

q-@W12O36 and focus on the properties
of the XO4

q- units in order to explain the observations made
on the redox potentials of the studied POMs.
The negative charge that eachXO4

q- anion carries, despite
being formally 3-, 4-, and 5- for X belonging to groups V,
IV, and III, respectively, can be considered to be somewhat
smaller.31 In reality, some electron density is transferred from
the internal XO4 to the W12O36 cage. If the XO4 fragment
remains more charged in some cases, we could have an
explanation for the different redox potentials measured.
However, the computed charges on the XO4 fragments, as
observed by the authors of the present study, do not fully cor-
relate with the REs obtained. An alternative to the fragment
charges is the electrostatic potential, a property that can be
mapped and is, in addition,more realistic than partial charges.

Table 3. Computed REs, RE Differences (ΔRE), and LUMO Energies for
XW12O40

q- Compounds in Solution

family X q REa ΔREb exptl ΔE� LUMOc

Keggin III B 5- 458 -3.83
Al 373 -85 -81 -3.87
Ga 337 -121 -104 -3.89

Keggin IV Si 4- 191 -72 -37 -4.13
Ge 119 -4.15

Keggin V P 3- 0 -45 -30 -4.38
As -45 -4.41

aRE, ΔRE, and ΔE� in meV. bΔRE and ΔE� are relative to the first
element of the same group. cLUMO in eV.
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2001, 22, 931.
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often used in theoretical studies to help understand some concepts.
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A graphical representation of the molecular electrostatic
potential (MEP) of XO4

q- shows that some differences are
appreciable for Keggin anions of the same group (MEPs for
X=P, As, Si, and Ge are shown in Figure 3). These repre-
sentations are aimed at estimating the electrostatic potential,
mapped over an isodensity surface, that the W atoms feel
in the real Keggin structures.32 In this representation, blue
denotes more positive potentials and redmore negative ones.
Thus, electrons get less destabilized around the blue regions.
In the Keggin IV and V groups, the differences are small

between X, in agreement with the similar redox potentials
measured. Larger differences are observed within the Keggin
III group (see Figure 4), where the redox potentials are more
different, especially between boron and the other two hetero-
atoms (Al and Ga). This may be attributed to the larger
electronic differences between B (second period) and the
atoms from the third and fourth periods. In fact, a deeper
analysis of the electronic structure of BO4

5- reveals that its
highest occupied molecular orbitals (HOMOs) are higher
than theotherXO4

5- of the same group, affecting its environ-
ment in theKeggin structure. As amatter of fact, theHOMO
in BO4

5-@W12O36 belongs to the internal anion, a very un-
common feature when dealing with p-block heteroatoms.
See Scheme 1 for a graphical representation.
We can explain this high orbital energy in connection with

the small size of the BO4
5- unit, the smallest of the whole

series [DFT-computed equilibrium d(X-Otetra)=1.545 Å]
and its high anionic charge. Similarly, in the Keggin III
group, SiO4

4- is more compressed than GeO4
4-, featuring

d(X-Otetra) = 1.653 and 1.757 Å, respectively. The MEP
obtained for SiO4

4- also shows a slight shift toward more
negative potentials compared to GeO4

4-, in agreement with
the redox potentials obtained by cyclic voltammetry. Also, in
the latter case, the SiO4

4- orbitals are higher in energy than those
ofGeO4

4-, although not to the point of being higher than the
W12O36 oxo band.
ForX=Bat least, for which the electrostatic potential is so

much different compared to the other two heteroatoms of the
group, we have computed the purely electrostatic repulsion
that an incoming electron feels in theW-like LUMOwithout
any orbital relaxation. In general, the differences are small,
on the order of 70-75meV for group IV and V heteroatoms.

Figure 3. MEPs for XO4
q- units (X = P, As, Si, and Ge) represented

over a surface placed exactly at the X-W distance. The apparent
differences in the shape and extension of the surface come from the slight
geometrical variations from one XO4 to another. The potential range in
each case is shown to the right in atomic units, and it changes from P-As
to Si-Ge (red for more negative potentials and blue for less negative
potentials). The species displaying more intense blue regions will be
reduced at less negative potentials.

Figure 4. MEPs forXO4
q- units (X=B,Al, andGa) representedover a

surface placed exactly at the X-Wdistance. The potential range is shown
to the right in atomic units.

Scheme 1

Figure 5. Apparent potential values as a function of the volumetric
charge densities for different Keggin compounds. Potentials are quoted
versus a SCE reference electrode.

(32) The isodensity surface has been put exactly as to contain theWatoms
in it.
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On the other hand, for group III, we found that the repulsion
of an extra electron in BW12 is 240 meV larger than that of
AlW12 or GaW12. Even if this difference gets reduced to ca.
100 meV after orbital relaxation, it remains large, and this
could explain the negative shift in the redox wave of X=B
versus the other two heteroatoms of the same group.
Finally, Figure 5 shows the formal redox potential values

for different Keggin compounds as a function of the charge
density. This graph summarizes both of the present results
along with the correlation line previously established by
Pope. In addition of comparisons inside the same family, it
also allows for a qualitative cross-comparison between the
different families of POMs studied in this work. The same
general trend is observed throughout. In agreement with
theoretical studies, the apparent formal potential for the first
electron uptake decreases when the size of the central hetero-
atom decreases.

Conclusions

In summary, a pH 5 medium (0.4 M CH3COONa þ
CH3COOH) was found to be suitable and therefore was

selected for a comparative study of the redox properties of
several heteropolytungstates. In this medium, the first cyclic
voltametric wave recorded for each compound features a
one-electron, reversible process, and the electron transfer is
not perturbed by protonation. Therefore, the corresponding
apparent potential values, E�=(Epa þ Epc)/2, could be used
to assess the influence of the central heteroatom size on the
reducibility of the POM.
DFT calculations performed on the Keggin family of

compounds show that internal XO4 units affect differently
the tungstate oxide cage. We have analyzed the electrostatic
potential created by each internal anionic unit in a fragment-
like approach (XO4

q-@W12O36) and observed that X atoms
of the same group show slight differences.Within each group
of the periodic table, X atomswith lower atomic numbers are
also smaller in size. The net effect of such a tendency is to
produce a more negative potential in the surroundings, and
thus a smaller capacity to accept electrons (see the summary
in Figure 6). The case of BW12 illustrates well this conclusion,
with the smallest heteroatom of the Keggin III series and a
very negative reduction potential with respect to the other
elements of the same group. Particularly in this case, the
electronic structure of the Keggin anion shows the effects
of the small size of boron: the HOMOs of BW12 appear
∼0.35 eV higher than the typical HOMOs in Keggin anions
of the same charge, explaining that the BO4 unit is more
unstable thanAlO4 orGaO4 despite carrying the same formal
charge. Even if the differences in the electrostatic potentials
from a qualitative level are modest, they also correlate well
with the tiny differences in the experimental redox potentials.
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Figure 6. Shannon33 ionic radii (pm), standardhalf-wavepotentials (V),
and-REs (eV) for theKeggin compounds labeled by their corresponding
heteroatoms.

(33) Shannon, R. D. Acta Crystallogr. 1976, A32, 751.


