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Electron Transfer Behavior of Multi-Iron Sandwich-Type Polyoxometalates and
Electrocatalytic Reduction Reactions

Bineta Keita,[a] Israel Martyr Mbomekalle,[a] Yu Wei Lu,[a] Louis Nadjo,*[a]

Patrick Berthet,[b] Travis M. Anderson,[c] and Craig L. Hill*[c]

Keywords: Polyoxometalates / Sandwich complexes / Iron / Cyclic voltammetry

The physicochemical and electrocatalytic behaviors of eight
multi-iron Wells−Dawson sandwich-type polyoxometalates
were studied with specific emphasis on the FeIII centers.
Magnetization measurements were used to identify and
quantify the antiferromagnetic interactions between the
edge-sharing FeIII units. Electrochemical studies show the
stepwise reduction of the FeIII centers, in complete agree-
ment with magnetization conclusions. The location of the po-
tential of each wave depends on the pH of the solution, as
well as the concentration and composition of the electrolyte.
In addition, ion-pairing studies show there is a positive shift

Introduction

Fundamental and applied studies on polyoxometalates
(POMs for convenience) continue to grow unabated.[1�6]

This is due, in part, to their proven value in catalysis and
other areas, as well as their highly modifiable nature. Redox
potentials, acidity, size, shape, polarity, and other properties
can all readily be altered synthetically. Symmetries in the
structures of the POMs result in the equivalence of several
metal centers that are detectable, for example, by NMR
spectroscopy on fully oxidized species, and by EPR and/or
NMR spectroscopy on their reduced analogues.[7�13] This
equivalence of the metal centers raises the following ques-
tion about the molecular electrochemistry of these com-
pounds: in the absence of other possible mechanistic com-
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of the FeIII centers with an increase in ion pairing (i.e. K+ �

Na+ � Li+). The electrocatalytic reduction of dioxygen and
hydrogen peroxide is efficient for all the complexes. How-
ever, there is a pronounced increase in efficiency as the num-
ber of FeIII centers in the complex increases (i.e. 4 FeIII � 3
FeIII � 2 FeIII). The mixed-metal complexes [αββα-Na14-
(MnIIOH2)2(FeIII)2(As2W15O56)2 and αββα-Na14(MnIIOH2)2-
(FeIII)2(P2W15O56)2] are also efficient catalysts for the reduc-
tion of NO and HNO2.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

plications, related usually to pH or ion pairing of the coun-
tercations, can it be expected that symmetry-equivalent me-
tal centers will be reduced simultaneously, or will the
interactions between adjacent metal centers induce a step-
wise reduction?[14]

Despite the structural equivalence of the twelve metal
centers in the α-PW12O40

3� Keggin anion (Figure 1A), a
stepwise reduction of the tungsten centers is observed.[8]

EPR experiments on this species show that the added elec-
tron is delocalized (type II in the scheme proposed by Robin

Figure 1. Polyhedral representations of prototypical (A) Keggin (α-
XW12O40

n�) and (B) Wells�Dawson (α-X2W18O62
n�) anions
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and Day)[1,15] over all twelve tungsten centers suggesting
that there is communication between the metal centers. In
general, complete delocalization of the added electrons over
all twelve metal centers appears to be the rule for all unsub-
stituted, highly symmetrical α-Keggin anions. Introduction
of lower symmetry results in a variation in the degree of
valence trapping.[10,11,13] Unlike the spherical α-Keggin
anion, the Wells�Dawson structure (Figure 1B) is shaped
like a prolate ellipsoid,[16] consisting of six ‘‘cap’’ tungsten
centers and twelve ‘‘belt’’ tungsten centers. The non-equiv-
alence of the ‘‘cap’’ and ‘‘belt’’ tungsten sites raises the issue
of the initial site of the electron transfer. All the evidence
supports the fact that the added electrons are first intro-
duced into the ‘‘belt’’ tungsten sites.[9�13,17�23] Extended
Hückel calculations provide a qualitative understanding of
the initial electron transfer site in these compounds. In com-
plete analogy with the Keggin model, a stepwise reduction
of the equivalent metal centers is also seen in the
Wells�Dawson POMs, with various degrees of valence
trapping observed upon the introduction of other substitu-
ents such as d-electron-containing metal species.

Recently we reported the synthesis and electrochemical
properties of the sandwich-type POM, αββα-
Na12(FeIIIOH2)2(FeIII)2(As2W15O56)2 (Fe4As4).[24] The ac-
cumulation of adjacent edge-sharing FeIII centers in Fe4As4
gives more favorable electrocatalytic properties to the com-
plex than those observed in the monosubstituted complex,
α2-As2(FeOH2)W17O61

7�. Analogous complexes containing
phosphorus heteroatoms (instead of arsenic) are
known,[25�30] but the presence of arsenic facilitates the re-
duction of both FeIII and WVI centers. Preliminary studies
of Fe4As4 and its phosphorus analogue, αββα-
Na12(FeIIIOH2)2(FeIII)2(P2W15O56)2 (Fe4P4), indicate that
both complexes show the stepwise reduction of the four
antiferromagnetically coupled FeIII centers in the central
unit.[25] However, a comprehensive investigation of the
equivalence of the heterometallic centers in the sandwich-
type derivatives, highlighting their eventual interactions and
rationalizing their electrochemistry, is lacking. We now re-
port such a study. In the present work, magnetic measure-
ments on several recently reported multi-iron
Wells�Dawson sandwich-type POMs [including Fe4As4,
Fe4P4, αααα-Na16(NaOH2)2(FeIII)2(X2W15O56)2 [X � AsV

(Fe2As4) or PV (Fe2P4)], ααβα-Na14(NaOH2)-
(FeIIIOH2)(FeIII)2(X2W15O56)2 [X � AsV (Fe3As4) or PV

(Fe3P4)] and the mixed-metal complexes, αββα-Na14-
(MnIIOH2)2(FeIII)2(X2W15O56)2 [X � AsV (Fe2Mn2As4) or
AsV (Fe2Mn2P4)], see Figure 2 for structures] are used to
identify and quantify the interactions between adjacent
FeIII (or MnII) centers, and electrochemical measurements
illustrate how ion pairing, pH, and electrolyte compositions
influence the redox properties of the complexes. In ad-
dition, these results show how the redox properties of the
sandwich-type POMs are affected by the metal population
of the central unit.[31] Specifically, the tetraferric complexes
Fe4As4 and Fe4P4 are better than the diferric complexes
Fe2As4 and Fe2P4 for the electrocatalytic reduction of di-
oxygen and hydrogen peroxide.

Eur. J. Inorg. Chem. 2004, 3462�3475 www.eurjic.org  2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3463

Figure 2. Combination wireframe/ball-and-stick representations of
the eight multi-iron Wells�Dawson sandwich-type complexes stud-
ied here

Results and Discussion

Magnetic Studies

The crystallographic results of the present multi-iron
sandwich-type complexes suggest that the arrangement of
the FeIII centers in edge-sharing octahedra will lead to elec-
tronic coupling between these metals.[24�27,29] Recently, we
reported a detailed study of the magnetic properties
of the arsenic complex, αββα-Na12(FeIIIOH2)2(FeIII)2-
(As2W15O56)2 (Fe4As4).[24] Here we report on the magnetic
properties of the remaining complexes, which were all stud-
ied in a 0.1 T field. At 2 K, the magnetic moments per for-
mula unit (for complexes Fe4P4, Fe2As4, Fe2P4, Fe3As4,
Fe3P4, Fe2Mn2As4, and Fe2Mn2P4) are from three to sev-
enty times lower than those expected for samples containing
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the same number of non-interacting FeIII or MnII ions. This
is the first indication that antiferromagnetic interactions are
present between the magnetic ions that form the central
cluster. The magnetic moments decrease regularly with tem-
perature for the trinuclear clusters (Fe3As4 and Fe3P4),
while shoulders or bumps are observed for the dinuclear
(Fe2As4 and Fe2P4) and tetranuclear (Fe4P4, Fe2Mn2As4,
and Fe2Mn2P4) clusters. Plots of χT versus T were calcu-
lated from the experimental data in order to carry out a
quantitative analysis of the magnetic interactions (Fig-
ure 3). For that purpose, the experimental susceptibility was
written as shown in Equation (1), where χ0 represents the
temperature independent contributions due mainly to the
diamagnetism of the ligands, and χcluster represents the in-
trinsic susceptibility of the cluster. The latter is given by
Equation (2), in which the mean value �ST(ST � 1)� de-
pends on the temperature, which in turn determines the
population of the energy levels resulting from individual
spin coupling. These energy levels are eigenvalues of the
magnetic Hamiltonian of the cluster. For the POMs under
study here, the more general Hamiltonian is that describing
the tetranuclear clusters (Fe4As4, Fe4P4, Fe2Mn2As4, and
Fe2Mn2P4), while the related trinuclear (Fe3As4 and
Fe3P4) and dinuclear (Fe2As4 and Fe2P4) clusters may eas-
ily be deduced from the former by setting the spin value of
one or two of the metal ions to zero. Since the magnetic
ions of the central tetranuclear clusters are found at the
corners of an almost regular rhomboid, the magnetic inter-
actions may be represented by two exchange constants, J1

and J2, which describe the interactions along the sides of

Figure 3. χmolT versus T plots for (A) Fe2As4 and Fe2P4, (B) Fe3As4 and Fe3P4, (C) Fe4As4 and Fe4P4, and (D) Fe2Mn2As4 and
Fe2Mn2P4; the data corresponding to the phosphorus-based compounds are represented by squares, and the arsenic analogues are
represented by diamonds; the continuous line represents the least-squares fit to the data using the parameters given in Table 1
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the rhomboid and along its shortest diagonal, respectively
(Scheme 1).

χmol � χcluster � χ0 (1)

χcluster � g2Nβ2 �ST(ST � 1)� /3k T (2)

Scheme 1. Exchange pathways for the Fe4 clusters

These interactions are of the superexchange type, and
they are mediated by the two bridging oxygen atoms for-
ming an edge shared by two neighboring FeO6 or MnO6

octahedra. Therefore, the magnetic energy of the cluster can
be described by the following Heisenberg-type Hamiltonian
[Equation (3)]. The eigenvalues of this Hamiltonian oper-
ator are obtained by the vector-coupling method of Kambe
[Equation (4)],[32a] where S13, S24, and ST are related with
the spin operators S13 � S1 � S3, S24 � S2 � S4, and ST �
S13 � S24. For a system of four ions with spin Si � 5/2,
there are 146 (ST, S13, S24) combinations of energy Ei,
whereas there are 27 and 6 combinations for systems with
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three or two ions, respectively. After the calculation of these
energies, the mean value of �ST(ST � 1)� is obtained using
Equation (5), with bi � 2ST(Ei) � 1 and ai � biST(Ei)-
[ST(Ei) � 1].

H � �2J1(S1S2 � S2S3 � S3S4 � S4S1) � 2J2S1S3 (3)

E (ST, S13, S24) � �J1[ST(ST � 1) � S13(S13 � 1) �
(4)

S24(S24 � 1)] � J2[S13(S13 � 1) � S1(S1 � 1) � S3(S3 � 1)]

�ST(ST � 1)� �Σaiexp(�Ei/kT)/Σbiexp(�Ei/kT) (5)

The χMT versus T plots for all of the compounds are
shown in Figure 3. It is possible to determine the magnetic
parameters (g, J1, J2, χMTfree, χ0, E0, and E1) for each com-
pound by fitting the calculated χmolT values to the exper-
imental ones (Table 1). For Fe4As4, Fe4P4, Fe2As4, Fe2P4,
Fe2Mn2As4, and Fe2Mn2P4, a small constant contribution
χMTfree was subtracted from the experimental data before
calculation. These contributions correspond to free FeIII or
MnII ions acting as countercations, or to fragments that
occur as a result of some decomposition process taking
place upon drying. Such a decomposition was reported by
Coronado and co-workers for the closely related compound
αββα-[(MnIIOH2)2(MnII)2(P2W15O56)2]16�.[32b] For most of
the complexes under study here, the subtracted contri-
butions represent less than 3% of the magnetic ions. How-
ever, for Fe2P4, this contribution represents nearly 17% of
the magnetic ions, suggesting there is significantly more de-
composition of this complex.

Examination of the values given in Table 1 confirms the
antiferromagnetic nature of the interactions between the
ions of spin Si � 5/2. The ground states of complexes
Fe4As4, Fe4P4, Fe2As4, Fe2P4, Fe2Mn2As4, and
Fe2Mn2P4 have a total spin of S � 0, whereas the ground
state of Fe3As4 is S � 3/2. For most complexes, the ground
state is well separated (more than 5 cm�1) from the first

Table 1. Magnetic parameters and first energy levels of the compounds under study

Compound Fe2P4 Fe2As4 Fe3As4

g 2.07 2.03 2.04
J1/cm�1 � � �4.76
J2/cm�1 �0.50 �2.95 �2.47
χTfree /emu K mol�1 1.50 0.25 0.
χ0/emu mol�1 1.48 10�3 1.31 10�3 �1.30 10�4

E0/cm�1 [ST] �8.7 [0] �51.6 [0] �112.8 [1.5]
E1 � E0/cm�1 1.0 5.9 0.9

Compound Fe4P4 Fe4As4 Fe2Mn2P4 Fe2Mn2As4

g 2.05 2.03 2.07 1.99
J1/cm�1 �4.76 �4.70 �3.63 �3.54
J2/cm�1 �2.04 �2.98 �2.51 �3.37
χTfree /emu K mol�1 0.50 0.19 0.53 0.58
χ0/emu mol�1 �4.4 10�4 �9.7 10�4 �5.6 10�8 �1.9 10�3

E0/cm�1 [ST] �260.1 [0] �244.7 [0] �185.9 [0] �170.3 [0]
E1 � E0/cm�1 [ST] 9.5 9.3 7.2 7.1
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excited state. In complex Fe3As4, three antiferromagnetic
interactions take place along the sides of a triangle; two of
these interactions are described by J1, and the third one by
J2. The orientations of the individual spins cannot simul-
taneously satisfy the constraints resulting from these inter-
actions, and the system appears frustrated. Consequently,
several configurations have close energies: the gap between
E0(ST � 3/2) and E1(ST � 5/2) is 0.9 cm�1, and that be-
tween E0 and E2(ST � 1/2) is 4.0 cm�1. The values of the
temperature-independent susceptibilities χ0 are quite differ-
ent from one complex to another and are sometimes posi-
tive. In addition, the Landé g-factors are close to 2 for all
of the samples. A comparison of the interaction constants
J1 and J2 shows that the interactions along an edge of the
rhomboids are stronger than those interactions along the
short diagonal. The structural data indicates first that the
longest Fe�O distances are found along the diagonal
bridges corresponding to J2, and second, the lateral bridges
corresponding to J1 have longer Mn�O distances than
Fe�O distances. Therefore, the differences between
J1(Mn�Fe), J1(Fe�Fe), and J2(Fe�Fe) may partially be
explained by the M�O distances. However, the strength of
these interactions also depends on the M�O�M bridging
angles as well. The absolute value of J2 determined for
Fe2P4 is lower than those obtained for the other com-
plexes.[33] This low value accounts for the fast increase in
χmolT at low temperature. This particular behavior was con-
firmed on a second sample from another batch, but it can-
not be explained from the structural characteristics of the
dinuclear unit, which are very close to those of Fe2As4. This
suggests that some prominent modifications may have taken
place when the product was dried, which is also consistent
with the high value of χTfree. Attempts to fit the magnetic
parameters of Fe3P4 were unsuccessful. This is most likely
due to the presence of a small amount of Fe2P4 in the
measured sample, which could explain the difference ob-
served at low temperature between the χmolT product of
Fe3P4 and that of Fe3As4. However, this difference disap-
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pears at higher temperature, suggesting that the magnetic
interactions in both complexes are rather similar.

The susceptibilities of the tetranuclear clusters (Fe4As4,
Fe4P4, Fe2Mn2As4, and Fe2Mn2P4) are very close to one
another. With the use of the fitted parameters, the suscepti-
bilities of Fe4As4 and Fe4P4 were extrapolated to 300 K,
which gives 13.6 and 13.1 emu K mol�1, respectively, for
the χmolT products. These values are close to the calculated
value of 13.3 emu K mol�1, determined from the effective
moment of Fe4P4, 10.3 µB, measured at 300 K by Zhang
et al.[25]

pKa Studies

To assess the stability of each of these complexes over a
relatively large pH domain, we first determined their appar-
ent pKa values. In addition to the potential proton mobility
of the water molecules fixed on the external FeIII�OH2

sites, protonatable sites might exist on the α-X2W15O56
12�

(where X � AsV or PV) unit itself. Measurements were per-
formed with a 0.025  solution of LiOH. The presence of
Li� also helps to ensure the complete solubility of the
samples. Experimental curves for all of the complexes are
provided in the Supporting Information.[34]

Table 2 summarizes the results for complexes Fe4As4,
Fe4P4, Fe2As4, Fe2P4, Fe3As4, and Fe3P4. The pKa values
are consistent with values reported for other similar sand-
wich-type complexes. Titration of the POMs without pre-
vious addition of acid gives similar results, and the results
suggest that the number of mobile protons corresponds to
the number of water molecules on the external FeIII centers.
Specifically, there are two, one, and zero mobile protons for
complexes Fe4As4 (and Fe4P4), Fe3As4 (and Fe3P4), and
Fe2As4 (and Fe2P4), respectively. The pKa values for the
ionizable protons are comparable for similar
complexes.[35�37] The number of protonatable sites on the
POM framework itself seems to depend critically on the
structure and, presumably, on the electronic interactions
within the sandwich-type complexes. However, this be-
havior was not examined in more acidic solutions (less than
pH � 2.5). It is also worth noting that the pKa values do
not smoothly increase as the pH of the solution is increased
(and the POM deprotonated); in addition, the increase in
the negative charge on the POM as a result of depro-
tonation causes an inversion in the observed pKa values be-
tween the multi-iron sandwich complexes. This behavior has
previously been observed in other POMs.[38�40] Finally, we
note that the same acid�base properties are observed for
both P and As heteroatoms.[41]

Table 2. Apparent pKa values in 1  LiCl at 25 °C for the multi-iron sandwich-type complexes

Heteroatom X � As X � P
POM Without added acid With added acid Without added acid With added acid

Fe4X4 (X � As or P) 5.22, 5.42 5.32, 5.40 5.28, 5.80 5.17, 5.64
Fe3X4 (X � As or P) 5.62 2.54, 5.37 5.83 3.99, 5.86
Fe2X4 (X � As or P) no titratable proton 2.76, 4.51, 3.58, 4.50 no titratable proton 2.19, 4.49, 3.82, 4.29
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Electrochemical Studies

All of the compounds studied here are stable, at least in
the timescale of the voltammetric studies, in the pH � 5
buffer medium (1  CH3COOLi and CH3COOH) selected
for these studies. The electrochemistry of the lacunary spec-
ies (α-P2W15O56

12� and α-As2W15O56
12�) were previously

described.[24,42�44] There are positive potential shifts of the
waves of α-As2W15O56

12� relative to those of α-
P2W15O56

12� (20 mV and 54 mV for the first and second
waves, respectively).[45] In contrast with the voltammograms
of α-As2W15O56

12� and α-P2W15O56
12�, those of Fe4As4

and Fe4P4 show four new waves in the potential domain
�0.2 to �0.5 V. Figure 4A shows the CVs of α-
P2W15O56

12� and Fe4P4. The four new waves are attributed
to the reduction of the four FeIII centers within the sand-
wich complex. At pH 3 (2  NaCl � HCl), the formal po-
tentials for the FeIII/FeII redox couples are: 0.227, 0.124, �
0.016 and � 0.093 V (vs. SCE), respectively. These poten-
tials are distinctly more positive than the first W wave of α-
P2W15O56

12� and Fe4P4 (Figure 4A). This is consistent
with the fact that FeIII is known to reduce more easily than
WVI centers within substituted heteropolytungstates.[46]

Corresponding data for the other complexes are included
in the Supporting Information. The reduction of the WVI

centers is also influenced by the presence of the FeIII centers
in the sandwich molecule. The first wave of α-P2W15O56

12�,
which is slightly composite, splits into two waves in Fe4P4.
This behavior is related to differences in the acid�base
properties of the two POMs. Analogous to the CVs of α-
As2W15O56

12� and α-P2W15O56
12�, those of Fe4As4 and

Fe4P4 are also very similar to each other. The presence of
the arsenic heteroatom facilitates the reduction of both the
FeIII and WVI centers (Figure 4B). The number of WVI

waves observed for Fe4As4 or Fe4P4, and hence, the elec-
tron number for each wave, depends on the pH of the elec-
trolyte. Rather classical electrochemical behaviors were ob-
served for the WVI centers in these complexes. Therefore,
the focus of these studies will remain exclusively on the FeIII

centers. Figure 4C shows the stepwise reduction of the FeIII

centers in Fe4P4, with the potential domain restricted to
that of the FeIII redox processes. The X-ray crystal struc-
tures of Fe4As4 and Fe4P4 suggest that there are two types
of symmetry-equivalent FeIII centers.[24,25] There are two
‘‘external’’ FeIII sites, which share two oxygen atoms with
one α-X2W15O56

12� unit and three oxygen atoms with the
other α-X2W15O56

12� unit. The sixth vertex of the oc-
tahedra is occupied by a water molecule. The sixth vertex
of the two ‘‘internal’’ FeIII sites is occupied by an additional



Electron Transfer Behavior of Multi-Iron Sandwich-Type Polyoxometalates FULL PAPER

Figure 4. Cyclic voltammograms of Fe4As4 and Fe4P4 (2 � 10�4 ); the scan rate was 10 mV s�1, the working electrode was glassy
carbon, and the reference electrode was SCE; all measurements were performed in a 1  CH3COOLi � 1  CH3COOH (pH � 5) buffer
solution except in (C), where the dotted line represents a measurement taken in a 0.5  Na2SO4 � NaOH (pH � 5) buffer solution

oxygen atom from one of the two α-X2W15O56
12� units

(rather than a water ligand). The structural data alone
would suggest that there would be two groups of redox pro-
cesses rather than four. The complete splitting into four dis-
tinct one-electron reduction processes suggests that there is
some type of electronic communication involving the FeIII

centers.[47] This interaction must generate and/or reinforce
inequivalence among the sites, especially in the reduced
state; this is also consistent with the magnetic measure-
ments. Finally, it is worth noting that all of the voltam-
metric patterns of Fe4As4 and Fe4P4 are perfectly well-de-
fined and well-behaved at pH � 5. This observation is in
contrast with the report that Fe4P4 shows ill-defined waves
with very small current intensities in media of pH � 4.[35]

These differences may be due to differences in the media
used to collect these measurements: this point was exam-
ined by running the CV in the same electrolyte (0.5 
Na2SO4 and NaOH, pH � 5) as that used in reference 35.
The results in Figure 4C show that the waves remain per-
fectly well-defined (dotted line curve), and no decreased
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current is observed relative to the voltammogram recorded
in acetate medium (solid line curve).

Ion Pairing

Although ion-pairing, pH, and ionic strength effects all
exist simultaneously and act in competition, the data pre-
sented in Figure 4C allows the opportunity to discuss the
first of these phenomena. In this system, an overall positive
shift is observed for the FeIII centers when a Na2SO4-based
medium is used instead of CH3COOLi. Since the two sys-
tems have the same ionic strength and pH (even though the
buffer capacity is greater for CH3COOLi), this positive shift
must be due, in part, to the nature of the cation. It was
previously shown that Na� engages in more intimate ion
pairing with POMs than Li� since the hydrodynamic radius
of Li� is greater than that of Na�.[48,49] The positive shift
of the potential for the FeIII centers increases with increased
ion pairing (i.e. K� � Na� � Li�). For example, with both
the pH and ionic strength kept constant, the formal poten-
tial measured for the FeIII/FeII couple in
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Ge(FeOH2)W11O39

5� is more positive with a Na� coun-
tercation than with Li�. Complexes Fe4As4 and Fe4P4,
however, contain four FeIII centers and could display more
complex ion-pairing behavior. In addition, the two FeIII

sites with ionizable terminal water ligands further compli-
cate the matter since ion-pairing and protonation can com-
pete.[37] Figure 4C illustrates this complexity by showing
that effects of the cation differ from one wave to the next.
For example, the second and fourth redox couples (which
are better behaved) experience a 35 mV shift and a negligi-
bly small shift, respectively, with a change in medium from
Na� to Li�. The shift due to cation effects is larger for the
first two redox couples. To further illustrate the competition
between ion-pairing and protonation of the terminal water
ligands, the pH of the system was lowered from five to three
(prepared with 0.5  Li2SO4 and H2SO4 or 0.5  Na2SO4

and H2SO4). The results suggest that protonation super-
sedes ion-pairing with decreasing pH. These general trends
are in good agreement with the apparent pKa values meas-
ured previously. Complex Fe4As4 gave results similar to
Fe4P4 under the same experimental conditions. The nature
of the cation of the supporting electrolyte has a similar ef-
fect on the WVI waves as described previously for monosub-
stituted Keggin derivatives.[37] For the remaining electro-
chemical studies, Na� is the countercation used since most
of the POMs studied here were originally synthesized as the
Na� salts.

pH Effects

The behavior of the WVI waves of the POMs as a func-
tion of pH was the subject of several previous
investigations.[1,4,37,43,46,50�52] Similar variations were ob-
served within the present multi-iron sandwich-type deriva-
tives, but they were not the focus of this particular study.
We wished to determine how changes in pH affect the for-
mal potentials of the FeIII waves. Provisionally, it is worth
noting that changes in pH might cause two or more of these
waves to merge, although that phenomenon was not ob-
served in these studies. For the present purpose, pH effects
(from pH � 2 to pH � 7) were studied by adding an appro-
priate amount of concentrated mineral acid or base to a 2
 solution of NaCl. The high concentration of NaCl was
used to minimize any effect induced by small ionic
strength variations.

Figure 5 represents the variation in the formal potential
between pH 2 and pH 7 for each of the FeIII centers in
Fe4As4 and Fe4P4. The four FeIII centers are numbered ac-
cording to their formal potentials from the least negative
(Fe1) to the most negative (Fe4). The formal potentials of
the FeIII/FeII redox couples do not vary smoothly with pH.
Such an intricate pH dependence was described previously
in the case of a single FeIII center within monosubstituted
Keggin derivatives.[37] Electronic communication between
FeIII centers in the sandwich-type derivatives might render
the changes in their formal potentials pH interdependent,
and possibly, might also render them more complex. Never-
theless, some new trends do appear in Figure 5. Focusing
first on Fe4As4, the Fe1 and Fe2 centers show almost paral-
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Figure 5. Plot of the formal potentials of Fe4As4 (A) and Fe4P4
(B) as function of pH for the four one-electron FeIII-centered redox
processes; the FeIII centers are labeled FeX (with X � 1, 2, 3, or
4) from the most positive to the least positive reduction potential;
the pH 2�3 solutions are comprised of 2  NaCl � HCl, the pH
4�5 solutions are comprised of 2  NaCl � 0.1  CH3COONa �
0.1  CH3COOH, and the pH 6�7 solutions are comprised of 2 
NaCl � 0.05  NaH2PO4 � 0.05  NaOH

lel formal potential changes; however, between pH 2�3 and
pH 4�5 quasi-independent behavior is seen. The variation
is almost linear above pH 5, with a slope of 55 mV/pH. In
contrast, the formal potential for Fe3 is nearly independent
for pH values up to 6, after which the potential begins to
vary slightly. For Fe4, a linear dependence is observed from
pH 3 to 5, with a slope of 26 mV/pH. At higher pH values,
the potential is almost independent of pH. Although the
present observations specifically concern the FeIII/FeII re-
dox couples and not only the FeIII redox states, the varia-
tion in the formal potentials follow the trends expected
based on the apparent pKa values. In particular, the regions
in which the formal potential is independent of pH are con-
sistent with the possibility that ion pairing supersedes pro-
tonation. Furthermore, the formal potentials of the two in-
ternal FeIII centers are not expected to depend directly on
pH. The observed dependence must therefore be because of
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the electronic communication between all of the FeIII cen-
ters. The same trends were observed for Fe4P4 as well, al-
beit small differences, which are presumably linked to differ-
ences induced by the different heteroatoms (As versus P)
within these complexes. Finally, ion-pairing and pH effects
converge during the reduction processes to suggest that the
external FeIII centers are reduced first. This is consistent
with Pope’s report on (MnOH2)2(Mn)2(PW9O34)2

10�, in
which it was discovered that oxidation first occurs at the
Mn centers with water ligands.[53] However, due to the low
intensity of the observed effects and to the fact that oxi-
dation and reduction might involve different molecular or-
bitals, support (or invalidation) for the present hypothesis
will be sought from complementary theoretical calculations.

Diferric and Triferric Sandwich-Type Complexes

Figure 6 shows the voltammograms of Fe4As4, Fe3As4,
and Fe2As4, restricted to the waves attributed to the re-
duction of the FeIII centers only. Several conclusions emerge
from these patterns. For each CV, the number of waves
corresponds to the number of FeIII atoms in each complex.
These observations suggest there are sufficiently strong in-
teractions between the FeIII centers in each of the com-
plexes to induce complete splitting of their redox processes
into separate steps. Qualitatively, the overall current inten-
sities are also consistent with the number of FeIII atoms in
each complex. The number of FeIII centers was also investi-
gated by controlled potential coulometry measurements,
which give three electrons per molecule for Fe3As4 and
Fe3P4 and two electrons per molecule for Fe2As4 and
Fe2P4 for the exhaustive reduction of these centers. At pH
3, the following values were determined: 3.95 � 0.05 elec-
trons per molecule for Fe4As4 and Fe4P4 at � 0.250 V (vs.
SCE); 2.95 � 0.06 electrons per molecule for Fe3As4 and
Fe3P4 with the potential set at � 0.300 V (vs. SCE); 1.95
� 0.07 electrons per molecule for Fe2As4 and Fe2P4 at �

Figure 6. Cyclic voltammograms of Fe4As4, Fe3As4, and Fe2As4
in 2 � 10�4 , pH � 3 (2  NaCl � HCl) buffer solution; the scan
rate was 10 mV s�1, the working electrode was glassy carbon, and
the reference electrode was SCE
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0.360 V (vs. SCE). The CV patterns shift in the negative
potential direction with a decrease in the number of FeIII

atoms. This is most likely related to the overall increase in
the negative charge of the POM due to the decrease in the
number of FeIII atoms, and it is probably also related to the
differences in pKa in the reduced forms. The formal poten-
tials measured from the CVs of the FeIII/FeII centers within
the complexes are included in the Supporting Information.

The relative potential shifts of the waves also seem to
support the distinction between the external FeIIIO5(OH2)
centers and the internal FeIIIO6 centers within the present
complexes. Previously, we concluded that the external
FeIIIO5(OH2) centers are likely to be reduced before the in-
ternal FeIIIO6 centers. Indeed, the CVs of Fe3As4 and
Fe3P4 show the disappearance of a wave that can be attri-
buted to an external FeIIIO5(OH2) center in Fe4As4 and
Fe4P4. The CVs of Fe2As4 and Fe2P4, which have no exter-
nal FeIIIO5(OH2) centers, also agree with this hypothesis
since only two waves assigned to internal FeIIIO6 centers
are observed. These conclusions are also supported by the
apparent pKa values.

Mixed-Metal Sandwich-Type Complexes

Preliminary characterization of the mixed-metal multi-
iron sandwich complexes indicated that they are stable from
pH 0 to 7. In Fe2Mn2P4, the presence of MnII modifies the
characteristics of the FeIII and WVI waves, which are ob-
served at slightly more positive potentials than in Fe2P4.
Figure 7 compares the FeIII-based redox processes of com-
plexes Fe2P4 and Fe2Mn2P4. Controlled potential coulo-
metry confirms that exhaustive reduction of these centers
consumes 2.00 � 0.05 electrons per molecule. Examination
of Figure 7A shows that the first wave of Fe2P4 is larger
than that of Fe2Mn2P4, and that the first wave tends to
merge with the second wave. Thus an ECE- or EEC-type
process seems to be favored in the former complex. This
observation leads to the conclusion that the reduced form
of Fe2Mn2P4 is less basic than the corresponding form of
Fe2P4. The important influence of basicity is illustrated in
Figure 7B. At pH 5, the two FeIII-based waves merge in
both complexes with coalescence being somewhat incom-
plete for Fe2Mn2P4, which shows a slightly composite
wave.[54] The differences in the behavior of the arsenic ana-
logues (complexes Fe2As4 and Fe2Mn2As4) are less clear
than those of the corresponding phosphorus analogues. The
results indicate a clear influence of the central heteroatom,
P or As, that consists (at pH 3) of an overall positive shift
of the FeIII waves without a current increase when P is re-
placed by As (see Supporting Information). A tentative ex-
planation for this lack of change in the current is that the
relevant pKa values in the reduced forms of the As deriva-
tives are very close from one complex to another.

A detailed study of the MnII wave in complex Fe2Mn2P4
reveals, as expected, that the oxidation process becomes
more difficult (i.e. moves towards more positive potentials)
when the pH of the supporting electrolyte decreases. This
point is illustrated for pH � 1 in Figure 7C where this pro-
cess is kinetically sluggish. However, pre-treatment of the
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Figure 7. Cyclic voltammograms of Fe2P4 and Fe2Mn2P4 in different buffer solutions; the concentration of the POM was 2 � 10�4 
in all the solutions; the scan rate was 10 mV s�1, the working electrode was glassy carbon, and the reference electrode was SCE; (A)
comparison of Fe2P4 and Fe2Mn2P4 in a pH � 3 buffer (0.5  Na2SO4 � H2SO4); (B) comparison of Fe2P4 and Fe2Mn2P4 in a pH �
5 medium (1  CH3COOLi �1  CH3COOH); (C) study of the MnII centers in Fe2Mn2P4 in a pH � 1 medium (0.5  Na2SO4 �
H2SO4); Ei � initial potential; see the text for more details

electrode surface by pausing its potential at �1.4 V for a
short time (120 s) prior to scanning the potential in the
negative direction clearly reveals the presence of MnII. Un-
der these conditions two reduction waves are observed,
which are accompanied by a fairly well-behaved oxidation
wave for the MnII centers on reversing the potential. This
result is also shown in Figure 7C. Separation of the re-
duction into two steps is less pronounced in a pH 3 me-
dium, where only a shoulder is observed. Examination of
all these results together suggests that, for the two pH val-
ues we have explored (pH 3 and 5), the oxidation of MnII

to MnIV is followed by the stepwise reduction of MnIV on
reversing the potential. In addition, holding the potential
at a selected positive value activates the electrode surface
faster than continuous potential cycling. Continuous poten-
tial cycling of the electrode through the region in which the
oxidation of interest is expected constitutes another tech-
nique in the activation of the glassy carbon surface elec-

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 3462�34753470

trode in the study of POM-based MnII centers. Steckhan
and Sadakane found that this procedure gradually revealed
the presence of the two waves of α-Si(MnOH2)W11O39

6� in
a pH 6 phosphate buffer.[55] In contrast, we have previously
shown that the merging of the two redox systems of MnII in
α2-P2(MnOH2)Mo2W15O61

8� results in a composite broad
wave while cycling in a pH 6 phosphate medium (with con-
comitant deposition of an electroactive film on the elec-
trode surface).[56]

Electrocatalysis

A pH 3 medium was selected for the studies on the elec-
trocatalytic reductions of O2 and H2O2. The efficiency of
the catalytic process is evaluated by an excess parameter γ,
which is defined as C° (O2)/C° (POM) for dioxygen and
C° (H2O2)/C° (POM) for hydrogen peroxide (C° � concen-
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tration of the relevant species indicated in parentheses).[57]

The catalytic efficiency (CAT) is defined as follows: CAT �
[I (POM � O2 or H2O2) � Id (POM)]/Id (POM), where I
(POM � O2 or H2O2) is the current for the reduction of
the POM in the presence of O2 or H2O2 and Id is the corre-
sponding diffusion current for the POM alone.

Figure 8A shows the CVs for Fe4As4 in the absence and
presence of dioxygen. The electrocatalytic reduction of O2

starts after the second FeIII reduction wave and precludes
the possibility of observing other FeIII reduction waves.
This is consistent with the formation of an iron-dioxygen
adduct upon reduction of the first two FeIII centers. This
adduct is subsequently reduced to give water with regener-
ation of the catalyst; an inner-sphere mechanism is likely to
be operating. Water was confirmed to be the final product
in the reduction of hydrogen peroxide by the same catalytic
system. It is interesting that the final reduction process
starts after the second FeIII wave. Since the naked electrode

Figure 8. Cyclic voltammograms for the electrocatalytic reduction of dioxygen and hydrogen peroxide; the excess parameter for dioxygen
or hydrogen peroxide was γ � 5, the scan rate was 2 mV s�1, the working electrode was glassy carbon, the reference electrode was SCE,
the concentration of the POM was 2 � 10�4 , and the buffer had a pH of 3 (2  NaCl � HCl); (A) electrocatalytic reduction with
Fe4As4; (B) comparison of Fe4As4, Fe3As4, and Fe2As4; (C) comparison of the catalytic activity of Fe4As4 towards dioxygen and
hydrogen peroxide reduction
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does not reduce dioxygen in the potential region explored
here, the reduced forms of the POM must drive the electro-
catalytic process.[58] At the potential location of the second
FeIII wave, the number of electrons accumulated in the
POM framework is not sufficient to carry out the overall
process. Figure 8B compares the CVs of Fe4As4, Fe3As4,
and Fe2As4 in the presence of the same excess of dioxygen.
The onset of the electrocatalytic process shifts in the nega-
tive potential direction when the number of FeIII atoms de-
creases. Qualitatively, the catalytic efficiency follows the
same trend. The reasons given before, which postulate an
overall inner-sphere process remains valid here, even though
an obvious binding site for dioxygen on Fe2As4 is difficult
to assign.

The electrocatalytic reduction of hydrogen peroxide by
Fe4As4 is shown in Figure 8C and compared with the re-
duction of dioxygen by the same system. The catalytic re-
duction of H2O2 is facile and occurs on the first FeIII wave
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of Fe4As4 at a potential much more positive than that ob-
served for the electrocatalytic reduction of O2. This obser-
vation indicates that the final reduction product of dioxygen
is water. Complexes Fe2As4 and Fe3As4 give similar results,
and the onset of the electrocatalytic process is seen to
strictly follow the order of reduction of the three complexes.

Selected values of catalytic efficiencies (CAT) for the re-
duction of dioxygen and hydrogen peroxide are included in
the Supporting Information. The general trends from Fig-
ure 8 are confirmed and quantified. Focusing specifically on
complexes Fe4As4 and Fe4P4, it appears that under the
same experimental conditions, the phosphorus-containing
complex Fe4P4 is slightly more efficient than the arsenic
analogue Fe4As4 for the reduction of dioxygen, while the
opposite is true for the reduction of hydrogen peroxide. This
observation underscores the impossibility of anticipating
which electrocatalyst would be more efficient when an in-
ner-sphere pathway is operative. Three points deserve spe-
cial emphasis. First, the electrocatalytic processes observed
here remain efficient in other media. For example, at pH �
5, a CAT value of 523% was measured for the electrocata-
lytic reduction of O2 by Fe4P4 at a potential of �240 mV.
This observation, and others not specifically described here,
are important in that they establish the utility of the FeIII

centers within these multi-iron sandwich complexes in me-
dia of low proton availability. Second, we found that there
is still ample room for optimization of the selected media
for efficient electrocatalytic processes within these com-
pounds. Third, despite the apparent superiority of Fe4As4
and Fe4P4 in the present voltammetric study, Fe3As4 and
Fe3P4 might ultimately be the most useful long term cata-
lysts, in part, due to their better stability under a wide range
of conditions.[27,29]

Examination of these two electrocatalytic processes sheds
some light on the reaction pathways. Dioxygen does not
coordinate to FeIII but it does coordinate to FeII. In the
presence of only one Fe center [as in α2-
As2(FeOH2)W17O61

7�], no electron source is available im-
mediately after the reduction potential of FeIII to drive the
catalytic process to completion. This observation under-
scores the importance of the accumulation of FeIII centers,
which carry out immediate further reduction of the adduct.
It is also important to note that the accumulation of these
catalytic centers decreases the overall negative charge of the
POM, rendering its reduction more facile, and ultimately,
saving energy during the electrocatalytic process. If H2O2

complexes with the FeIII centers, then this might result in a
favorable process for the electrocatalytic reaction. In sup-
port of this, complexes Fe3As4 and Fe3P4, which have only
one such exchangeable center, have approximately the same
efficiency as α2-As2(FeOH2)W17O61

7� for the electrocata-
lytic reduction of H2O2.

Cooperativity Effects In Electrocatalytic NOx Reduction

It is well established that FeIII-substituted POMs catalyze
the reduction of NO and/or NO2

�.[58�60] The first step in
this process is the formation of a complex with the FeII

form of the POM and nitrogen oxide.[31,58] The actual cata-
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lytic reduction of this complex takes place with remarkable
enhancement of the current intensity at more negative po-
tentials where a large number of supplementary electrons
accumulate in the W framework. With the goal of saving
energy by moving the electron reservoir closer to the FeIII-
reduction potential, we have previously synthesized several
Wells�Dawson-type monosubstituted derivatives, including
α1-P2(FeOH2)W17O61

7� and α2-P2(FeOH2)Mo2W15O61
7�

in which the Fe- and W-waves or Fe- and Mo-waves merge
in an appropriate pH media.[31,56] This strategy is favorable,
and the entire catalytic process occurs at the reduction po-
tential of the FeIII center, which is now observed concomi-
tantly with the MoVI or WVI reduction waves. The same
phenomenon is observed here. These results are illustrated
briefly with Fe2Mn2P4 in Figure 9, with NaNO2 as the
starting substrate. An important current intensity increase
is observed with increasing γ values [γ is the excess param-
eter defined as γ � C° (NOx)/C° (POM)] at the reduction
potential of the FeIII centers in a pH 1 solution.[61] In this
potential region, no reduction is observed for NO or HNO2

present in the solution.[62][63] Figure 9 shows unambigu-
ously that the catalytic process begins simultaneously with
the reduction of the FeIII centers. Furthermore, it is worth
noting the high efficiency of the electrocatalytic process,
even though modest γ values were used. Finally, in the time-
scale of cyclic voltammetry, Fe2P4 shows the same
phenomenon as Fe2Mn2P4 with regard to the electrocata-
lytic reduction of NO and NO2

�. However, the latter com-
plex might be a better choice for this catalytic process due
to the greater stability of its FeII forms.[29] Under the same
experimental conditions, Fe2Mn2As4 also shows good cata-
lytic efficiency for the reduction of nitrite. In addition, its
activity at 0 V is 25% higher than that of Fe2Mn2P4 as seen
by the positive potential shift of the FeIII waves in the for-
mer complex relative to the latter due to the different het-
eroatoms (i.e. As vs. P).

Figure 9. Cyclic voltammetric study of the electrocatalytic re-
duction of nitrite with a 2 � 10�4  solution of Fe2Mn2P4 in a
pH � 1 medium (0.5  Na2SO4 � H2SO4); the scan rate was 2 mV
s�1, the working electrode was glassy carbon, and the reference
electrode was SCE
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However, in a pH � 5 medium, the catalytic process (ob-

tained with NaNO2 as the starting substrate) is no longer
observed in the iron reduction potential region, but rather
it occurs in the reduction potential region of the first W
wave. This observation is in full agreement with the ex-
pected absence of NO and HNO2 in this medium. In con-
trast, experiments with pure NO[62,63] at pH � 5 show that
the catalytic process starts directly in the potential region
in which reduction of iron takes place . We have also exam-
ined the catalytic reduction of NO at pH � 1. All these
results confirm that NO is the species that is electrocatalyt-
ically reduced by the present complexes throughout the
evaluated pH region.

Conclusion

The X-ray crystallographic studies of Fe4As4, Fe4P4,
Fe2As4, Fe2P4, Fe3As4, Fe3P4, and Fe2Mn2P4 strongly
suggest that electronic coupling exists between the FeIII cen-
ters in this large class of multi-iron sandwich-type POMs.
Magnetic studies corroborate this prediction and quantify
these interactions in the oxidized states of the POMs. Elec-
trochemical studies further indicate there is a stepwise re-
duction of the FeIII centers. Ion-pairing studies show there
is a positive shift of the FeIII centers with increased ion
pairing (i.e. K� � Na� � Li�). Furthermore, ion-pairing
and pH effects converge during the reduction processes to
suggest that the external FeIII centers of Fe4As4 and Fe4P4
are reduced before the internal FeIII sites. Finally, electroca-
talytic results show that the accumulation of FeIII centers
within a sandwich-type complex yield more favorable cata-
lytic properties. This is attributable to the fact that there is
a positive potential shift of the FeIII-based redox processes
associated with the accumulation of FeIII centers, and in the
case of the catalytic reductions of O2, NO, or HNO2, it also
suggests that the presence of sites on the POM, which are
likely to anchor the relevant molecule during its reduction,
may also help to facilitate inner-sphere electron transfer.

Experimental Section

General Remarks: Samples of Fe4As4, Fe4P4, Fe2As4, Fe2P4,
Fe3As4, Fe3P4, Fe2Mn2As4, and Fe2Mn2P4 were obtained by
published procedures,[25�27,29�30] and purity was confirmed by IR,
elemental analysis, and cyclic voltammetry. Infrared spectra (1% by
weight of POM in KBr) were recorded on a Perkin�Elmer Spec-
trum One FT-IR spectrometer. Measurements of pH and pKa were
performed with a Tacussel MVN 83 millivoltmeter-pH meter. Mag-
netic measurements were performed on a SQUID magnetometer,
Quantum Design MPMS-5. The water content of the samples was
measured by thermogravimetric analyses (TGA). All chemicals
used were high purity grade and were used without further purifi-
cation.

pKa Studies: Measurements were carried out twice using LiOH
(0.025 ) under the following conditions: after calibration of the
experimental set-up, and standardization of the different reagent
solutions, the initial 10 mL solution contained 5 � 10�4  of the
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relevant POM dissolved in either pure 1.00  LiCl or 1.00  LiCl/
3 � 10�3  HCl. The measurement cell was thermostatted to 25
°C. The solutions were thoroughly deaerated with pure Ar, and the
cell was kept under positive pressure at all times during the experi-
ments.

Electrochemical Experiments: The pH values of the buffer solutions
range from pH 2 to pH 7. Buffers between pH 2�3 are comprised
of 2  NaCl and HCl. Buffers between pH 4�5 are comprised of
2  NaCl, 0.1  CH3COONa, and CH3COOH, and buffers be-
tween pH 6�7 are made up of 2  NaCl, 0.05  NaH2PO4, and
NaOH. Certain experiments required the use of more specialized
buffer solutions. These buffer solutions are described in the text of
the Results and Discussion. Solutions were deaerated with Ar for
30 min prior to measurements and kept under positive pressure at
all times. Pure NO (N2O grade) was purchased from Air Liquide
(France). The concentration of POM in solution was 2 � 10�4 ,
unless otherwise stated. The source, mounting, and polishing of the
glassy carbon electrodes (GC, Tokai, Japan, 3 mm diameter) has
been described in previous work.[31] The counter electrode was a
platinum gauze of large surface area. The electrochemical appar-
atus was an EG and G 273A under computer control (M270
software). All experiments were performed at ambient temperature,
and potentials are quoted against a saturated calomel electrode
(SCE).
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