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Reaction of the trivacant lacunary complex, R-Na12[As2W15O56], with an aqueous solution of Fe(NO3)3‚9H2O yields
the sandwich-type polyoxometalate, RââR-Na12(FeIIIOH2)2FeIII

2(As2W15O56)2 (Na1). The structure of this complex,
determined by single-crystal X-ray crystallography (a ) 13.434(1) Å, b ) 13.763(1) Å, c ) 22.999(2) Å, R )
90.246(2)°, â ) 102.887(2)°, γ ) 116.972(1)°, triclinic, P1h, R1 ) 5.5%, based on 25342 independent reflections),
consists of an FeIII

4 unit sandwiched between two trivacant R-As2W15O56
12- moieties. UV−vis, infrared, cyclic

voltammetry, and elemental analysis data are all consistent with the structure determined from X-ray analysis.
Magnetization studies confirm that the four Fe(III) centers are antiferromagnetically coupled. A cyclic voltammogram
of Na1 reveals that a three-wave W(VI) system replaces the two-wave W(VI) system found in the precursor
R-As2W15O56

12- complex. The observed modifications in the CV patterns of Na1 and R-As2W15O56
12- are most

likely due to subsequent changes in the acid−base properties of two reduced POMs that occur as a result of Fe(III)
incorporation. Na1 is shown to be more efficient than the monosubstituted complex R2-As2(FeIIIOH2)W17O61

7- in
the electrocatalytic reduction of dioxygen. This is attributed to cooperativity effects among the adjacent Fe(III)
centers in Na1.

Introduction
Polyoxometalates (POMs) are a large and rapidly growing

class of metal-oxygen anionic clusters.1-4 Current interest
in polyoxometalate chemistry is driven by the diverse and
highly alterable sizes, shapes, charge densities, acidities, and
reversible redox potentials of these compounds. These
properties have led to many applications in catalysis,5-10

medicine,11 and materials science.12-14 We are presently
seeking ways to promote simultaneous multielectron transfer
reactions in POMs, which typically proceed by series of
single-electron steps in the potential domain useful for
electrocatalysis and where neither POM structure change nor
electrode derivatization occurs.15-22
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Taking advantage of the continuous progress in the
synthesis and characterization of POMs,23-26 which has
generated numerous families of compounds suitable for
physicochemical studies, we recently identified three factors
that promote multi-electron-transfer reactions in POMs.27-35

First, the pH of the solution is important because it will
determine, at least partly, the stability domain of the POM
as well as the merging of waves by ECE-type mechanisms.27

Second, a “substituent effect” was identified in which one
or more of the skeletal d0 (usually WVI or MoVI) centers of
the POM structure are replaced by d-electron-containing
transition metal cations.28-33 It was found that the location,
nature, and number of the d-electron metals in the POM
framework may influence the interactions between redox
active centers within the molecule. Specifically, a compar-
ison of the catalytic activity ofRââR-(CuIIOH2)2CuII

2(H4-
AsW15O56)2

18- (based on the novel asymmetrical Wells-
Dawson complex H4XW18O62

7-, where X ) P(V)26 or
As(V)34) with those of the analogous monosubstituted Cu-
POMs demonstrated a favorable effect of the accumulation
of copper centers in the electrocatalytic reduction of nitrate.34

More recently, the nature of the central heteroatom was found
to be a third factor in the promotion of multielectron redox
reactions.35 A comparison of a series of monosubstituted
Wells-Dawson tungstodiphosphates and tungstodiarsenates
revealed that the first several voltammetric waves are driven
in a more positive potential (i.e., more favorable) direction
by the presence of the As heteroatom.

These observations stimulated our interest in the sandwich-
type polyoxometalates containing d-electron metal centers
already known for their catalytic properties. Sandwich-type
POMs are formed by the fusion of two trivacant POM
moieties via a rhombus of four edge-sharing transition
metal ions (Figure 1). Since the first Keggin-derived
complexes (formula TM4(PW9O34)2) were reported in 1973
(followed by the Wells-Dawson complexes of formula TM4-

(P2W15O56)2), the number of sandwich-type POMs has
increased manyfold.36-61
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Figure 1. (A) Polyhedral representation ofRââR-(FeIIIOH2)2FeIII
2-

(As2W15O56)2
12- (Na1). (B) Thermal ellipsoid plot (50% probability

surfaces) of Na1.
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We now report the synthesis and characterization of a new
multi-iron sandwich-type POM,RââR-(FeIIIOH2)2FeIII

2-
(As2W15O56)2

12- (1). The phosphorus analogue of this
compound (RââR-(FeIIIOH2)2FeIII

2(P2W15O56)2
12- (2)) was

originally reported by Hill and co-workers.52 The tetra-n-
butylammonium salt of this complex was shown to be a
modestly effective homogeneous catalyst for the H2O2-based
epoxidation of alkenes. The title complex,1, is characterized
by IR, UV-vis, elemental analysis, cyclic voltammetry,
magnetization, and X-ray crystallography. Complex1 is
effective in the electrocatalytic reduction of dioxygen and
hydrogen peroxide.

Experimental Section

General Methods and Materials.The starting sample ofR-K6-
[As2W18O62]‚14H2O was prepared according to our recently
optimized method.62 R-Na12[As2W15O56] was obtained by published
procedures, and purity was confirmed by IR and cyclic voltam-
metry.55aElemental analyses of As, Fe, and Na were performed by
CNRS Service Central d’Analyse at Vernaison (France). Quantita-
tive analysis of W was performed in our laboratory by a modified
literature method.63 Infrared spectra (1% sample in KBr) were
recorded on a Perkin-Elmer Spectrum One FT-IR instrument. The
electronic absorption spectra were recorded on a Perkin-Elmer
Lambda 19 spectrophotometer. Magnetic measurements were
carried out on polycrystalline samples using a SQUID magnetom-
eter, Quantum Design MPMS-5.

Synthesis ofrââr-Na12(FeOH2)2Fe2(As2W15O56)2‚54H2O (Na1).
A 0.81 g (2 mmol) sample of Fe(NO3)3‚9H2O was dissolved in 15
mL of deionized water, and 4.5 g (1 mmol) of solidR-Na12-
[As2W15O56] was added slowly with vigorous stirring of the
solution. The solution was heated at 60°C until most of the liquid
was evaporated (approximately 1 h), and the solution was filtered
hot. The yellow precipitate that forms upon cooling is recrystallized
from a minimal amount of 1 M NaCl. Yellow, diffraction-quality
crystals were formed upon standing for several hours (yield 37%).
IR (1% KBr pellet, 1300-400 cm-1): 937 (s), 889 (sh), 866 (w),
820 (m), 796 (sh), and 744 (m). Anal. Calcd for H112As4-
Fe4O168W30: As, 3.29; Fe, 2.45; Na, 3.03; W, 60.51. Found: As,
3.05; Fe, 2.31; Na, 3.26; W, 59.75. [MW) 9115.]

X-ray Crystallography. A suitable crystal of Na1 was coated
with Paratone N oil, suspended on a small fiber loop, and placed
in a stream of cooled nitrogen (100 K) on a Bruker D8 SMART
APEX CCD sealed tube diffractometer with graphite monochro-
mated Mo KR (0.71073 Å) radiation. A sphere of data was
measured using combinations ofφ and ω scans with 10 s frame
exposures and 0.3° frame widths. Data collection, indexing, and
initial cell refinements were carried out using SMART software
(Version 5.624, Bruker AXS, Inc., Madison, WI). Frame integration
and final cell refinements were carried out using SAINT software
(Version 6.02, Bruker AXS, Inc., Madison, WI). The final cell
parameters were determined from least-squares refinement. A

multiple absorption correction for each data set was applied using
the program SADABS (Version 2.03, George Sheldrick, University
of Göttingen). The structure was solved using direct methods and
difference Fourier techniques (SHELXTL, V5.10). All Fe, As, and
W atoms were refined anisotropically. All oxygen atoms were also
refined anisotropically except the following: O(10), O(33), O(47),
O(53), O(15w), O(27w), O(28w), O(29w), and O(30w). Some of
the solvent waters were disordered within the crystal lattice and
were refined with partial occupancy (O(27w), 0.55; O(28w), 0.7;
O(29w), 0.5; O(30w), 0.5). The final R1 scattering factors and
anomalous dispersion corrections were taken from theInternational
Tables for X-ray Crystallography.64 Structure solution, refinement,
graphics, and generation of publication materials were performed
using SHELXTL, V5.10 software. Additional details are given in
Table 1, and a thermal ellipsoid plot (at the 50% probability level)
is given in Figure 1B. Disorder of the Na+ countercations prevented
the identification of all 12 Na atoms.

Electrochemical Experiments.A pH 5 buffer solution com-
posed of 0.4 M CH3COOLi and CH3COOH was used for all
experiments. Solutions were deaerated with Ar for 30 min before
measurements and kept under a positive pressure at all times. All
electrochemical measurements were performed with an EG and G
273A apparatus under computer control (M270 software). The
source, mounting, and polishing of the glassy carbon electrodes
(GC, Tokai, Japan) have been previously described.65 The glassy
carbon samples had a diameter of 3 mm. Potentials are quoted
against a saturated calomel electrode (SCE). The counter electrode
was a platinum gauze of large surface area. All experiments were
performed at ambient temperature.

Results and Discussion

Synthesis and Characterization of Na1.The complex,
Na1, was readily prepared in∼30% yield and in high
purity. Two slightly different procedures were used to obtain
the complex. The first method was adapted from that
described for the phosphorus analogueRââR-(FeIIIOH2)2-
FeIII

2(P2W15O56)2
12- (2).52 A second procedure was developed

which gave higher yields (37% yield versus 30% yield for
the first method) and better quality crystals (suitable for X-ray

(59) (a) Ruhlmann, L.; Nadjo, L.; Canny J.; Contant, R.; Thouvenot, R.
Eur. J. Inorg. Chem.2002, 975-986. (b) Ruhlmann, L.; Canny, J.;
Contant, R.; Thouvenot, R.Inorg. Chem.2002, 41, 3811-3819.
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2002, 41, 2477-2488.
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Inorg. Chem.2002, 41, 783-789. (b) Kortz, U.; Mbomekalle, I. M.;
Keita, B.; Nadjo, L.; Berthet, P.Inorg. Chem.2002, 41, 6412-6416.
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Table 1. Crystal Data and Structure Refinement for Na1

empirical formula As4Fe4Na11O167.5W30

fw 8971.47
cryst syst triclinic
space group P1h
unit cell a ) 13.434(1) Å

b ) 13.763(1) Å
c ) 22.999(2) Å
R ) 90.246(2)°
â ) 102.887(2)°
γ ) 116.972(1)°

V 3667.0(5) Å3

Z 1
abs coeff 24.858 mm-1

reflns collected 62284
indep reflns 25342
GOF onF2 1.051
final R indices [R > 2σ(I)] R1a ) 0.0550

wR2b ) 0.1481

a R1) ∑||Fo| - |Fc||/∑|Fo|. b wR2) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}0.5.
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diffraction studies). The second procedure differed from the
original synthesis in three ways. First, Fe(NO3)3 was used
instead of FeCl3. Second, deionized water was used instead
of 2 M NaCl. Third, the solution containing theR-Na12-
[As2W15O56] and Fe(NO3)3 was heated at a lower temperature
(60 °C versus 80°C for the original procedure) and for a
longer amount of time (1 h versus 5 min for the original
procedure).

The IR spectrum of Na1 was compared with the trivacant
starting materialR-Na12[As2W15O56] (see Supporting Infor-
mation). The spectra of the two compounds are quite similar,
including a strong peak at 937 cm-1, corresponding to a
terminal WdO stretch.66 The main difference concerns the
asymmetric stretching vibration W-Ocorner-W which shows
two bands in Na1 and three inR-Na12[As2W15O56]. The
electronic spectrum of1 shows an intense charge-transfer
band (oxygen-to-tungsten), which is characteristic of all
POMs, along with two shoulder peaks relatively close in
energy at 316 and 272 nm.

Magnetic Studies.The temperature dependence of the
magnetization of Na1 was studied in a 0.1 T field (Figure
2). The mean value of the magnetization is weak, suggesting
antiferromagnetic coupling of the tetranuclear [FeIII

4O14-
(H2O)2] central unit. A rapid decrease in the susceptibility
is observed between 2 and 10 K (Figure 2A). This is
attributed to the presence of a small amount of free Fe(III)

ions (ca. 1% of the total iron). This paramagnetic contribu-
tion, following a Curie law, was subtracted to obtain the
actual magnetization of the complex. Coronado and co-
workers observed a similar paramagnetic contribution in their
studies ofRââR-(MnIIOH2)2MnII

2(P2W15O56)2
16- andRââR-

(NiIIOH2)2NiII2(P2W15O56)2
16-.50 They attribute this to the

partial decomposition of the sandwich-type compound to give
mono- and trisubstituted Wells-Dawson monomers. The
product of the magnetic susceptibility plot times the tem-
perature (øMT) versus the temperature for Na1, corrected for
the diamagnetic contributions, is given in Figure 2B. It is
interesting to note that the productøMT does not reach a
constant value at high temperature. A linear extrapolation
up to 300 K gives a value of 14.4 emu‚K‚mol-1, correspond-
ing to an effective moment of 10.7µB for Na1. Hill and
co-workers reported a similar value for the phosphorus
analogue Na2 at 10.3µB.52

To confirm the antiferromagnetic coupling of the Fe atoms,
we sought to obtain a constant value for the productøM‚(T
- θ) at high temperature, whereθ should be the Curie-
Weiss temperature of the [FeIII

4O14(H2O)2] unit. This led to
a value of-120 K forθ. The corresponding high temperature
value oføM‚(T - θ) is 19.5 emu‚K‚mol-1 (Figure 2B). This
value is a little higher than that (17.5 emu‚K‚mol-1) expected
for four noninteracting Fe(III) ions. This suggests that the
actual absolute value ofθ is lower than our estimation, and
therefore, the asymptotic behavior oføM‚(T - θ) is only
reached at higher temperatures. The antiferromagnetic cou-
pling observed in Na1 is similar to that reported forRââR-
(MnIIOH2)2MnII

2(P2W15O56)2
16-, containing isoelectronic Mn-

(II) ions.50 However, the intensity of the antiferromagnetic
exchange interaction appears to be stronger in Na1.

Crystallographic Studies.The X-ray crystal structure of
Na1 consists of a tetranuclear iron core, [FeIII

4O14(H2O)2],
sandwiched between two trivacant Wells-Dawson R-
As2W15O56 12-moieties (Figure 1). The central M4 unit is
similar to those seen in the phosphorus analogues of formula
[(MOH2)2M2(P2W15O56)2

n-], where M ) Cu(II),48 Zn(II),51

Mn(II),50 or Fe(III).52 All of these structures, including Na1,
display the conventional inter-POM-unit-connectivity known
as â in Baker-Figgis notation (â-junctions).57,58,60,67,68A
comparison of selected bond lengths and angles in Na1 and
the analogous phosphorus complex Na2 are given in Table
2. As expected, the As-O bond lengths are slightly longer
than the analogous P-O bond lengths. However, this has
caused little or no structural perturbation of the tungsten-
oxygen framework or the central [FeIII

4O14(H2O)2] unit, based
on the similarity of the bond lengths and angles obtained
from these two structures. Bond valence sum (BVS) calcula-
tions from the X-ray structure of Na1 yields average
oxidation states of 3.01( 0.07 and 2.93( 0.07, respectively,
for the two Fe sites (Fe1 and Fe2).69 The usual disorder of
cations and solvent molecules makes it impossible to account
for their total numbers by X-ray crystallography alone. As a

(66) Rocchiccioli-Deltcheff, C.; Thouvenot, R.J. Chem. Res., Synop.1977,
2, 46-47.

(67) Baker, L. C. W.; Figgis, J. S.J. Am. Chem. Soc.1970, 92, 3794-
3797.

(68) Anderson, T. M.; Hill, C. L.Inorg. Chem.2002, 41, 4252-4258.
(69) Brown, I. D.; Altermatt, D.Acta Crystallogr.1985, B41, 244-247.

Figure 2. (A) Plot of magnetization versusT. (B) Plot of theøM‚(T) (0)
andøM‚(T - θ) (4) versusT (with θ ) -120 K). The data were recorded
in a 0.1 T field, and a correction was made for a small Fe(III) paramagnetic
impurity (ca. 1% of the total Fe(III)).
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result, elemental analysis and thermogravimetric analysis
were used to determine the total number of Na+ cations and
water molecules, respectively.

Electrochemical Studies.To our knowledge, this is the
first report on the electrochemical behavior of Na1 in solu-
tion. Recently, the electrochemistry of1, entrapped in multi-
layers of polymers on a glassy carbon electrode, was de-
scribed, without any indication of a study in solution.70 Figure
3A gives the cyclic voltammogram of Na1 in solution super-
imposed with the trivacant starting material,R-As2W15O56

12-.33

The trivacantR-As2W15O56
12- species is unstable in solution.

However, the pH) 5 (0.4 M CH3COOLi + CH3COOH)
buffer solution renders this lacunary species sufficiently
stable over the time scale of a CV study. Between+0.2 and
-0.5 V (vs SCE), new waves appear in the CV of Na1 which
were not present inR-As2W15O56

12- (Figure 3A). These
waves are assigned to the reduction of the Fe(III) centers,
followed by their reoxidation. The Fe(III) centers are known
to be more easily reduced than W(VI) centers among a
variety of transition-metal-substituted polyoxometalates (TM-
SPs).19,30The typical characteristics of the Fe(III) waves are
more prominent when the potential domain is explored only
up to the beginning of the first W(VI) wave (Figure 3B).
The stepwise reduction of the Fe(III) centers observed in
Na1 was first reported for the phosphorus analogue Na2.52

This phenomenon is probably due to the interactions among
the adjacent Fe(III) centers. Analogous observations were
also reported for sandwich-type complexes with Keggin
moieties, and the authors concluded that electronic interac-
tions involving the metals of the central unit can generate
or reinforce inequivalence among the Fe(III) centers.61a

Controlled potential coulometry confirms that each of the

four Fe(III) waves observed in Figure 3B involves a one-
electron process.

Other differences in the CVs of Na1 andR-As2W15O56
12-

are attributable to their respective W(VI) waves, located
between -0.5 and -1.120 V (vs SCE). The CV of
R-As2W15O56

12- is composed of a two-wave system: the first
wave features a four-electron process (Epc1

W ) -0.600 V;
Epa1

W ) -0.500 V) which is followed by a second wave
representing a two-electron process (Epc2

W ) -0.792 V;
Epa1

W ) -0.712V). For Na1, a three-wave system replaces
the two-wave pattern observed inR-As2W15O56

12- over this
potential domain (Epc1

W ) -0.590 V; Epa1
W ) -0.494 V;

Epc2
W ) -0.736 V;Epa2

W ) -0.656 V;Epc3
W ) -0.930 V;

Epa3
W ) -0.838 V). The first wave of Na1 is located at

approximately the same potential as the first wave of
R-As2W15O56

12-, but the shape of the latter is distinctly
different from that of the former. The observed modifica-
tions in the CV patterns of Na1 and R-As2W15O56

12- are
most likely due to subsequent changes in the acid-base
properties of POMs upon reduction. However, it must
be pointed out that the number of W waves observed for
Na1, and hence the electron number for each wave, depends
on the pH of the electrolyte. When the potential of the
working electrode is driven beyond the location of the
third W(VI) wave in Na1, the reoxidation pattern features

(70) Bi, L. H.; Liu, J. Y.; Shen, Y.; Wang, E. K.; Dong, S. J.Gaodeng
Xuexiao Huaxue Xuebao2002, 23, 472-474.

Table 2. Selected Bond Lengths (Å) and Bond Angles (deg) for Na1
and Na252,a

Na1 Na2

W-Ot 1.720(6) 1.701(22)
W-Ob 1.922(7) 1.896(20)
W-Oc 2.320(8) 2.363(20)
W-Od 2.330(8) 2.373(20)
X-Oc 1.670(6) 1.513(20)
X-Od 1.716(6) 1.610(20)
X-Od′ 1.738(6) 1.620(20)
Fe1‚‚‚Fe2 3.192(7) 3.173(20)
Fe1‚‚‚Fe1A 3.406(8) 3.381(20)
Fe1‚‚‚Fe2A 3.177(8) 3.173(20)
Fe2‚‚‚Fe2A 5.381(8) 5.374(20)
Fe2-OW1 2.004(7) 2.050(20)
Ot-W-Ob (cap) 103.0(3) 104.4(11)
Ot-W-Ob (belt) 99.2(3) 99.5(10)
Ot-W-Od (cap) 170.9(3) 168.2(10)
Ot-W-Oc (belt) 171.0(3) 172.0(10)
Od-X-Oc 107.2(3) 107.6(12)
Od-X-Oc 108.4(3) 107.3(11)
Fe1‚‚‚Fe2‚‚‚Fe1A 64.7(3) 64.4(10)
Fe2‚‚‚Fe1‚‚‚Fe2A 115.3(3) 115.6(10)

a Ot ) terminal oxygen; Ob ) doubly bridging oxygen; Oc ) triply
bridging oxygen; Od ) quadruply bridging oxygen; Od′ ) quadruply
bridging oxygen that bonds to the Fe atoms; X) central heteroatom (As(V)
in Na1 and P(V) in Na2).

Figure 3. Cyclic voltammograms ofR-As2W15O56
12- and Na1 (2 × 10-4

M) in a pH ) 5 buffer solution. The scan rate was 10 mV s-1, the working
electrode was glassy carbon, and the reference electrode was SCE. For
more detailed information, see the Experimental Section. (A) Superposition
of R-As2W15O56

12- (‚‚‚) and Na1 (s). (B) Cyclic voltammogram of
Na1 with the reduction potential domain restricted to that of the Fe(III)
centers.
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the characteristics of a deposit on the electrode surface.
This observation is in agreement with those obtained with
various other TMSPs when more than six electrons are added
to each complex.21,52 These electrode modifications are
beyond the scope of this manuscript, where the electrochemi-
cal studies are restricted only to the reversible diffusion
waves.

Role of the Metals in the Central M4 Unit. The observa-
tion that the two-wave system observed inR-As2W15O56

12-

is replaced by a three-wave system in Na1 prompted us to
investigate whether this behavior is a consequence of the
types of metals in the M4 central unit or whether it was a
common feature of all the sandwich-type POMs derived from
R-As2W15O56

12-. An electrochemical study of the known
complex, RââR-Na16(ZnIIOH2)2ZnII

2(As2W15O56)2 (Na3),
proved to be particularly useful in resolving this issue.55a

Figure 4 shows the superposition of the CVs of Na3 and
R-As2W15O56

12- in a pH ) 5 buffer solution. As expected,
the electroactivity of Na3 is confined to the same potential
domain as that ofR-As2W15O56

12-. Like Na1, a new three-
wave pattern is observed for Na3 in place of the two-wave
pattern characteristic ofR-As2W15O56

12-. A comparison of
the CVs of Na1 and Na3 (Figures 3A and 4, respectively),
however, indicates that the first two tungsten waves of the
latter complex (Na3) are better separated than the corre-
sponding ones in Na1. This observation again underscores
the significance of the nature of the metals of the central
M4 unit modulating the acid-base properties of the reduced
forms of the complexes. It is worth noting that all of the
curves in Figures 3 and 4 are well defined in the pH) 5
medium. In general, well-behaved waves were observed for
these complexes between pH) 3 and pH) 6. These reports
are in sharp contrast with those of Ruhlmann and co-workers
on the analogous phosphorus complex Na2.59a They found
that when pH> 4, the CV of Na2 becomes ill-defined with
much smaller peak currents.

Electrocatalytic Reduction of O2 and H2O2. One incen-
tive to study Na1 and its analogues is their potential
application in electrocatalytic reduction reactions. Dioxygen

was selected as the first candidate in the present work
because it is abundant and environmentally benign, yet very
challenging to use as a selective oxidant.71 Hydrogen
peroxide was also selected as a substrate because it may be
useful in assessing the nature of the final product in the
electrocatalytic reduction of dioxygen. It is also an important
oxidant in its own right. The main features of the electro-
catalytic reduction of O2 and H2O2 (in pH ) 5 buffer
solution) are shown in Figure 5. The direct electroreductions
of O2 and H2O2 (in the absence of any catalyst) are only
observed at fairly negative potentials.72 In contrast, Figure
5A shows that in the presence of Na1 the electrocatalytic
reduction of O2 proceeds readily at+0.015 V. Interestingly,
this reaction occurs over the potential domain that we
previously established corresponds to the reduction of the
Fe(III) centers. This suggests that the Fe(III) centers play a
very important role in the reaction. Figure 5B shows that
the electrocatalytic reduction of H2O2 proceeds at+0.100
V, just past the first Fe(III) reduction center. This result is
consistent with the fact that the electrocatalytic reduction of
H2O2 (in the presence of Na1) is more facile than that of
O2. This pattern suggests that the final product in the
reduction of O2 under these conditions is water.

(71) Hill, C. L.; Weinstock, I. A.Nature1997, 388, 332-333.
(72) Keita, B.; Benaı¨ssa, M.; Nadjo, L.; Contant, R.Electrochem. Commun.

2002, 4, 663-668.

Figure 4. Cyclic voltammograms ofR-As2W15O56
12- and Na3 (2 × 10-4

M) in a pH ) 5 buffer solution. The scan rate was 10 mV s-1, the working
electrode was glassy carbon, and the reference electrode was SCE. For more
detailed information, see the Experimental Section.

Figure 5. Superposition of the cyclic voltammograms obtained in the
presence of 1× 10-4 M Na1 in a pH) 5 buffer solution in the absence or
presence of (A) O2 or (B) H2O2. The scan rate was 2 mV s-1, the working
electrode was glassy carbon, and the reference electrode was SCE. The
excess parameterγ is defined asC° (O2)/C° (POM) for dioxygen andC°
(H2O2)/C° (POM) for hydrogen peroxide, respectively.
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Finally, it is interesting to compare the differences in the
activity of Na1 with those of the recently studied monosub-
stituted complexR2-As2(FeIIIOH2)W17O61

7-.35 Figure 6A
shows a remarkable positive potential shift in the electro-
catalytic reduction of O2 by Na1 compared to that ofR2-
As2(FeIIIOH2)W17O61

7-. Figure 6B, restricted to the reduction
of the Fe(III) centers, compares the behavior of Na1 and
R2-As2(FeIIIOH2)W17O61

7- in the strict absence of dioxygen.
The Fe(III) redox process of the monosubstituted complex
(R2-As2(FeIIIOH2)W17O61

7-) occurs at a more negative po-
tential in a pure argon atmosphere than that observed for
the first two Fe(III) waves of Na1. This led us to conclude
that Na1 is a better catalyst thanR2-As2(FeIIIOH2)W17O61

7-

for the reduction of O2. These results again suggest that the
enhanced catalytic effect observed for Na1 may be due to
cooperativity effects among the Fe(III) centers in the central
M4 unit of Na1.
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Figure 6. (A) Comparison of the electrocatalytic reduction of dioxygen
(γ ) 10) by 1× 10-4 M Na1 (s) andR2-As2(FeIIIOH2)W17O61

7- (‚‚‚) in
a pH) 5 buffer solution. The scan rate was 2 mV s-1, the working electrode
was glassy carbon, and the reference electrode was SCE. (B) Same as (A)
except that the reduction potential domain is restricted to that of the Fe(III)
centers.
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