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The reaction of α-[P2W15O56]12− with divalent cations M2+

leads to sandwich complexes of the formula
[M4(H2O)2(P2W15O56)2]16− (M4P4W30) where M = MnII, CoII,
NiII, CuII, ZnII, or CdII. An FeIII tetranuclear sandwich com-
plex has also been obtained. Full details are reported con-
cerning procedures by which the pure sandwich complexes
can be obtained in good yield. A pure dinuclear trivalent
Dawson-derived sandwich complex of the formula [(H2O)2-
Na2FeIII

2 (P2W15O56)2]16− has also been prepared as a water-
soluble sodium salt. All the compounds have been character-
ized by IR spectroscopy, elemental analysis, and 31P NMR

Introduction

The possibility of modifying the redox and chemical
properties of heteropolyanions by replacing one or many
elements renders them particularly attractive for catalytic
and electrocatalytic applications.[1] For instance, a cluster
such as [P2W18O62]62 may be modified under hydrolytic
conditions to give lacunary complexes containing one,
three, or more vacant sites.[2] The action of metallic cations
on the trivacant heteropoly ligand [P2W15O56]122 (derived
from the Dawson structure [P2W18O62]62; Scheme 1) leads
to metal-heteropolyanions that can be formulated as
[M4(H2O)2(P2W15O56)2]n2 (where M 5 MnII, FeIII, CoII,
NiII, CuII, ZnII, or CdII, and n 5 16, except in the case of
FeIII, where n 5 12). These constitute an extensive series of
compounds in which a tetranuclear cluster M4O14(H2O)2 is
encapsulated between two trivacant fragments.[3] Of the
four metal atoms, two reside in a pseudooctahedral environ-
ment with one coordination site occupied by a labile water
molecule, which can be replaced by other ligands.
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spectrometry. The acid-base equilibria of the M4P4W30 series
have been studied. The electrochemical behavior of this
series of sandwich complexes in aqueous solution has been
investigated and systematic comparisons have been made.
All these compounds exhibit successive reduction processes
of the W atoms in a negative potential range, but in some
cases the electrochemistry also involves redox reactions ori-
ginating from the substituent transition metal (M), such as
the reduction of FeIII and CuII and the oxidation of MnII.
( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

This series of sandwich polyoxoanions with four d-elec-
tron transition metal cations appears quite promising as a
potential class of catalysts because both the four central
metal ions and, in principle, the heteroatoms in the trivac-
ant polyoxoanions units can be varied considerably. Thus,
they can be used in catalytic reactions as inorganic anal-
ogues of porphyrins with the advantage of being more ro-
bust and inert toward an oxidizing environment and more
thermally stable than systems based on organic ligands.[4]

We report herein on a new route for the synthesis of a
tetranuclear Co Dawson-derived sandwich complex as well
as of a dinuclear Fe Dawson-derived sandwich complex[3i,3j]

of the formula [(H2O)2Na2Fe2(P2W15O56)2]162, which have
been obtained when operating in acidic media.

We also present in the following a systematic spectro-
scopic investigation by 31P NMR of the para- and diamag-
netic sandwich complexes of the composition
[M4(H2O)2(P2W15O56)2]162, as well as a study of their elec-
trochemical behavior.

These sandwich complexes exhibit at least three consecu-
tive processes involving oxo-tungsten based reduction in a
negative potential range, but in some cases the electrochem-
istry also involves redox reactions originating from the sub-
stituent transition metal (M), such as the reduction of FeIII

and CuII and the oxidation of MnII.
Interestingly, for the compounds [Fe4(H2O)2P4-

W30O112]122 and [(H2O)2Na2Fe2P4W30O112]162, the Fe-
centered redox processes are fully reversible prior to reduc-
tion of the polyanions. Splitting of this wave is often seen.
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Scheme 1

Intriguingly, the FeIII/FeII couples in [(H2O)2Na2-
Fe2P4W30O112]162 (Fe2P4W30) were found to be pH depen-
dent; this is rather unusual for Fe-centered redox processes,
for which the redox potential is usually almost pH-inde-
pendent at low pH.[5] Assuming that Fe2P4W30 has the mo-
lecular structure recently reported by Hill et al.,[3i,3j] with
the two external sites of the sandwich structure occupied by
Na1 cations, the unusual pH dependence can be tentatively
explained in terms of a stepwise exchange of the Na1 cat-
ions by H1 during the consecutive reduction of the two
FeIII centers.

To the best of our knowledge, such a complete investi-
gation of Dawson sandwich species has not been pub-
lished previously.

Results and Discussion

Synthesis

The first objective of this work was the large-scale, high-
yielding preparation of very pure tetranuclear sandwich
complexes of the composition [M4(H2O)2(P2W15O56)2]162.
This polyanion consists of an oxo-aqua tetranuclear metal
core, M4O14(H2O)2, sandwiched by two trivacant α-Dawson
moieties, α-[P2W15O56]122. The polyanion has C2h sym-
metry (see Scheme 1).

Key factors in the strategy that led to the results de-
scribed below included: (i) use of the pure lacunary pre-
cursor α-[P2W15O56]122, (ii) extensive use of 31P NMR spec-
troscopy to survey different conditions in optimizing the
route to pure [M4(H2O)2(P2W15O56)2]162 products, (iii)
careful control of the solution pH, and (iv) control of the
stoichiometry of Mn1 vs. α-[P2W15O56]122 in order to ob-
tain pure compounds.

The complexes were readily prepared in ca. 50290% iso-
lated yields and in high purity. The best preparation is sim-
ilar to that cited in the literature for sandwich polytungsto-
phosphate complexes [M4(H2O)2(P2W15O56)2]162, where
M 5 MnII, ZnII, or CdII.

However, to obtain pure [Co4(H2O)2(P2W15O56)2]162 it is
necessary to operate in an acidic medium. Actually, as is
evident from Figure 1, which shows the 31P NMR spectra
of Co4P4W30 prepared by the literature method (neutral
medium) and at ca. pH 3, the best preparation of pure
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Co4P4W30 is undoubtedly achieved at pH 3. From the 31P
analysis, it appears that the preparation in neutral media,
as described in the literature, invariably gives a mixture of
several species, and that two different types of crystals, one
green-brown and the other gray, are deposited from such
solutions on crystallization. In contrast, the synthesis in
acidic solution (ca. pH 3) leads exclusively to one major
species as green-brown crystals with a purity of 95% (A
in Figure 1).

Figure 1. 121.5 MHz 31P NMR spectra of Co4P4W30 (0.02  in
0.5  aqueous LiCl): (A) sample prepared at pH 3; (B) sample pre-
pared in neutral medium; left part: P(1) region; experimental condi-
tions: spectral width 125 kHz; pulse width 2 µs (ca. 40° flip angle);
8K data points; acquisition time 33 ms; ca. 10K transients acquired
without relaxation delay; line-broadening factor 40 Hz; right part:
P(2) region; experimental conditions: spectral width 9 kHz; pulse
width 2 µs (ca. 40° flip angle); 4K data points; acquisition time
0.23 s; ca. 1000 transients acquired without relaxation delay; line-
broadening factor 4 Hz

The 31P NMR spectrum of the mixture obtained follow-
ing the synthesis in a neutral medium exhibits three ‘‘pairs’’
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Table 1. 31P NMR data for α-P2W15 and the sandwich species

Compound[a] P(1)[b] P(2)[b]

δ>[c] ∆ν[d] δ[c] ∆ν[d]

α-P2W15 10.5 , 3 213.8 , 3
Mn4P4W30

[e] 130 212.3 130
Fe2P4W30

[e] 2 211.2 220
Fe4P4W30 1915 2500 211.7 55
sym-Co4P4W30 11483 420 19.9 20
sym-Co4P4W30

[f] 11459 420 19.8 20
disym-Co4P4W30

[f] 11551 420 116.7 20
11242 420 112.3 20

sym-Co4P4W30
[g] 11473 1400 18.8 25

disym-Co4P4W30
[g] 11590 1250 116.7 30

11201 950 110.1 40
Ni4P4W30 1460 3400 214.2 15
Cu4P4W30

[e] 2 216.2 60
Zn4P4W30 23.92 , 3 213.95 , 3
Cd4P4W30 23.60 , 5 214.36 , 3

[a] Unless otherwise noted, 0.02  solution in 0.5  LiCl. [b] P(1)
and P(2) in the PW6 and PW9 subunits, respectively. [c] In ppm with
respect to 85% H3PO4. [d] In Hz. [e] Not observed. [f] In a mixture
as obtained from the synthesis medium (see text). [g] As for f, but
in 0.1  AcONa/AcOH buffer (pH 4.7).

of resonances (see Table 1 and B in Figure 1). The pair at
δ 5 1459 and 9.8 correspond to the two resonances of the
pure Co4P4W30 synthesized at pH 1 (see A in Figure 1). The
four other signals will be considered below.

In more acidic solution (0.1  AcONa/AcOH buffer), the
31P NMR spectrum evolves by a concomitant decrease in
the four resonances (at δ 5 1590, 1201, 16.7, and 10.1).
After one day, only the two peaks at δ 5 1473 and 8.8
remain, which are characteristic of the pure Co4P4W30 com-
pound.

The chemical shift variations observed between neutral
and acidic solutions can be attributed to deprotonation of
the aqua ligands in neutral media (see below).

Because they disappear simultaneously at the expense of
the Co4P4W30 signals, the four resonances (at δ 5 1590,
1201, 16.7, and 10.1) are most probably due to a single spe-
cies, which contains four non-equivalent P atoms and
should be structurally related to the symmetrical sandwich
compound Co4P4W30 (C2h). Two unsymmetrical structural
isomers of Co4P4W30, both of Cs symmetry, can be consid-
ered, resulting from either (i) the formal π/3 rotation of the
polar cap of one P2W15 moiety, leading to a β-P2W15 subu-
nit (see Scheme 1) or (ii) the formal rotation of a whole α-
P2W15 subunit leading to both α-type and β-type junctions
at the Co4 tetrad.

Thus, in neutral solution, the synthesis of the Dawson
sandwich species gives a mixture of symmetrical (δ 5 1459
and 9.8) and unsymmetrical (δ 5 1551, 1242, 16.7 and 12.3)
complexes in relative proportions of 38 and 62% (by integ-
ration of the NMR resonances).

In acidic solution, only the symmetrical isomer is formed,
which suggests that this isomer is the thermodynamic prod-
uct obtained at pH 3 and that slow transformation occurs
on decreasing the pH. Finke et al.[3b] described a similar
behavior for [Zn4(H2O)2P4W30O112]162, where thermal iso-
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merization was observed with the appearance of additional
31P resonances. On the other hand, the temperature is not
a factor in the present isomerization since the same temper-
ature is used for the syntheses in acidic and neutral solu-
tions. This result may suggest a control of the isomerization
by the pH of the medium.

Di- and tetrairon sandwich polyoxoanions were prepared
in 67% and 52% isolated yields, respectively, using essen-
tially the same procedure. Actually, powdered α-
Na12[P2W15O56] dissolves readily at room temperature in an
aqueous solution of iron(III) chloride (pH 3) without the
formation of any insoluble intermediate. However, the op-
timal synthetic conditions were found when operating in
more acidic media (pH 1) at high temperature (80 °C) and
under vigorous stirring. With only one equivalent of α-
P2W15 added to the iron(III) solution, i.e. with one equiva-
lent of Fe31, the diiron sandwich complex is obtained and
can be isolated in high purity.

Conversely, with a stoichiometry of one equivalent of α-
P2W15 to two equivalents of Fe31, only the tetrairon sand-
wich compound is obtained as a pure species. This suggests
an equilibrium between the di- and tetrairon sandwich poly-
oxoanions [Equation (1)]:

(H2O)2Na2FeIII
2 (P2W15O56)2

162 1 2 Fe31 r
R (1)

FeIII
4 (H2O)2(P2W15O56)2

122 1 2 Na1

Accordingly, the ‘‘unsaturated’’ diiron species must be
formed first and exists predominantly at low Fe31/α-P2W15

ratios. It is converted to the ‘‘saturated’’ tetrairon species in
the presence of an excess of iron.

IR Characterization

The IR spectrum of Zn4P4W30 is shown Figure 2 and is
compared with those of the parent anions α-P2W15 and α-
P2W18.

Apart from the W2O bands, which appear at low wave-
numbers (, 1000 cm21), the IR spectra of phosphorus-
centered polyoxotungstates are characterized by well-separ-
ated P2O stretching vibrations between 1200 and
1000 cm21.[6]

According to the local symmetry of the PO4 group, the
triply-degenerate mode F2 (for Td symmetry) may split into
two or three absorption bands for C3v or Cs symmetry, re-
spectively; the splitting depends on the deviation from ideal
symmetry. Hence, for the lacunary anions [PMo11] and
[PW11], and for the substituted metallophosphates
[PMMo11] and [PMW11] (M 5 first row transition metal),
it was shown that the splitting ∆ν decreases when the metal
M interacts more strongly with the oxygen atom of the PO4

tetrahedron.[7] For lacunary or substituted unsymmetrical
Dawson species, the situation is more intricate due to the
overlap of vibrational absorption bands arising from two
different PO4 tetrahedra; in favorable cases, however, it is
possible to discriminate between the bands arising from the
unperturbed subunit PW9 and those arising from the
PWxMy moiety.[8] For example, α-P2W15, like α-P2W18, ex-
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Figure 2. Comparison of the IR spectra (KBr) of the hydrated
sandwich compounds Zn4P4W30, Fe2P4W30, Fe4P4W30, and of
their precursors

hibits two bands at around 1080 and 1010 cm21 (assigned
to PW9), as well as an additional band at high wavenumbers
(1131 cm21), which can be attributed to the PW6 subunit.
The corresponding vibrational mode may be described as a
stretching of the P2Oter bond along the ternary axis (A1-
type in the C3v point group) and the relatively high fre-
quency is related to the large force constant of this bond,
which has some P5O double bond character. This band
is not observed for the sandwich compounds M4P4W30, in
agreement with the fact that the oxygen atom has con-
tracted bonds with some M atoms, which results in a de-
crease of the kP2O force constant. Actually, it appears that
the band associated with the PW6 subunit is correspond-
ingly shifted to low wavenumbers and all of the tetrametal-
lic sandwich compounds, except for Fe4P4W30, exhibit a
band at about 1055 cm21. The IR spectra of the Mn, Co,
Ni, Cu, Zn, and Cd derivatives are nearly identical, which
indicates a structural similarity throughout the whole
M4P4W30 series. Finally, we note that terminal W2O and
bridging W2O2W stretching bands are located in the
range 9702700 cm21, at lower wavenumbers than for the
parent saturated α-P2W18 anion.

Let us return to the case of the iron compounds: in the
phosphate stretching region, the IR spectrum of Fe4P4W30

exhibits the same pattern as that of P2W18, and no band is
present at around 1060 cm21 (Figure 2). This indicates that
both PO4 groups in the PW6 and PW9 moieties are becom-
ing nearly equivalent, most probably because of the
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stronger M2O interaction exerted by the trivalent Fe31

ions as compared with those of the divalent Mn21, Co21,
Ni21, Cu21, Zn21, and Cd21 cations. For [Fe2P4W30], how-
ever, only two iron atoms may interact with the oxygen
atom of the phosphate, which is insufficient to restore the
equivalence of the two PO4 groups belonging to the two
subunits; this accounts for the presence of the small absorp-
tion band at almost the same wavenumber as seen for the
MII

4 P4W30 species.

31P NMR Characterization
31P NMR spectroscopy is particularly well-suited for

checking the purities of polyoxometallate species and for
characterizing the nature of the substituting elements. The
31P NMR spectroscopic data for the sandwich complexes
[M4(H2O)2(P2W15O56)2]162 (M 5 Mn21, Co21, Ni21,
Cu21, Zn21, and Cd21), [FeIII

4 (H2O)2(P2W15O56)2]122 and
[(H2O)2Na2FeIII

2 (P2W15O56)2]162 (Fe2P4W30), and their par-
ent compounds are reported in Table 1. The 31P NMR spec-
tra of the diamagnetic species Cd4P4W30 and Zn4P4W30

show two lines, consistent with the presence of a single iso-
mer (Figure 3); the most shielded line, at about δ 5 214, is
assigned to P(2) of the PW9 unit. The deshielded line, at
about δ 5 24, corresponds to P(1) in the PW6M3 unit; its
integrated intensity appears smaller than that of P(2) be-
cause of a slow relaxation rate (large T1).

In comparison with the diamagnetic complexes, the spec-
tra of the paramagnetic compounds are characterized by
broad signals and large frequency shifts. For paramagnetic
species, the signals can be assigned according to the follow-
ing rule: the most broadened and shifted resonances corre-
spond to the atoms nearest to the paramagnetic centers.
Then, for each sandwich compound, the sharper line, with
a chemical shift close to those seen for diamagnetic metallo-
phosphates (between δ 5 120 and δ 5 220) is assigned to
P(2), the P atom furthest from the Mn1 ions. The P(1)
atom, which is very close to the paramagnetic elements, is
responsible for the broad and strongly deshielded reso-
nances. For Ni4P4W30, the broadening of the P(1) signal
makes the line difficult to discern accurately from base-line
artifacts. Figures 1, 3, and 4 show typical 31P NMR spectra
of M4P4W30 and Fe2P4W30 Dawson sandwich complexes.

For the series of sandwich complexes, the observed line
widths, ∆ν1/2, for the P(1) resonance are as follows: for the
diamagnetic Zn21 and Cd21 complexes the signal is very
narrow (∆ν1/2 , 5 Hz); for Co21 complexes it is relatively
narrow (∆ν1/2 5 420 Hz), while for tetrametallic Fe31 and
Ni21 complexes it is very broad (∆ν1/2 5 2500 Hz and
3400 Hz, respectively). In the case of Cu21 and Mn21, as
well as for the diiron species, the signals from P(1) are pro-
bably too broad to be observed. As a consequence, the spec-
tra of these complexes feature only one resonance, corre-
sponding to the P(2) atom.

The same trend in line width is also observed for the P(2)
signal (the P atom furthest from the Mn1 ions). The line
width ∆ν1/2 for P(2) varies as follows: for the diamagnetic
Zn21 and Cd21 complexes the signal is very narrow (∆ν1/2

, 3 Hz), it remains relatively narrow for Co21 and Ni21 (in
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Figure 3. 121.5 MHz 31P NMR spectra of various M4P4W30 species
(0.02  in 0.5  aqueous LiCl); experimental conditions for the left
part: spectral width 166 kHz; pulse width 2 µs (ca. 40° flip angle);
4K data points; acquisition time 13 ms; ca. 70K transients acquired
without relaxation delay; line-broadening factor 80 Hz; experi-
mental conditions for the right part: Cd4P4W30 and Zn4P4W30:
spectral width 2.5 kHz; 8K data points; acquisition time 1.6 s; ca.
300 transients acquired without relaxation delay; line-broadening
factor 0.6 Hz; Mn4P4W30, Ni4P4W30, and Cu4P4W30: spectral width
6 kHz; 4K data points; acquisition time 0.3 s; ca. 2000 transients
acquired without relaxation delay; line-broadening factor 20 Hz
(Mn), 3 Hz (Ni), and 10 Hz (Cu)

the range 15220 Hz), but is markedly broadened for Mn21

(∆ν1/2 5 130 Hz) and for the diiron species (∆ν1/2 5
220 Hz). For Cu21 and for the tetrairon species, the signal
is of intermediate width (∆ν1/2 5 60 Hz and 55 Hz, respect-
ively).

A similar variation in 31P line width has previously been
observed by Baker et al. for Keggin and Dawson monosub-
stituted polytungstates.[9] Baker noted that complexes con-
taining paramagnetic ions with orbitally nondegenerate
ground states (i.e. Mn21, 6A1g) are those giving very broad
31P signals. Orbitally nondegenerate states have long elec-
tronic relaxation times, which lead to very fast nuclear re-
laxation of the nearby nuclei (short T1 and T2). Therefore,
in accordance with the relationship ∆ν1/2 5 1/πT2, the
NMR resonances are very broad. On the contrary, for or-
bitally degenerate ground states, such as Co21 (4T1g), the
fast electronic relaxation rate leads to relatively slow nuclear
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Figure 4. 121.5 MHz 31P NMR spectra of Fe4P4W30 and
Na2Fe2P4W30 (0.02  in 0.5  aqueous LiCl); experimental condi-
tions for the left part: spectral width 166 kHz; pulse width 2 µs (ca.
40° flip angle); 4K data points; acquisition time 13 ms; ca. 70K
transients acquired without relaxation delay; line-broadening fac-
tor 80 Hz; experimental conditions for the right part: spectral width
10 kHz; 4K data points; acquisition time 0.2 s; ca. 3000 transients
acquired without relaxation delay; line-broadening factor 10 Hz
(Fe4P4W30) and 10 Hz (Na2Fe2P4W30)

relaxation, which explains the relatively narrow NMR
lines.[9]

pKa Determination

In the sandwich compounds, the sixth coordination posi-
tion of the external metal atoms is occupied by a labile
water molecule. According to the pH, this aqua ligand can
be easily deprotonated, successively giving the hydroxo-
aqua and the dihydroxo forms [Equations (2) and (3)].

MII
4 (H2O)2P4W30O112

162 1 H2O r
R (2)

MII
4 (H2O)(OH)P4W30O112

172 1 H3O1 pKa1

MII
4 (H2O)(OH) P4W30O112

172 1 H2O r
R (3)

MII
4 (OH)2P4W30O112

182 1 H3O1 pKa2

The dihydroxo forms of the MII sandwich complexes
were obtained directly from their syntheses in neutral solu-
tions, except in the case of the CoII species. For the titration,
the hydroxo-aqua form of Co4P4W30, as obtained from the
synthesis at ca. pH 3, was initially converted to its dihy-
droxo form by adding a stoichiometric amount of NaOH.

Acidification curves of the dihydroxo complexes do not
depend on the concentration and show the successive pro-
tonation of the two hydroxo groups. Actually, the diacid
character of the sandwich complex could be confirmed by
a pH jump in the presence of two equivalents of HNO3.
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The titration curves are characteristic of diacid behavior
where pKa1 and pKa2 are close.

Ka1 and Ka2 were calculated from experimental points us-
ing the following relationship (A):

where x is the number of mol of HNO3 per mol of complex.
The values of pKa1 and pKa2 are reported in Table 2.

Table 2. Acidity constants for the sandwich species M4P4W30 and
Fe2P4W30

Compound pKa1 pKa2

Mn4P4W30 3.5 6 0.1 5.3 6 0.1
Fe4P4W30 3.6 6 0.1 5.6 6 0.1
Fe2P4W30 3.6 6 0.1 5.6 6 0.1
Co4P4W30 3.5 6 0.1 5.3 6 0.1
Ni4P4W30 2[a] 2[a]

Cu4P4W30 3.2 6 0.1 5.0 6 0.1
Zn4P4W30 3.2 6 0.1 5.2 6 0.1
Cd4P4W30 3.6 6 0.1 5.4 6 0.1

[a] Degradation occurred during the titration.

In the case of iron(III) complexes, as their syntheses were
conducted in acidic solutions, they were obtained as diaqua
species. Therefore, their acidity constants were determined
from the titration of their diaqua forms with NaOH. This
corresponds to the successive deprotonation of the two
aqua ligands. pKa1 and pKa2 were obtained by analysis of
the basification curves using the following relationship (B):

where x is the number of mol of NaOH per mol of complex.

Electrochemistry

General Electrochemical Behavior

The electrochemical behavior of sandwich complexes of
the composition [M4(H2O)2(P2W15O56)2]162 (M4P4W30)
was mainly studied in aqueous solutions by cyclic voltam-
metry (CV). M4P4W30 complexes are stable in aqueous me-
dia in the pH range 126 (with the exception of the
Ni4P4W30 sandwich, for which slow degradation was ob-
served during the titration).

Beyond this pH range, the complexes become unstable
due to hydrolytic decomposition.

These sandwich complexes exhibit at least three succes-
sive processes involving W in a negative potential range.
Some of them also undergo redox reactions originating
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from the substituent transition metal (M), such as the re-
duction of FeIII and CuII at less negative potentials and the
oxidation of MnII at a more positive potential. In general,
the reduction of heteropolyanions is accompanied by pro-
tonation at low pH, and hence the pH of the solution has
a great effect on the electrochemical behavior of the sand-
wich. For the three couples corresponding to oxo W-based
reduction, the cathodic peak currents are almost propor-
tional to the square root of the scan rate up to 500 mV s21,
which indicates that the electrode reaction of M4P4W30 is
diffusion controlled.

All electrochemical data acquired at pH 2.52 are gathered
in Table 3 and typical cyclic voltammograms are presented
in Figures 529.

M4P4W30 Complexes with Electrochemically Silent
Heterometallic Ions, M 5 Co21, Ni21, Zn21, Cd21

The electrochemical behavior of all M4P4W30 complexes
with M 5 Co21, Ni21, Zn21, or Cd21 is very similar. There-
fore, only the characteristics of the Co compound will be
described in detail. CVs of Co4P4W30 in aqueous solutions
at pH 2.52 are presented in Figure 5. Co4P4W30 is stable in
aqueous solution in the pH range 126. At pH . 6, the
cyclic voltammogram becomes ill-defined and the peak cur-
rent is much smaller; such an observation has previously
been reported by Dong et al. in relation to Keggin-type
polyoxometallates;[10] this behavior may be due to a repul-
sion of the 182 charge of Co4P4W30 at the glassy carbon
electrode surface.

In the pH range 126, three well-defined redox waves ori-
ginating from the oxo-tungsten framework are seen between
20.30 and 20.95 V. These three redox couples with equal
heights all relate to four-electron reaction processes, as de-
termined by coulometry. At more acidic pH (in the range
123), the redox potentials of the three four-electron waves
become more negative; the first and the last four-electron
waves for M 5 Co21 or Ni21 split into two two-electron
waves (see B in Figure 5). Thus, in the pH range 123, the
formal potentials of all three pairs of waves are pH depen-
dent; the slopes of plots of the formal potentials vs. pH lie
in the range 80295 mV per pH unit, which indicates the
addition of two or four H1 ions to the reduced form of
each redox couple. Above pH 3, the formal potentials for
the two first redox couples are influenced by pH to a lesser
degree, and they are shifted only slightly to more negative
values with increasing pH. On the contrary, the formal po-
tential of the third redox process is shifted slightly in the
positive direction at pH . 3. These results show that H1

does not participate in the redox reaction at pH . 3.
In addition, a fourth reduction wave is observed in the

more negative range, between 21.00 and 21.20 V. It is an
irreversible multi-electron wave that overlaps with the hy-
drogen evolution, and is not shown in the figure. In the
more positive potential range between 11.60 and 20.30 V,
however, no redox waves are observed, suggesting that the
four sandwich complexes with Co, Ni, Zn, and Cd divalent
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Table 3. Electrochemical data for the sandwich species M4P4W30 and Fe2P4W30

Compound[a] W(1) W(2) W(3) FeIII/II MnIV/II MnIV/III MnIII/II Cu(ox) Cu(red)

Mn4P4W30 20.404 (4e) 20.533 (4e) 20.733 (4e) 2 1.000 (8e) 0.800 (4e) 0.004 (4e) 2 2
Fe4P4W30 20.352 (2e) 20.517 (4e) 20.735 (4e) 0.187 (1e) 2 2 2 2 2

20.403 (2e) 0.110 (1e)
20.028 (2e)

Fe2P4W30 20.350 (2e) 20.530 (4e) 20.755 (4e) 20.060 (1e) 2 2 2 2 2
20.407 (2e) 20.164 (1e)

Co4P4W30 20.354 (2e) 20.534 (4e) 20.788 (2e) 2 2 2 2 2 2
20.416 (2e) 20.837 (2e)

Ni4P4W30 20.366 (4e) 20.472 (4e) 20.755 (4e) 2 2 2 2 2 2
Cu4P4W30 20.295[b] 2 2 2 2 2 2 Epa 5 20.004 Epc 5 20.150

20.353[b]

Zn4P4W30 20.358 (4e) 20.583 (4e) 20.748 (4e) 2 2 2 2 2 2
Cd4P4W30 20.400 (4e) 20.703 (4e) 20.779 (4e) 2 2 2 2 2 2
αP2W15 20.590 (4e)[c] 20.812 (2e)[c]

20.52 (4e)[d] 20.78 (2e)[d]

[a] All redox potentials E°9, approximated by (Epa 1 Epc)/2 for the reversible steps, are given in V vs. SCE as obtained from cyclic
voltammetry (v 5 20 mV s21) in 0.5  Na2SO4 1 H2SO4 (pH 2.52). [b] Irreversible. [c] In 0.1  acetic acid/lithium acetate buffer, GC
electrode. [d] In 1  acetic acid/lithium acetate buffer, Hg electrode.

Figure 5. (A) Cyclic voltammograms of 1 m Co4P4W30 in 0.5 
Na2SO4 1 H2SO4 at pH 2.52 with different negative potential
limits: 20.30 V, 20.45 V, 20.70 V, and 20.90 V; scan rate
20 mV s21; inset: differential pulse voltammetry; scan rate
25 mV s21; (B) half-wave potential vs. pH plots for the first (j),
second (m), and third tungsten redox couples (.)

transition metal cations are not electroactive under our ex-
perimental conditions.
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Fe2P4W30 and M4P4W30 Complexes with Electroactive
Substituent Metals, M 5 Mn21, Cu21, Fe31

[Mn4(H2O)2(P2W15O56)2]162 (Mn4P4W30): CVs of the
compound (Mn4P4W30) at pH 2.52 are shown in Figure 6.

Three couples of oxo-tungsten based reduction processes
can be seen at negative potentials in Figure 6, close to those
of other M4P4W30 species (M 5 Co, Ni, Zn, and Cd). The
fourth reduction wave is a multi-electron wave that overlaps
with the hydrogen evolution and is not shown in the figure.
A new pair of redox process is observed at positive poten-
tials of 1.00 V for oxidation and 0.80 V for reduction, which
must correspond to the Mn-centered reaction (see B in Fig-
ure 6).[11] Controlled-potential electrolysis oxidation at
11.20 V (pH 2.52) resulted in the passage of 8.2 electrons
per molecular anion, whereas subsequent reduction at
10.60 V consumes 4.2 electrons. These results show that the
Mn-centered anodic peak corresponds to an eight-electron
process, which suggests simultaneous oxidation of the four
MnII heterometals to MnIV at 11.00 V and reduction of
MnIV to MnIII at 0.80 V. When the pH is increased, the
peak potentials of both W- and Mn-centered redox waves
of Mn4P4W30 shift in the negative direction, indicating that
they are all accompanied by protonation. Additionally, a
new cathodic peak appears at 20.08 V.

Figure 6 (A) shows that the appearance of the new ca-
thodic peak is closely related to the Mn oxidation state.
This new cathodic peak appears in the CVs only after the
Mn-centered redox wave. It can be seen that as the precon-
ditioning time at 11.00 V increases, the new cathodic peak
at 20.08 V grows gradually, the peak current of the first
Mn-centered reduction at 0.80 V increases simultaneously,
while the W-based peak currents remain unchanged.

Similar results have also been obtained for α2-MnP2W17

and ZnW11Mn polyanions.[10] The present results suggest
the oxidation of MnII to MnIV at ca. 1.00 V followed by the
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Figure 6. (A) Cyclic voltammograms of 1 m Mn4P4W30 in 0.5 
Na2SO4 1 H2SO4 at pH 2.52; scan rate 10 mV s21; the arrows in-
dicate the sweep direction; (B) cyclic voltammograms of 1 m
Mn4P4W30 in 0.5  Na2SO4 1 H2SO4 at pH 2.52 with different
negative potential limits: 20.45 V, 20.65 V, and 20.95 V; scan
rate 10 mV s21

reduction of MnIV to MnIII at ca. 0.80 V and reduction of
MnIII to MnII at ca. 20.08 V on the reverse scan.

[FeIII
4 (H2O)2(P2W15O56)2]122 (Fe4P4W30): This species is

stable in aqueous solution in the pH range 0.2426.0, but at
pH . 4 the cyclic voltammogram becomes ill-defined and
the peak current is much smaller. No redox process is seen
between 0.30 and 1.60 V; on the cathodic part, three or (de-
pending on the pH) four FeIII/II reduction waves and three
W reduction waves are observed. The positions of these
three tungsten oxo reduction waves were studied as a func-
tion of pH; the formal potentials were found to shift by
87295 mV per pH unit, which indicates the addition of one
or two protons to the reduced forms of each redox couple.

In contrast, the three Fe-centered waves are almost pH
independent. These results show that H1 does not partici-
pate in the Fe-centered redox reaction in the pH range
0.2426.00. At pH 2.52, two reversible one-electron and one
reversible two-electron waves appear (Figure 7) with E°9

values of 10.187 V, 10.110 V, and 20.028 V (∆Ep 5 74,
68, and 112 mV, respectively). Controlled potential electro-
lysis at 20.20 V in a medium at pH 2.52 and under continu-
ous argon bubbling indicated the involvement of 4.10 elec-
trons per molecule.
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Figure 7. (A) Cyclic voltammograms of 1 m Fe4P4W30 in 0.5 
Na2SO4 1 H2SO4 at pH 2.52 with different negative potential
limits: 20.13 V, 20.30 V, 20.39 V, 20.47 V, 20.69 V, and 20.95 V;
scan rate 20 mV s21; inset: differential pulse voltammetry; scan rate
25 mV s21; (B) half-wave potential vs. pH plots for the FeIII/II redox
couples (d and .) and the first (r), second (j), and third tungsten
redox couples (d)

The reduction processes of Fe4P4W30 can be represented
as follows [Equations (4)2(6)].

[FeIII
4 (H2O)2(P2W15O56)2]122 1 e2 r

R (4)
[FeIII

3 FeII(H2O)2(P2W15O56)2]132

[FeIII
3 FeII(H2O)2(P2W15O56)2]132 1 e2 r

R (5)
[FeIII

2 FeII
2 (H2O)2(P2W15O56)2]142

[FeIII
2 FeII

2 (H2O)2(P2W15O56)2]142 1 2e2 r
R (6)

[FeII
4 (H2O)2(P2W15O56)2]162 (at pH , 3.5)

[(H2O)2Na2Fe2(P2W15O56)2]162 (Fe2P4W30): This species
is stable in aqueous solution in the pH range 0.2427.00. As
shown in Figure 8, at pH 2.52 it also exhibits three four-
electron waves at negative potentials close to those of
M4P4W30 (M 5 Co, Ni, Zn, and Cd). The positions of these
three tungsten oxo reduction waves were found to be pH
dependent. The slopes of plots of the formal potential vs.
pH vary in the range 55280 mV per pH unit. This is indic-
ative of the addition of four protons to the reduced forms
of each redox couple.
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Figure 8. (A) Cyclic voltammograms of 1 m Na2Fe2P4W30 in
0.5  Na2SO4 1 H2SO4 at pH 2.52 with different negative potential
limits: 20.13 V, 20.30 V, 20.39 V, 20.47 V, 20.69 V, and 20.95 V;
scan rate 20 mV s21; (B) half-wave potential vs. pH plots for the
FeIII/II redox couples (j), and the first (d), second (m), and third
tungsten redox couples (.); inset: the voltammograms are re-
stricted to the first waves of the cathodic patterns, which corre-
sponds to the FeIII/II couples; solid line: pH 2.52; dotted line: pH
0.24

As for Mn4P4W30, other redox processes can be identified
at more positive potentials: at pH 2.52, two reversible one-
electron waves are observed at 20.060 V and 20.164 V
(∆Ep 5 66 and 68 mV, respectively). Controlled-potential
coulometry at 20.245 V in a medium at pH 2.52 and under
continuous argon bubbling and stirring consumes 2.10 elec-
trons per molecule, consistent with the reduction of the two
FeIII cations.

These waves must thus be attributed to the successive re-
duction of both Fe31 cations.[12] The couple FeIII/FeII in
Fe2P4W30 remains fully reversible in the pH range
0.2427.00, as shown in the inset of Figure 9 and the E vs.
pH diagram (B in Figure 8). The stability of Fe2P4W30 was
checked by comparison of the CVs obtained immediately
after the preparation of the solution and after it had been
set aside for at least 4 hours. No variation in current intens-
ities or in the potentials of the different waves was observed;
this reproducibility was considered as a sufficient test of the
stability of Fe2P4W30 complexes in these media. The peak
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Figure 9. (A) Cyclic voltammograms of 1 m Cu4P4W30 in 0.5 
Na2SO4 1 H2SO4 at pH 4.57; scan rate 20 mV s21; (1) without
NaCl (—), (2) in the presence of 0.1  NaCl (----), and (3) in the
presence of saturated NaCl (-.-); (B) evolution of the voltammog-
rams (Cu-centered reduction, CuII/CuI) with increasing chloride
ion concentration: 1. 0.1  NaCl; 2. 0.2  NaCl; 3. 0.4  NaCl; 4.
0.8  NaCl; 5. 1.2  NaCl; 6. 1.6  NaCl; 7. 2.0  NaCl; 8. 2.8 
NaCl; 9. saturated solution of NaCl; scan rate 20 mV s21; pH 4.57;
(C) plot of Ef 5 (Epa 1 Epc)/2 vs. pCl (scan rate 20 mV s21, pH
4.57)

currents for the tungsten-based reduction waves and the
metal-based reduction waves were seen to vary linearly with
the square root of the scan rate up to 500 mV s21 at pH
2.52, which indicates that the electrode reaction is a dif-
fusion-controlled process.

At more acidic pH, i.e. in the pH range 0.2423.50, Fe-
centered redox waves show a negative shift, indicating that
they are all accompanied by protonation. It could be shown
that the variations in the potentials were of the order of
50255 mV per pH unit (B in Figure 8), which corresponds
to the exchange of one proton.
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This result is rather unusual in the case of the Fe-centered

redox processes, for which, at low pH, the redox potential
is generally almost pH independent.[12c,13]

Assuming that Fe2P4W30 has the molecular structure re-
cently reported by Hill et al.,[3i,3j] with the two external sites
of the sandwich structure occupied by Na1 cations, the un-
usual pH dependence can be tentatively explained as fol-
lows [Equation (7)2(8)].

At pH , 3.50:

[(H2O)2Na2FeIII
2 (P2W15O56)2]162 1 e2 1 H1 r

R (7)
[(H2ONa)(H3O)FeIIIFeII(P2W15O56)2]172 1 Na1

[(H2ONa)(H3O)FeIIIFeII(P2W15O56)2]172 1
(8)

e2 1 H1 r
R [(H3O)2FeII

2 (P2W15O56)2]182 1 Na1

[Cu4(OH)2(P2W15O56)2]182 (Cu4P4W30): Figure 9 shows
CVs of 1 m Cu4P4W30 at pH 4.57. An irreversible broad
peak is observed at 20.15 V, along with an unusual sharp
redox anodic peak at about 0.04 V. Similar results have been
reported elsewhere for Dawson-type α2-P2W17Cu and
ZnW11Cu.[10]

The sharp anodic peak current increases with the precon-
ditioning time at 20.20 V vs. SCE and with the scan rate.
This redox wave is assigned to reduction and oxidation of
the transition metal Cu. It is reasonable to expect that both
the CuII and CuI cations within Cu4P4W30 will be destabil-
ized by the six-coordinate geometry imposed by the poly-
oxometallate framework, favoring reduction to Cu0. In fact,
upon reduction, deposition of metallic Cu is observed on
the glassy carbon electrode surface, which demonstrates the
irreversible dissociation of the complex into α-P2W15. The
anodic peak at 0.04 V should correspond to the reoxidation
of Cu0 to Cu21. The α-P2W15 anion is not stable in this
medium and therefore further decomposition occurs. This
accounts for the fact that the W-based waves are irreversible
and ill-defined.

Addition of chloride ions to the solution leads to dra-
matic changes in the electrochemical behavior of Cu4P4W30,
as shown in Figure 9 (B,C). The irreversible cathodic peak
at 20.15 V becomes reversible. As this wave, corresponding
to copper reduction, is well-separated from the tungsten
waves, it is reasonable to assume that this redox process
is associated with a CuII/CuI(Cl)n

(n21) couple. The redox
potential becomes more negative on increasing the chloride
ion concentration. Figure 9 (C) shows a plot of the formal
potential vs. pCl. The slopes amount to 64 mV per pCl unit
above pCl 5 1.8, 121 mV per pCl unit between 1.8 and 0.4,
and 177 mV for pCl , 0.4. These results suggest that the
Cu-centered reaction mechanism in presence of chloride
can be described by Equations (9)2(11).

[CuII
4 (H2O)(OH)(P2W15O56)2]172 1 4e2 1 4 Cl2 r

R

[CuI
4Cl4(P2W15O56)2]242 1 OH2 1 H2OE1

09 (9)
[CuI

4Cl4(P2W15O56)2]242 r
R 4CuICl(s) 1 2 α-[P2W15O56]122
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[CuII
4 (H2O)(OH)(P2W15O56)2]172 1 4e2 1 8 Cl2 r

R 4CuICl22 1
(10)

2 α-[P2W15O56]122 1 OH2 1 H2O E2
09

[CuII
4 (H2O)(OH)(P2W15O56)2]172 1 4e2 1 12 Cl2 r

R (11)
4CuICl322 1 2 α-[P2W15O56]122 1 OH2 1 H2O E3

09

The six-coordinate geometry imposed by the poly-
oxoanion framework might favor the extraction of the
stable CuICln(n21) complex, where n 5 1, 2, or 3.

Apparent standard potentials can be calculated from the
Ef vs. pCl plot: E1

09 5 20.217 V, E2
09 5 20.109 V, and

E3
09 5 20.086 V.

Summary and Concluding Remarks

It is well-known from the literature that the reaction of α-
[P2W15O56]122 with divalent cations M21 leads to sandwich
complexes of the general formula [M4(H2O)2-
(P2W15O56)2]162 (M4P4W30). However, in the case of the
FeIII and CoII complexes, preparations according to the lit-
erature methods, that is in neutral media, invariably give a
mixture of several species. In contrast, we have shown that
performing the synthesis at low pH leads exclusively to one
major isomer with high purity.

The electrochemical behavior of the M4P4W30 com-
pounds has been investigated systematically at various pH
values. All the compounds exhibit three couples due to W-
centered reduction processes with slightly different peak po-
tentials from one complex to the next. Two types of sand-
wich complexes can be distinguished:

(i) For those with CoII, NiII, ZnII, and CdII, the metal-
lic centers are electrochemically silent in the potential do-
mains explored in this work.

(ii) For those with MnII, FeIII, and CuII, redox reactions
originating at the metals M are seen.

The MnII complex shows an oxidation and two reduction
processes, which correspond to oxidation of MnII to MnIV,
followed, in the reverse scan, by the reduction of MnIV to
MnIII and reduction of MnIII to MnII. The compound
Cu4P4W30 exhibits a deposition process accompanied by
decomposition of the copper complex. Extraction of the
copper(I) complexes CuICln(n21) (n 5 123) can also be ob-
served upon reduction of the polyoxoanions in the presence
of chloride ions.

Finally, the compounds [Fe4(H2O)2(P2W15O56)2]122 and
[(H2O)2Na2Fe2(P2W15O56)2]162 both exhibit Fe-centered
redox processes prior to reductions of the polyanions. Split-
ting of this wave often occurs.

This series of sandwich polyoxoanion complexes would
appear to be quite promising in relation to electrocatalytic
reactions; in particular, the MnII sandwich complex is a po-
tential candidate for both oxidative and reductive catalysis.
[(H2O)2Na2Fe2(P2W15O56)2]162 also appears to be quite
promising and may find application in the preparation of
pure mixed sandwich complexes of the type
[MII

2 FeIII
2 (H2O)2(P2W15O56)2]142.
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Electrocatalytic processes of this type, both in aqueous

solution and in organic media, and the preparation of new
[MII

2 FeIII
2 (H2O)2(P2W15O56)2]142 complexes are currently

under investigation.

Experimental Section

General: Most common laboratory chemicals were reagent grade,
as purchased from commercial sources, and were used without fur-
ther purification.

Preparation of the Compounds: The potassium salt of α-
[P2W18O62]62 and the sodium salt of α-[P2W15O56]122 were pre-
pared by published methods.[2] An extensive series of tetranuclear
divalent Dawson-derived sandwich complexes of the formula
[M4(H2O)2(P2W15O56)2]162 (where M 5 MnII, NiII, ZnII, CdII)
were prepared as described elsewhere.[3] All samples were recrystal-
lized as described in the original procedures and were characterized
by IR spectroscopy and 31P NMR spectrometry.

Na16[(H2O)2Na2Fe2(P2W15O56)2]·53H2O·4NaCl: FeCl3·6H2O
(0.34 g, 1.25 mmol) was dissolved in 1  aq. NaCl/0.1  aq. HCl
(pH 1) (50 mL) with stirring. α-Na12P2W15O56·24H2O (5.00 g,
1.13 mmol) was then added under vigorous stirring. The solution
was heated at 80 °C until the volume had been reduced to ca.
12.5 mL. It was then filtered hot and the filtrate was left to stand
in air. After evaporation of the solvent, 1  aq. NaCl (5 mL) was
added with stirring. A yellow solid was precipitated, which was
collected by filtration and dried in air; yield 3.49 g (0.38 mmol;
67%). Cl4Fe2Na22O112P4W30·55H2O: calcd. Fe 1.22, P 1.35, W
60.08, H2O 10.79; found Fe 1.24, P 1.35, W 59.89, H2O 10.76.

The purity of the compound was checked by 31P NMR in D2O,
which showed a single resonance [P(2)] at δ 5 211.2 (∆ν1/2 5 220
Hz). The signal of the phosphorus atom nearest to the paramag-
netic FeIII ions [P(1)] was not observed.

Na11H[FeIII
4 (H2O)2(P2W15O56)2]·45H2O: This complex was pre-

pared as follows by a modification of the literature method:[3i]

FeCl3·6H2O (0.82 g, 3.01 mmol) was dissolved in 1  NaCl/0.1 

HCl (pH ø 1) (40 mL) with stirring. α-Na12P2W15O56·24H2O
(6.00 g, 1.36 mmol) was then slowly added under vigorous stirring.
The solution was heated at 80 °C until the volume had been re-
duced to ca. 12.5 mL. It was then filtered hot and the filtrate was
left to stand in air. After evaporation of the solvent, 1  aq. NaCl
(5 mL) was added with stirring. A yellow solid precipitated, which
was collected by filtration, dried in air, and recrystallized from 2 

aq. NaCl; yield: 3.09 g (0.35 mmol; 52%).
Fe4Na11HO112P4W30·47H2O: calcd. Fe 2.55, P 1.41, W 63.00, H2O
9.67; found Fe 2.69, P 1.38, W 62.98, H2O 9.78.

The purity of the compound was checked by 31P NMR, which
showed two resonances at δ 5 211.7 [P(2); ∆ν1/2 5 55 Hz] and δ 5

1915 [P(1); ∆ν1/2 5 2500 Hz].

Na17[Co4(H2O)(OH)(P2W15O56)2]·51H2O·2NaCl: Co(NO3)2·6H2O
(0.73 g, 2.25 mmol) was dissolved in 1  aq. NaCl/0.1  aq. HCl
(50 mL) with stirring. α-Na12P2W15O56·24H2O (5.00 g, 1.13 mmol)
was then slowly added under vigorous stirring. The solution was
heated at 40 °C for 15 min (pH 3), then filtered hot and the filtrate
was left to stand in air. After evaporation of the solvent, 1  aq.
NaCl (5 mL) was added with stirring. A pale green-brown solid
was precipitated, which was collected by filtration and dried in air;
yield 3.99 g (0.44 mmol, 78%). Cl2Co4Na18P4W30O112·OH·52H2O:
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calcd. Co 2.59, P 1.35, W 60.34, H2O 10.87; found Co 2.77, P 1.30,
W 60.10, H2O 11.16.

The purity of the compound was checked by 31P NMR, which
showed two resonances at δ 5 9.9 [P(2); ∆ν1/2 5 20 Hz] and δ 5

1483 [P(1); ∆ν1/2 5 420 Hz].

Na16Cu[Cu4(OH)2(P2W15O56)2]·53H2O: This complex was pre-
pared, as follows, by a method slightly different from that reported
elsewhere:[3c] CuCl2 (0.35 g, 2.50 mmol) was dissolved in 1  aq.
NaCl (50 mL) with stirring. α-Na12P2W15O56·24H2O (5.00 g,
1.13 mmol) was then slowly added under vigorous stirring. The so-
lution was heated at 40 °C until the P2W15 had completely dis-
solved. It was then filtered hot and the filtrate was left to stand in
air for one day at room temperature and then cooled to 5 °C. Pale-
green crystals were deposited after two days, which were collected
by filtration and dried in air; yield (3.20 g, 0.35 mmol, 62%).
Cu5Na12O112P4W30·2(OH)·53H2O: calcd. Cu 3.52, P 1.37, W 60.87,
H2O 10.58; found Cu 3.43, P 1.37, W 60.88, H2O 10.26.

The purity of the compound was checked by 31P NMR, which
showed a single resonance at δ 5 216.2 (∆ν1/2 5 60 Hz). This line
was assigned to P(2), the more distant P atom from the CuII center.
The signal from the phosphorus atom designated P(1) nearest to
the paramagnetic CuII ions was not observed.

NMR, IR, and Potentiometric Measurements: 31P NMR spectra
were recorded from sample solutions in 5 mm o.d. tubes on a
Bruker AC 300 spectrometer operating at 121.5 MHz in Fourier-
transform mode (equipped with a QNP probe for 31P NMR). The
31P chemical shifts were measured at 300 K using 0.02  solutions
of the polyanions in 0.5  aqueous LiCl (50% D2O) solutions and
were referenced to external 85% H3PO4 (IUPAC convention) by
the substitution method.

IR spectra were recorded on a Bio-Rad FTS 165 FTIR spectropho-
tometer from samples in KBr pellets.

Potentiometric measurements were made on a Tacussel PHN330T
pH meter. Constant ionic strength (µ 5 0.1 , NaNO3) was used
in the titrations. In potentiometric titrations, the dilution was less
than 2%.

Electrochemical Experiments

Chemicals, Equipment, and Apparatus: Pure water was used
throughout. It was obtained by passing water through a Milli-RO4

unit and subsequently through a Millipore Q water purification set.
H2SO4 and Na2SO4 were commercial products (Prolabo). The pH 2
electrolyte was made up from 0.5  Na2SO4 and the pH was ad-
justed by the addition of 0.5  (H2SO4 1 Na2SO4). Other pHs
were obtained by the addition of H2SO4 or NaOH (Prolabo) as
appropriate. The solutions were thoroughly deaerated for at least
30 min by bubbling pure argon and were kept under argon pressure
during the experiments.

The source, mounting, and polishing of glassy carbon (GC, Tokai,
Japan) have been described previously.[14] The glassy carbon
samples for use as electrodes had a diameter of 3 mm. The electro-
chemical set-up consisted of an EG&G 273 A potentiostat driven
by a personal computer with 270 software. Potentials are quoted
with respect to a saturated calomel electrode (SCE). The counter-
electrode was a platinum gauze of large surface area. All voltam-
metric experiments were carried out at room temperature.

Analyses: Elemental analyses were performed by classical gravi-
metric, potentiometric, and spectrophotometric methods.
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The anions were first decomposed in boiling concentrated hydro-
chloric acid solution. Tungsten and phosphorus were then precipit-
ated together by adding cinchonium hydrochloride. They were de-
termined simultaneously as WO3 and P2O5 by gravimetry after cal-
cination of the cinchonium salt. Cobalt, which remained in the fil-
trate, was complexed with ammonia and then titrated as
hexacyanocobaltate(III) complex by potentiometry. Phosphorus
was determined by spectroscopy of the molybdovanadophos-
phate.[15] Water content was determined by thermogravimetric ana-
lysis. The other metallic elements (Fe, Cu) were analyzed by atomic
absorption spectroscopy.

Supporting Information (see footnote on the first page of this article):
Comparison of the IR spectra (KBr) of the hydrated sandwich het-
eropolyanion series.
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