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A comparative study of the electrochemical behaviour of
several transition metal substituted polyoxotungstates in
acetonitrile solution with tetra-n-butylammonium per-
chlorate as a supporting electrolyte is presented. Tetra-n-
butylammonium salts of Keggin-type polyoxoanions, o-
[(C4Hg)sN]4H,[XW 11 M(H,0)O30]-nH,0, X =P, Si; M= Co,
Ni, M = Fe, Mn, x = 0-2, n = 0-2, and sandwich-type po-
lyoxoanions, o-B-[(C4Hg)sN];Hs[M,(H,0),(PWgOs34),], M' =
Co, Mn, have been studied by cyclic voltammetry and spec-
troelectrochemistry. Under the conditions used, the tungsten-
oxo framework of the metal substituted Keggin anions could
accept up to three electrons in quasi-reversible one-electron
consecutive processes. Comparison with the corresponding
lacunary anions is presented. Redox processes at the metal
centre have been detected for all metals M except Ni. For
the anions a-[XW{M(H,O)O30]™", the co-existence of spe-

cies with a different degree of protonation was deduced from
cyclic voltammetry results whenever protons were included
in the molecular formula. The influence of the solids' com-
position on the electrochemical results is stressed. For the
sandwich anions, cyclic voltammetry revealed redox pro-
cesses occurring on the W atoms and also on the metallic
belt. Two metal atoms in the belt of the o-B-
[Co4(H,0)5(PW¢Os34)2]'0~ anion could be electrochemically
oxidised to Co™ in two separate steps. A similar result was
observed for the Mn" analogue, but the corresponding first
step was not as well defined. Re-oxidation was only detected
for the Co anion. This work is the first comparative study of
the electrochemical behaviour of such transition metal sub-
stituted polyoxotungstates in an organic medium.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Transition metal substituted polyoxotungstates have at-
tracted special attention over the last two decades, due to
their wide range of potential applications,!! ~8 especially the
Keggin-type polyoxoanions a-[XW; M(L)O3]"~ (X = P,
Si, etc., M = transition metal and L = monodentate ligand,
abbreviated as XW;;M). These may be viewed as complexes
where the lacunary anion o-[XW;,039]"" (XW;) coordi-
nates the transition metal ion MP* in a pentadentate fa-
shion.’l A labile water molecule usually occupies the sixth
coordination position, giving a pseudo-octahedral environ-
ment around the metal M (Figure 1, A). The inorganic
tungsten-oxo framework is inert towards oxidation but can
accept reversibly up to four electrons.>-*) The metal M may
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also be involved in reversible redox processes. With this in
mind, several metal substituted Keggin anions have been
used as electrocatalysts to reduce pollutants such as NO,~

or NO,I'%1I and also to reduce H,O, and to oxidise al-
[12—16]

cohols or cleave aryl olefins.

Figure 1. Structure of the complexes a-[XW;;M(H,0)O3]"~ (A)
and 0-B-[M4(H,0),(PWyO34),}P~ (B). Each dashed octahedron
represents a MOg group and the open circles represent the oxygen
atom from a water molecule coordinated to M
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Another interesting type of complex of general formula
(X-B-[M4(H20)2(PW9034)2]p_, abbreviated as M4(PW9)2,
has a sandwich structure in which two sub-units o-B-
[PWyOs,4]°~ are linked to a belt of four metal ions®! (Fig-
ure 1, B). Because the several metal centres in these com-
plexes could be activated separately in redox processes,
studies on their potential as electrocatalysts are certainly
needed.

In addition to electrocatalysis, the above metal substi-
tuted polyoxotungstates are, in general, active in liquid-
phase oxidative catalysis, and several related reviews have
appeared.>~4 Their activity and selectivity depend on the
type of substrate, experimental conditions (oxidant, solvent,
temperature), and on the substituting metal.l>3! Studies on
the electrochemistry of such polyoxoanions in different sol-
vents may help in understanding their behaviour as oxidat-
ive catalysts. Numerous electrochemical studies have been
made, in aqueous media, of mono-substituted Keggin po-
lyoxotungstates with X = P, Si, such as for Mnl!6~ 11 and
Fe,[10:12.20.211 among other metals.>-?2724 Anions with X =
Zn have also been examined.?>2] Nevertheless, studies in
organic solution are scarce. Cyclic voltammetry in aceto-
nitrile has been reported for [PWHCu“O39] -,k
[HLSiW,,1(VO)O30] ¥, B [XW,;M(H,0)030]" ", X = P,
Si, Ge, B, M = Ru'"!, 29 ItV IHL30T [PW | TeOg0]* [3‘] and
[XW ReVVEVIQ, 14—, X = P (ReY), Si (Re"), B (ReV“).[32]
Also, co-solvent effects on the redox behaviour of the
[SiW,;Mn(H,0)O30]®~ anion have been analysed.l'”! For
the sandwich-type complexes My4(PWy), in acetonitrile,
studies on [Cuy(H,0)2,(PW¢O34),]'°" and [Fes(H,0),-
(PWyO34),]°” have been published.*”33 Studies of
Mny(PWy), in aqueous solution have also been per-
formed.'8:34 There is an obvious lack of information on
the electrochemistry of these two kinds of polyoxoanions
in organic solvents, considering that many redox catalysis
experiments are, in fact, performed in non-aqueous media,
such as acetonitrile or 1,2-dichloroethane.?3!

In this context, we have studied the electrochemical be-
haviour, in acetonitrile, of the anions [XW;,03]"~ and
[XW;M(H,0)O50]"~, X = P, Si, M = Co, Ni, Ml = Fe,
Mn, and [M4(H,0)>(PWyO14),]'°", M = Co, Mn. Experi-
ments were performed using TBA salts. Determination of
the diffusion coefficient in acetonitrile was attempted for
several polyoxoanions. The electrochemical behaviour of
the above-mentioned polyoxoanions in acetonitrile is, to
our knowledge, described for the first time in a systematic
way. In terms of catalysis, special interest has been paid to
reactions at the metal centres (Co, Fe, Mn).

Results and Discussion

Characterisation of the Tetrabutylammonium Compounds
TBA salts with [PW11039]7_ and [PW]]M(H20)039]m_

anions have Dbeen synthesised and characterised
previously.?3=31  The compounds with the anions
[SiW“M(HQO)Ogg]mi, MU = CO, Nl, M = Fe, Mn, have

four TBA cations in the molecular formula, and are iso-

620 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

structural. Their powder X-ray diffraction patterns were
similar to those of the P analogues with metals like Co™,
Ni'' or Fe'[3] indicating that the Si compounds crystallise
with the same body-centred cubic structure as the P-
anions.?*4% Conversely, the X-ray diffraction powder
pattern of TBA4H4SiW;;039] was identical to that
of the tetragonal phase of the corresponding
TBA,H;3[PW,,05].*!

The infrared spectra of the compounds with the sandwich
polyoxoanions, TBA;H;[M4(H,0),(PW¢03,),], M'I = Co,
Mn, were similar. The spectra of the present TBA salts dif-
fer from those of the corresponding potassium salts in the
Vas(P—0) and v,((W—0—W) region. The band due to the
P—O stretching vibration, at 1030—1040 cm™! for the pot-
assium salts of the polyoxoanions My(PWy),, M = Co,
Mn, ! presented a shoulder at higher wave-number in the
spectra of the TBA salts (Figure 2, a,b). Therefore, the TBA
counter-cations probably induce a larger distortion of the

central phosphate groups of the 0-B-[PWy034]'%" sub-
units.[42:43]
b
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Figure 2. IR spectra of (a) K;o[Mn4(H>0),(PW¢O34),]-23H,0 and
(b) [(C4Hg)4N];H;3[Mny(H,0)2(PWO34),]

General Electrochemical Behaviour of the Keggin-Type
Anions XW M (X = P, Si) in Acetonitrile

Cyclic voltammograms (CV) of the XW ;M anions in
acetonitrile exhibited, in the negative potential region, one
to three pairs of cathodic/anodic peaks corresponding to
the redox processes of tungsten atoms (Figure 3). The sub-
stituting metal was reduced for Fe'™ and Mn™! substituted
anions. The voltammetric results, including those obtained
for the lacunary XW;; anions, are summarised in Table 1.
For comparison, results for [XW;,04)7*", X = P, Si
(XW1,), under the same experimental conditions, are in-
cluded in Table 1. These are similar to previously published
values.['1:29-4445] Additionally, for M = Co'' (X = P, Si) and
Mn"' (X = Si), anodic waves at positive potentials were
observed, due to the oxidation of the metal M.
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Figure 3. Cyclic voltammetry at a glassy carbon working electrode
(scan rate = 100 mV/s) of acetonitrile solutions (10 mm) of ga)
PW“, (b) PWHCOH, (C) PW]]NiH, (d) PW“FCHI, (e) PW“MHH

All the reduction processes of the W atoms in the metal
substituted Keggin anions were quasi-reversible. The AE,
(anodic to cathodic peak separation) for the ferrocene/
ferrocenium redox couple in acetonitrile was used as the
reversibility reference (71 mV). There was an apparent de-
crease in the reversibility for the transition metal substi-
tuted heteropolyanions, relative to the parent structure
XW1,. For the lacunary XW; anions, the voltammetric be-
haviour is also consistent with W quasi-reversible re-
ductions.

Controlled potential electrolysis revealed that each of the
two first W reduction peaks corresponded to one-electron
transfer processes. The number of electrons of the third W
reduction (when observed) was estimated to be one, by
comparison of the current of the corresponding voltam-
metric peak with those of the first and second reductions.

Thus the tungsten-oxo framework of the heteropolyanions
studied could accept one to three electrons, within the pre-
sent experimental potential range.

The peak potentials of the two first W reductions were
more negative for the substituted species than for the corre-
sponding lacunary anions or for the parent Keggin anions.
As found in aqueous solution,>-21-2240] there is no obvious
correlation between the charge of lacunary or of the metal
substituted anions and the reduction potentials of W (Fig-
ure 4), in contrast to the case of parent Keggin anions in
aqueous® and non-aqueous systems*’! or for the anions
XW I, X = P, Si, Ge, B in acetonitrile.l'!]
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Figure 4. Potentials of the first tungsten reduction peaks of the
cyclic voltammograms of XWi,, XW, and XW ;M vs. the formal
charge of the unprotonated anions

The redox potentials for the W atoms of the studied
anions in acetonitrile were, in general, shifted towards more
negative values than those reported in aqueous solution for
the corresponding potassium salts.['%-18-21:221 This has been
be explained by considering Lewis interactions between the
polyoxoanions (bases) and the solvent molecules (acids). A
correlation between the Guttmann acceptor number of the
solvent*®l and the potential of the first one-electron re-

Table 1. Cyclic voltammetric datal®l for XW,,, XW,;, and XW ;M anions in acetonitrile

Polyoxo anion X=P X = Si
M 1st Wbl 2nd W 3rd W MUATET 15t W 2nd W 3rd W
XWi, —629 (65) —1170 (73) —1875 (72) —1078 (70) —1593 (78) —2289 (92)
XWi, —1150 (91) —1702 (128) — —1119 (124) —1626 (124) —2284 (121)
XW,;Col! (I) —1440 —2098 (102)  —2257 (87) —1328 (342) —1921 (116) —2166 (107)
Iy —1239 -1446 (110)
(T'’) —1035
XWNilt (I) —1411 —2116 (105)  —2261 (93) —1358 (409) —1959 (98) —2148 (90)
1) —1173 ~1452 (119)
T'") —939
XW, Fell! —818 (251) —2038 (119) (I) —693 —1584 (220) —1964 (130) —2199 (141)
T) —504
T’y =233
XW; Mn!l! =778 (762)  —2115 (165) (I) —646 —1828 (290) —2052 (98)
(IT) —103
T’y +228

[al Cathodic peak potentials and cathodic-to-anodic peak separation (in parentheses), both in mV vs. Ag/Ag™; working electrode: glassy
carbon; polyoxoanion concentration: 1.0-1072 m; supporting electrolyte: TBACIO,4 (0.1 M); scan rate: 100 mV-s~'. I I’ and I'" are the

anodic counterparts of peak I.

Eur. J. Inorg. Chem. 2004, 619—628 www.eurjic.org
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duction has been found for a-[SiW,040]* .[*! For redox
processes at the substituting metals, the fact that the solvent
may act as a donor ligand, substituting the labile water mol-
ecules coordinated to the metal M, must be considered. Re-
cent studies have shown that for the XW,, anions the num-
ber of transferred electrons and the corresponding poten-
tials are affected by various solution conditions besides the
solvent, namely the acidity and the presence of different
cations.>*-%] The influence of charge distribution on the
redox behaviour of some lacunary and metal-substituted
Keggin and Dawson-type species was referred by Keita et
al.[*®l For the XW ;M anions the interplay of all these fac-
tors is far from being understood, preventing straightfor-
ward comparison of results obtained in different media.

Keggin-Type Anions with M = Co, Ni

The cyclic voltammograms of XW;;Co and XW;Ni
(X = P, Si) in acetonitrile exhibited three tungsten one-elec-
tron redox couples at negative potentials. Two anodic
counterparts (I’ and I'") were observed for the first re-
duction peak (Figure 3), even when the potential scan was
reversed at ca. —1800 mV, i.e. after the first 1-e~ reduction
of tungsten.

On increasing the scan rate (from 20 to 200 mV/s, Fig-
ure 5) the first W electron transfer with the P-anions (Fig-
ure 5, A), i.e. the first reduction peak I (around —1400 mV),
was shifted to more negative potentials (ca. 38 and 50 mV,
respectively, for PW;;Co and PW,;Ni); the anodic peak 1"’
became less negative and increased in intensity compared
with peak I’; the position of I' was unchanged. The W
peaks at potentials more negative than —1800 mV were un-
changed.

The above-mentioned splitting of the anodic counterpart
of peak I and the observed variations with scan rate are
attributed to the co-existence of distinct polyoxoanion spec-

A

9 pA(s/mv)'? I

20 mV/s

100 mV/s

200 mV/s

ies with different degrees of protonation. Protons were in-
troduced in solution due to the molecular formula of the
salts TBA4H[PW;;M(H,0)O3]'nH-O. The first anodic
peak (I') corresponds to the oxidation of the less pro-
tonated species (namely [PW,; ;M(H,0)O3]°") whereas
peak 1", at more positive potentials, must correspond to
the oxidation of a more protonated species, possibly
H[PW, M(H,0)O3]°~. As the first 1-e~ tungsten re-
duction produced a single peak it was assumed that pro-
tonation occurred after reduction. Similar behaviour has
been observed previously for SiW,;;Mn'!, in aqueous solu-
tions,['8 ie. depending on scan rate, reoxidation scans
showed two peaks attributed to species with different de-
grees of protonation.

SiW;;Co and SiW|;Ni anions showed similar electro-
chemical behaviour to that of the P analogues (Figure 5, B),
except that the first cathodic process was split into two
peaks of approximately equal height (as found by semi de-
rivative deconvolution) whose position did not change sig-
nificantly with scan rate. Nevertheless, these first reduction
processes for the Si-polyoxoanions corresponded to overall
1-e~ reductions (determined by coulometry). The observed
splitting of the first cathodic W peak may indicate the exist-
ence of two stable species in the initial solutions, possibly
differing in protonation degree. Protons were again intro-
duced in solution due to the molecular formula
TBA4H,[SiW | M(H,0)O3]-nH,0.

Additionally, Co™ was oxidised at positive potentials. The
voltammograms were better defined at a Pt working elec-
trode, where the oxidation peaks occurred at E,, = +954
mV for the SiW;;Co anion and at E,, = +1003 mV for
PW,,Co (100 mV/s). Bulk electrolysis with coulometric de-
termination at a Pt working electrode, performed at +1100
mV for the SiW;;Co and at +1200 mV for the PW,,Co
anions, gave 1.0 and 1.1 electrons transferred, respectively.
The in situ visible spectra of the oxidised solutions revealed
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Figure 5. Effect of scan rate on normalized cyclic voltammograms obtained at a glassy carbon working electrode of (A) PW;;Ni'! and

(B) SiWw;Ni'! (10 mm acetonitrile solutions)

622 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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a new band around 670 nm, indicating a Co"™Og4 chromo-
phore.[>%

Different waves in the cyclic voltammograms correspond-
ing to species with different degrees of protonation are un-
common with Keggin-type polyoxoanions, but have been
reported for the anion [H, SiW;(VIVO)O39]¢~¥~ in aceto-
nitrile® and for SiW;;Mn' in aqueous solution.['"® Their
appearance depends on the interplay of equilibrium and ki-
netic factors, namely acidity constants of the protonated
anions, amount of protons present in solution and kinetics
of proton exchange. The conditions here reported seem to
favour their appearance.

Cyclic voltammograms of PW;;Ni and SiW;;Co in acid
aqueous solutions (pH = 2.2) also show two anodic peaks
as counterparts of the first cathodic wave (in this case, a 2-
electron wave) that are attributed to the a-and B-isomers of
the reduced anion.?” In those voltammograms, the corre-
sponding peak positions were not significantly altered by
changing the scan rate and the intensity of the anodic peak
at more positive potentials increased as the scan rate de-
creased. In the present study, the position of peak I'" alt-
ered, and the variation in relative peak heights I,,(I1")/
I,,(I'") with scan rate was the opposite of that in aqueous
solution. These findings, together with the observation of
peaks I" and I"" for the I-electron reduced polyoxometal-
ates, may indicate that the two observed anodic peaks do
not correspond to different isomers. So far, for Keggin-type
anions, except [XW 2040’ ", X = Al, Ga,P'? the forma-
tion of B-isomers by spontaneous isomerization of the cor-
responding a-anions has been reported to occur after the
uptake of, at least, two electrons.[>1-22-32]

Himeno et al. have prepared B-[PW>O04)°~ in water/
acetonitrile solutions,** showing that CH;CN, as an auxili-
ary solvent, stabilized markedly this isomer. Nevertheless,
both o and B isomers of that anion were kinetically inert in
the water/acetonitrile medium.# Accordingly, the results
obtained here do not indicate that the organic solvent may
favour o— [} isomerization.

Keggin-Type Anions with M = Mn, Fe

The CV of the anions XW ;M showed, at negative po-
tentials, waves corresponding to the reduction of W and of
the metal M. Those of PW; Fe'' and PW; Mn'" po-
lyoxoanions exhibited two redox couples (Figure 3, d.e).
Controlled potential bulk electrolysis at —1000 mV for the
Fe and at —1200 mV for the Mn polyoxoanion indicated
that, in both cases, the first reduction step was an one-elec-
tron reaction (0.85 and 0.90 electrons were transferred,
respectively). The solution of PW; Fe™ in acetonitrile
changed from yellow to purple and a band with the maxi-
mum at 536 nm appeared in the visible region spectrum
(Figure 6), corresponding to the PW,;Fe!l anion.l'”) For the
PW,; ,Mn"" anion the characteristic bands of the Mn'"Oj
chromophore,['7->3 at 493 and 524 nm (sh), disappeared
during electrolyses and the electronic spectrum of the elec-
trolysed solution showed only a charge-transfer band ex-
tending to the UV region, indicating a Mn""Og4 chromo-

Eur. J. Inorg. Chem. 2004, 619—628 www.eurjic.org

phore.’3>4 These results clearly show that the first re-
duction peak in the voltammograms of PW, Fe" and
PW,,Mn"" was due to the one-electron transfer at the sub-
stituting metal centre (Fe'"—sFe!' and Mn'"—Mn'!, respec-
tively). For the Mn"™/Mn" couple, E,, — E,. was quite
large and increased with scan rate (AE, near 760 mV at
100mV/s). As the normalised current intensity of the peaks
did not vary noticeably with scan rate, the large irreversi-
bility of the Mn"/Mn" couple seems to be due to slow
electron transfer. This differs from aqueous solutions, in
which the Mn"/Mn!! couple for the different manganese
substituted Keggin anions originated quasi-reversible waves
with a peak separation in the 70—170 mV range.['617-1°]
Nevertheless, the particular kinetic inertness of the Mn™Y/
Mn!! couple has been referred to for other Mn com-
plexes.>!

Absorbance
N

-
1

0 T T 1
400 500 600 700

Wavelength (nm)

Figure 6. Visible electronic absorption spectra of the acetonitrile
solution of PW,;Fe!l! before (a) and after bulk electrolyses at
—1000 mV (b)

Except for the variation in AE, corresponding to the
MIYM! pairs (much larger for Mn than for Fe), the cyclic
voltammograms of PW,;Fe'' and PW, Mn'" did not
change significantly with scan rate and the peaks were not
split. As these polyoxoanions contain no protons in the mo-
lecular formula, no protonated species are expected. These
results may further indicate that the behaviour described
above for the XW;Co' and XW;Ni'l anions is caused by
protonated species.

The cyclic voltammetric data (Table 1) for the XW; Fe™!
and XW; Mn"! compounds show more peaks for the Si-
polyoxoanions than for the P-anions, as the tungsten atoms
in the polyoxoanions containing Si are reduced at less nega-
tive potentials than the P analogues. This is another conse-
quence of the presence of protons in solution. The voltam-
metric behaviour of the parent Keggin polyoxometalates in
organic solvents is strongly sensitive to the presence of
H™.[4536 In particular, the peak potentials of the W re-
duction waves shifted to less negative values as the amount
of H* increased, to a point in which the one-electron re-
duction waves were changed into two-electron waves.*>-36]
Of the compounds with metal substituted anions described
in this work only PWFe and PW;Mn do not have pro-
tons in the molecular formula, and only for these anions is

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 623
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the first W reduction peak more negative than —2000 mV
(Figure 3 and Table 1).

Another interesting feature in the CV of the Si anions is
the unexpected splitting of the 1-e™ reduction process at the
M atom. This is more clearly seen for the iron anion (Fig-
ure 7); the Mn"/Mn'! couple gave less well-resolved waves.
Thus, besides the main iron reduction peak at —693 mV
(Table 1), another cathodic peak with low current intensity
appeared near —1040 mV. Electrolysis at potentials near
—1200 mV indicated that one l-electron reduction took
place, suggesting that both peaks correspond to one Fe
atom. The observed splitting was interpreted in terms of
an equilibrium between SiW;;Fe(H,O) and SiW,,Fe(OH).
Hydrolysis of Fe'! substituted Keggin anions has been re-
ported,?%37-381 with the formation of monomeric complexes
and/or dimeric or other polynuclear species. The former
seem to be obtained in the presence of non-aqueous sol-
vents, whereas water leads to extensive dimerization. In par-
ticular, Kuznetsova et al. observed only the monomeric
species PWFe(L), L = H,O, OH™, in acetonitrile solu-
tions of TBA salts with Fe:PW,; = 1:1.571 The CV obtained
in acetonitrile of the TBA salt of PW;,Fe(OH), prepared as
previously published,?*! also showed two reduction waves,
cumulatively corresponding to the 1-electron reduction of
Fe. In the CV of SiW,;M"! anions, the anodic counterpart
of the reduction peak at less negative potentials showed the
same pattern as for XW;;Co and XW;Ni, i.e. two anodic
peaks.

30pA

0 -500 -1000 -1500 -2000 -2500
E (mV) vs. Ag/Ag®

Figure 7. Clyclic voltammetry at a glassy carbon working electrode
of SiW,;Fe'' (10 mm acetonitrile solution, scan rate = 100 mV/s)

For the SiW,;Mn'" anion, besides the Mn""!! redox cou-
ple, the oxidation of Mn'"! to Mn'Y was observed at the Pt
electrode at £,, = +1046 mV (not observed for the ana-
logue PW,;Mn'™). Electrolysis at +1200 mV gave 0.9 elec-
trons transferred. Such Mn redox processes for XW,;Mn',
X = P, Si, in acetonitrile are consistent with those reported

for XW;Mn" in aqueous solution.!'®-17:1°]

Lacunary Keggin-Type Anions

The lacunary polyoxotungstates XW;; (X = P, Si) gave
well-defined cyclic voltammograms with two and three one-
electron redox waves at negative potentials, respectively
(Table 1). Under the conditions used the peak potentials of
PW,; and SiW,; were similar, whereas, in the voltammog-
ram of the parent Keggin anions, the W peak potentials in

624 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

SiW,, were more negative than for PW,, reflecting the
higher charge of the anion. The different behaviour found
for the parent and lacunary anions was again attributed to
possible protonation of the latter, due to protons from the
TBA salts (with formula TBA4H;[PW;,039] and TBA,H,-
[SiW{,059], respectively). These protons do not exist in the
salts of XW,, anions.

Electrochemical Behaviour of the Sandwich-Type
Polyoxoanions M4(PW,),

Cyclic voltammetry between 1300 and —2400 mV for the
TBA salts of sandwich polyoxoanions in acetonitrile re-
vealed no significant changes upon varying the scan rate
from 20 to 200 mV-s~!. For potentials < —1000 mV three
quasi-reversible waves, corresponding to tungsten re-
ductions (Table 2), were observed. Figure 8 presents the vol-
tammogram of the Mny(PWs), anion (the Co' po-
lyoxoanion showed similar electrochemical behaviour).

Oxidation processes at the metal M were clearly observed
at a Pt working electrode. For the Co sandwich po-
lyoxoanion, two oxidation peaks of identical intensity were
detected at +811 and +1123 mV (Figure 9, a). In the corre-
sponding reduction scan, the two cathodic peaks observed
at less positive potentials are the counterparts of the first
oxidation process (Figure9,b). Electrolysis of the
Co4(PWy), solution at the Pt electrode with coulometric de-
termination, performed at +950 mV, indicated the transfer
of 0.8 electrons, meaning that each oxidation peak corre-
sponds to a one-electron process (total loss of two elec-
trons). Considering the structure of the polyoxoanion,%-6%
the oxidation processes might occur at the two more exter-
nal Co atoms (atoms bound to a water molecule in Fig-
ure 1, B), more accessible for the electron transfer to the
electrode surface. Previous studies of two salts of oxidized
derivatives of the Mn!',(PW,), anion have suggested that
oxidation occurred first at the more external Mn atoms.?4
From the above considerations the cobalt oxidation pro-
cesses can be described as (L = H,O and/or CH3;CN):

[CoMy(L),Co"»(PWy),]'0~ —
[Co"™(L)Co™(L)Co"5(PWy),]°~ + e~
[Co™(L)Co™(L)Co™5(PWy),]°~ —
[Coy™(L),Co',(PWo)]*~ + e

We could not explain unambiguously the two reduction
peaks that are the cathodic counterparts of the first oxi-
dation process. The shape of the cyclic voltammograms was
not altered either by change of scan rate or by multiple
successive scans.

The Mn sandwich polyoxoanion at the Pt working elec-
trode showed two irreversible oxidation processes at the Mn
centre (Figure 9, ¢), with the total electron transfer of two
electrons (value obtained by electrolysis with coulometric
determination at +860 mV using the Pt electrode). A simi-
lar irreversible behaviour had been observed in studies in
aqueous solution, and attributed to slow electron transfer,
possibly due to Jahn—Teller distortion of the Mn™Og oc-
tahedra, rather than to chemical irreversibility.[3¥
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Table 2. Cyclic voltammetric datal®! for M",(PWy), anions in acetonitrile

Polyoxoanion M 1st Wil 2nd W 3rd WL

E, E, E.(AE,) E.(AE,) E.(AE,)
Mny(PWo), 500, sh; 749 —1604 (92) —2078 (112) —2248 (88)
Coy(PW,), 488; 716; 1018 811; 1123 ~1593 (83) —2045 (95) ~2219 (116)

[J Cathodic (E.) and anodic (E,) peak potentials and cathodic-to-anodic peak separation (AE,) in mV vs. Ag/Ag™; polyoxoanion
concentration: 3.0-1073 M; supporting electrolyte: TBACIO, (0.1 M); scan rate: 100 mV-s~!. [l Platinum foil electrode. ! Glassy carbon

electrode.

20 pA

0 -500 -1000 -1500 -2000 -2500
E (mV) vs. Ag/Ag®

Figure 8. Cyclic voltammetry at a glassy carbon working electrode
of an acetonitrile solution (3.0 mm) of Mn!,(PWs), (scan rate =
20 mV/s) in the negative potential region

1500 1000 500 0 -500
E (mV) vs. Ag/iAg”

Figure 9. Cyclic voltammetry at a Pt foil working electrode of
acetonitrile solutions (3.0 mm) of Co'4(PWy), (scan rate = 100
mV/s) (a, b) and Mn',(PW,), (scan rate = 20 mV/s) (c) in the
positive potential region

Diffusion Coefficients

Diffusion coefficients (D values) are not normally deter-
mined in mechanistic studies on electrochemical processes.
However, the diffusion of species towards the electrode is
important in the overall electrochemical reaction. The
dependence of the cathodic and anodic peak currents on
the square root of the scan rate indicates that the electrode
processes are diffusion controlled. The diffusion coefficients
may be estimated by applying the Randles-Sevcik equation,

Eur. J. Inorg. Chem. 2004, 619—628 www.eurjic.org

|I,| = 2.69-4n*?C-D"?y12; where A4 is the electrode area,
C is the concentration, n is the number of electrons trans-
ferred and v is the scan rate. Here, we determined the elec-
trode area to be 8.58:1072 cm?, by chronoamperometry
with a 4 mm K Fe(CN)g +2 m KCI solution at 25 °C, where
D = 6.29-107° cm?s~ 1.1l The diffusion coefficients were
estimated only for the polyoxoanions where the reduction
peak characteristics (AE, and E, — E,»)!®!l were closer to
what is expected for a reversible process. Within the scan
rate range used for the Keggin-type anions (20 to 200 mV/
s), all of the correlation coefficients determined were ca.
0.99. For the parent Keggin anions PW;, and SiW, we
obtained 6.0-107°¢ and 4.3-107° cm?/s, respectively. The re-
ported 6.1-107° for [SiW,04]* " in aqueous solution (pH,
4.0),192] is slightly higher than that obtained in acetonitrile.
For the lacunary and metal substituted anions, the esti-
mated values of 1.5-1077 to 1.3-107® cm?/s are lower than
those reported in aqueous solution for identical anions of
the same charge, e.g. XW M, X = P, Si, Ge, B; M = Cr,
Fe, Ir,l'1141 (ca. 3—4 X10~° cm?/s) and others.[*] However,
care must be taken in making direct comparisons with these
literature values, since they were obtained not only with dif-
ferent solvent composition, but also with different counter-
cations, which are important factors that affect D.[6%

Concluding Remarks

We have performed a comparative study by cyclic voltam-
metry and spectroelectrochemistry of the polyoxoanions
[XW 1 M(H,0)O3]" ", and [XW;,050]" ", X = P, Si, M =
Co, Ni, Ml = Fe, Mn, in acetonitrile solutions obtained
by solubilisation of the corresponding TBA salts. In gen-
eral, cyclic voltammetry in acetonitrile revealed several dif-
ferences between the electrochemical behaviour of the
anions and previous results in aqueous solution.[!0:18.21.22]
Thus, tungsten one-electron reductions were detected in
acetonitrile, with corresponding reduction potentials at
more negative values than those in aqueous solution. These
facts were not totally unexpected, as comparable results had
been previously reported for other Keggin-type anions,™
but had not been systematically observed for the transition-
metal-substituted anions here reported, for which studies in
organic solvents were unknown.

The preparative methods used here led to the TBA salts
TBALH . [XW; M(H,0)O39] and TBA,H,[XW;,059]. Be-
cause of this, protons were introduced in solution (except

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 625
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for PW,;M" with x = 0) with important consequences for
redox behaviour observed by cyclic voltammetry in aceto-
nitrile. The degree of protonation of the anions or of the
corresponding reduced species in acetonitrile solution is not
known, but the fact that the results reflected the compo-
sition of the solids used is worth noting. In summary, the
different effects identified in the study of these compounds
are:

(1) In the presence of protons, tungsten atoms were re-
duced at less negative potentials. Compounds for which,
due to stoichiometry, protons were not added to the solu-
tion had a CV with fewer peaks in the potential range stud-
ied.

(2) For compounds with x = 1 or 2, equilibria established
between species with different protonation degrees changed
the general pattern of the voltammograms, splitting some
waves (generally those at less negative potentials). However,
for the lacunary anions, for which x = 3 or 4, no such
splitting of the re-oxidation waves was observed.

Consequently, the CV of the PW MM, presented only
one tungsten redox pair, whereas, depending on the com-
pound studied, two or three electrons were transferred to
the tungsten-oxo framework of the other heteropolyanions
upon reduction.

Redox processes were detected at the metal centre for all
the studied metal substituted Keggin anions, except for
XW,Ni. Two of the chosen anions included reducible sub-
stituting metal ions (Mn'™" and Fe'"), and the waves corre-
sponding to the M™/M redox pairs were identified. This
contrasts with reported studies on Ru™ and Ir'Y complexes
in acetonitrile, in which reduction of the metals was not
detected by cyclic voltammetry.l''-?°l Our results indicate
that the oxidation Mn'' — Mn' is more favourable in
acetonitrile than in water.['” This accords with the slow oxi-
dation of Mn! to Mn' by atmospheric O, that is com-
monly found for these anions in acetonitrile solution.
Further oxidation to Mn'Y was only observed for
SiW,Mn. Oxidation of cobalt(i), and the corresponding
reduction, was observed for both XW;;Co anions (X = P,
Si). Nevertheless, oxidations at high potentials (Mn"" —
Mn'"V and Co"™ — Co'™") were more conveniently studied at
a Pt electrode.

We have performed the first electrochemical study of
the Keggin-derived sandwich complexes [My(H>O),-
(PWyO34),]'%", Ml = Co, Mn, in acetonitrile. Metal oxi-
dation in two separate steps was observed for both anions,
but only for cobalt could the corresponding reductions be
detected by cyclic voltammetry. Thus, in acetonitrile, two
atoms in the belt of the [M"4(H,0)>,(PWyO14),]'° anions
(possibly the more external metal atoms) could be electro-
chemically oxidised in two separate steps to M,

Experimental Section

Reagents and Methods: All reagents were used as received, includ-
ing tetra-n-butylammonium perchlorate (Sigma) and acetonitrile
(Panreac, for instrumental analyses, HPLC grade).

626 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Elemental and thermogravimetric analysis, spectroscopic studies
(infrared and visible), and powder X-ray diffraction analysis were
performed as described previously.[®4l

Electrochemical Measurements: Cyclic voltammetry measurements
were carried out on a BAS 100BW electrochemical analyser using
a conventional three-electrode single compartment cell supplied by
BAS Inc. The working electrode was a glassy carbon disc electrode
(BAS) or a homemade platinum foil electrode. The surface of the
glassy carbon electrode was polished with 0.3 um alumina and
washed with distilled water and acetonitrile before each experi-
ment. The auxiliary electrode was a Pt wire. The reference electrode
comprised an Ag wire immersed in a solution of AgNO; (0.01 m)
and TBACIO, (0.1 M) in acetonitrile. The Ag/Ag™ reference elec-
trode was calibrated against ferrocene/ferrocenium redox couple
(1 mm) in the same solvent/electrolyte system. At scan rates be-
tween 20 and 200 mV/s, ferrocene presented E;» = +0.087 V vs.
Ag/Ag*, with a peak separation, AE,, (anodic to cathodic) of 71
mV. All potentials quoted are relative to the Ag/Ag™ reference elec-
trode. The measurements were made at room temperature (ca. 20
°C), within the potential window +1300 to —2400 mV. The solu-
tions were degassed with pure nitrogen for 5 minutes before use
and blanketed with nitrogen gas during the voltammetric scans.
Acetonitrile solutions (0.1 m TBACIO,) were prepared for TBA
salts of XW ;M (1.00-1072 M) or for TBA salts of M4(PWy),
(3.00-1073 m).

Controlled potential electrolysis experiments were performed using
a BAS 100BW electrochemical analyser or an AUTOLAB
PGSTAT 30 Potentiostat. The reference electrode was the same as
above. A carbon cloth or a platinum mesh was used as the working
electrode. The counter electrode was a platinum mesh of large sur-
face area placed in a glass tube chamber filled with the supporting
electrolyte (0.2 M TBACIO, in acetonitrile) and separated from the
working electrode compartment (electrolysis solution) by a porous
vycor frit. To remove oxygen, nitrogen was constantly bubbled
through the electrolysis solution, which was continuously stirred
with a magnetic bar. All experiments were performed at room tem-
perature.

Spectroelectrochemical experiments were performed on a UN-
ICAM UVI1 spectrophotometer connected to an AUTOLAB
PGSTAT 30 potentiostat, using a quartz cuvette (4 cm optical
path). The three-electrode system was inserted in the cell and kept
under continuous nitrogen bubbling and stirring during electrolysis.
The working electrode was a platinum foil. Experiments were per-
formed at room temperature.

Synthesis of the Tetrabutylammonium Compounds: Published pro-
cedures were used to prepare [(C4Ho)sN]5[PW5040),19]
[(CaHg)aNL[SiW 120401, [(C4Ho)4N]sH3[PW,,030],¥ [(C4Ho)uN]-
H.[PW,,M(H,0)O3nH,0, M = Co, Ni, x = 1, n = 1-2;
M = Fe, x = 0, n = 0.8 The general procedure described in
ref. 38 was also used to prepare [(C4Ho)4N]4[PW,;;Mn'"(H,0)Oss].

[(C4Hg)sN]J4H4[SiW,O30], [(C4Ho)aN]4H[SiW;;M(H,0)Os39]*
nH,0, n = 1-2; M! = Co, Ni, [(C4Ho)4sN],H[SiW,;M(H,0)O30],
M = Fe, Mn, were obtained from potassium salts using a pro-
cedure adapted from the literature.[°! The potassium compounds
of SiW;;M (or SiW;;) were prepared by reported meth-
0ds.[29:30:33.67F An aqueous solution of the potassium salt (0.5 mmol
in 30 mL) and a solution of TBABr in 1,2-dichloroethane (4 mmol
in 45 mL) were mixed and vigorously stirred. The organic phase
was then collected and the 1,2-dichloroethane removed by evapor-
ation. The so-obtained oil was then dissolved in acetonitrile (ca.
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20 mL) and the resultant tetrabutylammonium compound was pre-
cipitated by the addition of the minimum amount of water.

[(C4Ho)4N];H;3[M4(H50)5(PWoO3y4)5], MY = Co, Mn. An aqueous
solution of the potassium salt*1%8 of the My(PW,), anion
(2.7 mmol in 270 mL) and a solution of TBABr (42 mmol) in an
identical volume of 1,2-dichloroethane were prepared and the po-
lyoxoanion was extracted into the organic phase. A second organic
extract was collected by a further addition of TBABr organic solu-
tion. The organic extracts were then left to evaporate and the so-
formed crystals were filtered off and washed with water.

The TBA salts of SiW;M (or SiW,;) and My4(PWy), were re-crys-
tallised in acetonitrile. Dissolution in the minimum amount of
acetonitrile followed by the addition of water (with vigorous stir-
ring) then afforded pure samples of TBA compounds.

[(C4Ho)4N]4H4[SiW,039], analytical data [found (calculated), %]:
W 54.5 (55.4), C 21.68 (21.07), N 1.53 (1.53), H 4.09 (4.09). IR
(ecm™1): 1010, v,i(W=0), 966, v,(Si—O)/v,((W—0,—W), 919, 884,
Vas(W=0,.~W), 801.

[(C4Hg)4N]4H,5[SiW;Co(H,0)05¢].H,0O, analytical data: W 51.9
(54.0), Co 1.38 (1.57), C 20.87 (20.55), N 1.49 (1.50), H 4.04 (4.04).
IR (cm™'): 1001, v,o(W=0), 959, v,i(Si—O)/v,(W—0p—W), 907,
878 (sh), v,((W—0.—W), 808, 792 (sh), 740 (sh).

[(C4Ho)sN],H,[SiW,;Ni(H,0)030]-2H,0, analytical data: W 51.2
(53.8), C 20.10 (20.45), N 1.43 (1.49), H 3.92 (4.08). IR (cm™):
1001, vo(W=0), 958, voy(Si—O)/ve(W—0,—W), 907, 885 (sh),
Va(W—0.—W), 807, 721, 699.

[(C4Ho)4N,H[SiW | Fe(H,0)O3], analytical data: W 53.5 (54.4),
Fe 1.48 (1.50), C 20.38 (20.67), N 1.46 (1.51), H 3.87 (3.98). IR
(em™1): 1005, v, (W=0), 960, v,(Si—0)/v,, (W—0,—W), 913,
878, vais(W—=0,~W), 796, 740 (sh).

[(C4Hg)4,N,H[SiW ;Mn(H,0)O50], analytical data: W 53.1 (54.4),
Mn 1.36 (1.48), C 20.70 (20.67), N 1.57 (1.51), H 4.02 (3.98). IR
(cm™1): 1004, v, ((W=0), 960, v,((Si—0)/v,(W—0,—W), 915, 894
(sh), 875, v,s((W—=0.—~W), 793.

[(C4Ho)4N]7H3[Co4(H,0)»(PWy0O34),], analytical data: W 53.3
(51.5), P 1.02 (0.96), Co 3.74 (3.67), C 20.42 (20.92), N 1.38 (1.52),
H 3.99 (4.06). IR (cm™'): v, (P—0), 1063 (sh), 1042, v,(W=0),
966, 946, voo(W—0p—W), 883, v (W—0.—W), 832, 776, 721. Vis-
ible spectrum [acetonitrile solution, in nm (g in mol™'dm3cm™1)]:
502 (¢ = 114); 527 sh (¢ = 132); 546 sh (¢ = 153); 568 (¢ = 163).

[(C4Ho)4N];H3[Mny(H,0),(PWo034),], analytical data: W 49.9
(51.6), P 0.95 (0.97), Mn 3.08 (3.42), C 20.81 (20.97), N 1.42 (1.53),
H 4.00 (4.07). IR (cm™"): v,(P—0), 1065 (sh), 1037, v,(W=0),
966, 944, v, (W—0,—W), 879, v,((W—0.~W), 834, 774, 730.
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