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The cyclic voltammetric behavior of selected Keggin- and
Dawson-type heteropolyanions has been studied as a func-
tion of electrolyte composition. The buffer capacity of the
electrolyte is shown to be an important parameter that can
be used to reveal the symmetry or dissymetry in charge dis-
tribution within each oxometalate. A fully symmetrical heter-
opolyanion like [P,W,50¢,]%" exhibits a uniform protonabil-
ity, while its a; and a, lacunary derivatives present a donor
set of hard oxide ions with stepwise acid-base equilibria. The
behavior of these sites is revealed readily in unbuffered or
poorly buffered media at pH = 3, and is ascribed to the

change in symmetry of charge distribution in the molecules.
It is shown that cations other than the proton, even in very
high excess, fail to give rise to the classical voltammograms
of lacunary heteropolyanions. The same behavior also ap-
pears in y[MoyP,W15061]'%7, a[PW11036]77, 0[SiW1;030]%,
[HoP,W1,048]*27,  and, to a lesser extent, in
02[Ni(H,0)P,W 17061 1%” and  ap[Zn(H,0)P,W1706;]%". The
analogy in the cyclic voltammograms of most dication-substi-
tuted heteropolyanions with those of the precursor lacunary
species could thus be explained.

Introduction

Interest in the study of oxometalates remains at a high
level due to their wide range of properties in several
fields.! 3! In particular, the main results from electrochem-
istry investigations by this group and from others, which
establish unambiguously the existence of catalytic proper-
ties for heteropolyanions towards numerous chemicals in
solution, have been reviewed recently.! New results con-
cern the ability of one- and two-electron reduced heteropo-
lyanions of the Keggin and Dawson series to convert quant-
itatively NO into N,O in acidic aqueous media.l! Unsubsti-
tuted and lacunary as well as transition metal cation substi-
tuted heteropolyanions of these two groups prove active for
this purpose. Such achievements have stimulated our inter-
est in the synthesis of heterometal-substituted heteropoly-
anions of these two families, with the aim of investigating
their new electrocatalytic behavior.l®~!% Furthermore, the
electrochemical characterization of these compounds re-
veals that most of them cannot be considered as ‘“satur-
ated” species and that the appropriate comparison remains
between the cyclic voltammograms of the metal ion-substi-
tuted and the lacunary precursor oxometalates.[>8 1% In the
course of these comparisons, a strong sensitivity of the
shapes, peak potential locations, and current intensities of
the cyclic voltammograms to changes in the electrolyte was
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observed. On further scrutiny it was found that the influ-
ence appears to increase as the nominal charge of the heter-
opolyanion increases. Various lines of experimental evid-
ence confirm the very low surface charge density, at least
for symmetrical saturated Keggin- and Dawson-type
heteropolyanions.[!' =14 For example, a simple linear vari-
ation of the first reduction potentials of a[XW,O4]"~ with
the anion charge is observed under conditions without pro-
tonation.””l Extension of the preceding remarks to the cor-
responding lacunary species and to their first transition
metal ion-substituted derivatives do not seem straightfor-
ward, possibly owing to the change in symmetry of the
charge distribution in the molecules in conjunction with the
increase in the overall negative charge. The lacunary hetero-
polyanions are known to exhibit “a donor set of hard oxide
ions, while the adjacent d° (Mo"!, W¥T) atoms provide ac-
ceptor orbitals”.l!:!>16] Tn contrast, the classical symmet-
rical heteropolyacids like H¢P,W1506, HsM03P,W 5045,
H;PW,,0,, and H4;SiW 50,4, which can be considered as
the precursors of the species under investigation, are strong
acids with a uniform acidity.l!”!

The aim of the present paper is to illustrate the behavior,
in cyclic voltammetry, of selected representative lacunary
heteropolyanions and of the corresponding metal ion sub-
stituted species in the presence of various electrolytes.

Results

The Selection of Experimental Conditions

The following heteropolyanions were used: a[PoW;50¢2]°~
(abbreviated as P,Ws); a;- and 0,[PoW,;0]'°" (a;- and
0PWi7);  a[MosP,WisOal°”  (PaWisMos);  ax[Mo,Ps-
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WisO06]"""  (02P,WsMoo);  a[PW1050]" " (PWyy);  afSi-
W10~ (SiWyy); [HoPaW15045]" " (PaW1); ap[Zn(H,0)-
P,W,06 %~ (02P,W7Zn); x[Ni(H,0)P,W 706,]*
(a,P,W;Ni). The preparation and characterization of these
materials have already been described in detail [6:8:9:1821]

A priori, at least two antagonist influences due to the
supporting electrolyte can be anticipated during the reduc-
tion of heteropolyanions: on the one hand, protonation
and/or ion-pair formation with other cations, which might
enhance the reduction kinetics; on the other hand, the an-
ions of the electrolyte might counteract these reduction kin-
etics. It is desirable to maintain one of these influences con-
stant for the study of the second one. First, sodium salts or,
occasionally, lithium salts were used to maintain a constant
cation concentration [M] = 0.4 M. In the cases in which
the results are known, these two cations are not completely
without action on the oxidized forms of several heteropoly-
anions; however, the stability constants of the correspond-
ing complexes are rather small.l'® Even if a stronger associ-
ation could be anticipated with the reduced forms of the
heteropolyanions, the experiments described in the follow-
ing pages indicate, as anticipated, that the interaction does
not depend to an appreciable extent on the nature of these
alkaline cations. This observation leaves room for the iden-
tification of other effects. Furthermore, the compounds un-
der scrutiny in this work are sensitive to the concentration
of protons. The corresponding saturated species react
mostly by ECE- or EEC-type processes, with the C step
usually being a protonation. Therefore, a constant pH = 3
value was selected throughout; in the present work we
found this proton level high enough, in sulfate media, to
favor the protonation of the reduced oxometalates over
their ion-pairing with Na™* or Li* cations, at least as far as
the first redox system of the studied heteropolyanions is
concerned. A detailed examination of the competition be-
tween protonation and ion-pairing of the reduced heteropo-
lyanions is beyond the scope of this paper. Finally, our
usual experimental conditions have been maintained in the
present work, which is aimed first at confirming and ex-
panding previous observations: This point essentially con-
cerns the glassy carbon working electrode, which we have
demonstrated to be suitable for the study of the electro-
chemical and electrocatalytic behaviors of heteropolyanions
under a variety of experimental conditions.>~19:22.23] [n-
deed, the present knowledge of the interfacial properties of
glassy carbon is, at best, qualitative, even though several
papers suggest that this electrode material could be used for
kinetic studies.['!>*23] Gold and platinum are well charac-
terized but cannot be used throughout in experiments span-
ning a large potential domain in the relatively acidic media
necessary for our studies.

Voltammetric Behavior of Selected Heteropolyanions in
Several pH = 3 Media

Two lacunary heteropolyanions, o,P,W;sMo, and
o,P,W,,, were selected to illustrate the basic observations.
Figure 1 (1A and 1B) shows the evolution of the corres-
ponding cyclic voltammograms for 5:10~* M heteropoly-
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anion in the presence of appropriate concentrations of
Na,SO,, NaClO4, NaNO;, and NaCl as supporting electro-
lytes.
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Figure 1. Cyclic voltammograms of a 510~ m solution of the rel-
evant heteropolyanion in several pH = 3 media containing 0.4 M
Na'; scan rate: 10 mVs~!; working electrode: glassy carbon

The potential domain is restricted to encompass the first
two redox systems for each oxometalate. Figure 1 speaks
for itself and only brief comments are necessary. However,
the distortion is more marked in the cyclic voltammogram
of 0,P,W;sMo, than that of a,P,W;, even though qualit-
atively identical effects are observed. We note that the two
waves are modified: taking the voltammogram in the sulfate
medium as a reference, those in the presence of other salts
show drawn out shapes, with smaller current intensities and
peak potentials that are pushed in the negative direction.
The concentration of Na* is 800 times that of the oxometal-
ate. In this situation the ionic strength of the solution can-
not be suspected to induce the observed phenomena. The
nature of the anions of the supporting electrolyte is thus
proposed as the relevant parameter. Furthermore, as these
observations are made in the presence of a large excess of
supporting electrolyte, it can be concluded that the effect of
cations other than the proton is minimal in the reduction
processes of these systems or largely counteracted by some
anion effect. An attempt can be made to rationalize the
difference in behavior between the two lacunary heteropoly-
anions by considering their respective basicities. The first
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two-electron wave for a,P,W;sMo, in the sulfate medium
(taken as a reference) features Mo-centered redox processes
while that for a,P,W; is W-centered. A report in the literat-
urel?®! suggests the reduced Mo-substituted site to be the
stronger base of the two compounds. As a consequence,
protonation and/or ion-pairing are easier in Mo-substituted
complexes. Correlatively, a higher sensitivity of the latter
compound to possible anion effects is not expected, a situ-
ation in contrast to that actually observed. Provisionally,
comparison between ao; and a,P,W;; shows the two com-
pounds to behave in exactly the same way. However, not
much work was carried out with the o, isomer due to its
known relative instability under most of the conditions used
in the present investigation. Further discussion of this sys-
tem is postponed until the main parameters of this study
emerge clearly.

Figure 2 and Figure 3 are helpful in this issue. Figure 2
shows the observations pertaining to three other lacunary
species and to a Zn-substituted Dawson-type complex in
the two electrolytes that give the most contrasting behavior.
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Figure 3. Cyclic voltammograms of a 5-107* M [P,W30¢]°" in
two pH = 3 media containing 0.4 M Na™; scan rate: 10 mVs™!;
working electrode: glassy carbon
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Figure 2. Cyclic voltammograms of a 5:10~* M solution of the relevant heteropolyanion in two pH = 3 media containing 0.4 M Na*;

scan rate: 10 mVs™!; working electrode: glassy carbon
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The previously observed effect also exists in this group,
which contains two Keggin-type species. Even though the
surface charge density varies from one component to the
next, the structure of the heteropolyanion does not seem to
constitute a relevant parameter. Strikingly, the intensity of
the effect is greater as the nominal negative charge of the
anion under scrutiny becomes larger. At least two details
are worth noting and these will be elaborated in the follow-
ing discussion: (i) the cyclic voltammogram of
[H,P>W,04]">~ in NaCl solution vanishes almost com-
pletely; (ii) the behavior of a,P,W;;Zn also deserves em-
phasis in that as the volume increases, the nominal charge
remains the same as SiW;; and a slightly smaller first peak
potential shift is observed. Figure 3 compares the behaviors
of P,W,g in sulfate and chloride media and shows that no
difference is observed. The same observation holds for
P,W,sMos. This result is in agreement with the previously
known behaviors of saturated heteropolyanions. Even
though P,W,g and P,W;sMojs are the less charged of the
complexes in the present series, the main characteristic
likely to bring about the difference in behavior in compar-
ison with the others is the symmetry of the charge distribu-
tion in the saturated species.

The observations discussed above all converge to indicate
the total nominal charge of each anion on the one hand
and its distribution on the other, as two of the parameters
that govern the shape and potential location of cyclic vol-
tammetric waves. A second conclusion concerns the par-
ticular role of protons in the presence of large amounts of
other cations, which failed to counteract the suggested an-
ion effect. Could these observations be rationalized in the
framework of the double layer theory? Some complement-
ary experiments seem to contradict this possibility. For ex-
ample, in a pH = 3 medium containing 0.1 M Na,SO, +
0.2 M NaCl, the classical cyclic voltammograms known in
sulfate media for a,P,W,sMo,, a,P,W,;, or P,W,, are ob-
tained almost exactly. More strikingly, upon addition of 0.1
M Na,SO, to pH = 3 solutions containing 0.2, 0.3, or 1 M
NaCl, the vanishingly small and drawn-out cyclic voltam-
mogram of P,W, is immediately replaced by a well-defined
pattern. In addition, the cyclic voltammograms depend on
the concentration of the relevant heteropolyanion in solu-
tion. This behavior suggests a preeminent role for the pro-
ton and deserves further investigations, which are described
in the following section.

Influence of the Proton to Heteropolyanion Concentration
Ratio

To highlight the influence of this parameter, the following
experiments were carried out with a proton to heteropoly-
anion concentration ratio from 4 down to 0.22 in most
cases. Typically, the pH = 3 supporting electrolyte contains
0.2 M Na,SO, and the concentration of the appropriate het-
eropolyanion varied from 0.25:1073 to 4.5-1073 m. Figure 4
and Figure 5 pertain to a,P,W;sMo, and a,P,W,,, respect-
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ively. For the sake of clarity each figure is split into three
parts.
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Figure 4. Cyclic voltammo{grams of several increasing concentra-
tions of a,[Mo,P,W,50,]'"~ in 0.2 M Na,SO, + H,SO, (pH = 3
before addition of heteropolyanion); scan rate: 10 mVs™!; working
electrode: glassy carbon; A and B: the appropriate concentrations
are indicated in the sketches; C: observed and simulated cyclic vol-
tammograms for a concentration of 4.51073Mm
a[M05P,W;504]'°" in the initially pH = 3 medium; scan rate:
10 mVs™1; working electrode: glassy carbon; for further details,
see text

In Figure 4A the peak current intensities are strictly pro-
portional to the analytical concentration of the heteropoly-
anion. This concentration domain is narrow, despite the
presence of a high concentration of cations in the solution.
Details in Figure 4B deserve particular attention. Upon in-

Eur. J. Inorg. Chem. 2000, 2463—2471



Properties of Keggin- and Dawson-Type Heteropolyanions

FULL PAPER

I/uA

150

100 A

o P,W, .+ Na,SO,

00 |

Sor o P, W, % 10°/ M

—_—05

—10

—15
200 L s

10 0.5 00 0.5

-100

-15.0

200F

00
200

400 |

600

E/Vvs.SCE

Figure 5. Cyclic voltammograms of several increasing concentra-
tions of 0,[P,W704]'°~ in 0.2 M Na,SO, + H,SO, (pH = 3 before
addition of heteropolyanion); scan rate: 10 mVs~!; working elec-
trode: glassy carbon; A and B: the appropriate concentrations are
indicated in the sketches; C: observed and simulated cyclic voltam-
mograms for a concentration of 4.5-1073 m a2[P2W1706,]'°* in the
initially pH = 3 medium; scan rate: 10 mVs™'; working electrode:
glassy carbon; for further details, see text

creasing the heteropolyanion concentration, the first wave
becomes roughly constant in intensity and the peak poten-
tial continues its slight shift in the negative direction; the
current intensity of the second wave decreases until it be-
comes vanishingly small; concomitantly, a new wave ap-
pears at a more negative potential than the former second
wave and grows at its expense. Figure 4 C shows a compar-
ison between the final voltammogram observed for 4.5-10~3
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M 0,P,W;sMo, and the voltammogram simulated from that
corresponding to the lowest concentration of complex on
the assumption that the peak current intensities maintain
the expected proportionality and peak potentials remain
constant. Figure 5 shows analogous observations for
,P, W15, Apart from the difference in wave shapes, which
is the incentive for showing both Figure 4 and 5, exactly the
same comments are applicable to the two complexes and
will not be repeated.

In contrast, the addition of potassium hydrogen phthal-
ate, which increases the buffer strength of the sulfate solu-
tion, improves drastically the observed phenomena. Fig-
ure 6 compares the observed and simulated cyclic voltam-
mograms for a,P,W;sMo, and a,P,W,, respectively, under
these experimental conditions.
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Figure 6. Observed and simulated cyclic voltammograms for 5-103
M of the relevant heteropolyanion in 0.175 M Na,SO, + 51072 M

PHP (initial pH = 3); scan rate: 10 mVs~!; working electrode:

glassy carbon; for further details, see text; A: a,[M0,P,W;504;]'°7;

B: ay[P,W;706,]'~

Even with modest concentrations of the phthalate, the
“expected” cyclic voltammograms are almost completely
restored, as can be seen in Figure 6. Such an observation
underscores the influence of the buffer capacity of the elec-
trolyte and the special participation of the proton in the
electrochemistry of the selected oxometalates. Also, com-
parison of the behavior of the two complexes in the same
medium confirms the difference in basicity between their
reduced forms.
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Finally, complementary experiments were carried out.
Figure 7 indicates for two metal ion substituted heteropoly-
anions, a,P,W7Ni and a,P,W;Zn selected as representat-
ive examples, the same trends as obtained for the precursor
lacunary species, albeit to a lesser extent.
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Figure 7. Observed and simulated cyclic voltammograms for 5-10~ 3
M of the relevant heteropolyanion in 0.4 M NaCl + HCI (initial
pH = 3); scan rate: 10 mVs™~!; working electrode: glassy carbon;
for further detdllS see  text; A:  a[NiP,W ;04 B:
02[ZnP>W 1,06 1~

Substitution of Na* by Li* in the supporting electrolyte
does not change the general behavior observed for lacunary
as well as for metal cation substituted heteropolyanions.
Figure 8 summarizes the evolution, with the heteropoly-
anion concentration, of the current intensity ratio of the
observed and simulated first voltammetric waves as de-
fined previously.

It is also clear from Figure 8 that there is a slower de-
crease of this ratio when the ionic strength of the electro-
lyte increases.

With a proton-to-heteropolyanion ratio smaller than 2,
all the observations suggest a reaction pathway in which
two main species are in equilibrium in the solution, with
their reduction featured respectively by the first and the se-
cond voltammetric waves. In this issue, it can be hypothes-
ized that the first wave should correspond to the reduction
of a protonated form of the heteropolyanion and the second
wave to another protonated or to an unprotonated form.
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Figure 8. Normalized first reduction peak current intensity as a
function of heteropolyanion concentration [M], using the calculated
diffusion current as a reference; for further details, see text; A:
02[M02P,W 5061175 B 02[PaW1,06]'0”

This distinction stems from the failure of large amounts of
sodium or lithium cation to assume the role of protons and
from the known polybasic behavior of a,P,W4,['81 which is
also anticipated for a,P,W;sMo,.

Acid—Base Equilibria

An attempt to rationalize the observations discussed
above demands complementary experiments that can sup-
port or invalidate the basic hypothesis. The study is re-
stricted to a,P,W;sMo, and a,P,W .

Typically, several experiments were performed by starting
the measurements with a pH = 3 solution containing the
appropriate concentration of Na,SO, + PHP, Na,SO,, or
NaCl, which are the most representative supporting electro-
lytes used in this work. The pH of such solutions was then
monitored accurately as a function of the added concentra-
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Figure 9. Variation of pH as a function of the concentration of
heteropolyanion added to an initially pH = 3 solution; the com-
position of the electrolyte is indicated on each curve; A:
02[M0,Py W sOg1]'°; B: ao[P,W1706]'0~

tion of the relevant heteropolyanion. The results are shown
in Figure 9 and are enlightening.

Even with the smallest concentration of oxometalate used
in this work, proton consumption occurs. Clearly, for both
heteropolyanions, at least one of their pK, values falls in the
pH domain of the supporting electrolyte. The differences
observed between the various media are easily explained in
terms of their buffer capacity. The chloride medium has no
buffer capacity and the consumption of protons by the het-
eropolyanion results in a rapid increase in the pH value. In
the pure sulfate medium, [HSO,]™ is a proton donor, the
presence of which confers some buffer capacity to the elec-
trolyte. By following a literature procedure,*” the initial
concentration of hydrogen sulfate in the pH = 3 solution
containing 0.2 M Na,SO4 can be evaluated and was found
to be roughly 1.54-1072 M. Incidentally, it is worth noting
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that the increase of hydrogen sulfate species in 0.5 M
Na,SO, (3.85:1072 M) and, to a lesser extend, the increase
of cations, participate in the observed influence of ionic
strength in Figure 8A. Finally, two proton donors are pre-
sent in the mixture of sulfate and PHP, which can explain
the small variation of pH with the concentration of hetero-
polyanion in that medium.

As far as the acid-base equilibria of the heteropolyanions
are concerned, each of the present Dawson-type lacunary
compounds is theoretically expected to fix ten protons. In
fact, previous work on a,P,W,,['®1 and the present experi-
ments on the two species under investigation indicate that
the consumption of only three protons occurs. A detailed
account of the accurate pK, determinations for these com-
pounds, as well as for several other species in the Dawson
and Keggin series, under various experimental conditions
will be given elsewhere along with the distribution of the
various possible species in equilibrium at a given pH
value.[?8]

Discussion

The classical picture encountered so far in our studies for
the reduction of lacunary heteropolyanions in pH = 2 or 3
media with a large enough proton-to-heteropolyanion
ratio,[0710-291 begins with two two-electron waves. At least
the first peak current intensity is proportional to the analyt-
ical concentration of the oxometalate. Most, but not all,
first transition metal ion substituted heteropolyanions be-
have similarly and show a system of two-electron waves at
practically the same potential locations as those of the pre-
cursor lacunary species.®" 1021 Hence the conclusion that
most of these systems cannot actually be considered as “sat-
urated” compounds.

Several observations in the experiments described above
deserve further specific discussion. Emphasis will be placed
on an attempt at the rationalization of the influence of the
overall negative charge of the heteropolyanion, the partial
localization of this charge, and the role of various coun-
terions present in the solution, with particular attention
paid to the remarkable behavior of the proton.

In the pH domain explored and with the heteropolyanion
concentrations used in this work, the lacunary as well as
the substituted compounds are stable. As a matter of fact,
regardless of the starting situation, addition of acid to ob-
tain a large proton-to-heteropolyanion ratio restores imme-
diately the classical cyclic voltammograms with a first two-
electron wave, the current intensity of which is proportional
to the analytical concentration of the oxometalate. The ex-
tremely high speed of this restoration might rule out associ-
ation phenomena as the origin of the observed behavior.

We consider first the situation in Figure 1 through 3.
With the sulfate medium chosen as a reference, the electro-
lyte composition seems suitable to ensure classical behavior
for the oxometalates described in this work. For this same
pH but in the presence of other anions, a general negative
shift in the peak potential locations is obtained with a con-
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comitant decrease of the peak currents. Such behavior
spans a large potential domain, roughly from +0.6 to —1
V in the present experiments. Provisionally, it must be noted
that this domain encompasses two two-electron waves of
the fully symmetrical heteropolyanion P,W g, and that the
whole cyclic voltammogram for this compound remains un-
altered by the change in anion in the supporting electrolyte.
On the reasonable assumption that the added electrons are
delocalized in the equatorial region or that the charge dis-
tribution remains symmetrical in the first few reduced
forms of P,Wg, this cyclic voltammogram would indicate
that the overall charge by itself is not a main parameter in
the observed behavior. In contrast, substituted heteropoly-
anions are sensitive to the change of anions, which lends
support to the conclusion that they behave much like the
precursor lacunary species. The idea emerges that charge
localization is of prime importance to induce the behaviors
of lacunary and lacunary-like species. The larger this charge
localization, the larger the effects. It has also been con-
firmed by UV/Vis spectroscopy that decomposition of the
oxometalates does not occur. Given this information we are
left with an explanation involving anion effects and/or local
pH effects. The most striking or complex behaviors are en-
countered with a,P,W;sMo, and P,W,. Work is still in
progress on the latter compound. Therefore, focus is placed
on the first compound. The anion effect in electrochemistry
has been known for some time and is rationalized in terms
of adsorption and double layer effects.*°~331 More specific-
ally, the anion effect in the reduction of chromate ions has
been described in detail by Gierst and co-workers.[3¢-37]

However, examination of Figure 8A. and Figure 9A, in-
dicates that a,P,W;5sMo, and its reduced species should fix
protons irreversibly, thus raising the pH value in the reac-
tion layer. As a consequence, the peak current intensity
could be lowered and the peak potential driven in the nega-
tive direction. This possibility might appear difficult to sep-
arate from the pure double layer effect, but the present ob-
servations rule out any preeminent anion effect.

The second issue of importance concerns the role of
counter cations in the reaction mixture. Even though they
are active in ensuring the overall electroneutrality of the
solutions, their behavior is particularly prominent when the
proton to heteropolyanion ratio is low. In these circum-
stances, it is observed that the high cation-to-heteropoly-
anion ratio cannot counteract the pH variation effect. This
conclusion is confirmed in Figure 4 and 5, in which it can
be seen that cations other than the proton also fail to give
rise to the classical cyclic voltammograms of lacunary het-
eropolyanions. In contrast, the efficiency of protons in these
circumstances is clearly highlighted, in particular through
the buffer capacity of the supporting electrolyte. The facts
in this particular case are clear although their complete ra-
tionalization seems difficult at present. Therefore, the fol-
lowing discussion represents an attempt to sum up the main
questions raised by the present observations, with an indica-
tion of the tentative ways in which these questions could be
solved. At least two questions arise: (i) the extent, if any, of
ion-pairing of cations with the outer surface of heteropoly-
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anions, more specifically in the reduced states; (ii) the com-
pensation by cations of the localized charges of the vacancy
corresponding to the missing moiety. Complexation and/or
ion-pairing of the lacunary!® and the substituted!'8-38-3%
heteropolyanions with alkali metal cations were demon-
strated and seem to be associated with the dissymetry of the
molecules.'>#% This remark suggests charge localization to
some extent. As a consequence, we focus on the atoms in
and around the vacancy. The complexation stability con-
stants, in the cases in which they were measured,'®2%] have
sizeable values. It can be assumed that the corresponding
reduced species should be even more strongly complexed
by alkali metal cations. Then, the particular role played by
protons should be tentatively attributed to either or both of
the following possibilities: the very fast protonation kinet-
ics, in agreement with the pK values, and/or some restricted
accessibility of protonable/complexable sites. This last as-
sumption might be supported by the known bulkiness of
solvated alkali metal cations:*'4*! the ionic radii are 2.35 A
for solvated Na™, 2.08 A for solvated Li", while the value
of 0.74 A for W is generally accepted to represent also
the radius of the vacancy. A new problem now arises con-
cerning the actual state (i.e. whether they are solvated, par-
tially solvated or unsolvated) of the cations that participate
in the neutralization of the charges around the vacancy. It
is known!'®28] that, among the five protonable sites, only
the four outer sites have a good accessibility and that three
are protonable. It is likely that solvated cations can only
complex these sites in a fairly loose manner. Work in pro-
gress is aimed at clarifying several of these problems.

Concluding Remarks

The observations made for the electrochemical behavior
of the oxometalates studied in this work show evidence for
the influence of electrolyte composition. Despite the variety
of Dawson- and Keggin-type structures, the conclusion
emerges that lacunary as well as their divalent cation substi-
tuted species are sensitive mainly to the buffer capacity of
the electrolytes. This influence pushes the peak potentials
in the negative direction and, as a whole, increases the re-
duction overvoltage of the oxometalate. The intensity of the
influence decreases smoothly from the lacunary species to
their divalent cation substituted derivatives, and vanishes
completely in the precursor-saturated compound. Further-
more, the importance of this influence turns out to follow
smoothly the nominal negative charge borne by each molec-
ule. This observation confirms and reinforces the conclu-
sion that most divalent cation substituted heteropolyanions
are not actually “saturated” compounds and that their elec-
trochemistry should be compared with that of the corres-
ponding lacunary species. This behavior reveals, in fact,
some dissymmetry in the charge distribution in the molec-
ules, as evidenced by the comparative study with P,W g or
P,W/sMo;. The possible further interference of local pH
changes during reduction processes must also be consid-
ered. Thus, one remarkable outcome of this work is the pos-
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sibility that electrochemical behavior governed by electro-
lyte composition can serve as probes of charge distribution
in oxometalates.

Another issue of interest concerns the very modest role
played by cations other than the proton in the electrochem-
ical behavior of oxometalates. The series of questions raised
by this observation can be partly answered by considering
qualitatively the charge localization on hard oxide ions
around the vacancy and the bulkiness of solvated alkali cat-
ions in competition with proton hopping. Also, the pK,
value of the various sites in the oxidized as well as in the
reduced forms must be considered. These explanations can-
not be extended to the known specificity of several cations
in the synthesis of lacunary heteropolyanions. Work in pro-
gress aims at answering several such questions.

Experimental Section

Pure water from a Milli-RO, unit followed by a Millipore Q puri-
fication set was used throughout. All chemicals were of high-purity
grade and were used as received. H,SO,, Li,SO4, Na,SO,, LiCl,
NaCl, HCl, NaClO,, NaNO;, CgHsO0,K (potassium hydrogen
phthalate, abbreviated as PHP), CH;COOH, CH;COONa (Pro-
labo) were commercial products. In the present comparative study,
only pH = 3 media were used. The heteropolyanions used in this
work have been cited previously, along with appropriate abbrevi-
ations and preparations.[®3%187211 The stability of these com-
pounds was checked in a 0.2 M Na,SO,4 + H,SO,4 medium (pH =
3) by UV/Vis spectroscopy over a period of at least 24 h. The solu-
tions were deaerated thoroughly for at least 30 min with pure argon
and kept under a positive pressure of this gas during the experi-
ments.

The source, mounting and polishing of the glassy carbon (GC, Le
Carbone Lorraine, France, 3 mm diameter) have been described.!>-!
The electrochemical set-up was an EG & G 273 A driven by a PC
with the corresponding 270 software. Potentials are quoted against
a saturated calomel electrode (SCE) in a compartment separated
from the test solution by a fine-porosity glass frit. The counter
electrode was platinum gauze of large surface area in a separated
compartment with a medium-porosity glass frit. The UV/Vis spec-
tra were recorded with a Perkin—Elmer Lambda 19 spectrophoto-
meter. Experiments were performed at 23 = 1 °C.
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