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Abstract: The electrochemical behavior
of the ball-shaped heteropolytungstates
[{Sn(CH;),(H,0)},4{Sn(CHs),}i-
(A-XWo03) ] (X=P, 1; As, 2) was
examined in aqueous electrolytes by
redissolution of their respective mixed
cesium-sodium  salts  Cs4,Na,,[{Sn-
(CH;),(H,0)}4{Sn(CH;) i,
(A-PW,053,)1,]- 149H,0  (Csy-1) and
Cs14Nay,[{Sn(CH;),(H,0)}4{Sn(CHs),} -
(A-AsW,03,)1,]' 149 H,0  (Csy-2). In
the studied media, Cs;-2 is readily
soluble in contrast to the significantly
less soluble Csy;-1. The solubility of
Csys-1 is increased by the presence of
Li* ions in solution. Gel filtration stud-
ies with 1 and 2 rule out a decay of the

than 1 and both polyanions also show
rather different decomposition path-
ways. Polyanion 1 collapses first into
Keggin-type monomers which might
contain the trilacunary [A-a-
PW,05]°". The final monomeric spe-
cies obtained from 1 appears to be
very similar to [PW;;O5]"", which is
the final transformation product of [A-
a-PW,0;,]°~ in the same media. In
contrast, 2 does not seem to follow an
analogous transformation pathway as
that of the trilacunary [A-a-
AsW,05,]”". Importantly, stabilization
of 1 is observed in chloride media. The
fairly long-term stability of 1 in 1m
LiCl, pH 3, has allowed for its electro-

chemical study to be carried out. The
solid-state cyclic voltammogram of 1
entrapped in a carbon paste electrode
shows the same characteristics as 1 dis-
solved in chloride solutions, thus sup-
porting the conclusion that the polyan-
ion is stable in these environments.
Controlled potential coulometry on 1
indicates that the number of electrons
consumed in the first wave is larger
than twenty. To our knowledge, 1 con-
stitutes the first example of a molecule
that can take up such a large number
of electrons resulting in a chemically
reversible W-wave. These properties
show promise for future fundamental
and applied studies. Polyanion 1 is also

dodecameric spherical assemblies to
Keggin-based monomers on the time-
scale of the experiment. By UV/Vis
spectroscopy and cyclic voltammetry, 2
was found to be significantly less stable

Introduction

The class of polyoxometalates (POMs) and in particular
their transition-metal-substituted derivatives continue to at-
tract much attention, owing to their putative and realized
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efficient in the electrocatalytic reduc-
tion of NO,, including nitrate. Finally, a
remarkable interaction was found be-
tween 1 and NO, a highly promising
feature for biomimetic applications.

applications in heterogeneous/homogeneous oxidation catal-
ysis, electrocatalysis, medicine, materials science, photo-
chemistry, analytical chemistry, and magnetochemistry.'””! In
addition, the shape, size, composition, and symmetry of dis-
crete, molecular POMs constitute highly attractive features.
The mechanism of formation of POMs remains poorly un-
derstood and commonly described as self-assembly. Rational
synthesis of fundamentally novel molecular POM architec-
tures remains a major challenge, although the use of lacuna-
ry precursors often allows us to predict at least building
blocks of the resulting POM structure. Giant POMs have at-
tracted special attention, as they represent the largest and
heaviest inorganic molecules ever made combined with
structural beauty. For example, the isopolyanion [M03;O;;,-
(H,0)5]* ™ and the heteropolyanions [As,W,0,,]* ™ and
[H;PW 50 ,45]* 1% were the largest POMs for a long time.
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However, in recent years the number of structurally well-
characterized gigantic POM species has grown rather fast.
Besides the remarkable series of gigantic mixed-valence
polyoxomolybdate rings and spheres reported by the group
of Miiller,">"¥ Pope and co-workers reported on a poly-
tungstate  with 148  tungsten  atoms, [As;,Ce-
(H,0)36W,,50524]7°.11 Sécheresse et al. described several
large polyanion assemblies containing the cationic oxo-thio
linker [Mo0,0,S,(OH,)s]**.*) One of us (U.K.) also reported
several large-sized POMs, including a tungstoarsenate(III)
with 65 tungsten atoms, prepared by self-condensation of
the dilacunary precursor [As,W O (H,0)]"~;[¥ large tung-
stophosphates based on titanium(IV);'"*¥ and recently the
ball-shaped heteropolytungstates 1 and 2.l In favorable
cases, such large-sized structures might constitute interesting
electron reservoirs and/or sinks. As a consequence, such pos-
sibilities deserve to be investigated through electrochemical
characterization.

Here we report on the electrochemical and electrocatalyt-
ic behavior of 1 and 2 either dissolved in aqueous solutions
or incorporated in a carbon paste. For this purpose, the sta-
bility of 1 and 2 in aqueous electrolytes has been studied
and the decomposition pathways have been investigated, in
order to detect experimental conditions suitable for the
electrochemical characterization of these complexes.

Experimental Section

Synthesis: The mixed cesium-sodium salts of 1 and 2, Cs;,Nay[{Sn(CH;),-
(H,0)}54{Sn(CHs),}12(A-PWy03,) o] 149H,0  (Csy-1) and  CsyyNay,[{Sn-
(CH;),(H,0)}54{Sn(CHs)o}12(A-AsWy0s,)1o] 149 H,0  (Csy4-2), were pre-
pared as previously described by us.*! [A-PW,05,]°" 2 [PW,,05,] 2!
and [P,W;sMo,VO]*""* were prepared by literature methods. All
other reagents were used as purchased without further purification.

UV/Vis spectroscopy: Pure water was used throughout. It was obtained
by passing it through a RiOs 8 unit followed by a Millipore-Q Academic
purification set. All reagents were of high-purity grade and were used as
purchased without further purification. The UV/Vis spectra were record-
ed on a Perkin-Elmer Lambda 19 spectrophotometer on solutions of 1
and 2 as concentrated as possible (vide infra for explanations). Matched
1.000 cm optical path quartz cuvettes were used. The compositions of the
various media used were as follows: pure water; 1M HCI, pHO; 0.5m
H,SO,, pH 0.33; 1M LiCI/HCI, pH 2, 3 and 4; 0.9m LiC/HCI, pH 1; 0.5M
Li,SO,/H,SO,, pH 3; 1m CH;CO,Li/CH,CICO,H, pH 3; 1M CH;CO,Li/
CH;CO,H, pH 4 and 5; 0.5m Li,SO,/Tris, pH 7.

Gel filtration chromatography: A 40 cmx1cm? Sephadex G-50 (fine)
column was used, which allows the separation of species the molecular
masses of which fall in the range 500 to 10000 gmol . Samples (1 mL of
either 2x107°m of 1 or 5x107*m of 2) were eluted at a rate of
1 mLmin~". The elution buffers were 1M LiCl, pH 3, in the case of 1 and
pure water in the case of 2. Each sample contained also 1x107°M of the
blue Wells-Dawson POM [P,W,;sM0,VO,,]*~ (Mo,VP,Ws), the molecu-
lar mass (MW 4055 gmol ") of which falls in the separation range of Se-
phadex G-50, allowing it to be used as a molecular mass standard to facil-
itate the visual inspection of the elution due to its color. Fractions (ap-
proximately 2 mL) were collected and analyzed by UV/Vis-NIR spectro-
photometry with a Perkin-Elmer Lambda 19 spectrophotometer, which
allowed to monitor the elution of the different species, each having its
characteristic spectrum with strong absorption bands in the UV range
(Mo,VP,W,5 being blue, has an absorption band at 600 nm, that is, in the
visible range of the spectrum).
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Electrochemical experiments: The solutions were deaerated thoroughly
for at least 30 min with pure argon and kept under a positive pressure of
this gas during the experiments.

NO was introduced in an oxygen-free electrochemical cell through a
catheter connected to a sealed purging system previously filled with
argon that excluded oxygen and allowed contaminants such as NO; to be
scavenged in 9 KOH. NO was bubbled through the electrolyte in the
electrochemical cell for 30 min, resulting in a NO-saturated solution (1 to
2 mm). The electrochemical cell was checked for leaks in the following
way: solutions saturated with NO were kept for several hours and used
for electrocatalytic reduction of this substrate; after removing NO by
bubbling pure argon, no electroactivity of NO or a related species could
be detected in the potential range from + 0.8V to —0.8 V at pH 0.33.

The POM Csyy-1 was dissolved slowly in 1M LiCl, pH 3.00. The dissolu-
tion process was sped up by bubbling argon through a freshly prepared
solution for 15 minutes prior to the electrochemical experiment.

The source, mounting, and polishing of the glassy carbon (GC, Tokai,
Japan) electrodes has been described previously.”! The glassy carbon
samples had a diameter of 3 mm. The electrochemical set-up was an EG
& G 273 A driven by a PC with the M270 software. Potentials are quoted
against a saturated calomel electrode (SCE). The counter electrode was a
platinum gauze of large surface area.

Carbon-paste electrodes were prepared as previously described.” Typi-
cally, the carbon paste was obtained by thoroughly hand-mixing mineral
oil (Aldrich) with 100 mg of Vulcan XC-72 and 6 mg of Cs;4-1. A portion
of the paste was packed into a glass tube and the inner surface of this
paste cylinder was pressed against a copper wire. The electrode surface
was smoothened with a soft surface. All experiments were performed at
room temperature.

Results and Discussion

Figure 1 shows a combined polyhedral/ball-and-stick repre-
sentation of 1 and 2, highlighting the dodecameric nature of
these polyanions.

Figure 1. Combined polyhedral/ball-and-stick representation of 1 and 2.
The WO, octahedra are gray and the XO, tetrahedra (X=P, As) are
hatched. The atoms are tin (grey spheres), oxygen (white spheres) and
carbon (black spheres). No hydrogens shown for clarity.
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Solubility of  CsNay,[{Sn(CH;),(H,0)},4{Sn(CH;),}1,(A -
XWy039)12]-149H,0 (X=P, Csy4-1; As, Csy4-2) and stability
of [{Sn(CHs)z(Hzo)}24{SH(CH3)2}12(A'XW9034)12]367 (X=P,
1; As, 2): Solubility and stability tests were carried out in
the various aqueous solutions mentioned in the Experimen-
tal Section, including pure water (Milli Q). Csy-1 and Csy4-2
show very different dissolution behavior. By and large, Cs4-
2 easily dissolved in all these media, whereas Csy-1 required
longer times for solutions to be obtained, and for some
media concentrations as low as 2x107°M could not be pre-
pared, even with stirring. This effect was particularly pro-
nounced in pure water (Milli Q). The solubility of Cs;-1 in-
creased significantly when an electrolyte containing Lit* ions
was present in the solution. For example, in NaCl media,
Csy4-1 is very sparingly soluble at pH>2 and this phenom-
enon increases with increasing the pH. The solubility can be
increased upon replacing NaCl by LiCl. Analogously, a fa-
vorable presence of Li* ions was previously observed for
the dissolution of the wheel-shaped tungstophosphate
[H,PsW 50,5,]**~.”! Furthermore the dissolution of Cs -1
and Csy-2 in unbuffered LiCl media is accompanied by an
important proton consumption. For instance, preparation of
a 2x1077M solution of 1in 1M LiCl + HCI (pH 2.91) drives
the final pH to 3.08, thus corresponding roughly to 20 H*
consumed by each polyanion molecule. The pH increases
with the polyanion concentration, resulting in a larger and
larger ApH. In this respect, 2 follows the same trend as 1.
As a consequence, based on these observations it is necessa-
ry to measure the final pH when working with 1 and 2 in
such media. Such remarks are especially important for the
electrochemistry of 1 in these media, because POM elec-
tron-transfer reactions are accompanied by acid-base equili-
bria. Proton uptake has also been observed to accompany
the dissolution of other large phosphotungstates, such as the
wheel-shaped [H,PgW,0,5,]**~ in unbuffered media.”>
Evidently, the pH of concentrated media with high buffer
capacity was not affected by the presence of 1 or 2 at con-
centrations of around 4x10°m. For example, this was the
case for 1m CH;CO,Li/CH,CICO,H, pH 3; 1m CH;CO,Li/
CH;CO,H, pH4; and 0.9m LiCI/HCIL, pH 1. On the other
hand, in 0.5m Li,SO,/H,SO,, pH 3, there was a small effect
for 1 (ApH<0.04), as expected for a solution with a
medium buffer capacity due to HSO,".

Long stirring times are required to obtain concentrations
of 1 useful for standard electrochemical studies. As a result,
the question arises for 1 (and also for 2) if the polyanion
maintains its solid-state structure in solution. To investigate
this, the stability of 1 and 2 was assessed by UV/Vis spectro-
photometry. The entire absorption spectrum and, in particu-
lar, the band at 240 nm, were monitored as a function of time.
Upon the assumption that a very fast decomposition does not
occur during dissolution prior to running the spectra, 1 was
found to be fairly stable in pH2-4 media. Interestingly, 2
turned out to be less stable than 1. However, even for 1, chlo-
ride media are necessary to enhance its stability. We also ex-
amined the possibility that the dodecameric 1 and 2 might de-
compose with time resulting in smaller POM fragments.
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Therefore, we carried out gel filtration chromatography
experiments on solutions of 1 and 2 in order to estimate
their relative molecular sizes, using experimental conditions
similar to the ones previously reported.”” In this separation
method, larger molecules are eluted first and smaller ones
afterwards. Sephadex G-50 was used, which allows the sepa-
ration of species the molecular masses of which fall in the
range 500 to 10000 gmol '. The blue Wells-Dawson deriva-
tive [P,W;sM0o,VOg,]*™ (Mo,VP,W,5; MW 4055 gmol ') was
employed as a molecular mass standard. This blue species
was the one to elute last from the Sephadex G-50 gel filtra-
tion column, irrespective of the ball-shaped heteropolytung-
state present in the sample loaded into the column. Both 1
and 2, having molecular masses >30000 gmol™', should
elute in the void volume, provided they do not decompose
into smaller fragments with MW < 10000 gmol ™. Indeed, 1
and 2 were detected in the very early fractions eluted from
the column, and came out well before Mo,VP,W;s. This
confirms that their molecular masses are larger than the
upper separation limit of Sephadex G-50 (10000 gmol™).
No species were detected eluting after Mo,VP,Ws on the
timescale of the experiment (no more than 3 h), which rules
out an eventual decay of either 1 or 2 to monomeric deriva-
tives, the molecular masses of which would be around 2000—
3000 gmol ' and which would have been found in fractions
collected after the Mo,VP,W,s ones. Finally, it can be con-
cluded, at the very least, that the decompositions of 1 and 2,
if any during the timescale of gel filtration experiments,
must give tetrameric or higher oligomers. However, a com-
plementary technique is needed to refine this conclusion.
Cyclic voltammetry (CV) studies of 1 and 2 should fill this
purpose and shed more light on electron uptake and release
behaviors of these compounds in solution.

Cyclic voltammetry (CV) characterization: The results in
the preceding section indicated roughly that 1 and 2 should
be studied in more detail in pH 2-4 media. Several issues
will be sequentially studied in the present section. Firstly,
studies at pH 4 will monitor the CV behavior of 1 and 2 and
try to assess their stability or decomposition pathways. Sec-
ondly, the composition of the various electrolytes will be
shown to influence the stability of 1 and 2. Finally, the re-
sults of these two sub-sections will be important for select-
ing conditions in which 1 is stable long enough for its de-
tailed characterization by CV, described in the third sub-sec-
tion.

Studies at pH 4 (Im CH;COOLi+ CH;COOH): Due to its
higher stability, compound 1 was selected first for a detailed
study. No redox activity was detected for the dimethyltin
moities in this polyanion. This is in full agreement with the
observations of Chorghade and Pope on Keggin- and Wells—
Dawson-type tungstostannates,™ and more recently by our
group on [{Sn(CH,),},(H,P,W,,04,),]* % As a conse-
quence, our focus was directed to the W-waves. Figure 2A
shows a superposition of the CVs obtained in a pH 4 acetate
medium for 2x107°m 1 and 2x107*M [A-PW,0;,]°", the
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Figure 2. Cyclic voltammograms (CVs) of 2x 107> m 1, 2x 10™*M [A-a-PW,0;,]°~ and 2x10~*m [PW,,05,]"" in a pH 4 medium (1M CH;CO,Li/CH;CO,H).
The scan rate was 10 mVs™', the working electrode was glassy carbon and the reference electrode was SCE. A) Superposition of the “initial” CVs of 1
and [A-0-PW,0;,]°". B) Evolution of the CV of 1 with time. C) Evolution of the CV of [4-a-PW,0,,]’” with time. D) Superposition of the “final” CVs

of 1 and [A-a-PW,04,]°". The CV of [PW,;04]”" is shown for comparison.

latter representing one of the possible decompostion prod-
ucts of the former. In addition, pH 4 guarantees a stability
domain sufficient for its electrochemical study to be carried
out for the trilacunary phosphotungstate precursor. The
curves represent the first CV run or the first of several runs
with the polyanions, on a timescale for which no modifica-
tion on the curves could be detected. Figure 2A calls for
several remarks. The two CVs have the same general shape.
Such close resemblance of the W-wave shapes between a
substituted polyanion and its lacunary precursor is not un-
common and has been pointed out several times previous-
ly."" However, the formal potentials E’, calculated as the
average between the cathodic and anodic peak potentials,
are —0.700 V for 1 and —0.667 V for [A-PW,0,,]°", and the
anodic to cathodic peak potential differences (AE,) are
0.096 V for 1 and 0.162 V for the POM precursor. Electronic
influences of the dimethyltin substituents in 1 compared to
[A-PW,0,]°" are reflected by the relative values of the
formal potentials and the AE|, values. Finally, the peak cur-
rent intensities (0.798 pA for 1 and 2.10 pA for the precur-
sor) are strikingly different, which suggests the integrity of
1. Its eventual decomposition into monomeric fragments
should have resulted in roughly the same current as for [A-
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PW,0,,]°". The peak current intensities should be governed
by the individual diffusion coefficients of the polyanions and
by the number of electrons consumed at each wave. It is
known that the reduction of [A-PW,0;,]° is a four-electron
process.?!!l However, both 1 and [A-PW,05,]*~ were found
to undergo slow transformations in acetate pH 4 medium
and therefore a detailed CV study at these conditions was
not possible. It is worth noting that only the first characteris-
tic wave of [A-PW,04]’" is considered here, whereas a
second, large-current, chemically irreversible wave close to
the solvent discharge limit is not of relevance for this study.

In pH 4 medium and in the presence of Li* ions, the evo-
lution of 1 and 2 was found to follow intermediate speed ki-
netics and could therefore be easily studied by electrochem-
istry. Figure 2B and 2C show the evolution of the CVs of 1
and [A-PW,05,]", respectively, as a function of time. Focus-
ing on the transformations of the trilacunary POM, Fig-
ure 2C shows its initial cyclic voltammogram that is mainly
composed of a single, chemically reversible four-electron
wave. A clearly detected transformation sets in rapidly and
is represented by a two-wave system, as shown in selected
cyclic voltammograms in Figure 2C. After roughly 6 h, the
cyclic voltammogram stabilizes. We believe that [o-

— 5483
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PW,,05]"" is the final transformation product of [A-
PW,0,,]°" in our experimental conditions, based on studies
with the three trilacunary Keggin isomers Ky[A-0-PW,0;,],
Ko[A-B-PW,0;,] and Ko[B-a-PW,05,].F% A comparison be-
tween the final CVs of [A-a-PW,0;,]°~ and that of an au-
thentic sample of [a-PW;;O5]"" confirms our hypothesis.
We also verified that [PW;O5]"" is indeed stable in this
pH 4 medium.

Figure 2B shows that the reversible wave of 1 also under-
goes a progressive transformation into a two-wave system.
However, the transformation processes of 1 and [A-a-
PW,05,]°" are different: 1) the transformation of [A-a-
PW,0,,]°" is simple, resulting in the progressive disappear-
ance of the four-electron wave, which is replaced by two
two-electron waves attributed to [a-PW;05]""; 2) the de-
composition of 1 is more intricate: first, the peak current of
the initial wave increases with the concomitant appearance
of a second wave. The peak current of the first wave keeps
increasing during the first hour of the experiment, then de-
creases and stabilizes after roughly 5 h. The peak current in-
tensity of the second wave keeps increasing progressively
during this entire process and finally stabilizes too. These
observations can be easily rationalized by considering that
the dodecameric 1 decomposes into monomeric entities. In
this case, two processes co-exist that have opposite effects
on the current intensity: 1) the decomposition into mono-
meric POM units should increase the current as it must be
anticipated that these small entities have larger diffusion co-
efficients than the very large 1; 2) the transformation of the
unique initial wave of these monomers into a two-wave
system should decrease the observed current as shown for
[A-a-PW,0;,]° in Figure 2C. It is likely that 1 decomposes
first resulting in fragments closely related to [A-a-
PW,05,]°", which then follow a transformation pathway
analogous to that of [A-a-PWyO5,]’". Confirmation of this
analogy appears in Figure 2D, which shows in superposition
the final voltammetric patterns obtained from 1 and [A-a-
PW,0,]°" and the voltammogram of an authentic sample of
[PW,,05]"" in the same medium. It is worth noting that the
current intensity of the CV associated with the transforma-
tion of 1 is practically the same as that of the analytical con-
centration of [A-a-PW,0,,]°", thus suggesting a decomposi-
tion of the former polyanion into monomers. Scrutiny of the
voltammograms in Figure 2D suggests, however, that these
monomers might contain dimethyltin fragments, because the
redox characteristics are not exactly the same as those of
[PW,,05]"". This difference in redox characteristics suggests
that monomeric species of the type [{Sn(CHj;),-
(H,0),},PW,05,]° 29~ (x=1-3) could be present.

In Figure 3A one of the very first CVs of 2 is compared
with that of 1 in pH 4 acetate medium and run on a time-
scale at which 1 has not yet initiated the transformation pro-
cess described above. It should be mentioned that 2 is re-
duced at a slightly more positive potential than 1, in agree-
ment with the electrochemistry of most POMs with As and
P hetero atoms.”” Figure 3B shows a superposition of the
CVs obtained in a pH 4 acetate medium for 2x107°m 2 and

5484

www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2x107*M [A-0-AsW,03,]°" due to the dodecameric nature
of the former POM. These CVs were run as soon as possible
after dissolution of the respective materials. There are dif-
ferences compared to Figure 2A, which we ascribe to the
different solution behaviors of 1, 2, and their respective la-
cunary precursors [A-0-XWy05]°~ (X=P, As). Figure 3C
and 3D, respectively, show two types of voltammetric pat-
terns associated with the transformation of 2 and [A-a-
AsW,03,]° as a function of time. Actually, the transforma-
tion of 2 is very fast at the beginning and then slows down,
a feature that might make one miss the true evolution. The
first and the second CV recordings are only separated by
ten minutes. For the next 8 h the POM continues to evolve
slowly. This transformation is essentially reflected in the
shape of the CV and not in a change in the current intensity.
The difference between the voltammograms is more pro-
nounced at lower pH. It is apparent that the transformation
pathways are more intricate for 2 than for 1. The intermix-
ing of the CVs suggests the breakdown of 2 into mixtures of
unidentified products. Comparison of Figure 3C and 3D con-
firms that 2 and [A-0-AsW,0,,]°" do not reach the same
final state. The two-wave final evolution CV of [A-a-
AsW,0;,]°" is analogous to the pattern obtained for the
transformation of [A-a-PW,05]°", with the potential loca-
tion of the former being slightly more positive, as expected
(vide supra).

These observations clearly indicate a stability difference
between 1 and 2. This difference is even more striking when
the pH was lowered, while keeping the acetate medium.
Therefore, we decided to study the pH dependence in
detail. In addition, 1 was found to evolve slowly in a pH 3
acetate medium, which led us to also study the effects of the
solution composition as well.

Influence of the pH and the solution composition: This study
was performed by CV and the results confirmed a striking
dependence on the solvent. We changed the solvent compo-
sition systematically in order to highlight these effects. The
common reference point was the pH 3 CH;COOLi medium,
which exhibited the shortest stabilization time. Relying on
the CV evolution in each solution, the following stability se-
quence was found for 1: taking an arbitrary duration 1 for
(1M CH,CO,Li/CH,CICO,H, pH 3), the duration is roughly
12 for (0.5m Li,SO,/H,SO,, pH 3) and 33 for (1M LiC/HCI,
pH 3). Evidently, sulfate ions have an appreciable stabiliza-
tion effect, but the strongest effect, by far, is obtained with
chloride ions. A complementary experiment with 1m LiCl +
0.1m CH;CO,Li + CH,CICO,H (pH 3) gives a relative sta-
bility duration of only 3.9, thus supporting the above sol-
vent-composition effect. In summary, the sequence of stabi-
lization for 1 is: C1I”>S0O,* > CH,;COO". Interestingly, 1 re-
mains stable for a significantly longer time than 2, in the
same experimental conditions. The reasons for these obser-
vations are not yet clear.

The influence of electrolyte composition and of its ionic
strength has been reported frequently in the polyoxometa-
late (POM) literature.”¥-¥ As far as anions in these mix-
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Figure 3. CVs of 2x107°m 1 and 2 in a pH 4 medium (1M CH;CO,Li/CH;CO,H). The scan rate was 10 mVs™', the working electrode was glassy carbon
and the reference electrode was SCE. A) Superposition of the “initial” CVs of 1 and 2. B) Superposition of the “initial” CVs of 2 and 2x10™*m [A-a-
AsW,05,)°". C) Evolution of the CV of 2 with time. D) Evolution of the CV of 2x10™*M [A-0-AsW,O54]"".

tures are concerned, it was shown recently that chloride ions
can be associated with POM complexes®**! and even stabi-
lize Fe" centers.” The interaction of anions with POMs is
an important and long-pending issue. By now this is a well-
established fact, although it might at first sight appear to be
counter-intuitive considering the overall negative charge of
POMs. For instance, the coordination of nitrate to {Cus[A-a-
PW,0,,],}'*~ was unambiguously demonstrated by IR spec-
troscopy and X-ray structure determination by Knoth
et al.” According to these authors, “This complexation of
an anion by an anion can be rationalized by postulating that
there is little negative charge density in the region of the
belt. The negative charge probably remains largely localized
on the phosphate groups, whereas the belt, consisting of
three dipositive metals, probably has positive charge.” Also,
IR spectra show the Co and Mn complexes to behave in the
same way, but only the Mn complex retains nitrate upon re-
crystallization. “Nitrite also forms complexes with {Cus[A-a-
PW,0,,],}"* and {Co,[A-a-PW,04,],})">".” The observations
made in the present experiments could be interpreted
within the same framework. Firstly, we observed that only
some anions interact favorably with 1. For example, acetate
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and sulfate were not as effective as chloride in stabilizing 1.
Secondly, it is well established that the negative charge den-
sity on POMs is usually rather small and in fact similar to
that of the perchlorate ion.’ Thirdly, in close similarity
with the example described by Knoth et al.,*Y 1 is composed
of 12 trilacunary Keggin units pinned into position by 12
inner, cationic (CH,),Sn** groups and 24 outer, cationic
(CH,),(H,0)Sn** groups. The solid-state structure of 1 indi-
cates that there are regions of localized positive charges on
the spherical supercluster.

Detailed electrochemical study of 1 in LiCl medium at pH 3:
The lithium chloride pH 3 medium was selected for a de-
tailed electrochemistry study of 1 and 2. In the case of 2,
CV studies revealed that it evolved right from the beginning
of the experiments, and it was not possible to obtain two re-
producible voltammograms. Actually, the changes were so
rapid that it was not even possible to detect the very first
cyclic voltammogram (see Figure 3).

The presence of lithium ions in the solvent medium ren-
dered Csy~-1 more soluble and relatively stable, particularly
in 2m LiCl, pH 3, as revealed by CV and spectrophotometry.
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Successive scans had the same shape and peak potential lo-
cations, but the peak currents kept increasing with time, in-
dicating an incomplete dissolution process of a fairly stable
species. Such evolution is easily distinguished from a decom-
position process, which is accompanied by wave splitting
and potential change. In Figure 4A the progressive dissolu-
tion of Csy-1 in 1M LiCl, pH 3 medium is shown. Eventual-
ly, the curves became reproducible, about 2-3 h after the so-
lution was prepared. Following complete dissolution, 1 re-
mains stable in solution and only negligible evolution could
be detected by CV after 9 h. This observation indicates the
existence of a comfortable time window for a detailed elec-
trochemistry characterization of 1. The single wave shown in
Figure 4A is followed at a more negative potential by a
large current intensity wave close to the electrolyte dis-
charge limit. This wave was not studied further. However, it
is worth noting that 2 is completely unstable in this medium.

After the stabilization period, Figure 4B shows the peak
current variations as a function of the potential scan rate
and it can be seen that well-behaved voltammograms are
obtained. The variation of the peak current intensity as a
function of the square root of the scan rate is shown in Fig-
ure 4C. The very good linearity of this curve indicates that

1.0 A

11 uA

pH=3
P-Ball

E/Vyvs SCE

-15
R’ =0.9993

-12

Il uA

0.0 0.3 0.6 0.9

1/2

v 1 (vsT)

the voltammograms in Figure 4B feature a diffusion-control-
led process. For comparison, Figure 4D shows the evolution
of the CV of 2 in the same pH 3 medium, which kept evolv-
ing. Controlled potential coulometry for 1 indicates the con-
sumption of roughly 25 electrons per polyanion in this pH 3
medium. Interestingly, the consumed electrons could be
fully recovered upon reoxidation. However, the exact
number of electrons cannot be determined reliably enough
to estimate the diffusion coefficient of 1.

An approximate value of the diffusion coefficient was ob-
tained in the following manner. Polyanion 1 may be consid-
ered as an oligomer of [A-a-PW,0,,]°". In this case the dif-
fusion coefficient of 1 (which is composed of 12 identical
Keggin units) can be estimated, provided that the diffusion

coefficient D,, of the monomer is known [Eq. (1)]:?*>*

D = Dm(]\/[m/]\/[p)(l55 (1)

In Equation (1) M,, and M, are the molecular weights of
[Aa-PW,0,,]°" and 1, respectively. For this purpose, it was
assumed that the diffusion coefficient of [PW,,0,]° is a
good estimate for that of [A-0-PW,05,]’" and so the value
of D,,=4.25x10"°cm?s™" was selected.¥* A crude esti-

11 uA

11 uA

E/Vvs. SCE

Figure 4. CVs and peak current intensity variations for 2x 10°m 1 and 2 in a pH 3 medium (1 m LiC/HCI). The working electrode was glassy carbon and
the reference electrode was SCE. A) CVs reflecting the continuous dissolution of 1. The scan rate was 10 mVs™'. B) CVs of completely dissolved 1 as a

function of scan rate. The scan rate values appear on each curve in mVs™. C) Variations of peak current intensities as a function of the square root of

scan rate. D) Evolution of the CV of 2 as a function of time in the pH 3 medium. The scan rate was 10 mVs™".
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mate of the diffusion coefficient for 1 would then be D=
9.7x1077 cm*s~'. By using this value in conjunction with the
Stokes—FEinstein equation, a radius r=2.2 nm could be esti-
mated for 1. This value is slightly larger than the 1.5nm
from crystallographic data,™ but when including the water
molecules of hydration around 1 in solution and taking into
account the approximate choice of [A-a-PW,04]’" as the
appropriate monomer, it appears to be a quite good esti-
mate.

Taking advantage of the stability of 1 in various media in
the timescale of the present investigations, the formal poten-
tials (E’, calculated as the average between the cathodic and
anodic peak potentials) were determined as a function of
the pH and then compared. In acetate media, AE°=91 mV
was determined for pH 3-4; in LiCl media, AE°=86 mV
was found for pH 2-3.1. Roughly, a variation of 90 mV per
pH unit can be identified.

The anodic to cathodic peak potential differences, AE,,
undergo two distinct variation regimes as a function of the
potential scan rate. From v=2 to roughly 30 mVs™', AE, re-
mains practically constant, ranging from 50 to 59 mV. For
larger values of v, AE, increases with the scan rate. In a
chloride medium pH 3, AE, reaches 68 mV at 50 mVs™' and
280 mV at 1 Vs .. Such variations might suggest an overall
quasi-reversible electron-transfer process. Such relatively
simple behavior is expected for multiple electron transfers
to a molecule containing any number of identical, non-inter-
acting redox centers.” This observation supports the as-
sumption to consider 1 as an oligomer of [A-a-PW,0,,]°".
However, this conclusion should be considered with caution,
due to the important participation of protons in the reaction
pathway. Figure 5 compares the CVs observed for 1, after
stabilization, in LiCl media at pH 2, 3, and 4, and highlights
this proton participation. The wave at pH 2 is well-behaved,
but slightly composite, with a large peak current intensity
and a AE, value corresponding to a relatively fast electron-
transfer process. Upon increasing the pH, the current de-
creases and the whole CV is shifted in the negative potential

1.0 |
e
< i
z . P-Ball
- -1.0f .
—— pH=2
.............. pH=3
-2.0f S
1 N 1 . ! i f ) .
-0.9 -0.6 -0.3 0.0 0.3

E | V vs. SCE

Figure 5. CVs of solutions with completely dissolved 1 (2x107°m) in
pH?2, 3, and 4 media (1M LiC/HCI). The scan rate was 10 mVs™, the
working electrode was glassy carbon and the reference electrode was
SCE.
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direction accompanied by an increase in AE, values. A rela-
tively low ionic strength is probably not the reason for this
observation. An analogous behavior was previously ob-
served when a large concentration of Li* ions did not com-
pensate for the lack of buffer capacity of the medium.?->¢!
The behavior also underscores the essential role of protons
in the electrochemistry of POMs.

Solid-state electrochemistry of 1 immobilized in a carbon-
paste electrode: To complement the solution studies on 1
(vide supra) we also decided to investigate this POM in the
solid state by entrapping Csy-1 in a carbon paste. The ad-
vantages of using carbon-paste electrodes (CPEs) in electro-
analysis and in electrocatalysis, in particular upon their bulk
modification by metal particles or by enzymes, have been
discussed in several papers.***'* In the present case, the
build-up of a solid-state assembly is favored by the well-
known strong adhesion of POMs to the graphite substrate.””)
As a consequence, the solid-state study discussed here is dif-
ferent from the direct electrochemistry on a POM single
crystal as described in the literature.! In fact, it should
rather be paralleled with the entrapment of POMs within
polymer matrices resulting in the build-up of insoluble as-
semblies.*”) Such assembly is so tight that no leaking of the
CPE electrode is expected.+*)

Based on the results illustrated in Figure 5, we decided to
investigate first such immobilized 1 by CV in a 1M LiCI/HCI]
pH 2 medium. The potential scan rate was varied between
10 and 200mVs™'. The potential domain explored in
Figure 5 was kept for the present experiments. Figure 6 (full
line curve) shows a representative CV obtained with the
carbon-paste electrode, in the pH 2 electrolyte, at a poten-
tial scan rate of 100 mVs™. For direct comparison, the cor-
responding CV with 1 in solution was run at the same scan
rate. At least two types of remarkable observations deserve
attention. Firstly, a single multi-electron wave is obtained
both in the solid state and in solution. This pattern is repro-
ducible as a function of time. This behavior must be con-
trasted with the two-step CV pattern associated with the de-

a0 |
20 |
0.0} Py S
< .,
= -
=2 P-Ball
_ —— pH=2
-40 | =2
.60_
1 1 . ,
-0.6 -0.3 0.0 0.3
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Figure 6. CVs of Cs;,—1 immobilized in a carbon-paste electrode, run in
pH 2 and 3 media (1M LiCI/HCI). The scan rate was 100 mVs™' and the
reference electrode was SCE.
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composition of 1 in the absence of chloride ions (e.g., see
Figures 2A and 2D). These characteristics point to the sta-
bility of 1 in the carbon paste. Secondly, the well-behaved,
but slightly composite shape observed for the wave of 1 in
solution is identical to the wave obtained with the polyanion
entrapped in the carbon paste. By and large, it is expected
that the organic matrix should decrease the rates of electron
transfer and thus create substantial overvoltages for certain
analytes.””! Indeed, such a trend appears in the anodic-to-
cathodic peak potential difference in Figure 6 as compared
to the same parameter in Figure 4B. However, it is worth
noting that only a negligible difference exists between the
reduction peak potential locations of the waves obtained for
1 in the carbon paste and in solution. Altogether, these ob-
servations support the conclusions that identical polyanion
structures exist in the carbon paste and in the 1M LiClI/HCl
pH 2 solution and this species is believed to be 1. Finally,
Figure 6 shows the CVs obtained with the carbon-paste elec-
trode loaded with 1 in chloride media at pH?2 (full line
curve) and pH 3 (dotted line curve). As already observed
previously (see Figure 4), when the pH increases the current
decreases and the entire CV is shifted in the negative poten-
tial direction. Even though the POM is not diffusing freely
in solution and reacts mainly in the interfacial region, this
feature underscores once again the important role of pro-
tons in the electrochemistry of POMs.

Work is in progress towards the optimization of the pres-
ent immobilization procedure and its comparison with other
immobilization techniques, with the ultimate goal to use
such assemblies for catalytic processes.

Electrocatalytic behavior of 1 towards NO,: The electrocata-
lytic reduction of nitrate ions is one of the challenging prob-
lems in the NOj series, because a complete process requires
several electrons. Above we have demonstrated that 1 may
be considered as a multi-electron reservoir and as a result, it
is a very promising candidate for an efficient reduction of
nitrate. Therefore, we decided to investigate the electrocata-
lytic activity of 1 as concerns the reduction of nitrate. Con-
sidering that nitrite and nitric oxide are likely intermediates
in the reduction of nitrate, we also performed a complemen-
tary study with these substrates.

Electrocatalytic reduction of nitrate and nitrite: The first
cyclic voltammetric wave of 1 in a pH 2 medium and in the
absence and presence of nitrate is shown superposed in Fig-
ure 7A. We have checked that the direct reduction of nitrate
does not occur in the potential domain explored in Fig-
ure 7A. The chemically reversible single wave of 1 becomes
irreversible in the presence of nitrate at pH 2; its cathodic
peak current increases substantially and splits into two large
current waves. It should be noted that the first of these cata-
lytic waves is polarogram-shaped, and eventually the second
wave shows a similar tendency. At least two observations
deserve attention. Firstly, the W-wave of 1 showing catalytic
behavior is located at —0.585 V versus SCE, a remarkably
positive potential compared to the catalytic waves of related
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Figure 7. CVs of 2x107°m 1 in pH 2 or pH 3 medium (1M LiC/HCI) in
the presence of nitrate. The scan rate was 2 mV's™'; the working electrode
was glassy carbon and the reference electrode a saturated calomel elec-
trode. A) CVs of 1 in pH 2 medium (I1m LiC/HCI) addressing just the
first redox processes of the W centers, in the absence and presence (1 M)
of nitrate. B) Comparison of the CVs of 1 + 1M nitrate at pH?2 and
pH 3, respectively.

POM systems. Secondly, the accumulation of a very large
number of electrons at this wave is a truly remarkable fea-
ture. These characteristics allow 1 to be included in the very
small class of POMs that are capable of electrocatalytically
reducing nitrate. As a matter of fact, the POM size is not a
sufficient prerequisite, as for example the cyclic tungsto-
phosphate [H,PsW,50,45]**" fails to catalyze the reduction of
nitrate even at the potential of its 16-electron wave.” The
catalytic efficiency of 1 might be attributed to a beneficial
effect of the dimethyltin linkers. To date, only copper-,
nickel-, and iron-containing POMs proved efficient for ni-
trate reduction.’*>! Figure 7B shows the pH dependence of
nitrate reduction by 1 and qualitatively we observe the same
behavior at pH 2 and 3. The catalytic pattern moves in the
negative potential direction with increasing pH, in complete
agreement with the behavior of 1 in the absence of nitrate
(see Figure 5). Interestingly, nitrite is reduced by 1 at a po-
tential that is around 150 mV more positive compared to ni-
trate reduction. Therefore we conclude that 1 reduces ni-
trate beyond the state of nitrite. In addition, previous work
from this group® has demonstrated the quantitative conver-
sion of NO into N,O by a selection of one- and two-elec-
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tron-reduced POMs. In the present case, accumulation of
electrons in the POM framework as observed with 1 is, thus,
likely to produce highly reduced nitrogen compounds.?>"

Interaction of 1 with NO—a perspective view for biological
and biomimetic applications: Several large POMs such as
[H/PsW,50145]° 1 and [Co(H,0),{(SiWoOs,)(SiWs03,)Cos-
(H,0)},]** P have been shown to be effective electrocata-
lysts for redox reactions involving NO, species in general
and NO in particular. The interest in NO has grown consid-
erably ever since its important role in biology was unveiled.
It seems that NO is not just a pollutant when released in the
atmosphere, but it rather works as a molecular messenger
and is implicated in oxidative stress response as well. There-
fore we decided to study 1 (the more stable of the two ball-
shaped POMs used in this work) by CV in the presence of
NO. We discovered a sharp increase in the reduction cur-
rent, which keeps increasing with time (Figure 8A). One
might attribute this behavior to NO alone, but two observa-
tions rule out this possibility: 1) the onset of the reduction
wave of 1 is 60 mV more positive in the presence of NO,
perhaps suggesting an association between 1 and NO result-
ing in an assembly which is more easily reduced than 1
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Figure 8. CVs of 2x10°m 1 in pH 3 medium (1M LiCI/HCI) in the pres-
ence of NO. The scan rate was 2mVs™'; the working electrode was
glassy carbon and the reference electrode a saturated calomel electrode.
A) CVs of 1 addressing just the first redox processes of the W centers,
without NO and at several time intervals after saturation with NO
(INOJ]=1 to 2 mm). B) CV of 1 + NO showing the final catalytic reduc-
tion peak 3 h 20 min after NO saturation.
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alone; and 2) the reduction potential of free NO (E.=
—0.890 V) is more negative than that of free 1 (E.=
—0.630 V), see Figure 8B. A similar behavior was observed
for plenary POMs such as Wells-Dawson ([P,W50¢,]®") and
Keggin ([SiW;,04]*") species. However, in these cases the
current increase was not as pronounced and there was no
noticeable activation of the NO reduction. Also in the pres-
ent example, a voltammogram virtually identical to the orig-
inal one is found after bubbling argon through the solution.
Nevertheless, complete removal of NO by this procedure
was difficult. It seems that a labile interaction exists be-
tween 1 and NO, so that the two species separate when the
concentration of NO is considerably decreased. Close in-
spection of the structure of 1 (see Figure 1) suggests that
NO might replace some of the terminal, labile water mole-
cules attached to the 24 outer dimethyltin groups. Alterna-
tively, it is possible that NO enters the large, hydrophobic,
central pocket of 1 by passing through its surface pockets.
This appears to be possible in solution for small guest mole-
cules like NO. The real nature of this perfectly reproducible
interaction is not yet understood. More work is needed to
pin down the actual mechanism of this phenomenon.

Conclusions

The two polyanions 1 and 2 were studied with the aim to
detect a time window during which their stability will allow
a comfortable electrochemical characterization of their
redox and electrocatalytic behaviors.

Polyanions 1 and 2 and their corresponding salts Csy-1
and Csy;4-2 exhibit quite different solubility and stability
characteristics in various aqueous electrolytes. Cs4-2 is read-
ily soluble to concentration levels useful for electrochemical
studies, whereas the low solubility of Cs;-1 limited the
study to concentrations of 2x 10~ M. Furthermore, the disso-
lution of Cs,,-1 is favored by the presence of Lit ions in so-
lution, but still remains a slow process. An important stabili-
zation is observed in chloride-containing media. Gel filtra-
tion rules out an eventual decay of either 1 or 2 down to
monomeric derivatives, with molecular masses between 2000
and 3000 gmol ™" on the timescale of the experiment. How-
ever, UV/Vis spectroscopy and cyclic voltammetry reveal
that 2 is significantly less stable than 1. The two POMs also
show different decomposition patterns, while their respec-
tive lacunary precursors [A-XW,05,]°" (X=P, As) follow
parallel transformation pathways. The transformations of 1
are similar to those of [A-PW,0,,]’", whereas 2 and
[A-AsW,0,,]°~ seem to follow different transformation
pathways. Polyanion 1 first collapses into monomeric deriva-
tives which might contain [A-PW,0,,]°". The final mono-
meric decomposition products of 1 appear to contain
[PW,,04]"" or [A-PW,0;,]°~ with dimethyltin fragments at-
tached (e.g., [{Sn(CH;),(H,0),},PW,05,]® 29", x=1-3). The
fairly long-term stability of 1 in 1M LiCl, pH 3 medium al-
lowed for its electrochemical study. The main observation
here is that the self-assembly of 12 [A-PW,03]’" units
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through 36 {Sn(CH;),}** groups into the 3 nm ball-shaped,
empty 1 results in a new and remarkable behavior. The pH
domain in which 1 is fairly stable is larger than that ob-
served for

[A-PW,05,]”". In the pH 4 medium in which both polyan-
ions could be studied, the smaller value of the anodic-to-
cathodic peak potential difference AE, for 1 indicates faster
overall electron-transfer kinetics compared to the trilacuna-
ry precursor. Solid-state electrochemistry of Csy-1 entrap-
ped in a carbon-paste provides complementary support for
the conclusion that 1 is stable in appropriate chloride-con-
taining media over the timescale of several hours. This ob-
servation might open new perspectives for studying the
properties of such molecules.

To our knowledge, 1 constitutes the first example of a
molecule that can uptake such a large number of electrons
reversibly at a single potential. These properties show prom-
ise for future fundamental and applied studies. A key re-
quirement is to discover media suitable for higher solubility
and stabilization of these potentially important electron res-
ervoirs. The dodecameric 1 is a new example of a POM that
exhibits efficient electrocatalytic reduction of nitrate, which,
in fact, is being reduced beyond the state of nitrite.

The remarkable interaction of 1 with NO might open
ways to investigate the biomimetic properties of this POM.

In future work we also plan to explore the medicinal
properties of 1 and 2 in a biocompatible environment. In
particular, we would like to explore the central, hydrophobic
cavities of 1 and 2, which could, in theory, be loaded with
hydrophobic drugs. It is planned to investigate the effects of
1 and 2 on Hela cancer cells both in solution and also sup-
ported on poly-L-lysine films. Indeed, deliberate entrapment
of pharmaceutically active compounds in thin films or oligo-
meric containers with the aim to fabricate sustained-release
coatings has recently become an area of intense research ac-
tivity.
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