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Abstract: The chemistry of polyoxometalates (POMs) keeps drawing the attention of
researchers, since they constitute a family of discrete molecular entities whose features may
be easily modulated. Often considered soluble molecular oxide analogues, POMs possess
enormous potential due to a myriad of choices concerning size, shape and chemical
composition that may be tailored in order to fine-tune their physico-chemical properties.
Thanks to the recent progress in single-crystal X ray diffraction, new POMs exhibiting
diverse and unexpected structures have been regularly reported and described. We find it
relevant to systematically analyse the different equilibria that govern the formation of POMs,
in order to be able to establish reliable synthesis protocols leading to new molecules. In this
context, we have been able to synthesise the Eu**-containing silico-molybdo-tungstic dimer,
[Eu(a-SiWoMo02039)2]">". We describe the synthesis and characterisation of this new species
by several physico-chemical methods, such as single-crystal X-ray diffraction, '*W NMR
and electrochemistry.
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1. Introduction

Polyoxometalates (POMs) are oxo-metal clusters in which the metal element M is often in its highest
oxidation state (M = WY!, Mo"!, VV...). Berzélius was the first to isolate a POM in 1826: the ammonium
salt of the 12-molybdotungstate [PMo12040]° anion [1], but the first description of the structure of one of
the compounds of this family, the [PW12040]>~ anion, was made more than a century later by Keggin [2].
Then, several hundreds of structures have been described, especially from the second half of the 20th
century onwards. Nowadays, a myriad of new molecules, ranging from the simplest ones to unexpected
and rather complex structures, are reported every year. In fact, upon modulating the experimental
conditions and selecting the nature of the metal elements and their molar ratios, the different substitution
and addition reactions involving POM entities with respect to metal cations offer a wide range of
possibilities regarding the synthesis of new molecules which may find applications in a variety of fields
such as medicine [3,4], catalysis [5,6], nanotechnologies [7,8], magnetism [9,10], etc. It is, then, possible
and more and more common to synthesise POM species that include in their structures some elements
specially selected in order to impart the features required for certain targeted applications.

Lanthanide (Ln) cations, for example, have a partially filled 4f orbital. As a consequence, they possess
photoluminescence properties. In fact, they exhibit a high purity colour luminescence in the visible or in the
near IR range [11], being employed in TV and computer screens, in optical fibres, etc. [12]. The
incorporation of lanthanide cations in POMs rose a considerable interest due to the possibility of creating
synergy between their electronic properties. The first POM containing a lanthanide cation as the hetero-
element was the compound [CeMo12042]%", described in 1914 [13]. Several decades later, in the
beginning of the 70s, Peacock and Weakley reported the synthesis of Ln-containing POMs which formed
monomers and dimers of the (POM)Ln and (POM):Ln types [14]. Afterwards, the family of Ln-
containing POMs never ceased to grow, concomitantly becoming more and more diversified [15], on
the basis of a synthesis protocol that varies little. It consists of two major steps: 1) creation of mono- or
multi-lacunary POM structures which will behave as ligands; 2) co-ordination of the lanthanide cation
by those ligands via oxo bridges. POM:Ln complexes are obtained, exhibiting one of the following
different ratios: 1:1 [16,17], 2:1 [17-20] or 2:2 [21-23]. The most common POM structures known as
Linqvist, Anderson, Keggin and Dawson may be used as lacunary species, and in some cases the co-
ordination sphere of the lanthanide cation is completed by an organic ligand [24,25]. Finally, it is not
unusual to come across less common structures combining fragments from different families or
involving “giant” POMs [26-28]. As previously stated, the major interest of these POM:Ln compounds
is to obtain a synergistic effect between the electronic properties of the POM, often considered an
electron reservoir, and the lanthanide, whose 4f orbitals are partially empty. The studies of these systems
are quite often focused on their luminescence properties and rarely on their electrochemical behaviour
[29]. The present study concerns the synthesis, structural characterisations, electrochemical studies and
electro-catalytic properties of a POM containing the Keggin fragment [SiWoMo02039]*” and the Eu**
cation, obtained as the potassium salt of the respective dimer: Kiz[Eu(a-SiWoMo02039)2] 21H20. The
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formation constants of this complex had already been calculated by Choppin et al. [30], but this is the
first time that the compound has been isolated and characterised.

2. Results and Discussion
2.1. Synthesis of Ki3[Eu(a-SiWeMo2039)2] 21H20

The compound Ki3[Eu(a-SiWoMo02039)2] 21H20 (1) was prepared according to a method different
from that described in the literature for its homologous species Kiz[Eu(a-SiW11039)2] 18H20 [16,19]. In
fact, the lacunary compound [0-SiW9Mo02039]*" being less robust than its molybdenum-free homologue,
the synthesis has to be carried out at room temperature and in a buffered medium (acetate buffer, pH
~4.7) in order to prevent it from decaying. Likewise, the sequence of reagent addition is reversed. The
compound [a-SiW9oM02039]*" is added in small aliquots to a solution containing the Eu*" ions. It may be
assumed that the reaction rate between the lacunary species [a-SiWoMo02039]®" and the Eu*" cation is
high enough. In addition, the formation equilibrium constants determined by Choppin et al. [30] for
POM-Eu complexes indicate that the compound [Eu(a-SiWoMo2039)2]'*" is sufficiently stable in
solution. This implies that the lacunary fragments [a-SiWoMo02039]®" remain free in solution for a
relatively short time, which should be enough to prevent them from decomposing.

2.2. Elemental Analysis, TGA and IR Spectroscopy

The elemental analysis and the TGA results are in good agreement with the formula derived from
single crystal X-ray diffraction. It consists of a potassium salt that crystallises with 21 water molecules.
The main IR absorption bands observed correspond to the stretching vibrations of the X—O bonds, with
X =S8Sior W [15,16]. The presence of Mo results in slight shifts when compared to the values reported
in the study by Pope ef al. or that by Balula and Freire cited before [15,16]. The formula of compound
1 corresponds well to that of the parent dimer Ki3[Eu(a-SiW11039)2] 18H20.

2.3. Structure

The dimeric anion [Eu(SiWoMo02039)2]'* is built of two monovacant Keggin moieties [a-
SiWoMo02039]®" connected to a central Eu*" cation (Figure 1A). The Mo and W centres are localised in the
structure, the two MoOs octahedra belonging to two different trinuclear fragments and sharing a corner.
The rare-earth cation is slightly off-centred of the vacant site of the [a-SiWoMo02039]®" sub-units (Figure
1B), as shown by the longer Si---Eu distance (4.52 A) when compared to the Si---M (M = Mo, W) distances
(3.48 —3.58 A). It may be noticed that the POM has no symmetry element and in particular is non-centro-
symmetric. The local symmetry around the Eu®" ion, co-ordinated by eight oxygen atoms of the Keggin
fragments, is approximately square anti-prismatic (Figure 1C), as also observed, for example, in the well-
known [EuW10036]° species [31] and also in [Eu(a-SiW11039)2]**~ [29] and [Eu( B2-SiW11039)2]"3" [19].
However, a pseudo C2 axis can be identified passing through the Eu*" ion (Figure 1D). Overall, the
structure of [Eu(a-SiWoMo02039)2]'3" is quite close to that of [Eu(a-SiW11039)2]">~ [29], except for the
presence of four localised Mo"! centres in the former complex. However, Ki3[Eu(a-SiW11039)2] 18H20
[29] and Ki3[Eu(a-SiWoMo02039)2] 21H20 (1) are not isostructural, due to small differences in the
crystal packing.
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Figure 1. (A) Mixed ball-and-stick and polyhedral representation of [Eu(SiWoMo02039)2]"*7;
(B) ball and stick representation of the {(SiWoMo02039)EuQO4} fragment; (C) environment
around the Eu** ion, with the Eu-O distances (A) indicated for each bond; (D) position of the
pseudo C axis passing through the Eu*" ion. Blue octahedra: WOs; orange octahedra: MoOs;
green tetrahedra: SiO4; plum spheres: Eu; blue spheres: W; orange spheres: Mo; red spheres:
O; pink spheres: O bound to Mo ions.

2.4. NMR Spectroscopy

Tungsten-183 (W) NMR spectroscopy allows the characterisation of the structure of
[Eu(SiWoMo02039)2]"*" in solution. Figure 2 shows the '3*W NMR spectrum taken at 29 °C. It shows
nine resonances (the monomer would exhibit five), each integrating for one W atom. This multiplicity
is rather consistent with a point-group symmetry C> and thus a staggered conformation similar to that
observed in [Ln(SiW11039)2]'*", Ln = Yb or Lu, and in opposition to the eclipsed conformation (Czv)
observed for Ln = La [32]. Indeed, the latter gave rise to six lines in the "*W NMR spectrum, with five
integrating for two W atoms and one integrating for one W atom, whereas the spectrum of the former,
with either of the heavy lanthanides, exhibited eleven lines of equal intensity [32]. Thus, in the present
case of the [Eu(SiWoMo02039)2]">~ species, all nine W atoms in a POM unit are not equivalent to each
other and each lacunary fragment is related to the other by a two-fold rotation. Consistently, the 2°Si
NMR spectrum shows one resonance at & = —71.9 ppm (Figure S3 in Supporting Information).
Interestingly, among the nine '*3W lines, two of them undergo strong up-field shifts (~—1200 ppm) that
allow them to be assigned to W atoms close to the paramagnetic Eu centre. The other two metal centres
bridged to Eu through metal-oxo junctions are then the two Mo atoms, in agreement with X-ray
diffraction analysis. Also, six of the remaining W lines are relatively broad (line width ~5-8 Hz),
presumably as a consequence of residual paramagnetic interaction. Finally, the last line at 6 =—127.4 ppm is
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very narrow (line width <1 Hz) and even exhibits %Jw-o-w coupling satellites (2.J= 16 Hz). It should, thus,
be attributed to the W atom positioned at the longest distance from the Eu centre.

-127.4
1Hz
Jwow= 16 Hz

113.9 -118.4] -146.6 7Hz
5Hz 5Hz | -1323 5Hz -196.8

e - 1674 12020
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Figure 2. "W NMR spectrum of the lithium salt of [Eu(SiWoMo02039)2]'>~ in D20/H20 solution.
2.5. Electrochemistry

Compound 1 is stable at pH 3 in lithium sulphate solution. For lower pH values (see SI), it slowly
decomposes to give rise to the saturated species [SiWoMo3040]*". Figure 3 shows the CVs of 1 and of
[SiW9M02039]%" recorded in the same experimental conditions and restricted to the redox processes
attributed to the Mo"! centres of the two compounds. The CV of 1 shows a quasi-reversible wave with
Epc=—0.170 V vs. SCE and AE = 0.070 V (AE = Epa — Epc). The CV of [SiWoMo02039]® reveals a slower
process taking place at far more negative potentials, —0.396 V vs. SCE. It is a rather irreversible process
when compared to that of compound 1.

We were taken aback by the shape of the re-oxidation wave of 1, which suggests that there is a
desorption step subsequent to the formation of a film on the surface of the working electrode. In order
to sort this out, we studied the dependence of the oxidation peak current intensity, /pa, as a function of
the scan rate, v (Figure S4-A). The plot of /ra as a function of v does not give a straight line, as should
be the case for a simple adsorbed species mechanism (Figure S4-B). Likewise, the plot of /a as a function
of the square root of the scan rate, v!/2, is not a straight line either (Figure S4-C), as expected from the
shape of the re-oxidation wave. It is highly likely that the overall process is simultaneously controlled
by diffusion and adsorption phenomena. This sort of mechanism has been previously described by
Amatore et al. for certain electro-catalytic processes [33].
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Figure 3. CVs of 1 (red) and of [SiWoM02039]*" (blue) in 0.5 M Li2SO4 + H2SO4/pH 3. Scan
rate: 10 mV.s"'. POM concentration: 2.5 x 10~* M; working electrode: EPG; counter

electrode: Pt; reference electrode: SCE.

A controlled potential coulometry experiment carried out at —0.40 V vs. SCE yielded a consumption
of 4 moles of electrons per mole of 1, meaning that the Mo"! centres in compound 1 are all reduced to
MoV by the uptake of an electron each, the solution becoming violet (Figure S5-A). Upon resetting the
potential to +0.30 V vs. SCE, a re-oxidation step ensues in which over 95% of the previously consumed
charge is recovered, and the solution reverts to its initial colourless aspect. The CVs recorded between
these different steps show that compound 1 does not decompose when undergoing its reduction followed
by its re-oxidation (Figure S5-B). Beyond this first redox wave, there is a large irreversible process
having a reduction peak potential at —0.860 V vs. SCE (Figure S6).

We found it interesting to compare the response of the species 1 with that of its parent compound, the
Keggin-type silico-tungstic derivative possessing three Mo"! centres, [SiWoMo03040]*", as far as their
redox and electro-catalytic properties are concerned.

2.5.1. Compared Redox Behaviour of 1 and of [SiW9oMo3O40]* at pH 3.0

Figure 4 shows the CVs of 1 and of [SiWoMo03040]* in 0.5 M Li2SO4 + H2SO4/pH 3. Even if the
three Mo"! centres of the compound [SiW9oMo3O40]*" are equivalent, their overall reduction does not
take place in a single step, as is the case for compound 1. In fact, the CV of [SiW9oMo3O40]*" reveals
three successive single-electron waves corresponding to the one-electron reduction of each of the Mo
centres. We recall that we observed a single four-electron redox wave for compound 1 in the same
experimental conditions. The symmetry of compound 1 implies that the four Mo"! centres are divided
into two equivalent groups, each comprising two Mo"! centres whose molecular orbitals have the same
energy when the molecule is in its oxidised state. The uptake of four electrons, despite being fast,
corresponds to a multi-step process, as is the case for all multi-electron reductions. We would expect to
observe a decrease of the level of degeneracy after the uptake of the first electron, resulting in the
splitting of the initial single wave into several waves: a sequence of either two two-electron steps or four
single-electron steps. The latter phenomenon is observed upon the reduction of the three Mo"! centres
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of the compound [SiWoMo3040]*", which are equivalent when the molecule is in its highest oxidation state,
but whose degree of degeneracy decreases when the first electron is added. There are three successive
single-electron reduction waves in the CV of [SiWoMo3O40]*", whereas that of compound 1 reveals a single
four-electron wave in the same experimental conditions. The degree of degeneracy is not affected in the
latter, the four Mo centres remaining equivalent throughout the addition of the four electrons.

This behaviour should have a beneficial influence on the electro-catalytic properties of 1. Indeed, the
most promising compounds for electro-catalysis are those capable of exchanging a large number of
electrons in one go.
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Figure 4. CVs of 1 (red) and of [SiWoMo03040]*" (black) in 0.5 M Li2SO4 + H2SO4/pH 3.
Scan rate: 10 mV.s"!. POM concentration: 2.5 x 10 M. Working electrode: EPG; counter
electrode: Pt; reference electrode: SCE.

2.5.2. Electro-Catalytic Activity of 1 towards Oz and H202 Reduction

We were also interested in the electro-catalytic efficiency of compound 1 with respect to the reduction
of both dioxygen (O2) and hydrogen peroxide (H202). In fact, it is important to check these two processes
and to compare their respective onset potentials, that is, the potential values at which the electro-catalytic
reactions start. In the case of the species 1, the onset potential for the reduction of H20z is less negative
than that for Oz. This means that the electro-reduction of H202 on an EPG electrode is easier than that
of O2 in the presence of compound 1. When we concentrate on the electro-reduction of Oz, the overall
process will be pursued beyond the formation of H202 up to H20 as the final product.

Figure 5A confirms that the reduction of H20z is easier than that of Oz. Also, the efficiency of H202
reduction increases upon successive cycling (Figure 5B). The working electrode surface activation is
probably due to the formation of a depot that does not totally re-dissolve in the presence of H20z. In the
case of the electro-reduction of Oz, the activation phenomenon is not observed, the successive CVs being
superposable (Figure S7). This suggests that the process of electro-catalytic reduction of O by
compound 1 either does not include a H202 formation step or H20z is a transient species whose lifespan
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is so short that no activation film forms on the electrode surface, meaning that the response shown in
Figure 5B is not observed.

This activation phenomenon is not observed with the species [SiWoMo3O40]*" and its onset potential
for the reduction of H20:2 is more negative than that for the reduction of Oz (Figure 8S-A). It is also
important to point out that for the electro-catalytic reduction processes of both Oz and H202, compound
1 is always more efficient than the parent species [SiWoMo3040]*~ (Figure 8S-B).
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Figure 5. (A) CVs of 1 alone in an argon saturated solution (black), in a O2 saturated solution
(red), and in the presence of 0.25 M H20:2 (blue) in 0.5 M Li2SO4 + H2SO4/pH 3. (B)
Successive CVs of 1 in the presence of 0.25 M H202 in 0.5 M Li2SO4 + H2SO4/pH 3. Scan
rate: 2 mV.s'!. POM concentration: 2.5 x 10™* M. Working electrode: EPG; counter
electrode: Pt; reference electrode: SCE.

3. Experimental Section
3.1. Synthesis of Ki3[Eu(a-SiWoMo:039)2] 21H20

0.18 g of EuCls 6H20 (0.5 mmol) are dissolved in 30 mL of 0.5M NaCH3COO + 0.5M CH3COOH/pH
4.7, and then 3.0 g of Ks[a-SiWoMo02039] nH20 (1 mmol) are added in small aliquots. This procedure
is adapted from the method described by Cadot et al. [34]. The mixture is stirred at room temperature
until the dissolution is complete, and then filtered. After a few days, needle-like white crystals form in
the colourless filtrate, which are recovered by filtration and dried in the open air. A mass of 1.24 g of
the white crystals of the compound Kis3[Eu(a-SiWoMo02039)2] 21H20 was obtained, corresponding to a
yield of 41%. IR (cm™!): 1003(w), 940 (m), 884 (s), 813 (m), 755 (m), 713 (m), 528 (w).

3.2. TGA, and IR Spectroscopy

Hydration water contents were determined by thermogravimetric analysis performed in a nitrogen
atmosphere between 25 and 600 °C, with a heating speed of 5 °C.min"', using a Metler Toledo
TGA/DSCI1.. Infrared spectra were recorded on a Nicolet 6700 FT spectrometer driven by a PC with the
OMNIC E.S.P. 8.2 software.
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3.3. X-ray Crystallography

Data collection was carried out using a Siemens SMART three-circle diffractometer equipped with a
CCD bi-dimensional detector using the monochromatised wavelength A(Mo Ka) = 0.71073 A.
Absorption correction was based on multiple and symmetry-equivalent reflections in the data set using
the SADABS program [35] based on the method of Blessing [36]. The structure was solved by direct
methods and refined by full-matrix least-squares using the SHELX-TL package [37]. There is a
discrepancy between the formulae determined by elemental analysis and that deduced from the
crystallographic atom list because of the difficulty in locating all the disordered water molecules and
counter-ions. These disordered water molecules and counter-ions, when located, were refined isotropically
and with partial occupancy factors. Crystallographic data are given in Table 1. Further details of the crystal
structure investigation may be obtained from the Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen (Germany), on quoting the depository number CSD-429499.

Table 1. Crystallographic data.

Parameters 1
Formula EuK13MO4094Si2W18
Formula weight, g 5913.50
Crystal system triclinic
Space group P-1
a/A 12.2447(10)
b/A 12.7803(10)
c/A 33.762(3)
a/° 83.799(2)
pBre 85.106(2)
v/° 66.214(2)
VIA3 4801.4(6)
VA 2
Deatc/g cm™ 4.090
pw/mm ! 23.307
Data/parameters 37169/26808
Rint 0.0560
GOF 0.946
Ri (I>20(])) 0.0720
WR, 0.1786

3.4. NMR Spectroscopy

The NMR spectra were obtained on a Bruker AVANCE-400 spectrometer using a 10 mm broad-band
probe. The '83W spectrum at 16.7 MHz was recorded with a spectral width of 100 kHz, an acquisition
time of 0.7 s, a pulse delay of 0.2 s, a pulse width of 50 us (90° tip angle) and a number of scans of
131072. The ?°Si spectrum at 79.5 MHz was recorded with a spectral width of 4 kHz, an acquisition time
of 0.5 s, a pulse delay of 0.1 s, a pulse width of 14 us (90° tip angle) and a number of scans of 16384.
For all spectra, the temperature was controlled and fixed at 29 °C. The '**W spectrum was referenced to
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2.0 mol.dm ™ NaxWOs4 and the #Si spectrum to SiMes. For the 2°Si and the '83W chemical shifts, the
convention used is that the more negative chemical shifts denote up-field resonances.

3.5. Electrochemistry

Pure water was obtained with a Milli-Q Intregral 5 purification set. All reagents were of high-purity
grade and were used as purchased without further purification: H2SO4 (Sigma Aldrich) and Li2SO4 H20
(Acros Organics). The composition of the electrolyte was 0.5 M Li2SO4 + H2SO4/pH 3.0.

The stability of polyanions 1, [0-SiWoMo02039]*~ and [SiWoMo03040]*" in solution in this medium was
long enough to allow their characterisation by cyclic voltammetry and control potential coulometry. The
UV-visible spectra were recorded on a Perkin-Elmer 750 spectrophotometer with 10 M solutions of
the polyanion. Matched 2.00 mm optical path quartz cuvettes were used.

Electrochemical data were obtained using an EG & G 273 A potentiostat driven by a PC with the
M270 software. A one-compartment cell with a standard three-electrode configuration was used for
cyclic voltammetry experiments. The reference electrode was a saturated calomel electrode (SCE) and
the counter electrode a platinum gauze of large surface area; both electrodes were separated from the
bulk electrolyte solution via fritted compartments filled with the same electrolyte. The working
electrodes were a 3 mm OD pyrolytic carbon disc or a ca. 10 x 10 x 2 mm?® glassy carbon stick (Le
Carbone-Lorraine, France). The pre-treatment of the first electrode before each experiment is adapted
from a method described elsewhere [38]. The stick is polished twice with SiC paper, grit 500 (Struers).
After each polishing step, which lasts for about 5 min, the stick is rinsed and sonicated twice in Millipore
water for a total of 10 minutes. Prior to each experiment, solutions were thoroughly
de-aerated for at least 30 minutes with pure Ar. A positive pressure of this gas was maintained during
subsequent work. All cyclic voltammograms were recorded at a scan rate of 10 mV.s™! and potentials
are quoted against the saturated calomel electrode (SCE) unless otherwise stated. The polyanion
concentration was x 10~ M. All experiments were performed at room temperature, which is controlled
and fixed for the laboratory at 20°C. Results were very reproducible from one experiment to the other
and slight variations observed over successive runs are rather attributed to the uncertainty associated
with the detection limit of our equipment (potentiostat, hardware and software) and not to the working
electrode pre-treatment nor to possible fluctuations in temperature.

4. Conclusions

In an acetate buffer medium, the mono-lacunary polyanion [a-SiWoMo02039]®" reacts with the Eu*
cation, giving rise to the dimer species [Eu(a-SiWoMo02039)2]'*". This new compound was characterised
by several physico-chemical methods, such as TGA and IR spectroscopy, which allowed us to infer its
chemical formula, Ki3[Eu(a-SiWoMo02039)2].21H20. Single crystal X ray diffraction, W and #Si
NMR results are coherent with the fact that the compound is made of two [a-SiWoMo02039]®~ fragments
which co-ordinate the Eu** cation via 8 atoms.

The structure of compound 1 shows that there are two sorts of equivalent Mo centres, but the cyclic
voltammetry revealed that they are all simultaneously reduced, contrary to the results observed with the
parent compound [0-SiWoMo3040]*", for which there are three reduction steps corresponding to the three
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Mo centres. Compound 1 exhibits a good catalytic efficiency towards the reduction of O2
and H20o.

Supplementary Materials

Additional experimental data: UV-visible spectra of 1, SiWoMo2 and EuCls 6H20 (Figure S1), TGA
curve of 1 (Figure S2), ?Si NMR spectrum of 1 (Figure S3), additional electrochemical data (Figures
S4-S8).
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