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We have synthesized the known [Cu20Cl(OH)24(H2O)12(P8W48O184)]
25- (1) and report here its bromide and iodide

analogues, [Cu20Br(OH)24(H2O)12(P8W48O184)]
25- (2) and [Cu20I(OH)24(H2O)12(P8W48O184)]

25- (3). These
polyanions were characterized in the solid state by IR spectroscopy and single-crystal X-ray diffraction. Magnetic
susceptibility and magnetization data over 1.8-300 K show that the Cu2þ ions in 1-2 are antiferromagnetically
coupled, leading to a diamagnetic ground state. The effective exchange coupling constant Jeff was estimated as∼-3 K
for both 1 and 2. Electron paramagnetic resonance measurements were made on 1 and 2 over 5-295 K at microwave
frequencies of 9.5, 34, and 220 GHz. The observed (weak) signals were characteristic of randomly distributed Cu2þ ions
only, with g values and hyperfine constants typical of the unpaired electron in a 3dx2-y2 orbital of Cu

2þ. No signals
attributable to the copper-hydroxo cluster were detected, supporting the conclusions from the magnetization measure-
ments. DFT calculations were performed as well to obtain additional information on the anionic guest inside the cavity
created by the copper-hydroxo cage related to electronic structure and energies of encapsulation. The polyanions 2 and 3
were also characterized by cyclic voltammetry (CV) in a pH 5 medium. Their CVs are composed by an initial two-step
reduction of the Cu2þ centers to Cu0 through Cu+, followed at more negative potential by the redox processes of the W
centers. A comparison with the CV characteristics of the previously studied compound 1 indicates that the potential
locations of the Cu orWwaves of the three analogues do not depend significantly upon the identity of the central halide X.
This observation is in accordance with conclusions of DFT calculations. The modified electrodes based on 2 and the
room-temperature ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate triggers an efficient reduction of nitrate. To
our knowledge, this is the first example of electrocatalytic nitrate reduction by a polyanion entrapped in room-temperature
ionic liquid films.

Introduction

Polyoxometalates (POMs) represent a unique class of
anionic metal-oxygen clusters with large structural versati-
lity and a range of chemical and physical properties.1 Of
special interest are lacunary-type POMs, which can act as
inorganic ligands by coordinating to different types of
electrophiles, especially transition metal centers. In particu-

lar, Keggin and Dawson type heteropolytungstates are of
interest in this respect.1a Lacunary POMs are derived from
plenary parent structures by loss of one or more addenda
atoms. Incorporation of magnetic ions in these vacant sites
usually preserves the POM structure but, in some cases, can
also lead to isomerization or even loss or gain of tungsten. In
any case, the resulting products are usually good candidates
for magnetic, electrochemical, and catalytic studies.2
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Tungstophosphates comprise the largest class of plenary
and lacunary heteropoly precursors, and most of them
are derived from the Keggin and Wells-Dawson structures.
Most common examples are the trilacunary Keggin ion
[PW9O34]

9-, the trilacunary Wells-Dawson ion [P2W15-
O56]

12-, or the hexalacunary Wells-Dawson ion [H2P2W12-
O48]

12-.1a The latter can in turn be used as a precursor for the
formation of the crown-shaped superlacunary ion [H7P8W48-
O184]

33- {P8W48}, which comprises four {P2W12} units con-
nected to each other via the caps. Unlike [H2P2W12O48]

12-,
which is rather unstable and highly reactive in solution,
{P8W48} is very stable in aqueous solution over an unusually
large pH range (1-8). The cavity of the cyclic precursor is
expected to be nucleophilic, as indicated by the presence of
numerous potassium ions in the potassium salt of {P8W48}.
In 1985, Contant and T�ez�e reported that {P8W48} “does not
give complexes with divalent or trivalent transition metal
ions”.3 Twenty years later, our group was able to incorporate
a 20-copper-hydroxo cluster in the cavity of {P8W48} result-
ing in [Cu20Cl(OH)24(H2O)12(P8W48O184)]

25- (1), by a sim-
ple one-pot reaction of the cyclic polyanion precursor with
Cu2þ ions in an aqueous lithium acetate buffer.4 This
Cu20-hydroxo cluster exhibits three types of copper cen-
ters with respect to their coordination environment
(octahedral, square-pyramidal, and square-planar). We
have already described the solid-state and solution prop-
erties of 1 in detail, as well as studies in the areas of
electrochemistry, surface science, vesicle formation, and
oxidation catalysis.5

An azide-bridged derivative of 1, [P8W48O184Cu20(N3)6-
(OH)18]

24-, has also been reported by Mialane and co-
workers.6 Other derivatives of the crown-shaped {P8W48}
include Pope’s lanthanide species {Ln4(H2O)28[K⊂P8W48-
O184(H4W4O12)2Ln2(H2O)10]

13-}x (Ln = La, Ce, Pr, Nd),
M€uller’s/Pope’s mixed-valence vanadium species [K8{P8-
W48O184}{V

V
4V

IV
2O12(H2O)2}2]

24-, andCronin’s cobalt-de-
rivatives.7 Our group also synthesized an organo-ruthenium
derivative, {K(H2O)}3{Ru(p-cymene)(H2O)}4P8W49O186-
(H2O)2]

27-, and the Fe16-containing [P8W48O184Fe16(OH)28-
(H2O)4]

20- (which was also identified independently by
M€uller and co-workers).8

Here, we describe the synthesis and structure of derivatives
of 1 with the central chloride guest replaced by bromide
and iodide. Furthermore, we report on electrochemical,

magnetic/electron paramagnetic resonance (EPR), and den-
sity functional theory (DFT) studies.

Experimental Section

Synthesis. We used reagent-grade chemicals as-purchased
without further purification. K28Li5[H7P8W48O184] 3 92H2O
was prepared according to the published procedure and then
washed with 2 M KNO3 in order to remove any remaining
chloride ions resulting from the synthesis procedure of the POM
precursor.3

Synthesis ofK12Li13[Cu20Cl(OH)24(H2O)12(P8W48O184)] 3 22H2O

(KLi-1). The synthesis of KLi-1 was performed according to our
previously reported procedure.4

Synthesis of K12Li13[Cu20Br(OH)24(H2O)12(P8W48O184)] 3 60H2O

(KLi-2).Asample ofCuBr2 3 2H2O (0.17 g, 0.66mmol) was dissolved
in a 1 M LiCH3COO buffer solution (20 mL) at pH 6.0; then,
K28Li5[H7P8W48O184] 3 92H2O (0.37 g, 0.025mmol) was added. This
solutionwasheated at 80 �Cfor 1hand filteredwhile hot.The filtrate
was allowed to evaporate in an open beaker at room temperature.
After about a day, a blue crystalline product started to appear.
Evaporation was allowed to continue until the solution level had
approached the solid product, which was then collected by filtration
andair-dried.Yield:0.18g (46%). IR:1120,1080,1017,951,936,904,
842, 752, 681, 523, 470 cm-1. Elem anal. calcd (found): K, 3.0 (3.1),;
Li, 0.6 (0.5); Cu, 8.1 (7.4);W, 56.5 (57.9); P, 1.6 (1.6); Br, 0.51 (0.47).

Synthesis of K12Li13[Cu20I(OH)24(H2O)12(P8W48O184)] 3 50H2O

(KLi-3). A sample of CuSO4 3 5H2O (0.17 g, 0.66 mmol) was
dissolved in a 1 M LiCH3COO buffer solution (20 mL) at pH
6.0; then, K28Li5[H7P8W48O184] 3 92H2O (0.37 g, 0.025 mmol) was
added followed by the addition of NaI (0.036 g, 0.24 mmol). The
solutionwas heated at 80 �C for 1 h and then filteredwhile hot. The
filtrate was allowed to evaporate in an open vial at room tempera-
ture. After about 5-6 days, a blue crystalline product started to
appear. Evaporation was allowed to continue until the solution
level had reached the solid product, which was then collected by
filtration and air-dried. Yield: 0.044 g (11%). IR: 1120, 1078, 1016,
948, 934, 904, 830, 752, 685, 527, 470 cm-1. Elem anal. calcd
(found):K,3.0 (2.7);Li, 0.6 (0.4);Cu, 8.2 (7.9);W,56.9 (57.0); P, 1.6
(1.6); I, 0.82 (0.86).

Instrumentation. Infrared spectra were recorded on KBr
pellets using a Nicolet Avatar 370 spectrometer. Elemental
analyses forK,Li, Cu,W, andPwere carried out byGesellschaft
f€ur Laboruntersuchungen mbH,Wesseling, Germany, and ana-
lyses for Br and I were performed by Analytische Laboratorien,
Lindlar, Germany. All NMR spectra were recorded on a 400
MHz JEOL ECX instrument at room temperature using H2O/
D2O as the solvent.

X-Ray Crystallography. Crystals were mounted in Hampton
cryoloops using light oil for data collection at 173 K. Indexing
and data collection were performed using a Bruker X8 APEX II
CCD diffractometer with κ geometry and Mo KR radiation
(λ= 0.71073 Å). Data integration and routine processing were
performed using the SAINT software suite. Further data pro-
cessing, including multiscan absorption corrections, was
performed using SADABS.9 Direct method (SHELXS97) solu-
tions successfully located the W atoms, and successive Fourier
syntheses (SHELXL97) revealed the remaining atoms.10 Re-
finements were full-matrix least-squares against F2 using all
data. All nondisordered heavy atoms (P, Cu, W, K, Br, I) were
refined anisotropically, while the O atoms and a few disordered
K countercations were refined with fractional occupancies. No
H or Li atomswere included in themodels. The crystallographic
data are summarized in Table 1.
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Magnetic Susceptibility and Magnetization Measurements. A
Quantum Design MPMS SQUID magnetometer was used to
collect the magnetic susceptibility data on powder samples of
KLi-1 andKLi-2 in the temperature range of 1.8-300 Kwith an
applied magnetic field of 0.1 tesla (T) andmagnetization data at
1.8 K from 0 to 7 T. The diamagnetic and temperature-inde-
pendent paramagnetism correction terms have been combined
into one constant in the susceptibility data analysis and were
obtained as∼-2� 10-4 and∼8� 10-4 emu/mol forKLi-1 and
KLi-2, respectively.

EPR Measurements. Polycrystalline powder EPR spectra of
KLi-1 andKLi-2were recorded at∼9.5 to 220GHz. The 9.5 and
34 GHz spectra were obtained using a commercial Bruker
Elexys 680 spectrometer, whereas the high-frequency data were
collected on home-built instruments at the National High
Magnetic Field Laboratory in Tallahassee, Florida.11 The tem-
perature was varied from ambient temperature to 5 K. The
modulation amplitude and microwave power were adjusted for
optimal signal intensity and resolution.

Computational Details.Calculations were carried outwith the
DFT formalism using the ADF2007.01 package.12 We applied
the local density approximation featuring the XR model with
Becke’s functional for exchange and the VWN parametrization
with Perdew’s correction for correlation.13-15 Geometry opti-
mizations were carried out with a Slater basis of the DZ quality
for describing the valence electrons of all of the atoms, except for
chlorine and the oxygens of the Cu20 framework, for which we
used theTZPbasis set. The internal or core electrons (C,N,O1s;
P, Cu, Cl 1s-2p; Cl 1s-2p; Br 1s-3p; I 1s-4p; W 1s-4f) were
frozen and described by single Slater functions. We applied
scalar relativistic corrections to the internal electrons by means
of the zeroth-order regular approximation, via the core poten-
tials generated with the program DIRAC.12 Geometry optimi-
zations were performed leaving the {P8W48} fragment frozen at

the experimental geometry and fully optimizing the Cu20
moiety. Then, single-point calculations at the optimized geo-
metry were performed using a Slater TZP basis set and the
COSMOmethod to introduce the solvent effects of water.16 The
formalism utilized for the open-shell electronic configurations is
the unrestricted SCF. The system is thus described by 2492
valence electrons through 3601 basis functions in the gas-phase
calculations and 6405 basis functions in single-point solvent
calculations. DFT calculations were driven for the entire mole-
cule of 345 atoms, 68 of which are metals.

Electrochemistry. a. Materials, Apparatus, Procedures. 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. The source, mounting, and polishing of the glassy
carbon (GC, Tokai, Japan) electrodes have been described else-
where.17 The glassy carbon samples had a diameter of 3 mm.
Controlled potential coulometry was carried out with a large
surface area glassy carbon plate. The electrochemical setup was
anEG&G273AdrivenbyaPCwith theM270 software. Potentials
are quoted against a saturated calomel electrode (SCE). The
counterelectrode was a platinum gauze of large surface area. All
experiments were performed at room temperature.

The UV-visible spectra were recorded with a Lambda
19 Perkin-Elmer spectrophotometer. All solutions were 7.3 �
10-6 M in POM and were placed in quartz cuvettes with an
optical path of 1 cm. The composition of the aqueous medium
was 1MCH3COOLiþCH3COOH (pH 5). The room-tempera-
ture ionic liquid was 1-butyl-3-methylimidazolium tetrafluoro-
borate (BMImBF4). All chemicals were of high-purity grade and
were used as-purchased without further purification.

b. Preparation ofModified Electrodes.The electrodematerial
was either a polished GC17 or an ITO plate. Prior to the
modification processes, the ITO plate was pretreated accord-
ing to the literature method.18 It was sonicated in acetone for
10 min, rinsed with water, treated by ultrasonic agitation in
concentratedNaOH in 1:1 (v/v) water ethanol for 10min, rinsed
withwater, and finally driedwith nitrogen.Amodified literature
method was used19 for the immobilization of the POMs@
BMImBF4 film on the working electrode substrate. Typically,
a sample ofGC or ITOwas immersed in aBMImBF4 solution of
2 (0.4 mM) for 1 min. The film-coated electrode was then
maintained at 80 �C for 2 h.

c. Stability Studies of 2 and 3. Before studying the redox
properties of 2 and 3, it was necessary to determine their stability
domain over the pH scale being used. In fact, it is known that
POMs may undergo chemical transformations or completely
decompose depending on pH, the composition of the solution in
which they are dissolved, and POM concentration. The classical
media used for electrochemical studies are, in general, different
from those utilized for other characterization techniques such as
NMR. Furthermore, POM concentrations used for electroche-
mical characterisations are relatively low. UV-visible spectros-
copy proved very useful for investigating POM stability under
such conditions. POM stability could also be confirmed by
cyclic voltammetry.

The stability tests of the oxidized forms of 2 and 3 as a
function of time were studied at pH 5 (1 M CH3COOLi þ
CH3COOH) by monitoring their UV-visible spectrum. The
spectra were recorded over a period of at least 24 h. This
duration was selected as a compromise between the time needed

Table 1. Crystal Data and Structure Refinement for KLi-2 and KLi-3

empirical formula

K12Li13[Cu20Br-
(OH)24(H2O)12(P8W48-
O184)] 3 60H2O (KLi-2)

K12Li13[Cu20I-
(OH)24(H2O)12(P8W48-
O184)] 3 50H2O (KLi-3)

mw 16235.5 15498.4
cryst syst tetragonal tetragonal
space group (no.) P4/m (83) I4/m (87)
a/Å 24.0953(2) 26.9335(3)
b/Å 24.0953(2) 26.9335(3)
c/Å 21.9359(5) 21.0993(7)
V/Å3 12735.6(3) 15305.7(6)
Z 2 2
T/�C -100 -100
λ/Å 0.71073 0.71073
Dcalcd/Mg m-3 4.091 3.442
μ/mm-1 23.061 20.260
R [I < 2σ(I)]a 0.0457 0.0700
Rw (all data)b 0.1427 0.2179

a R =
P

||Fo| - |Fc||/
P

|Fo|.
b Rw = [

P
w(Fo

2 - Fc
2)2/

P
w(Fo

2)2]1/2.

(11) (a) Cage, B.; Hassan, A. K.; Pardi, L.; Krzystek, J.; Brunel, L. C.;
Dalal, N. S. J. Magn. Reson. 1997, 124, 495. (b) Hassan, A. K.; Pardi, L. A.;
Krzystek, J.; Sienkiewicz, A.; Goy, P.; Rohrer, M.; Brunel, L. C. J.Magn. Reson.
2000, 142, 300.
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teit: Amsterdam, 2007. (b) Baerends, E. J.; Ellis, D. E.; Ros, P.Chem. Phys. 1973,
2, 41. (c) Versluis, L.; Ziegler, T. J. Chem. Phys. 1988, 88, 322. (d) Te Velde, G.;
Baerends, E. J. J. Comput. Phys. 1992, 99, 84. (e) Fonseca Guerra, C.; Snijders,
J. G.; Te Velde, G.; Baerends, E. J.Theor. Chem. Acc. 1998, 99, 391. (f) Te Velde,
G.; Bickelhaupt, F. M.; van Gisbergen, S. J. A.; Fonseca Guerra, C.; Baerends,
E. J.; Snijders, J. G.; Ziegler, T. J. Comput. Chem. 2001, 22, 931.

(13) (a) Becke, A. D. J. Chem. Phys. 1986, 84, 4524. (b) Becke, A. D. Phys.
Rev. 1988, A38, 3098.

(14) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200.
(15) (a) Perdew, J. P. Phys. Rev. 1986, B33, 8822. (b) Perdew, J. P. Phys.

Rev. 1986, B34, 7406.

(16) (a) Klamt, A.; Sch€urmann, G. J. Chem. Soc, Perkin Trans. 2 1993,
799. (b) Andzelm, J.; K€olmel, C.; Klamt, A. J. Chem. Phys. 1995, 103, 9312. (c)
Klamt, A. J. Chem. Phys. 1995, 99, 2224. (d) Model implemented in the ADF
package by: Pye, C. C.; Ziegler, T. Theor. Chem. Acc. 1999, 101, 396.

(17) Keita, B.; Nadjo, L. J. Electroanal. Chem. 1988, 243, 87.
(18) Shan, Y.; Yang, G.; Sun, Y.; Pang, S.; Gong, J.; Su, Z.; Qu, L.

Electrochim. Acta 2007, 53, 569.
(19) Huang, B.-Q.; Wang, L.; Shi, K.; Xie, Z.-X.; Zheng, L.-S.

J. Electroanal. Chem. 2008, 615, 19.
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for electrochemical characterization of the polyanions and that
for eventual long-lasting or preparative catalytic or electro-
catalytic processes. The spectra of 2 and 3 were characterized
by a main peak located between 248 and 278 nm. They were
reproducible with respect to absorbances andwavelengths for at
least 24 h.This observation is in agreementwith the previous one
made with 1,5a under the same experimental conditions.

Result and Discussion

Synthesis and Structure. The synthesis of polyanions 2
and 3 follows the same strategy as for polyanion 1 except
that different copper(II) salts were used. As a bromide
source, CuBr2 was used instead of CuCl2, and for the
iodide derivative, CuSO4 was used with NaI as the halide
source. Both 2 and 3 crystallize as mixed lithium potas-
sium salts in two different tetragonal space groups: P4/m
for KLi-2 and I4/m for KLi-3, see Table 1. Polyanions
1-3 are isostructural, see Figure 1. They comprise a
{Cu20(OH)24(H2O)12}

16þ cluster imbedded inside the
{P8W48} ring, resulting in an assembly with D4h symme-
try. The main difference between the three analogues lies
in the halogen guest X trapped inside the copper-hydroxo
cluster. The shortest Cu-X distances in 1 (3.362(3)), 2
(3.369(2)), and 3 (3.383(3)), involving the eight Cu2þ ions
with square-planar coordination, are very similar, indi-
cating that the three different halides Cl-, Br- and I- do
not affect the dimensions of the Cu20-hydroxo cluster
significantly. The 31P NMR chemical shifts for solutions
of 1 (-29.3 ppm), 2 (-29.1 ppm), and 3 (-29.3 ppm) are
very similar, indicating that halide substitution has no
significant effect, see Figures S1 and S2 (Supporting
Information).

Magnetic Susceptibility and Magnetization. Detailed
magnetic susceptibility, magnetization, and variable-fre-
quency EPR measurements were undertaken on KLi-1
and KLi-2 with the view of detecting any magnetic
ordering or spin glass behavior of the Cu20 clusters. The
magnetic behaviors of KLi-1 and KLi-2 were found to be

similar, and neither one exhibited anymagnetic transition
over the range of 1.8-300 K. As an example, Figure 2
shows the data for KLi-2, where we have plotted the
magnetic moment per mole of the cluster, M/Nβ versus
magnetic field in tesla. Themeasured saturationmagnetic
moment of 0.55 μB (Bohr magneton) at 7 T is much less
than the expected value of 1.075 μB (one electron with
g=2.15), suggesting that antiferromagnetic interactions
are dominant in 2, resulting in a diamagnetic spin singlet
ground state.20 The inflection around 3.5 T is probably
due to the crossing of some of the excited states with the
ground state, leading to an enhanced magnetization. A
similar behavior was observed for 1.
Figure 3 displays the magnetic susceptibility of KLi-2

as χ versus T and χT versus T. The χ versus T profile
clearly indicates that all of the Cu2þ ions in the Cu20
cluster are strongly antiferromagnetically coupled,
leading to a near cancellation of the magnetic moment
in the ground state. A rapid increase in the susceptibility
below ∼3.5 K is attributed to traces of randomly
distributed countercationic Cu2þ ions, which create a
Curie tail and a large increase in the magnetic suscepti-
bility. This is consistent with our detailed EPR studies
(vide infra).
On the basis of the structures of 1 and 2, we require at

least three exchange coupling constants (J1, J2, and J3) to
describe the Cu2þ 3 3 3Cu

2þ spin exchange interactions in
Cu20. A review of the bond angles, ranging from
90-120�, and bond distances, ranging from 2.8-3.3 Å,
suggests that both ferro- and antiferromagnetic interac-
tions are present, and their magnitudes are probably
very close to each other. This situation might result in
a small effective exchange coupling constant (Jeff), which
in turn can lead to very closely spaced spin energy
levels. Because of the large Hilbert space (220 � 220),
the assumption J1 = J2 = J3 = Jeff has been evoked to
analyze the magnetic susceptibility data. Furthermore,
only high-temperature data (25-300 K) will be consi-
dered to better include the paramagnetic excited spin
states and to avoid the contributions from the randomly
distributed paramagnetic Cu2þ countercation impurity.
The spin exchange Hamiltonian shown in eq 1 is used

Figure 1. Combined ball-and-stick/polyhedral representation of poly-
anions 1-3. The color code is as follows: WO6, red; PO4, yellow; Cu,
turquoise; O, red; and halide X, blue.

Figure 2. Observedmagnetization (BMper polyanion) ofKLi-2 plotted
as reduced magnetization (M/Nβ) versus magnetic field.

(20) Expected value is calculated from Msat = NβgS.
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to estimate Jeff.

�H ¼ -2Jeff ½Ŝ1 3 Ŝ2 þ Ŝ2 3 Ŝ3 þ Ŝ3 3 Ŝ4 þ Ŝ4 3 Ŝ5

þ Ŝ5 3 Ŝ6 þ Ŝ6 3 Ŝ7 þ Ŝ7 3 Ŝ8 þ Ŝ8 3 Ŝ1 þ Ŝ9 3 Ŝ10

þ Ŝ10 3 Ŝ11 þ Ŝ11 3 Ŝ12 þ Ŝ12 3 Ŝ13 þ Ŝ13 3 Ŝ14 þ Ŝ14 3 Ŝ15

þ Ŝ15 3 Ŝ16 þ Ŝ16 3 Ŝ9 þ Ŝ2 3 Ŝ4 þ Ŝ4 3 Ŝ6 þ Ŝ6 3 Ŝ8

þ Ŝ8 3 Ŝ2 þ Ŝ10 3 Ŝ12 þ Ŝ12 3 Ŝ14 þ Ŝ14 3 Ŝ16 þ Ŝ16 3 Ŝ10

þ Ŝ1 3 Ŝ17 þ Ŝ17 3 Ŝ9 þ Ŝ3 3 Ŝ18 þ Ŝ18 3 Ŝ11 þ Ŝ5 3 Ŝ19

þ Ŝ19 3 Ŝ13 þ Ŝ7 3 Ŝ20 þ Ŝ20 3 Ŝ15� ð1Þ
The above spin formalism gives rise to spin states with

total spinST=0-10with exchange energies listed in Table
2. The degeneracy associated with each ST state is given by
‘n’ in the first column.The solid red line shown inFigure 3 is
the fit to the Heisenberg-Dirac-van Vleck equation de-
rived using the energies listed in Table 2.21 Both the g factor
and Jeff are varied, and the fit parameters are listed in Table
3. The observed small Jeff (∼-3 K) agrees with our earlier
speculation that the ferro- and antiferomagnetic interac-
tions present in Cu20 might cancel each other to a high
degree and that the latter is the dominant interaction. We
note, however, that the fitted parameters are not satisfac-
tory because, for example, the g value is found to be less
than 2, which is unlikely for Cu2þ materials. However, the
rather large number of spin states involved in the calcula-
tions makes this problem untractable at this point.

Electron Paramagnetic Resonance (EPR)Spectroscopy.
To further probe the magnetism of KLi-1 and KLi-2, we
employed EPR spectroscopy over the microwave frequency
range of 9-220 GHz and temperature range of 5-300 K.
Under all the conditions, the measured EPR spectra were
typical of traces of Cu2þ countercation impurities, with
concentrations on the order of 5%. We were unable to
identify such minute Cu2þ impurities by single-crystal
XRD, elemental analysis, or any other technique, which
indicates the power of EPR. Figure 4 shows some typical
spectra at 34 GHz and 6 K. The spectra exhibit fairly

well-resolved hyperfine structures typical of noninteracting
Cu2þ ions, without any significant feature that could be
assigned to the Cu20 cluster. This result strongly supports
themagnetic susceptibility andmagnetization data discussed
in the previous section, namely, that the ground state of the
Cu20 cluster is totally diamagnetic. The observed EPR
spectra could be easily analyzed in terms of their g tensor
andhyperfine tensorcomponentsandarecollected inTable3.
There are clearly two sites for the Cu2þ ions in the molecule,
as labeled in the figure. The fact that g|| > g^ andA||∼ 90G
suggests that the unpaired electron is in a dx2-y2 orbital with
oxo ligands in a square-planar coordination geometry. We
note that the g values of these excess spins are much larger
than those from susceptibility values of the Cu20 cluster. The
temperature dependence of KLi-1 and KLi-2 at various
frequencies shows (data not presented) that the signal in-
tensity from the randomCu2þ countercation impurity drops
gradually as the temperature is increased, as expected from a
Curie-Weiss behavior.No further signals attributable to the
Cu20 cluster are seen, which was surprising. We surmise that
this failure to detect signals is due to the presence of strong
spin-exchange effects that cause a severe line broadening.

Electronic Structure. DFT calculations were performed
to obtain complementary information on 1-3. The electro-
nic structure and the encapsulation energies of some halides
were computed. Structure optimizations have been carried
out, and the main geometrical parameters;interatomic
distances;arewell reproducedusing the techniquedescribed
in the Computational Details section. Despite that magnetic
measurements suggest a diamagnetic ground state (S = 0)
with 20 antiferromagnetically coupledunpaired electrons,we
have carried out electronic structure calculations, taking the
high-spin solution, namely, with 20 spin-up electrons (S =
10). It is worth performing this approximate approach since
the electronic structure is qualitatively well-reproduced at a
much lower computational cost. Magnetic studies using a
fragmentapproachandamodelHamiltonianare inprogress.
Preliminary results based on this model show that Cu 3 3 3Cu
metal ions are antiferromagnetically coupled, in agreement
with the experiments reported herein. For 1, the two char-
acteristic and well-defined oxo (occupied) and tungsten
(virtual) bands have been identified, separated by ca. 1.87 eV
at the BP86 level.22 The particular electronic structure of

Figure 3. Observed magnetic susceptibility of KLi-2 plotted as electro-
magnetic unit per mole of polyanion. The increase in χ below ∼3.5 K is
attributed to a Cu2þ countercation impurity. The solid line is a fit of the
experimental data to theHamiltonian in eq1. See the text formore details.

Table 2. Spin Energy Levels of the Cu20X Cluster Derived from Hamiltonian
Given in Eq 1

n ST E(ST)

1 10 -95Jeff
19 9 -75Jeff
170 8 -57Jeff
950 7 -41Jeff
3705 6 -27Jeff
10659 5 -15Jeff
23256 4 -5Jeff
38760 3 3Jeff
48450 2 9Jeff
41990 1 13Jeff
16796 0 15Jeff

(21) (a) Carlin, R. L. Magnetochemistry; Springer: Berlin, 1986. (b) Kahn,
O. Molecular Magnetism; VCH: New York, 1993.

(22) (a) Poblet, J. M.; L�opez, X.; Bo, C.Chem. Soc. Rev. 2003, 32, 297. (b)
L�opez, X.; Maestre, J. M.; Bo, C.; Poblet, J. M. J. Am. Chem. Soc. 2001, 123,
9571. (c) L�opez, X.; Bo, C.; Sarasa, J. P.; Poblet, J. M. Inorg. Chem. 2003, 42,
2634. (d) L�opez, X.; Poblet, J. M. Inorg. Chem. 2004, 43, 6863. (e) Maestre, J.
M.; L�opez, X.; Bo, C.; Casa~n-Pastor, N.; Poblet, J. M. J. Am. Chem. Soc. 2001,
123, 3749.
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this cluster presents 20 singly occupied R orbitals that are
found close in energy to the highest oxo orbitals (see Figure
5). Our results suggest that, among the singly occupied Cu-
like orbitals, roughly one-half lay below and the other half
above the highest occupied oxo orbital. The set of 20
unoccupied β orbitals lays above in energy, between -4.07
and-2.90 eV, the first W-like virtual orbital being found at
-2.86 eV. Molecular orbitals containing the unpaired elec-
trons are symmetry-adapted combinations of d(Cu) and
p(O) atomic orbitals with some antibonding character
(Figure 6). In general, antiferromagnetic systems feature
these types of d-p combinations, with electrons coupled
throughasuperexchangemechanismviadiamagnetic ligands
(oxygen atoms in the present case).
The structural issues for the different systems analyzed

(X = Cl, Br, I) show that the Cu20 framework remains
unaltered along this series of halogens, revealing that the
interactions are weak to the point that these are almost
independent of the size of X. A similar conclusion arises
observing the atomic net charges. Assuming a high-spin
state (S = 10), with all copper centers with a d9 config-
uration, the multipole-derived charges vary little from
one X to another (Table 4).23 For the chloride derivative,

the two types of Cu centers carry charges of þ0.645 and
þ0.781, which turn toþ0.646 andþ0.777 for X=Br and
þ0.602 and þ0.775 for X = I.
One can envisage the possibility of anionic exchange in

polyanions 1-3. The cavity in the center of the Cu20
fragment can encapsulate a relatively small anion such as
a halide that potentially could be released from the cavity.
The escape of the halide anions X-, with X=Cl, Br, and
I, has been analyzed at the DFT level. Figure 7 shows the
energy profile computed for the set of X- by means of a
scan of geometries ({P8W48} ring frozen and Cu20 frag-
ment reoptimized at each step). We can observe that the
energy profile for 1 exhibits a minimum in the center of
the cavity in excellent agreement with theX-ray structure,
which shows that Cl- is located in the center of the cavity.
It is also interesting to observe that, when the Cl- ion
moves along the C4 symmetry axis, the energy increases,
but very smoothly at the beginning, suggesting that the
Cl-may occupy a wide region inside the cavity.When the
displacement is larger than 1 Å, the energy increases with
a greater slope reaching a barrier of 90 kcal mol-1 when
the halide crosses the window constituted by the Cu4O4

ring. The barriers increasewith the size of the anion, being
ca. 100 kcal mol-1 for X = Br- and 120 kcal mol-1 for
X=I-. The results show that the energy requirements for
anion release are far from being achievable even at high
temperatures. The behavior observed for 1-3 contrasts
with the cation exchange in the Preyssler ion
[XnþP5W30O110]

(15-n)-, where it is well established that

Table 3. Spin-Hamiltonian Parameters of Cu20X Derived from Susceptibility and 34 GHz EPR

EPR

susceptibility site 1 site 2

g Jeff g|| g^ A|| (G) g|| g^ A|| (G)

1 1.71( 0.02 -3.04( 0.02 2.433( 0.005 2.078( 0.005 90( 10 2.326( 0.005 2.078( 0.005 160( 10
2 1.44( 0.02 -3.11( 0.02 2.430( 0.005 2.080( 0.005 90( 10 2.334( 0.005 2.080 ( 0.005 160( 10

Figure 4. (a) Q-band (∼34 GHz) EPR spectra of KLi-1 and KLi-2 at
6 K. (b)Magnified view of the g|| peaks. The Hamiltonian parameters are
summarized in Table 3.

Figure 5. Schematic molecular orbital diagram of the frontier orbital
region for 1-3. TheR (right) andβ (left) sets of orbitals are localized in the
Cu-O fragment. Each circle is an electron. The energy values correspond
to the solvated polyanion, obtained with a COSMO calculation. In
parentheses, we show the orbital energies of the isolated {P8W48} frag-
ment in solution.

(23) Swart, M.; vanDuijnen, P. T.; Snijders, J. G. J. Comput. Chem. 2001,
22, 79.
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the encapsulated cation can be released from the internal
cavity. Using a similar procedure, the energy barrier
for this process was found to range from 40 kcal mol-1

for Naþ to 70 kcal mol-1 for Th4þ.24 The difference in
the behavior of anion and cation exchange in the
{Cu20P8W48} and Preyssler-type polyanions, respec-
tively, very probably originates from the larger radii of
the halides with respect to the cations.

Electrochemistry. Before studying the redox properties
of 2 and 3, it was necessary to determine their stability
domains over the pH scale being used (detailed data are
included in the Supporting Information). Figure 8A
shows the cyclic voltammogram (CV) of 2 in a pH 5
medium. The reduction pattern is composed of four
reduction waves located respectively at -0.162, -0.211,
-0.688, and -0.806 V versus SCE. On an expanded

current scale, Figure 8B highlights the last two waves
which are chemically reversible and feature the reduction
of W6+ centers. Their CV characteristics are close to
those of the precursor {P8W48} (Figure S3, Supporting
Information). At this pH, each of the two tungsten waves
corresponds to the consumption of eight electrons per
molecule.25 The first two waves are attributed to the
reduction in two steps of Cu2þ to Cu0 through Cuþ. This
behavior is in line with the observations made with 1

5a

and other Cu2þ-substituted POMs26 under the same
experimental conditions. On the scan going towards
positive voltage, the large desorptive oxidation wave

Figure 6. Side and top 3D representations of a singly occupied molecular orbital, localized in the Cu20 moiety.

Table 4. Selected Multipole-Derived (MDC-q) Atomic Net Charges and Spin
Densities for the Compounds Analyzed at the DFT Level

Cl- Br- I-

Net Charges

X -0.628 -0.595 -0.172
Cu(1) þ0.643 þ0.648 þ0.598
Cu(2) þ0.781 þ0.777 þ0.775
Cu(3) þ0.648 þ0.644 þ0.606

Spin Density

X 0.071 0.0071 0.071
Cu(1) 0.414 0.414 0.414
Cu(2) 0.423 0.422 0.422
Cu(3) 0.428 0.428 0.428

Figure 7. Scan of geometries for the displacement of X = Cl, Br, and
I along the C4 axis. The first point is the geometrical center of the cluster;
the last one corresponds to the anion out of the cavity.

Figure 8. (A) Cyclic voltammogram of a 4 � 10-5 M solution of 2 in a
1 M CH3COOLi þ CH3COOH (pH 5) medium. The scan rate was
2mV s-1. Theworking electrodewas glassy carbon (3mmdiameter disk),
and the reference electrode was SCE. (B) Magnification of A to highlight
the W6+ reduction waves. The copper reoxidation wave was truncated.

(24) Fern�andez, J. A.; L�opez, X.; Bo, C.; de Graaf, C.; Baerends, E. J.;
Poblet, J. M. J. Am. Chem. Soc. 2007, 129, 12244.

(25) Keita, B.; Lu, Y. W.; Nadjo, L.; Contant, R. Electrochem. Commun.
2000, 2, 720.

(26) (a) Keita, B.; Mbomekalle, I.-M.; Nadjo, L.; Contant, R. Electro-
chem. Commun. 2000, 2, 720. (b) Nellutla, S.; van Tol, J.; Dalal, N. S.; Bi, L.-H.;
Kortz, U.; Keita, B.; Nadjo, L.; Khitrov, G. A.; Marshall, A. G. Inorg. Chem.
2005, 44, 9795. (c) Pichon, C.; Mialane, P.; Dolbecq, A.; Marrot, J.; Rivi�ere, E.;
Keita, B.; Nadjo, L.; S�echeresse, F. Inorg. Chem. 2007, 46, 5292.
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observed at -0.015 V versus SCE is characteristic of
surface-confined species and features an overlap of the
oxidation of the deposited Cu0 with the reoxidation wave
of Cu+ centers. These oxidationwaves are only separated
by roughly -0.065 V. Figure 9 presents the variations of
the CV of 2, restricted to the Cu2þ to Cuþ process, as a
function of the potential scan rate, and it can be seen that
well-defined CVs are obtained. The variation of the
cathodic peak current intensity as a function of the square
root of the scan rate is also shown in Figure 9. The good
linearity of this curve indicates that the Cu2þ/Cuþ elec-
tron transfer is mainly controlled by a diffusion process.
The results altogether converge to explain why the Cuþ/
Cu2þ diffusion wave is much smaller than the oxidation
current of Cu0, which features a surface-controlled pro-
cess. Furthermore, comparison of the peak current in-
tensities for the Cu2þ to Cuþ reduction processes of 1, 2,
and 3 to that of the first eight-electron W-wave of the
{P8W48} tungstophosphate wheel indicates that 20 elec-
trons are involved in the first reduction step of the Cu2þ

centers (with the assumption that the diffusion coeffi-
cients of {P8W48} and polyanions 1, 2, and 3 are similar).
In other words, all 20 Cu2þ ions of the polyanions are
involved in this first step. These observations demon-
strate a stabilization of Cuþ by the {P8W48} ligand, at
least during the time scale of the CV runs. Structural
changes could occur upon reduction, but a detailed study
of these processes is beyond the scope of this paper. No
significant amount of free Cu2þ countercation impurities
could be detected by cyclic voltammetry.
The shape of theCVof 3 resembles the one observed for

2 the same experimental conditions. Table S5 (Supporting
Information) gathers the main voltammetric characte-
ristics for the CVs of 2 and 3 in a pH 5 medium. For
comparison, the corresponding data obtained with 1 are
included. The potential locations of the Cu orWwaves of
the three analogues do not depend significantly upon the
identity of the halogen X. A comparison of the peak
current intensities for the Cu2þ to Cuþ reduction pro-
cesses for 2 and 3 and CuSO4 indicates that the diffusion
coefficients of 2 and 3 are roughly 6.3 times smaller than
that of CuSO4, thus demonstrating that the Cu2þ ions
remain within the polyanion in solution. This result

confirms the observed stability of 2 and 3 by UV-visible
spectroscopy performed at pH 5.
For 2 and 3, a fifth reduction wave with a large current

intensity was observed, associated with the deposition of
Cu0 (not shown), when the potential was swept negatively
to the potential domain where the last reversible W wave
appears. This large irreversible wave features the hydro-
gen evolution reaction, in line with previous observations
in the case of 15a and other Cu-substituted POMs.26c,27

Exhaustive electrolyses of 2 and 3 were carried out at
pH=5 (at-0. 550 V versus SCE). For both compounds,
the number of electrons consumed per Cu is 2.0 ( 0.1,
thus indicating that all of the copper centers are two-
electron-reduced. When the fixed potential is more nega-
tive than -0.6 V versus SCE, the reduction of the W
centers triggers an electrocatalysis of solvent reduction
far stronger than the one observed with the precursor
{P8W48}.
Some characteristics of the previous5a and present

electrochemical data can be analyzed from the electronic
structure of polyanions 1-3. The first orbital ready to
accept an extra electron in 1 is found at -4.07 eV,
localized in the Cu20 fragment. Besides the other empty
Cu-like orbitals that are found at slightly higher energies,
the first W-like empty orbital appears at -2.86 eV.
The rather large energy gap between these two Cu- and
W-like empty orbitals agrees with the large separation
observed in the reduction waves of Cu andW. The orbital
energies of the frontier orbitals are independent of the
central halide; as a matter of fact, the reduction bands in
the CVs remain hardly unaltered in the three studied
anions 1-3.
The isolated [P8W48O184]

40- fragment was also com-
puted with the solvent. It features orbital energies of
-4.72 and -2.81 eV for the highest oxo and lowest
tungsten orbitals, respectively. These are roughly the
same as the DFT values obtained for 1 (-4.73 and
-2.86 eV, respectively). The energy gap between both
bands consequently remains the same, ∼1.9 eV. This
result matches the CVs at pH = 5, where the first
reduction wave of {P8W48} (W wave) appears at roughly
the same potential as the W wave in 1. This suggests
that the Cu20 moiety just replaces the countercations
inside the cavity created by the {P8W48} fragment with-
out modifying its electronic structure. For comparison,
when the same method of calculation is applied to
the [NaP5W30O110]

14- Preyssler anion, a large POM
cluster with similar characteristics, we find a LUMO at
-4.0 eV in solution, much more stable than that of
[P8W48O184]

40-. This fact can be understood considering
the total charge of each system and taking into account
the number of metal atoms supporting this charge.28

Since the number ofW atoms largely surpasses the charge
in the Preyssler anion, the LUMO is very stable. On the
other hand, as 48 tungstens is roughly the same as the
number of negative charge units (40) in {P8W48}, the
molecular orbitals are strongly destabilized. The reader
must be aware that the final energy of the LUMO and

Figure 9. Cyclic voltammograms of 4 � 10-5 M solution of 2 in a 1 M
CH3COOLiþCH3COOH (pH 5) medium. The scan rates (from inner to
outer curve) are 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mV s-1. The
working electrode was glassy carbon (3-mm-diameter disk), and the
reference electrode was SCE. The potential reversal is fixed after the
Cu2þ to Cuþ redox process. (Inset) Variations of the cathodic peak
current intensities as a function of the square root of the scan rate.

(27) (a) Keita, B.; Nadjo, L. Electrochemistry of Isopoly and Heteropoly
Oxometalates. Encyclopedia of Electrochemistry; Bard, A. J., Stratmann M.,
Eds.; Wiley-VCH: NewYork, 2006; Vol. 7, p 607. (b) Keita, B.; Nadjo, L. J.Mol.
Catal. A: Chem. 2007, 262, 190.

(28) L�opez, X.; Fern�andez, J. A.; Poblet, J. M. Dalton Trans. 2006, 1162.
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therefore the redox properties of the anion also depend on
the degree of protonation, which is related to the pH of
the solution.

Modified Electrodes Based on 2 and Room-Temperature
Ionic Liquid (1-Butyl-3-methylimidazolium Tetrafluoro-
borate): Electrocatalysis of Nitrate Reduction. Electro-
catalysis of the transformation of nitrate to environ-
mentally harmless compounds or even energetically
valuable chemicals remains a challenge because these
processes require several electrons. Among the scarce
examples of POM-based electrocatalysts for nitrate re-
duction, the multicopper substituted POMs are the most
efficient.5a,29b,30 The polyanion 2 was selected to investi-
gate the electrocatalytic abilities of modified electrodes
based on 2 and BMImBF4. Room-temperature ionic
liquids (RTILs) are widely used electrolytes for the
fabrication of modified electrode materials with various
compounds, as proposed in the pioneering work of
Wadhawan et al.31a The advantages of using RTILs for
the preparation of POM-modified electrodes have also
been reported.31b Huang et al. showed that glassy carbon
modified electrodes based on H3PMo12O40 and BMIm-
BF4 exhibit good electroactivity.19 They also demon-
strated that the successful immobilization of [PMo12-
O40]

3- anions is mainly due to electrostatic interaction
with BMIm

þ cations adsorbed on the glassy carbon
electrode. However, to our knowledge, there is no report
of electrocatalytic nitrate reduction by a POM entrapped
in a RTIL.
We tested the electroactivity of 2 dissolved in the pH 5

medium for the reduction of nitrate, prior to the in-
vestigations of 2-based modified electrodes for this
reaction. Figure S4 (Supporting Information) shows
the CVs recorded in the absence and presence of nitrate.
The electrocatalytic process onsets at the potential
location of the first W wave. Upon increasing the
nitrate concentration, the catalytic current rises, even
for modest values of the excess parameter γ (γ is defined
here as γ = C0 (nitrate)/C0 (2)). As expected, we find
out that, under the same experimental conditions, 2 and
its analogue 15a exhibit comparable activities toward
nitrate reduction, according to their similar redox
properties, as described above. Furthermore, 2 reduces
nitrate beyond the state of nitrite because the reduction
of nitrite by 2 is far easier than that of nitrate (Figure
S4, Supporting Information). Therefore, the product of
the electrocatalytic process is N2O, but perhaps also
more reduced compounds. It is likely that 2 reduces
nitrate beyond the state of N2O because a large number
of electrons is involved in the potential domain where
this reduction takes place. Large-scale bulk electrolyses
coupled with other techniques such as chromatography
are necessary to determine the product(s) of the elec-
trocatalytic process, including quantitative aspects.

The superior efficiency of these POMs, compared with
other Cu-substituted POMs, is attributed5a to both the
accumulation of Cu centers and also to the possibility
to fabricate highly reduced species with the electrons
accumulated in the reduced W framework of the POM.
The 2-modified electrodes were prepared with a

BMImBF4 solution of 2 (2@BMImBF4). Their CVs,
recorded at pH 5, show that both the Cu and W centers
remain electroactive. Figure S5 (Supporting Information)
shows the variations of the CV, restricted to the Cu2þ to
Cuþ process, for several potential scan rates. The inset
plot in Figure S5 presents the linear dependence of
the reduction peak current intensity on scan rate, thus
indicating a surface-controlled electrochemical process.
A perfect reproducibility of the CVs during prolonged
potential cycling attests that the electrodes are durable.
The operational parameters study of modified electrodes
fabrication (concentration of POM, film thickness, etc.)
will be carried out with various RTILs.
Figure S6 (Supporting Information) illustrates the

ability of the 2@BMImBF4-modified electrode to elec-
trocatalyze the reduction of nitrate. In the explored
potential domain, glassy carbon or ITO modified only
with BMImBF4 does not show any electrocatlytic activity
for nitrate reduction. As expected,5a the catalytic process
onsets at the potential location of the first W-wave. The
inset shows a linear peak current increase with the con-
centration of nitrate. Note that the modified electrodes
are very efficient because such good linearity was ob-
tained, even for small concentrations of nitrate in the
range 9.0 � 10-6 M to 100 � 10-6 M. The nitrate
reduction appeared to be diffusion-controlled. These
observations open the way for detection, quantification,
and transformation of this chemical by multi-Cu2þ-sub-
stituted POMs.

Conclusions

We have successfully synthesized and structurally charac-
terized the Cu20-containing tungstophosphates [Cu20Br-
(OH)24(H2O)12(P8W48O184)]

25- (2) and [Cu20I(OH)24(H2O)12-
(P8W48O184)]

25- (3), which represent the bromide and iodide
analogues of [Cu20Cl(OH)24(H2O)12(P8W48O184)]

25- (1).Mag-
netic susceptibility and magnetization data over 1.8-300 K
show that the Cu2þ ions in 1 and 2 are antiferromagnetically
coupled, leading to a diamagnetic ground state. DFT calcula-
tions indicate that the central halides have some flexibility
within the central cavity but cannot be released, even at high
temperatures, without destruction of the POMframework. The
electrochemical characteristics of 1-3 are very similar, in
agreement with conclusions of DFT calculations. The compar-
ison of peak current intensities for Cu2þ to Cuþ reduction
processes for 2, 3, and CuSO4 demonstrates that the Cu2þ

cations remain bound in the polyanion in solution, which is in
agreement with UV-visible spectroscopy performed at pH 5.
The polyanion 2was successfully entrappedwithinRTIL films.
Furthermore, the films were found to be stable and efficient in
the reduction of nitrate. We have also prepared several other
transition-metal-containing (e.g., Co2þ, Mn2þ, Ni2þ, V5þ)
derivatives of {P8W48}, which will be reported elsewhere.
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