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Two isostructural polyoxotungstates, KgNasHg[Eug(H,0)35-
(P2W15NDb3062)4]-45H,0 (1) and KgNayHg[Ceg(H20)38(P2 Wi s-
Nb3065)4]:56H,0 (2), have been synthesized by reaction
of saturated Nb/W mixed-addendum polyoxometalate
[P,W;5Nb304,]°~ and lanthanide ions in acidic solution. They
are the first examples of lanthanide derivatives based on sat-
urated Dawson-type Nb/W mixed-addendum polyoxomet-
alates. All the compounds were fully characterized by single-
crystal X-ray diffraction, IR spectroscopy, thermogravimetric
analysis, elemental analysis, and electrochemistry. XRD
analysis reveals that 1 and 2 display one-dimensional chains

constructed from sandwich-type fragment {Lns-
(PoW15Nb30¢2)-} linked by alternating Ln-O-W bridging
bonds. In 1 and 2, all the lanthanide ions selectively bind
to O¢Nb) of {P,W,5Nb3O4,} fragments (O;: terminal oxygen
atoms), indicating the high nucleophilicity of O\(Nb). The
photoluminescence behavior of 1 in the solid state was inves-
tigated at room temperature; it exhibits the characteristic
transition of Eu under the excitation wavelength (394 nm).
Additionally, the cyclic voltammogram of 2 indicates good
electrocatalytic activity towards the reduction of nitrite.

Introduction

Polyoxoniobates are an important subfamily of polyoxo-
metalates (POMs). They have potential applications in di-
verse areas such as antiviral therapy, nuclear waste treat-
ment, and catalysis.!'3! Conventional polyoxoniobates
(such as isopolyniobate clustersi* and heteropolyniobate
clustersPl) are prepared under basic conditions mainly by
hydrothermal synthesis, and they always decompose to ni-
obium oxide under acidic conditions. However, among nu-
merous polyoxoniobates, Nb/W mixed-addendum POMs
explored by Klemperer,'® Hill,1*-3%71 and Finkel3¢-3¢-8 et al.,
including Lindqvist-type (Nb,W, ,0;o@*),°1 Keggin-
type (XWoNb3O0y40)" (n =7, X = Si'"V, Ge!Y; n =6, X = PV,
AsY), 7270101 and Dawson-type [PoW5(NbO,)sOs6]'>,17¢l
(P2W15Nb3062)97,[ga] and [P2W17(Nb02)061]’77[”], attracted
our attention because of their unique characteristics. Firstly,
all the primary Nb/W mixed-addendum POMs are pre-
pared in the form of peroxo compounds by reaction of
[NbgO;o]* with lacunary polyoxotungstates or sodium
tungstate in acidic H,O, solution. Secondly, they have good
stability in acidic media owing to the presence of the perox-
ide groups.' Finally, inheriting the properties of poly-
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oxoniobates, the Nb/W mixed-addendum POMs also pos-
sess high nucleophilicity especially on O(NDb), after elimi-
nation of the peroxide groups.’d-3>121 Such acidic stability
and basic sites are comparable to those of lacunary poly-
oxotungstates, which are widely used as multidentate li-
gands to coordinate with electrophilic groups, such as lan-
thanide ions.['3] Thus, we consider that Nb/W mixed-adden-
dum POMs can also be regarded as suitable candidates for
combining with lanthanide ions just like the lacunary poly-
oxotungstates.

However, up to now, the chemistry of lanthanide-con-
taining POMs has been mainly based on lacunary
POMs, ' and there are only a few examples of plenary
POMs.'3! Lacunary POMs are formed by eliminating one
or more (WO)** fragments from plenary POMs, which leave
them with a higher negative charge and make them more
reactive towards electrophiles. On the other hand, the deriv-
atives of Nb/W mixed-addendum POMs are mainly orga-
nometallic complexes[®®>-84 and products of self-aggrega-
tion (dimers and tetramers).’&7¢74-191 Although Yamase et
al. discovered the only example of europium-containing
polyoxoniobates in 1994,['] there are no reports in the lit-
erature on lanthanide derivatives based on Nb/W mixed-
addendum POMs.

We realize that the Dawson-type [P,W,sNbsOg,]” is a
promising building block to coordinate with lanthanide
ions not only because the “Nb3;Oy> cap has sufficient
charge density and a lot of exposed O (NDb) atoms but also
because it is larger than Keggin-type (XWoNb3Oyg)" (n =

7, X = Si%V, Ge™Y; n = 6, X = PV, AsV). Although
@WILEY I
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[PoW5(NbO,)sOs6]'> has the largest niobium-oxo cluster
among all the primary Nb/W mixed-addendum POMs, it is
unstable in solution.[”!

Herein, we chose KgH[P,W;5(NbO,);05]-12H,O as
the precursor to react with the lanthanide ions under
acidic conditions and obtained two 1D compounds,
K¢NasHg[Eug(H20)35(P, W sNb3Og2)445H,O - (1) and
K¢NayHg[Ces(H,0)35(PoW15sNb3Og5)4]: S6H,0 (2). In these
two compounds, Ln atoms are all located between the
NbOg octahedra to form Nb-O-Ln bonds, because of the
high nucleophilicity of O(Nb). Furthermore, they display
1D architectures by forming Ln—-O-W bridging bonds be-
tween two vicinal {P,W;sNbz;Og,} units.

Results and Discussion

Synthesis

Compounds 1 and 2 are synthesized by reaction of
KgH[P,W,5(NbO,);05]-12H,0 and LnCl; (Ln = Eu, Ce)
in a ratio of 1:1.5 in aqueous solution with pH = 2.0 at
85 °C for 2 h. Before adding lanthanide ions to the solution,
[PoW;5(NbO,);04,]>~ is reduced to  peroxide-free
[P,W;5sNb30,]°~ by NaHSO; because the presence of per-
oxide groups could prevent the O(Nb) from connecting
with Ln atoms.

The maintenance of {P,W5Nb3Og,} units in 1 and 2 un-
der such highly acidic conditions (pH = 2.0) indicates the
stability of the products in acidic medium, which is higher
than that of lacunary polyoxotungstates that are usually
sensitive to pH and sometimes undergo disassembly and
reassembly in the reaction process.['3®!7) Therefore, the sat-
urated mixed-addendum POMs are not only active but also
more stable in retaining their structure type in a broad pH
range. In addition to compounds 1 and 2, we also obtained
the Pr and Nd analogues under the same synthesis condi-
tions. However, the quality of the single crystals were not
good enough for analysis by X-ray diffraction.

It is noteworthy that the pH value is crucial for the suc-
cessful preparation of 1 and 2. The pH should be strictly
controlled in the range 1.5-2.5. When the pH value is
higher than 2.5, [P,W;sNb3O¢,]° is easily deposited as the
lanthanide salt. In contrast, no crystals of the products can
be isolated, except for some amorphous precipitation, when
the pH value is lower than 1.5.

Structure Determination

Single-crystal X-ray diffraction analysis reveals that the
polyanions of 1 and 2 (1a and 2a) crystallize in the space
group PI. For compounds 1 and 2, which are isomorphic
with only slight differences in bond lengths and angles and
the number of lattice water molecules, 1 is described as an
example below. As shown in Figure 1, polyanion 1a displays
novel 1D infinite chains with {Eug(P,W;sNb3Og,)4} as the
asymmetric subunit.

The asymmetric subunit (Figure 2) contains two identical
sandwich-type fragments, {Eus3(P,W;sNbsOg,),}, which are
arranged in a centrosymmetric form and linked by two Eu—
O-W, (W,: the equatorial W atoms that are away from Nb
atoms and linked to Eu atoms) bridges. To the best of our
knowledge, the lanthanide atoms are preferentially coordi-
nated with terminal oxygen atoms, because of their higher
basicity, rather than bridging oxygen atoms. Moreover,
O(Nb) is more nucleophilic than O(W), because the formal
valence of Nb is +5 and that of W is +6. Therefore, all the
Eu atoms bind to the NbOg octahedra through Eu—-O(Nb)
bonds. In particular, the three Eu centers in each sandwich-
type fragment are not connected directly by p-O atoms to
form a metal cluster, which is in difference to the arrange-

Figure 2. Ball-and-stick representation of the asymmetric subunit
of 1a.

Figure 1. Combined polyhedral/ball-and-stick representation of polyanion 1a.
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ment of most sandwiched metal centers.'’>!8 Each pair of
adjacent asymmetric subunits {Eug(P,WsNb3Og5)s} 18
joined together by two Eu-O-W, (W,: the equatorial W
atoms that are adjacent to Nb atoms and linked to Eu
atoms) bridges, resulting in an overall 1D zigzag chain ar-
rangement of polyanion 1a (Figures S2-S4 in the Support-
ing Information). All the Eu atoms of polyanion la are
nine-coordinate and coordinated with two O(Nb) from dif-
ferent {P,W;sNbsOg¢,} subunits. The remaining coordina-
tion sites of Eu atoms are filled by aqua ligands.

The bond valence sum (BVS)!'! analysis for compounds
1 and 2 confirms that the oxidation states of W, Nb, P, and
Ln atoms are +IV, +V, +V, and +I1I, respectively. Six K*
and four Na* can be located crystallographically. The over-
all charge of all atoms obtained from the single-crystal
structure determination is —8. Thus, to balance the negative
charges of 1 and 2, eight protons should be added; those
cannot be located crystallographically and are assumed to
be delocalized over the entire structures.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) on 1 and 2 were per-
formed under a nitrogen atmosphere (Figures S5 and S6 in
the Supporting Information). The thermograms all show
one step of weight loss between 30 and 350 °C correspond-
ing to the loss of lattice and coordinated water molecules.
The weight loss is 7.82% for 1 and 8.80% for 2. In addition,
there is no further weight loss until 600 °C.

Electrochemistry

The electrochemical behavior of 2 and its electrocatalytic
activity in the reduction of NO, were studied in 0.5m
(CH;COOK + CH;COOH) pH 4.7 buffer solution (scan
rate: 100 mVs™!, Figure 3a). There are three reversible re-
dox peaks, II-11", III-1II", and IV-IV’, with midpoint po-
tentials, Epq, of —450, —601, and 811 mV [Eiq = (Ep, +
E,.)/2], respectively, corresponding to the redox processes
of W centers.?’] In addition, the irreversible anodic peak
I at 304 mV is assigned to the oxidation process of Ce'v/
CCHI.[ZI]

As we know, niobium is not electrochemically active.
When it is introduced into polyoxotungstates, the negative
ionic charge of the polyanions increases and their reducibil-
ity decreases, which was demonstrated by Dabbabi et al.[>?]
Their study of the electrochemical properties of Nb,W¢_,,-
0,o%"~ indicates that the introduction of niobium can
weaken the electrochemical activity of tungsten. For exam-
ple, the cyclic voltammogram of W¢O,¢>~ exhibits two re-
versible redox peaks corresponding to the redox processes
of W centers, while that of Nb,W,0,9* exhibits only one
reversible redox peak. Comparatively, because the ratio of
Nb/W is low in compound 2, we can see three reversible
redox peaks corresponding to W centers, which is consis-
tent with the cyclic voltammogram of [P,W504,]° .
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Figure 3. (a) Cyclic voltammogram of 2 in pH = 4.7 buffer solution
(0.4 M CH;COOK + CH;COOH) at a scan rate of 100 mVs'; (b)
Cyclic voltammograms of 2 in pH = 4.7 buffer solution (0.4 M
CH;COOK + CH3COOH) at a scan rate of 100 mV's ™! containing:
a) 0.0 mM, b) 1 mM, ¢) 2 mm, d) 4 mm, and e) 8 mm NaNO,. The
working electrode is glassy carbon, and the reference electrode is
Ag/AgCl.

The determination of the amount of nitrite in environ-
mental and food samples is important because of its poten-
tial toxicity.?3! In general, the direct electroreduction of ni-
trite is not possible because of the high overpotential.
POMs can act as the appropriate catalyst in the electrore-
duction process by lowering the overpotential as a result of
their capability of delivering electrons to other species. They
can serve as powerful electron reservoirs for multielectron
reductions.?*! Nevertheless, the electrocatalytic reduction of
nitrite remains to be a challenge in the NO, series, because
the complete process requires several electrons. Therefore,
the electrocatalytic reduction of NO, by 2 constitutes a
further step in the study of its electrocatalytic activity. We
found that 2 displays remarkable electrocatalytic activity in
the reduction of NO, (Figure 3b). On addition of NO,, all
the reduction peak currents increase and the corresponding
oxidation peak currents decrease dramatically, which indi-
cates that both of the reduced species show electrocatalytic
activity towards the reduction of nitrite.
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Photoluminescence Properties

The photoluminescence behavior of 1 in the solid state
was investigated at room temperature. It exhibits intense
photoluminescence upon excitation at 394 nm, the typical
Eu' red fluorescent emission. The emission spectrum of
solid 1 (Figure 4) displays five characteristic emission bands
at 579, 591, 613, 653, and 699 nm corresponding to the
SDy—"F, (J = 0-4) transitions. The *Dy—"F,, transition is
allowed for low symmetry, which shows that the site sym-
metry of Eu'"! is low without an inversion center in 1. The
SDy—F; transition is a magnetic dipole transition, which
varies with the ligand field strength acting on Eu'"" and is
fairly insensitive to the coordination environment of Eu'.
The highest relative intensity of the SDy—’F, emission at
613 nm corresponds to the electric dipole transition. The
intensity of the *Dy—"F, transition is greatly sensitive to
chemical bonds in the vicinity of Eu"' and it increases as
the site symmetry of the Eu''' center decreases. Therefore,
the ICDy—"F,)/I(Dy—"F,) ratio is widely used as a mea-
sure of the coordination state and site symmetry of the lan-
thanide.>> The value of this ratio for compound 1 is 15.43,
which shows the low site symmetry of Eu'. It is note-
worthy that compound 1 exhibits remarkable red fluores-
cent emission from its colorless and transparent crystals un-
der irradiation (365 nm) from a UV lamp (Figure S7 in the
Supporting Information).
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Figure 4. Emission spectrum (4., = 394 nm) of solid sample 1.

Furthermore, the luminescence properties of 2 and
KgH[P,W;5(NbO,);050]-12H,O were also studied at room
temperature (Figures S8 and S9 in the Supporting Infor-
mation). The emission spectrum of 2 in the solid state exhi-
bits a maximum at 556 nm upon excitation at 265 nm,
which is assigned to the 5d(*A;,)—4f(*Fs),) transition of
Ce' 1261 The precursor KgH[P,W5(NbO,);054]-12H,0 dis-
plays weak photoluminescence at 427 nm when excited at
364 nm, which is attributed to the O—W and O—Nb
charge transfer.

Conclusions
In summary, we have synthesized two 1D Ln-containing
POMs, KgNayHg[Eug(H,0)35(Po W sNb3Og)4]-45H,0 (1)
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and K¢NayHg[Ceg(H,0)35(P,W sNb3Og)4]-56H,0 (2), by
reaction of Dawson-type saturated triniobium-substituted
phosphotungstate and lanthanide ions in acidic aqueous
medium. They have been fully characterized in the solid
state by single-crystal X-ray diffraction, IR spectroscopy,
thermogravimetric analysis, elemental analysis, and electro-
chemical studies. Photoluminescence measurements show
that europium-based compound 1 exhibits expected lumi-
nescence, and cerium-based compound 2 shows good elec-
trocatalytic activity in the reduction of nitrite. In view of
the high coordination numbers especially a good deal of
aqua ligands of lanthanide ions in this system, we are inter-
ested in preparing new derivative species by the introduc-
tion of organic ligands such as amino acids or carboxyl
ligands. Furthermore, this result gives us new inspiration
for designing Nb/W mixed-addendum POMs. We can try to
introduce transition metal ions or other lanthanide ions
into Nb/W mixed-addendum POMs, as O(Nb) is highly nu-
cleophilic.

Experimental Section

Materials and Instruments: Precursors K;H[NbgOo]-13H,0,“l
Nay,[0-P,W;5054]-24H,0,17) and KsH[P,W,5(NbO,);050]*
12H,0M'!] were synthesized according to the procedures described
in the literature, and their purity was determined by IR spec-
troscopy. All other reagents were readily available from commercial
sources and were used as received without further purification. The
IR spectra in KBr pellets were recorded in the range 400-4000 cm ™!
with an Alpha Centauri FTIR spectrophotometer. Elemental
analyses (C, H, and N) were performed with a Perkin—Elmer 2400
CHN Elemental Analyzer. P, W, Nb, Ce, Eu, Na, and K were deter-
mined with a PLASMASPEC (I) ICP atomic emission spectrome-
ter. The thermogravimetric analyses (TGA) were carried out by
using a PerkinElmer TGA7 instrument, with a heating rate of
10 °Cmin~!, under a nitrogen atmosphere. Electrochemical mea-
surements were performed with a CHI660B electrochemical
workstation (Chenhua Instruments Co., Shanghai, China). A three-
electrode system was employed in this study. A glassy carbon elec-
trode (d = 3 mm) was used as a working electrode, a Ag/AgCl elec-
trode as a reference electrode, and a Pt coil as a counterelectrode.
All potentials were measured and reported vs. Ag/AgCl. All the
experiments were conducted at ambient temperature (25-30 °C).
The photoluminescence properties were measured with a FLSP920
Edinburgh Fluorescence Spectrometer.

KeNayHg[Eug(H,0)35(P, W 5Nb3Og,)4|'45H,O0 (1): A sample of
KgH[P,W,5(NbO,)3056]-12H,0 (1.00 g, 0.22 mmol) was dissolved
in H,O (20 mL) at 90 °C whilst stirring. Then, NaHSO; (0.15 g,
1.44 mmol) was added to the solution. After 10 min, the yellow
solution turned colorless. The pH value of the solution was care-
fully adjusted to 2.0 with aqueous HCI (1 m). Afterwards, a solu-
tion of EuCl;-7H,0 (0.15 g, 0.39 mmol) in H,O (2 mL) was added
dropwise. The mixture was vigorously stirred at 85 °C for 2 h. The
resulting solution was filtered and concentrated at room tempera-
ture. After a week, single crystals suitable for X-ray crystal struc-
ture determination were obtained (yield: 51% based on W).
H,74EusKsNayNb 5,033 PgsWeo (19103.15): caled. H 0.92, Eu 4.77,
K 1.23, Na 0.48, Nb 5.84, P 1.30, W 57.74; found H 0.85, Eu 4.85,
K 1.35, Na 0.39, Nb 6.02, P 1.42, W 57.51. IR (KBr disks): ¥ =
1620 (w), 1090 (m), 953 (s), 916 (s), 762 (vs), 519 (s) cm™.
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Table 1. Crystal data and structural refinement for compounds 1 and 2.

Formula

H,74K¢NasPgWeoNb,EucOs3,

H 96KsNasPsWsoNb 5CesOs4

Formula weight (gmol ™) 19102.58
T (K) 296

Wavelength (A) 0.71073
Crystal system triclinic
Space group Pl

a(A) 18.0538(14)
b (A) 23.4546(18)
c(A) 23.685(3)
a(°) 110.839(1)
B 107.679(1)
7 (%) 105.035(1)
V(A3 8134.7(14)
Z 1

Dcalc&i (Mgmis) 3.859

4« (mm1) 22.888
F(000) 8223.2
Crystal size (mm) 0.24x 0.23x0.23
Goodness-of-fit on F? 0.997

Final R indices [/>26(1)]
R indices (all data)

R, = 0.0686, wR = 0.1603
R = 0.1295, wR, = 0.1833

19229.66
296
0.71073
triclinic
Pl
18.105(5)
23.473(7)
23.709(7)
110.545(4)
107.824(4)
104.979(4)
8191(4)

1

3.849

22.420

8270.0

0.24X0.23 X 0.23

0.983

R, = 0.0635, wR, = 0.1481
R = 0.1277, wR = 0.1727

[a] Ry = Z||Fo| — [FVEIFo; wRy = {Z[W(F, — FAPVEWES)]H

KeNayHg[Ceg(H,0)35(P, W 5Nb3Og,)4]'56H,0 (2): The same pro-
cedure was followed as that for 1, expect for using CeCl;7H,O
instead of EuCl;+7H,0 (yield: 57% based on W). H9sCecKsNa,N-
b150342PsWo (19230.28): caled. H 1.03, Ce 4.37, K 1.22, Na 0.48,
Nb 5.80, P 1.29, W 57.36; found H 1.12, Ce 4.25, K 1.15, Na 0.33,
Nb 5.69, P 1.43, W 57.58. IR (KBr disks): ¥ = 1610 (w), 1090 (m),
955 (s), 910 (s), 766 (vs), 519 (s) cm™.

X-ray Crystallography: Single-crystal diffractometry was conducted
with a Bruker Smart Apex CCD diffractometer with Mo-K, mono-
chromated radiation (A = 0.71073 A) at room temperature. The lin-
ear absorption coefficients, scattering factors for the atoms, and the
anomalous dispersion corrections were taken from the Inter-
national Tables for X-ray Crystallography.[?®! Empirical absorption
corrections were applied. The structures were solved by direct
methods and refined by the full-matrix least-squares method on F>
with SHELXS-97.1*1 Anisotropic thermal parameters were used to
refine all non-hydrogen atoms except for some oxygen atoms. Those
hydrogen atoms attached to lattice water molecules were not lo-
cated. Crystallization water molecules were estimated by thermo-
gravimetry and only partial oxygen atoms of water molecules were
achieved with the X-ray structure analysis. The crystal data and
structure refinement results of 1 and 2 are summarized in Table 1.
Further details on the crystal structure investigations may be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany (Fax: +49-7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository numbers
CSD-423718 (for 1) and CSD-423719 (for 2).

Supporting Information (see footnote on the first page of this arti-
cle): Additional structural figures of 1; TG curves and IR spectra
of 1 and 2; emission spectra of 2 and KgH[P,W;5(NbO,);05¢]
12H,0; the digital photograph of 1 under UV irradiation; and cy-
clic voltammograms of 2.

Acknowledgments
This work was supported by the National Natural Science Founda-
tion of China (NSFC) (grants 20973035 and 21171032), the Funda-

mental Research Funds for the Central Universities (grants

Eur. J. Inorg. Chem. 2012, 3229-3234

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

09ZDQDO0015 and 10SSXT136), and the Open Research Fund of
the State Key Laboratory of Inorganic Synthesis and Preparative
Chemistry.

[11 a) F. Bonhomme, J. P. Larentzos, T. M. Alam, E.J. Maginn,

M. Nyman, Inorg. Chem. 2005, 44, 1774-1785; b) B. W. Dale,
M. T. Pope, Chem. Commun. ( London) 1967, 792; c) A. V. Bas-
serguenev, M. H. Dickman, M. T. Pope, Inorg. Chem. 2001, 40,
2582-2586.

[2] a) P. Gouzerh, A. Proust, Chem. Rev. 1998, 98, 77-111; b) A.
Miiller, F. Peters, M. T. Pope, D. Gatteschi, Chem. Rev. 1998,
98, 239-271; ¢) V. W. Day, W. G. Klemperer, Science 1985, 228,
533-541; d) D.-L. Long, R. Tsunashima, L. Cronin, Angew.
Chem. 2010, 122, 1780; Angew. Chem. Int. Ed. 2010, 49, 1736—
1758.

[3] a) G.-S. Kim, H. Zeng, J. T. Rhule, I. A. Weinstock, C. L. Hill,
Chem. Commun. 1999, 1651-1652; b) J. T. Rhule, C. L. Hill,
D. A. Judd, Chem. Rev. 1998, 98, 327-357; ¢) M. W. Droege,
R. G. Finke, J Mol Catal. 1991, 69, 323-338; d) H. Weiner,
A. Trovarelli, R. G. Finke, J Mol. Catal. A 2003, 191, 253~
279.

[4] a) M. Filowitz, R. K. C. Ho, W. G. Klemperer, W. Shum, Inorg.
Chem. 1979, 18, 93-103; b) M. Mackawa, Y. Ozawa, A. Yaga-
saki, Inorg. Chem. 2006, 45, 9608-9609; ¢) R. P. Bontchev, M.
Nyman, Angew. Chem. 2006, 118, 6822; Angew. Chem. Int. Ed.
2006, 45, 6670-6672; d) R. Tsunashima, D.-L. Long, H. N.
Miras, D. Gabb, C. P. Pradeep, L. Cronin, Angew. Chem. 2010,
122, 117; Angew. Chem. Int. Ed. 2010, 49, 113-116.

[5] a) M. Nyman, E. Bonhomme, T. M. Alam, M. A. Rodriguez,
B. R. Cherry, J. L. Krumhansl, T. M. Nenoff, A. M. Sattler,
Science 2002, 297, 996-998; b) M. Nyman, F. Bonhomme,
T. M. Alam, J. B. Parise, G. M. B. Vaughan, Angew. Chem.
2004, 116, 2847; Angew. Chem. Int. Ed. 2004, 43, 2787-2792;
¢) M. Nyman, A. J. Celestian, J. B. Parise, G. P. Holland, T. M.
Alam, Inorg. Chem. 2006, 45, 1043-1052; d) C. A. Ohlin, E. M.
Villa, J. C. Fettinger, W. H. Casey, Angew. Chem. 2008, 120,
5716; Angew. Chem. Int. Ed. 2008, 47, 5634-5636.

[6] a) C.J. Besecker, W. G. Klemperer, J Am. Chem. Soc. 1980,
102, 7598-7600; b) C.J. Besecker, W. G. Klempere, J. Am.
Chem. Soc. 1982, 104, 6158-6159; ¢) V. W. Day, W. C. Klemp-
erer, C. Schwartz, J Am. Chem. Soc. 1987, 109, 6030-6044;
d) W. G. Klemperer, D. J. Main, Inorg. Chem. 1990, 29, 2355-
2360.

3233

WWW.eurjic.org



FULL PAPER

C.-C. Li, S.-X. Liu, S.-J. Li, Y. Yang, H.-Y. Jin, F-J. Ma

[71 a) G.-S. Kim, H.-D. Zeng, C. L. Hill, Bull. Korean Chem. Soc.
2003, 24, 1005-1008; b) M. K. Harrup, G.-S. Kim, H. Zeng,
R. P. Johnson, D. VanDerveer, C. L. Hill, Inorg. Chem. 1998,
37, 5550-5556; ¢) G.-S. Kim, H.-D. Zeng, D. VanDerveer, C. L.
Hill, Angew. Chem. 1999, 111, 3413; Angew. Chem. Int. Ed.
1999, 38, 3205-3207; d) G.-S. Kim, H.-D. Zeng, W. A. Neiwert,
J. J. Cowan, D. VanDerveer, C. L. Hill, I. A. Weinstock, Inorg.
Chem. 2003, 42, 5537-5544; ¢) D. A. Judd, Q. Chen, C. F. Cam-
pana, C. L. Hill, J. Am. Chem. Soc. 1997, 119, 5461-5462.

[8] a) R. G. Finke, D. K. Lyon, K. Nomiya, T. J. R. Weakley, Acta
Crystallogr., Sect. A: Found. Crystallogr. 1990, 46, 1592-1596;
b) H. Weiner, J. D. Aiken, R. G. Finke, Inorg. Chem. 1996, 35,
7905-7913; ¢) M. Pohl, D. K. Lyon, N. Mizuno, K. Nomiya,
R. G. Finke, Inorg. Chem. 1995, 34, 1413-1429; d) R. G. Finke,
M. W. Droege, J. Am. Chem. Soc. 1984, 106, 7274-7277.

[9] M. Dabbabi, M. Boyer, J. Inorg. Nucl. Chem. 1976, 38, 1011-
1014.

[10]a) S.-J. Li, S.-X. Liu, C.-C. Li, E-J. Ma, D.-D. Liang, W.
Zhang, R.-K. Tan, Y.-Y. Zhang, L. Xu, Chem. Eur. J. 2010, 16,
13435-13442; b) S.-J. Li, S.-X. Liu, C.-C. Li, E-J. Ma, W.
Zhang, D.-D. Liang, R.-K. Tan, Y.-Y. Zhang, Q. Tang, Inorg.
Chim. Acta 2011, 376, 296-301.

[11]). Gong, Y.-G. Chen, L.-Y. Qu, Q. Liu, Polyhedron 1996, 15,
2273-2277.

[12]Y.-). Lu, R. Lalancette, R. H. Beer, Inorg. Chem. 1996, 35,
2524-2529.

[13]a) B. S. Bassil, M. H. Dickman, I. Romer, B. von der Kammer,
U. Kortz, Angew. Chem. 2007, 119, 6305; Angew. Chem. Int.
Ed. 2007, 46, 6192-6195; b) J.-P. Wang, X.-Y. Duan, X.-D. Du,
J.-Y. Niu, Cryst. Growth Des. 2006, 6, 2266-2270; c¢) H.-Y. An,
Z.-B. Han, T.-Q. Xu, Inorg. Chem. 2010, 49, 11403-11414; d)
F. H. B. Spingler, F. Conrad, M. Speldrich, P. Kogerler, C. Bos-
kovic, G. R. Patzke, Dalton Trans. 2009, 4423-4425.

[14]a) B. S. Bassil, M. H. Dickman, B. von der Kammer, U. Kortz,
Inorg. Chem. 2007, 46, 2452-2458; b) B. S. Bassil, U. Kortz, Z.
Anorg. Allg. Chem. 2010, 636, 2222-2231; ¢) U. Kortz, J. Clus-
ter Sci. 2003, 14, 205-214; d) M. Fedotov, B. Pertsikov, D.
Kanovich, Polyhedron 1990, 9, 1249-1256; ¢) M. Sadakane,
M. H. Dickman, M. T. Pope, Angew. Chem. 2000, 112, 3036;
Angew. Chem. Int. Ed. 2000, 39, 2914-2916; f) M. Sadakane,
A. Ostuni, M. T. Pope, J. Chem. Soc., Dalton Trans. 2002, 63—
67; g) P. Mialane, L. Lisnard, A. Mallard, J. Marrot, E. Antic-
Fidancev, P. Aschehoug, D. Vivien, F. Sécheresse, Inorg. Chem.
2003, 42, 2102-2108; h) C. Zhang, R. C. Howell, K. B. Scot-
land, F. G. Perez, L. Todaro, L. C. Francesconi, Inorg. Chem.
2004, 43, 7691-7701; 1) J. Bartis, M. Dankova, J. J. Lessmann,
Q. H. Luo, W. D. J. Horrocks, L. C. Francesconi, Inorg. Chem.
1999, 38, 1042-1053.

[15]a) J.-Y. Niu, D.-J. Guo, J.-P. Wang, J.-W. Zhao, Cryst. Growth
Des. 2004, 4, 241-247; b) Y.-Z. Gao, Y.-Q. Xu, Z.-G. Han, C.-
H. Li, E-Y. Cui, Y.-N. Chi, C.-W. Hu, J. Solid State Chem.
2010, 783, 1000-1006; ¢) D.-M. Shi, H.-X. Yu, H.-J. Pang, Y.-
G. Chen, Solid State Sci. 2008, 10, 847-853; d) M.-X. Hu, Y.-
G. Chen, C.-J. Zhang, Q.-J. Kong, CrystEngComm 2010, 12,
1454-1460.

3234

WWW.eurjic.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[16] T. Ozeki, T. Yamase, H. Naruke, Y. Sasaki, Inorg Chem. 1994,
33, 409-410.

[17]a) S. G. Mitchell, P. I. Molina, S. Khanra, H. N. Miras, A. Pre-
scimone, G. J. T. Cooper, R. S. Winter, E. K. Brechin, D.-L.
Long, R.J. Cogdell, L. Cronin, Angew. Chem. Int. Ed. 2011,
50, 9154-9157; b) C.-D. Zhang, S.-X. Liu, F.-J. Ma, R.-K. Tan,
W. Zhang, Z.-M. Su, Dalton Trans. 2010, 39, 8033-8037; ¢) W.
Zhang, S.-X. Liu, C.-D. Zhang, R.-K. Tan, E-J. Ma, S.-J. Li,
Y.-Y. Zhang, Eur. J. Inorg. Chem. 2010, 3473-3477.

[18]a) J.-P. Wang, P-T. Ma, Y. Shen, J.-Y. Niu, Cryst. Growth Des.
2008, 8, 3130-3133; b) S.-T. Zheng, D.-Q. Yuan, J. Zhang, G.-
Y. Yang, Inorg. Chem. 2007, 46, 4569-4574.

[19]a) I. D. Brown, D. Altermatt, Acta Crystallogr., Sect. B: Struct.
Sci. 1985, 41, 244-246; b) N. E. Brese, M. O’Keeffe, Acta Crys-
tallogr., Sect. B: Struct. Sci. 1991, 47, 192-197.

[20]a) T. McCormac, B. Fabre, G. Bidan, J Electroanal. Chem.
1997, 425, 49-54; b) M. Sadakane, E. Steckhan, Chem. Rev.
1998, 98, 219-237.

[21]a) M. Sadakane, M. H. Dickman, M. T. Pope, Inorg. Chem.
2001, 40, 2715-2719; b) M. R. Antonio, L. Soderholm, C. W.
Williams, N. Ullah, L. C. Francesconi, J. Chem. Soc., Dalton
Trans. 1999, 3825-3830; ¢) F. L. Sousa, F. A. A. Paz, A. M. V.
Cavaleiro, J. Klinowski, H. 1. S. Nogueira, Chem. Commun.
2004, 2656-2657; d) W.-L. Chen, Y.-G. Li, Y.-H. Wang, E.-B.
Wang, Z.-M. Su, Dalton Trans. 2007, 4293-4301.

[22]a) M. Dabbabi, M. Boyer, J. P. Launay, Y. Jeannin, J. Elec-
troanal. Chem. 1977, 76, 153-164; b) F. Bannani, R. Thou-
venot, M. Dabbabi, Eur. J Inorg. Chem. 2007, 4357-4363; c)
H. Driss, K. Boubekeur, M. Dabbabi, R. Thouvenot, Eur. J.
Inorg. Chem. 2008, 3678-3686.

[23] M. Ammam, B. Keita, L. Nadjo, J. Fransaer, Talanta 2010, 80,
2132-2140.

[24] a) B. Keita, P. de Oliveira, L. Nadjo, U. Kortz, Chem. Eur. J.
2007, 13, 5480-5491; b) S. Nellutla, J. van Tol, N. S. Dalal, L.-
H. Bi, U. Kortz, B. Keita, L. Nadjo, G. A. Khitrov, A. G. Mar-
shall, Inorg. Chem. 2005, 44, 9795-9806; c) L.-D. Li, W.-J. Li,
C.-Q. Sun, L.-S. Li, Electroanalysis 2002, 14, 368-375.

[25]a) T. Yamase, T. Kobayashi, M. Sugeta, H. Naruke, J. Phys.
Chem. A 1997, 101, 5046-5053; b) J.-Y. Niu, K.-H. Wang, H.-
N. Chen, J.-W. Zhao, P-T. Ma, J.-P. Wang, M.-X. Li, Y. Bai,
D.-B. Dang, Cryst. Growth Des. 2009, 9, 4362-4372; c) N.
Henry, S. Costenoble, M. Lagrenée, T. Loiseau, F. Abraham,
CrystEngComm 2011, 13, 251-258; d) F. S. Richardson, Chem.
Rev. 1982, 82, 541-552.

[26]a) T.-H. Li, F. Li, J. Li, Z.-G. Guo, S.-Y. Gao, R. Cao, Inorg.
Chem. 2008, 47, 5612-5625; b) R. Kasuya, T. Isobe, J. Phys.
Chem. B 2005, 109, 22126-22130; ¢) C.-H. Lu, H.-C. Hong, R.
Jagannathan, J. Mater. Chem. 2002, 12, 2525-2530.

[27]R. Contant, Inorg Synth. 1990, 27, 104-111.

[28] N. F. M. Henry, K. Lonsdale (Eds.), International Tables for X-
ray Crystallography, Kynoch Press, Birmingham, 1952.

[29] G. M. Sheldrick, SHELXS-97, Program for the Refinement of
Crystal Structures, University of Gottingen, Germany, 1997.

Received: December 1, 2011
Published Online: May 22, 2012

Eur. J. Inorg. Chem. 2012, 3229-3234



