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A novel organic–inorganic hybrid independent 1-D double-chain silicotungstate [Cu(biim)2][Cu(4,4′-bpy)(biim)
(H2O)][α-SiW12O40]·3H2O (1, biim = 2,2′-biimidazole, 4,4′-bpy = 4,4′-dipyridine) has been successfully
synthesized by reaction of Na10[A-α-SiW9O34]·18H2O, CuCl2·2H2O, EuCl3, biim and4,4′-bpy under 160 °C hydro-
thermal environment and characterized by elemental analyses, IR spectra and single-crystal X-ray diffraction.
The most remarkable structural feature of 1 is that two types of independent 1-D chains are paralleling and
one is constructed from plenary Keggin [α-SiW12O40]

4− units and [Cu(biim)2]
2+ linkers while the other is

based on [Cu(biim)(H2O)]2+ cations and 4,4′-bpy connectors. The variable-temperature magnetic susceptibility
of 1 shows the weak antiferromagnetic exchange interactions within CuII centers. Furthermore, the solid-state
electrochemical properties of 1 have been also measured in 0.5 mol·L−1 Na2SO4 + H2SO4 aqueous solution by
entrapping it in a carbon paste electrode.

© 2015 Elsevier B.V. All rights reserved.
Polyoxometalates (POMs) are a large family of polynuclear mental–
oxo clusters that are composed of the early transition-metals (TMs) in
their highest oxidation states, like MoVI, WVI, VV, NbV and TaV [1].
Since the first POM (NH4)3PMo12O40 was reported 188 years ago [2],
POM chemistry has attracted continuous research interest because of
the remarkable and diverse structures and fascinating physical and
chemical properties such as catalysis, sorption, separation, magnetic
properties, acidities, and redox properties [3]. Among POMs, the design
and synthesis of novel TM containing silicotungstates (STs) have
become a research hotspot not only because the nucleophilic oxygen-
enriched surface of STs can make them work as useful inorganic
multidentate building blocks to capture TM cations, but also
because TMs containing STs are ideal models for researching magnetic
exchange interactions within TM centers [4,5]. Some typical findings are
[Mn19(OH)12(SiW10O37)6]34− [6], [{M(OH2)2(μ3-OH)}2{Zn(OH2)}2{γ-
HSiW10O36}2]8− (M= CoII, NiII) [7], [Ni6(μ3-OH)3(H2O)9SiW9O34]22− [8],
[{Na3(μ-OH2)2Co2(μ-OH)4}(Si2W18O66)]13− and
[Na(H2O){Co(H2O)3}2{Co(H2O)2}(Si2 W18O66)]9− [9]. Moreover, lantha-
nides (Lns) containing STs have also been exploited due to the
oxophilicity and high coordination number of Ln cations and their inter-
esting magnetism, luminescence as well as Lewis acid catalysis [5]. To
date, some Lns containing STs have been synthesized such as
[Ln2(H2O)7 Si2W18O66]10− (Ln = GdIII, TbIII, HoIII) [10],
junwei@henu.edu.cn (J. Zhao).
{[Lu(pydc)(H2O)3]3 [SiW12O40]}− [11] and [{RE(H2O)2(acetone)}2{γ-
SiW10O36}2]10− (RE = YIII, NdIII, EuIII, GdIII, TbIII, DyIII) [12]. Currently,
the design and preparation of novel POM-based TM–Ln heterometallic
derivative (PBTLHD)with interesting structural topologies and properties
have attracted increasing attention. Since the first PBTLHD was discov-
ered by Wang et al. in 2004, great effort has been engaged in this field
[13]. Nevertheless, the competitive reaction among highly negative
POM precursors, strongly oxyphilic Ln cations and less active TM cations
in the same reaction system is inevitable,which brings great difficulties to
the discovery of PBTLHD [5]. It's found that the copper cation may over-
come this obstacle because it has flexible coordination geometries (trigo-
nal bipyramid, square pyramid and octahedron) and owns the Jahn–
Teller effect of the octahedra and pseudo Jahn–Teller effect of the square
pyramids [14]. Moreover, the trivacant Keggin-type [A-α-SiW9O34]10−

precursor can transform and isomerize to [B-α-SiW9O34]10−, [α-
SiW11O39]8−, [α-SiW12O40]4− and [β-SiW8O31]10− intermediates dur-
ing the course of the reaction, and offer greater possibilities to simulta-
neously capture copper and Ln cations. Furthermore, organic N-ligands
can help to construct extended architectures [15]. Starting from the
concept of rational design, we explored the reactions of the trivacant
Keggin-type [A-α-SiW9O34]10− precursor with copper, Ln cations and
organic components under hydrothermal conditions. In 2012, a class
of novel 1-D double-chain ST-based Cu–Ln heterometallic hybrids
[Cu(dap)2 (H2O)]2{Cu(dap)2[α-H2SiW11O39Ln(H2O)3]2}·xH2O (Ln =
CeIII, GdIII, ErIII, x = 9; Ln = PrIII, NdIII, SmIII, EuIII, x = 10; Ln = TbIII,
DyIII, x = 8) was successfully synthesized by our group [16]. Three 3-D
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organic–inorganic hybrid heterometallic STs assembled from 1:2-type
[Ln(α-SiW11O39)2]13− units and [Cu(dap)2]2+ linkers NaH
[Cu(dap)2(H2O)][Cu(dap)2]4.5[Ln(α-SiW11O39)2]·7H2O (Ln = SmIII,
DyIII, GdIII) were obtained in the same year [17]. Subsequently, an organ-
ic–inorganic hybrid 1-D double-chain copper–yttrium heterometallic ST
[Cu(dap)2(H2O)]2{Cu(dap)2[α-H2SiW11O39Y (H2O)2]2}·10H2O was re-
ported by us in 2013 [18]. As a continuation of our work, biim and
4,4′-bpy as organic ligandswere used to initiate exploitation. Unexpect-
edly, we obtained a neoteric organic–inorganic hybrid independent 1-D
double-chain ST [Cu(biim)2][Cu(4,4′-bpy)(biim)(H2O)][α-
SiW12O40]·3H2O (1) (biim = 2,2′-biimidazole, 4,4′-bpy = 4,4′-
dipyridine). Unfortunately, it was not a PBTLHD.

1 was prepared as follows: after a mixture of Na10[A-α-
SiW9O34]·18H2O (0.150 g, 0.539 mmol), CuCl2·2H2O (0.220 g,
1.290 mmol), EuCl3 (0.050 g, 0.194 mmol), biim (0.05 g, 0.373 mmol),
4,4′-bpy (0.030 g, 0.192 mmol) and H2O (6 mL, 333 mmol) was stirred
for 2.5 h (pHi = 4.13), sealed in a 25 mL Teflon-lined steel autoclave,
kept at 160 °C for 5 days and then cooled to room temperature
(pHf = 4.75), black cubic crystals were obtained by filtering, washed
with distilled water and dried in air at ambient temperature. Yield: ca.
33% (based on Na10[A-α-SiW9 O34]·18H2O). Anal. calcd. (found %) for
C28H34Cu2N14O44SiW12 (1): C 9.26 (9.37), H 0.94 (1.07), N 5.40 (5.20),
Si 0.77 (0.75), Cu 3.50 (3.68), and W 60.74 (60.62). It is noteworthy
that Na10[A-α-SiW9O34]·18H2O was employed during the course of
preparing 1, nevertheless, the [α-SiW12O40]4− segment is observed
in 1. This phenomenon indicates that the transformation of [A-α-
SiW9O34]10− polyoxoanion (POA) → [α-SiW12O40]4− POA happened
in the formation of 1. Although the transformation of trivacant Keggin
POAs to monovacant Keggin POAs were observed in our previous
investigations [16–18], the transformation of trivacant Keggin POA to
plenary Keggin POA was rarely reported. However, though EuCl3 was
used in the reaction, Eu3+ ion was not found in 1. Subsequently, the
reaction with the removal of EuCl3 was explored under the similar
conditions unexpectedly, 1wasn't obtained, which indicates the syner-
gistic effect of EuCl3 with other components in the formation of 1.
Similar phenomena have been previously encountered [19].

Single-crystal X-ray diffraction analysis [20] indicates that 1
crystallizes in the monoclinic space group P21/m. The basic molec-
ular structural unit [Cu(biim)2][Cu(4,4′-bpy)(biim)(H2O)] [α-
SiW12O40]·3H2O of 1 is composed of a plenary Keggin-type [α-
SiW12O40]4− POA, a pendant [Cu2(biim)(H2O)]2+ cation, a bridging
[Cu1(biim)2]2+ cation, a bridging 4,4′-bpy ligand and three lattice
water molecules. 1 exhibits the novel 1-D organic–inorganic zigzag
double-chain architecture (Fig. 1a). Due to the existence of the octahe-
dral geometry of the Cu1 cation in 1, the Jahn–Teller effect occurs and
gives rise to the slightly elongation of the Cu–O distances. What's
more, the Cu1 cation in the ligand field displays the distorted octahedral
geometry which may overcome the large steric hindrance and then
help to increase the stability of 1. Therefore the weak Cu–O interaction
will be considered in the following description [21]. In the asymmetrical
structural unit, the plenary Keggin-type [α-SiW12O40]4− POA consists
of a centered SiO4 group with four corner-shared W3O13 triads and in
each W3O13 triad three WO6 octahedra are fused together in the edge-
sharingmode. The centered Si atom displays a tetrahedral coordination
geometry defined by four μ4-oxygen atoms from three W3O13 triads
with the Si–O distances of 1.616(9)–1.651(9) Å, and all W centers
exhibit the octahedral coordination environment with the W–O dis-
tances of 1.679(10)–2.373(9) Å (Fig. 1b). Bond valence sum (BVS)
calculations illustrate that the oxidation states of Si, W and Cu atoms
in 1 are +4, +6 and +2, respectively. The [Cu1(biim)2]2+ cations
link to the [α-SiW12O40]4− POAs via the terminal oxygen atoms to
develop the organic–inorganic zigzag 1-D chain and are embedded in
the slightly distorted {CuO2N4} octahedral geometry, in which four ni-
trogen atoms from two biim ligands occupy the basal plane [Cu–N:
1.999(8)–2.001(8) Å] and two terminal oxygen atoms from two [α-
SiW12O40]4− POAs [Cu–O: 2.528(7) Å] stand on two axial positions.
The [Cu1(biim)2]2+ cation displays the slightly elongated octahedral
geometry, from which it can be easily concluded that the Cu1 cation
has the electron configuration of (t2g)6(dx2 − y2)1(dz2)2 . Focus on
the neighboring chain, it's evident that the [Cu2(biim)(H2O)]2+

cations are connected with each other by the 4,4′-bpy linkers to
finish the zigzag chain architecture. The square pyramid geometry of
[Cu2(biim)(H2O)]2+ cation is defined by one oxygen atom from a
water ligand [Cu–O: 2.261(2) Å], four nitrogen atoms from two 4,4′-
bpy ligands and one biim ligand [Cu–N: 2.009(9)–2.058(9) Å]
(Fig. 1c). Two obvious discrepancies between Cu1 and Cu2 cations are
observed: (1) the Cu2 cation exhibits a square pyramid coordination
environment while the Cu1 adopts an octahedral geometry; (2) the
bridging Cu1 cation links to two biim ligands and then grafts to the
[α-SiW12O40]4− POA through the terminal oxygen atom constructing
one 1-D zigzag chain whereas the Cu2 cation is combined with one
biiim ligand and two 4,4′-bpy ligands to form the other 1-D zigzag
chain.

If you go back to the history of POMchemistry, several intriguing1-D
chains based on Keggin-type ST units were reported. For example, Pope
and co-workers communicated two 1-D inorganic zigzag chain Ln-
containing monovacant Keggin STs [Ln (α-SiW11O39)(H2O)3]5−

(Ln = CeIII, LaIII) in 2000 [22]. In 2003, Mialane et al. discovered a 1-D
inorganic linear [Yb(α-SiW11O39) (H2O)2]5− chain and a 1-D zigzag
[Nd2(α-SiW11O39)(H2O)11]2− chain [23]. In 2004, Niu's group reported
a 1-D inorganic zigzag chain K3{[Pr(H2O)4(α-
SiW11O39)](NaPr2(H2O)12)[Pr(H2O)4(α-SiW11O39)]}·13H2O [24], later
they communicated another organic–inorganic hybrid ST-based SmIII-
containing 1-D double-chain [Sm2(α-SiW11 O39)(DMSO)3(H2O)6]2− in
2006 [25]. In 2010, an inorganic ST-based CrIII–LaIII heterometallic 1-D
double-chain Cs4[(γ-SiW10O36)2 (Cr(OH)(H2O))3(La(H2O)7)2]·19H2O
was addressed by Compain et al. [26]. In succession, our group discov-
ered a kind of novel 1-D double-chain ST-based Cu–Ln heterometallic
hybrids (2) [16,18]. Comparedwith the 1-D double-chain previously re-
ported by us, the innovation of 1 should be highlighted: (a) 1 represents
the first organic–inorganic hybrid 1-D double-chain that is created by
the plenary Keggin moieties, whereas 2 is formed by the mono-Ln
substituted Kegginmoieties; (b) themost remarkable structure charac-
teristic is that two organic–inorganic chains in 1 are independent while
2 owns two same and antiparallel chains that link to each other by
[Cu2(dap)2]2+ cations.

In order to highlight the structure of 1, we take the
[Cu1(biim)2]2+ and 4,4′-bpy bridges as connectors with two colors
and reckon the plenary [α-SiW12O40]4− POAs as triangular pyramids
and [Cu2(biim)(H2O)]2+ cations as nodes. This simplified graph
with two kinds of 1-D zigzag chains along the a axis is shown in
Fig. 1d. The zigzag angle of the {[Cu(biim)2][α-SiW12O40]}n2n− chain
is 68.097(1)° while the zigzag angle of the [Cu(4,4′-bpy)(biim)
(H2O)]n2n+ chain is 95.817(1)°. In the zigzag angle of the
{[Cu(biim)2][α-SiW12O40]}n2n− chain the distance of two conjoint
triangular pyramids is 14.8873(41) Å whereas the distance of two
conjoint Cu2 nodes is 11.2324(20) Å in the [Cu(4,4′-bpy)(biim)
(H2O)]n2n+ chain. In addition, the distance of two adjacent nodes
(or POAs) in the same side of each zigzag chain is 16.6705(17) Å
(Fig. S1). Interestingly, the adjacent plenary Keggin-type [α-
SiW12O40]4− POAs in the zigzag {[Cu(biim)2][α-SiW12O40]}n2n− chain
exhibits two types of spatial orientation (Fig. 1e). Viewed along the a
axis (Fig. 1f), the {[Cu(biim)2][α-SiW12O40]}n2n− chains and the
{[Cu(biim)2][α-SiW12O40]}n2n− chains are alternatively aligned. Fig. 1g
illustrates the schematic packing in the ac plane, which displays that
two types of 1-D zigzag chains are not perpendicular to each other.

The IR spectrum of 1 is collected from a solid sample palletized with
KBr in the range of 4000–400 cm−1 and exhibits the characteristic
vibration pattern derived from the plenary Keggin ST framework. Four
characteristic vibration bands, namely, terminal νas(W–Ot), νas(Si–Oa),
corner-sharing νas(W–Ob), edge-sharing νas(W–Oc), appear at 980,
920, 883, and 796 cm−1, respectively (Fig. S2). As a rule, these



Fig. 1. (a) The view of two 1-D chains in 1. (b) The view of a plenary [α-SiW12O40]4− POA connecting to two bridging [Cu1(biim)2]2+ cations in 1 with the selected numbering scheme.
The distorted octahedral geometry of the [Cu1(biim)2]2+ cation is highlighted. (c) The view of the square pyramidal coordination environment of the [Cu2(biim)(H2O)]2+ cation. Lattice
water molecules and hydrogen atoms attached to carbon and nitrogen atoms are omitted for clarity. The atoms with “A, B, C, D, E” are generated by the symmetry operation. A: 2− x,−y,
−z; B: 2 − x, 0.5 + y, −z, C: x, 0.5 − y, z, D: 1 − x, −0.5 + y, 2−z, E: 1 − x, −y, 2 −z. (d) The simplified packing of two types of 1-D zigzag chains in 1 viewed along the a axis. ([α-
SiW12O40]4− POA: triangular pyramid, [Cu2(biim)(H2O)]2+ cations: light blue spheres, all ligands and water molecules are omitted for clarity). (e) The simplified packing of two types
of 1-D zigzag chains in 1 viewed along the c axis. (f) The packing of two types of 1-D zigzag chains in 1 in the bc plane. (g) The simplified packing of two types of 1-D zigzag chains in
1 in the ac plane.
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characteristic bands can be readily identified in comparison with the
corresponding bands of plenary Keggin POT clusters [27]. It can be
found that the νas(terminal W–Ot) vibration band in 1 is almost not
shifted, suggesting the weak interactions between the [Cu1(biim)2]2+

cations and the terminal oxygen atoms of [α-SiW12O40]4− framework,
which is in good agreement with the long Cu–Ot distance [Cu–O:
2.528(7) Å] in 1. It is obvious that four characteristic vibration bands
of 1 are different from the precursor Na10[A-α-SiW9O34]·18H2O [931,
862, 806 and 694 cm−1 for νas(W–Ot), νas(Si–Oa), νas(W–Ob) and
νas(W–Oc)] (Fig. S3), which further indicates the evolution from [A-α-
SiW9O34]10− to [α-SiW12O40]4− in the formation of 1. Comparing to
the IR spectra of 4,4′-bpy and biim (Fig. S4), two vibration peaks at
1415 and 1218 cm−1 denote the presence of 4,4′-bpy in 1 [28] and
three vibration peaks at 3144, 2841 and 1529 cm−1 are indicative of
the occurrence of biim in 1 [29]. Furthermore, the stretching vibration
peak and bending vibration absorption peak of lattice water molecules
or coordination water molecules are observed at the 3490 and
1610 cm−1, respectively.

Since the electrochemistry of POMs was reported by Toth and
Anson in 1989 [30], great efforts have been devoted to the study of
the electrochemistry of POMs partly because POMs as electron
reservoirs can deliver electrons to other species in the redox processes
[31]. In this context, cyclic voltammetry (CV) experiment was per-
formed to examine the solid-state electrochemical properties of 1 in
0.5 mol·L−1 Na2SO4 + H2SO4 aqueous solution by manufacturing 1-
CPE (carbon paste electrode). 1 shows the four groups of redox waves
involvingWVI and CuII centers. It is obvious that in the pH=4.15 sulfate
medium, the typical CV behavior of 1 (Fig. 2a) at a scan rate of
20 mV s−1 at room temperature shows four couples of redox waves at
E1/2 = −0.803 V (I/I′), E1/2 = −0.565 V (II/II′), E1/2 = −0.173 V (III/
III′) and E1/2 = 0.144 V (IV/IV′) [E1/2 = (Epa + Epc) / 2]. The first three
oxidation peaks I, II and III (−0.731 V,−0.479 V and−0.029 V, respec-
tively) and their reduction counterparts I′, II′ and III′ (−0.875V,−0.651
and −0.371 V) feature the redox processes of W centers in the ST
Fig. 2. (a) Cyclic voltammogram of 1-CPE in pH= 4.15, 0.5 mol·L−1 Na2SO4 + H2SO4 aqueous
grams of 1-CPE at different scan rates. (d) Variation of cathodic peak currents of the WVI-based
polyoxoanion [32]. Moreover, their peak potential separations of the
W based waves are around 144 mV, 172 mV and 288 mV, respectively,
which may correspond to three irreversible one-electron charge-
transfer processes. The last oxidation peak IV (+0.262 V) and its reduc-
tion counterpart IV′ (+0.026 V) are attributed to the redox process of
the CuII centers and the peak potential separation of 236 mV indicates
that the redox procedure of the CuII center is irreversible [33].

In order to probe the influence of the variation of the acidity on
the electrochemical response of 1-CPE, H2SO4 was used to adjust the
pH values of medium. The results indicate that the electrochemical be-
havior of 1-CPE is pH dependent. As the pH decreases from 4.44 to
2.66, the redox wave shifts to the negative potential and the current in-
tensity gradually decreases (Fig. 2b). This phenomenon is in agreement
with the electrochemical behavior for the majority of the W-waves of
POMs. Along with the decreasing pH, the reduction of 1-CPE is accom-
panied by the evolution of protons from solution to the surface of
the electrode to maintain charge neutrality [34]. Furthermore, the
influence of the scan rate on electrochemical behavior of 1-CPE has
also been investigated in the potential range of −1.0 to 1.0 V in the
abovementioned conditions (Fig. 2c). As shown in Fig. 2d, the peak cur-
rent intensities (Ipc) are proportional to the scan rates (ν), and its linear
equation is Ipc = −0.00000415ν−0.00007 with the correlation coeffi-
cient of 0.992, which suggests a surface controlled electron-transfer
process occurring at 1-CPE [35].

The variable temperaturemagnetic susceptibility for 1 has been pre-
liminarily studied on the polycrystalline sample in the temperature
range of 2–300 K at an applied magnetic field of 2000 Oe and the plots
ofχM,χMT andχM

−1 versus T are displayed in Fig. 3. TheχM value slowly
increases from 0.003 emumol−1 at 300 K to 0.023 emumol−1 at 33 K.
This rising trend is more pronounced with lowering temperature and
exponentially reaches the maximum of 0.21 emu mol−1 at 2 K. Corre-
spondingly, at room temperature the χMT for 1 (0.795 emu K mol−1)
matches well with that expected for two noninteracting CuII cations of
0.750 emu K mol−1 (with S = 1/2, g = 2.0). On lowering the
solution. (b) Cyclic voltammograms of 1-CPE at different pH values. (c) Cyclic voltammo-
wave (I/I′) with the scan rates for 1-CPE.



Fig. 3. (a) The temperature dependence of the molar magnetic susceptibility χM and the product of the molar magnetic susceptibility and temperature χMT for 1 between 2 and 300 K.
(b) Temperature dependence of the reciprocal susceptibility for1 between 2 and 300K. The red solid line is generated by theCuries–Weiss expression. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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temperature, the χMT gradually drops to 0.604 emu K mol−1 at 2 K, in-
dicating the weak antiferromagnetic exchange interactions within CuII

centers mediated by 4,4′-bpy connectors. The magnetic susceptibility
data in the range of 300–2 K can be well fitted by the Curie–Weiss ex-
pression [χM = C / (T − θ)] with C = 0.79 emu K mol−1 and
θ = −2.39 K. The small negative value of θ confirms the presence of
weak antiferromagnetic couplings among the CuII centers.

In summary, we have hydrothermally obtained an organic–inorgan-
ic hybrid independent 1-D double-chain Keggin-type ST 1 with mixed
ligands, which was structurally characterized by elemental analyses,
IR spectra and single-crystal X-ray diffraction. To the best of our knowl-
edge, 1 represents the first independent organic–inorganic hybrid 1-D
double-chain ST in POM chemistry. Its solid-state electrochemical prop-
erties have been performed and discussed. Furthermore, the magnetic
property of 1 has been studied by the variable-temperature magnetic
susceptibility. Currently, we are trying to explore the appropriate reac-
tion conditions so that multi-carboxylic acid ligands and Ln cations
can be introduced to the system to manufacture novel PBTLHDs.
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