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Two new 2-D frameworks based on tetra-copper(II)-
substituted sandwich-type polyoxotungstate anions and

[Cu2(dien)2(OH)]3+ cations
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Key Laboratory of Polyoxometalate Chemistry of Henan Province, School of Chemistry and
Chemical Engineering, Institute of Molecular and Crystal Engineering, Henan University, Kaifeng,

China
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Two new organic–inorganic polyoxometalates with 2-D (6,3)-connected topology architecture [Cu
(dien)(H2O)]2{[Cu2(dien)2(OH)]2[Cu4(B-α-XW9O33)2]}·4H2O (X = Sb, 1; X =As, 2) (dien = diethyl-
enetriamine) were hydrothermally synthesized.

Two new organic–inorganic polyoxometalates [Cu(dien)(H2O)]2{[Cu2(dien)2(OH)]2[Cu4
(B-α-XW9O33)2]}·4H2O (X = Sb, 1; X =As, 2) (dien = diethylenetriamine) were hydrothermally
synthesized and characterized by elemental analysis, IR spectra, thermogravimetric (TG) analyses,
and single-crystal X-ray diffraction. Both compounds are constructed from one four-coordinate
[Cu(dien)(H2O)]

2+, one {[Cu2(dien)2(OH)]2[Cu4(B-α-XW9O33)2]} building unit, and four water
molecules of crystallization. Structural analysis shows that the sandwich-like polyoxotungstate
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cluster anions [Cu4(B-α-XW9O33)2]
10− are linked by six adjacent dimeric cations [Cu2(dien)2(OH)]

3+

into a 2-D architecture with a (6,3)-connected topology. Magnetic measurements of 1 and 2 exhibit
the presence of antiferromagnetic interactions within the tetranuclear-CuII cluster.

Keywords: Polyoxometalate; Hydrothermal; Crystal structure; Sandwich-type

1. Introduction

Continuous interest in designing and making transition metal-substituted polyoxometalates
(TMSPs) has persisted because of their impressive compositional diversity and versatile
applications in catalysis, medicine, and materials science [1–3]. The progress of TMSP
chemistry is principally driven by the synthesis and characterization of new compounds
possessing unique topologies and performances. One of the effective approaches is to
introduce interesting transition metal complexes (TMCs) acting as bridges or pendants
into the framework of the inorganic POMs [4–6]. Hitherto, the classical Keggin fragments
have often been used as the candidates mainly because the charge density of the surface
oxygens can be increased either by reducing some of the metal centers or by replacing
higher valence metal centers with lower valence metal centers [7–13]. However, compos-
ite materials constructed by trivacant Keggin fragments and TMC moieties remain less
developed [14–18]. Within the class of TMSPs, sandwich-type polyoxometalates (POMs)
represent the largest subclass [19–21], Sandwich-type POMs based on trivacant
[SbW9O33]

9− fragments are rarely reported and mostly pure inorganic [22–24], and
organic–inorganic hybrid sandwich-type POMs built from [SbW9O33]

9− fragments are
undeveloped [25, 26].

Based on aforementioned considerations, we have focused on using various ligands in
the reaction system of TM cations and lacunary polyoxotungstate anions in order to
obtain new POM-based TM clusters functionalized by small organic molecules. In our
synthetic strategy, diethylenetriamine (dien), a readily available ligand, seized our attention
because compared to water it has stronger coordination ability to metal ions, consequently
offering the possibility of substituting coordinated water molecules so as to influence the
magnetic property of the copper center. Hydrothermal conditions shift a reaction from
thermodynamic to kinetic control so that equilibrium phases are replaced by more struc-
turally complicated metastable phases [27, 28]. Under hydrothermal environment, the
reduced viscosity of the solvent enhances reaction reactivity of complicated metastable
phases and further results in enhanced rates of solvent extraction of solids and crystal
growth from solution. Since the different solubility problems can be minimized, a variety
of organic and inorganic components can be introduced [28]. Fortunately, we have iso-
lated two sandwich-type polyoxotungstates modified by dien ligands using hydrothermal
methods, [Cu(dien)(H2O)]2[Cu2(dien)2(OH)]2[Cu4(B-α-XW9O33)2]·4H2O (1) (X = Sb, 1; X
= As, 2) (dien = diethylenetriamine), which differ from known examples built only by
inorganic sandwich-type TMSPs. The common structural characteristic is that each
[Cu4(B-α-XW9O33)2]

10– (X = Sb for 1 and As for 2) subunit links six adjacent complexes
through six dimeric [Cu2(dien)2(OH)]

3+ bridges, forming a 2-D architecture with a (6,3)-
connected topology. To the best of our knowledge, this kind of structure has been rarely
reported.

Tetra-copper(II) sandwich POM 2239
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2. Experimental

2.1. Materials and physical measurements

(NH4)18[NaSb9W21O86]·24H2O was prepared according to the literature procedure [29] and
identified by IR spectrum. All chemicals were of reagent grade and used without purifica-
tion. Syntheses were carried out in 23 mL Teflon-lined autoclaves under autogenous pres-
sure. The reaction vessels were filled to 50% volume capacity.

C, H, and N elemental analyses were performed on a Perkin-Elmer 240C elemental ana-
lyzer. Inductively coupled plasma (ICP) analysis was performed on a Perkin–Elmer Optima
2000 ICP-OES spectrometer. Infrared spectra were recorded on a Bruker VERTEX 70 IR
spectrometer using KBr pellets from 400 to 4000 cm−1. Thermogravimetric analyses were
performed using a Perkin–Elmer7 thermal analyzer from 25 to 800 °C under a dry nitrogen
atmosphere for 1 and 2 with a heating rate of 10 °C/min. XPS analyses for 1 were per-
formed on an Axis Ultra (Kratos, UK) spectrometer with an Al Ka achromatic X-ray
source. Variable temperature magnetic susceptibilities were carried out with a Quantum
Design MPMS-5 magnetometer. Experimental susceptibilities were corrected for diamagne-
tism of the constituent atoms using Pascal’s constants.

2.2. Synthesis

2.2.1. [Cu(dien)(H2O)]2[Cu2(dien)2(OH)]2[Cu4(B-α-SbW9O33)2]·4H2O (1). A mixture
of (NH4)18[NaSb9W21O86]·24H2O (0.70 g, 0.1 mM), CuCl2·2H2O (0.42 g, 2.5 mM), dien
(0.05 mL), and H2O (10 mL) was stirred for 1 h. The pH of the solution was adjusted to
5.4–6.0 with 2M L−1 HCl. The mixture was transferred to a Teflon-lined stainless steel
autoclave (23 mL). The Teflon-lined stainless steel autoclave was heated to 160 °C within
30 min and kept at 130 °C for five days, and then cooled to room temperature at a rate of
10 °C/h. Black–green block-like crystals of 1 were separated, washed with water and air-
dried in a yield of 29% (based on Cu). Anal. Calcd for C24N18H92Cu10O72Sb2W18

(5973.17): C, 4.83; H, 1.55; N, 4.22; Cu, 10.64; Sb, 4.08; W, 55.40. Found (%): C, 5.06;
H, 1.49; N, 4.08; Cu, 10.36; Sb, 4.17; W, 55.92.

2.2.2. [Cu(dien)(H2O)]2[Cu2(dien)2(OH)]2[Cu4(B-α-AsW9O33)2]·4H2O (2). A mixture
of As2O3 (0.36 g, 1.8 mM), Na2WO4·2H2O (1.98 g, 6.0 mM), CuCl2·2H2O (0.34 g, 2.0
mM), Cu(CH3COO)2·H2O (0.40 g, 2.0 mM), phen·H2O (0.20 g, 1.0 mM), dien (0.05 mL),
and H2O (10 mL) was stirred for 1 h. The pH of the solution was adjusted to 5.7–6.4 with
2M L−1 HCl. The mixture was transferred to a Teflon-lined stainless steel autoclave (23
mL). The Teflon-lined stainless steel autoclave was kept at 160 °C for four days and then
cooled to room temperature at a rate of 10 °C/h. Black–green rod-like crystals of 2 were
separated, washed with water and air-dried in a yield of 27% (based on Cu). Anal. Calcd
for C24N18H92Cu10O72As2W18 (5879.49): C, 4.90; H, 1.57; N, 4.29; Cu, 10.81; As, 2.55;
W, 56.28. Found (%): C, 5.12; H, 1.48; N, 4.11; Cu, 10.65; As, 2.64; W, 56.78.

2.3. Crystallographic data collection and refinement

A black–green crystal with dimensions 0.47 mm × 0.21 mm × 0.18 mm for 1 and 0.46 mm ×
0.11 mm × 0.07 mm for 2 was stuck on a glass fiber and intensity data were collected at
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296(2) K on a Bruker Smart Apex-II CCD diffractometer with graphite-monochromated
Mo Kα radiation (λ = 0.71073 Å). Cell constants and an orientation matrix for data collection
were obtained from least-squares refinements of the setting angles in the range of
1.85° ≤ θ ≤ 25.00°. Routine Lorentz polarization and an empirical absorption correction
were applied to intensity data. On the basis of systematic absences and statistics of intensity,
the space groups were P2(1)/n. Their structures were determined and the heavy atoms were
found by direct methods using the SHELXTL-97 program package [30]. The remaining
atoms were found from successive full-matrix least-squares refinements on F2 and Fourier
syntheses. No hydrogens associated with water molecules were located from the difference
Fourier map. Positions of the hydrogens attached to carbon and nitrogen (except for bridg-
ing N of dien) were geometrically placed. All hydrogens were refined isotropically as a rid-
ing mode using the default SHELXTL parameters. For 1, of 24,088 reflections, 8449
unique reflections (Rint = 0.0579) were considered observed [I > 2σ(I)]. For 2, of 24,363
reflections, 8442 unique reflections (Rint = 0.0393) were considered observed [I > 2σ(I)].
Crystallographic data and structure refinements for 1 and 2 are summarized in table 1.
Selected bond lengths for 1 and 2 are given in table 2.

3. Results and discussion

3.1. Structural description

Single-crystal structural analyses reveal that 1 and 2 are isostructural and crystallize in the
same monoclinic space group P2(1)/n. Therefore, only the structure of 1 is described in
detail. Their common structural feature is best described as a 2-D network constructed from

Table 1. Crystallographic data and structure refinement parameters for 1 and 2.

Empirical formula C24N18H92Cu10O72Sb2W18 (1) C24N18H92Cu10O72As2W18 (2)
Molecular weight 5973.17 5879.49
Temperature (K) 296(2) 296(2)
Wavelength (Å) 0.71073 0.71073
Crystal system, space group Monoclinic, P2(1)/n Monoclinic, P2(1)/n
a (Å) 15.5924(16) 15.5488(15)
b (Å) 14.1241(14) 14.1218(13)
c (Å) 22.793(2) 22.769(2)
β (°) 106.156(2) 106.046(2)
V (Å3) 4821.3(8) 4804.7(8)
Z 2 2
ρCalcd (g cm

−3) 4.106 4.056
Μ (mm−1) 24.178 24.395
F (0 0 0) 5300 5228
Crystal size (mm) 0.47 × 0.21 × 0.18 0.46 × 0.11 × 0.07
θ Range for data collection (°) 1.85–25.00 1.85–25.00
Index range –18 ≤ h ≤ 18, –18 ≤ h ≤ 16,

–15 ≤ k ≤ 16, –16 ≤ k ≤ 14,
–27 ≤ l ≤ 26 –21 ≤ l ≤ 27

Reflections collected/unique 24,088/8449 (Rint = 0.0579) 24,363/8442 (Rint = 0.0393)
Goodness-of-fit on F2 1.041 1.045
Final R indices [I > 2σ(I)] R1 = 0.0472, wR2 = 0.1067 R1 = 0.0290, wR2 = 0.0682
R indices (all data) R1 = 0.0651, wR2 = 0. 1131 R1 = 0.0376, wR2 = 0.0708

Tetra-copper(II) sandwich POM 2241
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{[Cu2(dien)2(OH)]2[Cu4(B-α-XW9O33)2]} (X = Sb for 1 and As for 2) building units
governed by the [Cu2(dien)2(OH)]

3+ functionality. The structural unit of 1 consists of a new
polyoxoanion {[Cu2(dien)2(OH)]2[Cu4(B-α-SbW9O33)2]}

4−, two four-coordinate copper
complex cations [Cu(dien)(H2O)]

2+, and four waters of crystallization. As shown in figure
1(a), the centrosymmetric polyoxoanion {[Cu2(dien)2(OH)]2[Cu4(B-α-SbW9O33)2]}

4− con-
tains a tetra-CuII-sandwiched [Cu4(B-α-SbW9O33)2]

10− core, on which four unique dimeric

Table 2. Selected bond distances (Å) for 1 and 2.

1 2

Sb(1)–O(18) 1.962(10) As(1)–O(18) 1.769(6)
Sb(1)–O(6) 1.967(10) As(1)–O(6) 1.783(6)
Sb(1)–O(29) 1.970(11) As(1)–O(29) 1.784(6)
Cu(1)–O(33) 1.948(14) Cu(1)–O(33) 1.983(8)
Cu(1)–O(5) 1.989(14) Cu(1)–O(5) 1.960(7)
Cu(1)–O(24)#1 1.997(12) Cu(1)–O(24)#1 1.978(7)
Cu(1)–O(17)#1 2.082(14) Cu(1)–O(17)#1 2.022(7)
Cu(2)–O(17) 1.978(14) Cu(2)–O(17) 1.969(8)
Cu(2)–O(10) 1.985(13) Cu(2)–O(10) 1.972(7)
Cu(2)–O(28)#1 1.986(15) Cu(2)–O(28)#1 1.982(8)
Cu(2)–O(33)#1 2.044(14) Cu(2)–O(33)#1 1.992(8)
Cu(3)–O(28) 1.917(14) Cu(3)–O(28) 1.953(7)
Cu(3)–O(24) 2.021(13) Cu(3)–O(24) 1.968(7)
Cu(3)–O(10)#1 2.028(15) Cu(3)–O(10)#1 1.994(8)
Cu(3)–O(5)#1 2.032(14) Cu(3)–O(5)#1 2.010(8)
Cu(4)–O(34) 1.953(12) Cu(4)–O(34) 1.961(7)
Cu(4)–N(3) 1.997(15) Cu(4)–N(1) 1.995(10)
Cu(4)–N(2) 2.016(14) Cu(4)–N(3) 2.015(9)
Cu(4)–N(1) 2.039(16) Cu(4)–N(2) 2.018(8)
Cu(5)–O(34) 1.942(12) Cu(5)–O(34) 1.935(7)
Cu(5)–N(5) 1.983(16) Cu(5)–N(6) 1.991(9)
Cu(5)–N(6) 2.009(17) Cu(5)–N(5) 1.999(9)
Cu(5)–N(4) 2.017(17) Cu(5)–N(4) 2.022(10)
Cu(6)–N(9) 1.990(24) Cu(6)–N(7) 2.00(2)
Cu(6)–N(7) 1.996(34) Cu(6)–N(9) 2.001(12)
Cu(6)––N(8) 2.010(21) Cu(6)–N(8) 2.019(11)
Cu(6)–O(1W) 2.466(21) Cu(6)–O(1W) 2.476(11)

Note: Symmetry codes: #1 −x,−y + 2,−z.

Figure 1. (a) Combined polyhedral/ball-and-stick view of the asymmetric sandwich-type polyoxoanion of 1.
(b) Ball-and-stick view of the tetra-Cu cluster {Cu4O12}.

2242 P. Ma et al.
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coordination cations [Cu2(dien)2(OH)]
3+ serve as bridges connecting adjacent sandwiched

subunits [Cu4(B-α-SbW9O33)2]
10− forming a 2-D layer. Alternatively, this subunit can also

be viewed as a combination of two half-units {[Cu2(dien)2(OH)]2[Cu2(B-α-SbW9O33)]}
related by an inversion center (0,1,0). The bond valence sum (BVS) [31] value for O(34) in
1 is significantly lower (0.96, near to 1), suggesting the probable monoprotonated position.

The tetra-CuII-sandwiched [Cu4(B-α-SbW9O33)2]}
6− fragment in 1 is distinct from the

reported classical tetra-nuclear TM-sandwiched POM, such as [B-β-FeIII4
(H2O)8(SbW9O33)2]

6− polyoxoanion [32]. Obviously, four disordered copper ions in 1 [as
shown in figure 1(a) and (b)] locate on six positions with an occupancy of 2/3 for Cu, form-
ing a centrosymmetric six-membered cycle with an interior angle sum of 720° as a plane
hexagon. And each Cu position in 1 is coordinated by four oxygens from two different
[SbW9O33]

9− moieties, however, four Fe ions in [B-β-FeIII4(H2O)8(SbW9O33)2]
6− are linked

by six oxygens from three different [SbW9O33]
9− moieties. The arrangement of hexagonal

{Cu4} clusters in the belt region is sandwiched by two [B-α-SbW9O33]
9− moieties via

exposed 12 bridging oxygens from lacunae of two [B-α-SbW9O33]
9− units (12 μ3-O from

12 WO6 groups). In addition, the coordination in 1 is different from the coplanar-shaped
hexa-CuII-sandwiched arsenotungstate reported by us [21].

In the structural unit of 1, there are six crystallographically unique Cu2+ cations. The cop-
per ions of Cu(1), Cu(2), and Cu(3) are sandwiched by two [SbW9O33]

9– subunits and
fused together with their symmetrical atoms forming a rhombic {Cu4} cluster by edge-shar-
ing, which display a quadrangle geometry, whose plane is furnished by the oxygens from
four WO6 groups of two different [SbW9O33]

9– ligands with Cu–O bond lengths of 1.917
(14)–2.082(14) Å. Cu(4) and Cu(5) are joined together by a OH– forming a dimeric coordi-
nation cation [Cu2(dien)2(OH)]

3+, grafted on the polyoxoanion skeleton via one or two
bridging oxygens. Differently, Cu4 is connected with two polyoxoanion units, whereas,
Cu5 is only grafted on another polyoxoanion skeleton [figure 2(a)]. Therefore, Cu(4) dis-
plays a distorted octahedral geometry, in which three nitrogens from one dien [Cu(4)–N:
1.997(15)–2.039(12) Å] and one hydroxyl oxygen [Cu(4)–OOH: 1.953(12) Å] build the
basal plane and two bridging oxygens from the POM backbone [Cu(4)–OPOM: 2.721(13)

Figure 2. Connections of (a) the dimeric cation [Cu2(dien)2(OH)]
3+ bridge and (b) polyoxoanion [Cu4(B-α-

SbW9O33)2]
10– unit in 1.

Tetra-copper(II) sandwich POM 2243
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and 2.710(11) Å] occupy the two axial positions. Cu(5) resides in distorted tetragonal pyra-
midal geometry, coordinated by three nitrogens from one dien [Cu(5)–N: 1.983(16)–2.017
(17) Å] and one hydroxyl oxygen [Cu(5)–OOH: 1.941(12) Å] forming the basal plane and
one bridging oxygen from the POM backbone [Cu(5)–OPOM: 2.832(13) Å] sitting on the
axial position. Additionally, Cu(6) complex cation is a discrete counter-cation displaying a
seriously distorted tetrahedral environment, defined by three nitrogens from one dien
[Cu(6)–N: 1.990(24)–2.010(21) Å] and one terminal water [Cu(6)–OW: 2.466(21) Å]. The
distance of two heteroatoms Sb⋅⋅⋅Sb is 4.919(2) Å in 1, shorter than that in 2 (d(As⋅⋅⋅As) =
5.351(2) Å). The major reason is that the radius of Sb atom is bigger than that of As.

The structural feature of 1 is best described as a 2-D layer-like framework constructed
from {[Cu2(dien)2(OH)]2[Cu4(B-α-SbW9O33)2]} building units. This kind of structure con-
struction is mainly governed by the [Cu2(dien)2(OH)]

3+ functionality. Every dimeric cation
linker [Cu2(dien)2(OH)]

3+ joins with three [Cu4(B-α-SbW9O33)2]
10– units, synchronously,

every [Cu4(B-α-SbW9O33)2]
10– links with six adjacent same ones through six dimeric

[Cu2(dien)2(OH)]
3+ bridges [figure 2(b)]. With this connection fashion, a 2-D layer-like

architecture with (6,3)-2-D topology along the bc plane (figure 3) is formed, which obvi-
ously differs from these known examples only containing inorganic sandwich-type TMSPs
[22–24]. Two 2-D trivacant Keggin POTs CsNa2[{Sn(CH3)2}3(H2O)4(β-XW9O33)]·7H2O
(X = AsIII/SbIII) were made by the conventional aqueous solution method [33] and a 2-D
tetra-TM-sandwiched POT reported by Guoyu Yang under hydrothermal conditions [34].
To the best of our knowledge, 1 and 2 represent the rare (6,3)-2-D topological network in
sandwich-type POM chemistry.

3.2. IR spectra

IR spectra of 1 and 2 display characteristic vibration patterns derived from the trivacant
Keggin framework (figure 4) at 700–1000 cm−1. Four characteristic bands at 937, 723, 889,
and 758 cm−1 for 1, and at 941, 730, 869, and 770 cm−1 for 2 are attributed to stretching
vibration of ν(W–Ot), ν(X–Oa) (X = Sb/As), ν(W–Ob), and ν(W–Oc), respectively [35]. In

Figure 3. (a) Combined polyhedral/ball-and-stick and (b) topology structure of the two-dimensional layer-like
arrangement of 1 viewed down the a axis, which is built from [Cu4(B-α-SbW9O33)2]

10– polyoxoanions via
[Cu2(dien)2(OH)]

3+ bridges. The blue nodes represent [Cu4(B-α-SbW9O33)2]
10– building units; the green nodes rep-

resent [Cu2(dien)2(OH)]
3+ linkers; the light orange, black, and blue rods represent three different {Cu(dien)}

bridges [see figure 3(a)], respectively. Some discrete fragments ions and solvent molecules were omitted for clarity
(see http://dx.doi.org/10.1080/00958972.2014.940336 for color version).

2244 P. Ma et al.
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addition, stretches of –OH, –NH2, and –CH2 are observed at 3441, 3305 and 3214, 2941
and 2879 cm−1 for 1, and at 3435, 3300 and 3208, 2930 and 2878 cm−1 for 2, respectively.
Bands at 1628, 1570, and 1452 cm−1 for 1, and at 1630, 1571, and 1451 cm−1 for 2 are
assigned to bending vibration of –OH, –NH2, and –CH2, respectively [36]. The vibration
pattern of ν(C–N) is at 1383 cm−1 for 1 and 1395 cm−1 for 2. The occurrence of these
resonance signals confirms the presence of organic amine groups, which are consistent with
the single-crystal structural analyses.

3.3. XPS spectra

The BVS calculations [37] suggest that all tungstens are of +6 oxidation state and Cu +2
oxidation state in 1. The XPS spectra of 1 further confirm the calculated results. The XPS
spectra (figure 5) of 1 in the energy regions of W4f7/2 and Cu2p3/2 show peaks at 34.4 and
933.7 eV, attributable to W6+ and Cu2+, respectively. These results are consistent with the

Figure 4. IR spectra of 1 and 2.

Figure 5. The XPS spectra of 1.
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binding energy values of W4f in α-SiW12O40 [38] and Cu2p in CuO [39], which are 35.3
and 934.1 eV, respectively. All these results confirm the valences of W and Cu.

3.4. Thermogravimatric analysis

In order to estimate the lattice-water content and the thermal stability of 1 and 2, TG analy-
ses were carried out from 25 to 800 °C (figure 6). The TG curves of 1 and 2 show two sim-
ilar steps of weight losses. The first weight loss of 1.32% (Calcd 1.21%) for 1 is from 25 to
155 and 1.37% (Calcd 1.22%) for 2 from 25 to 145 °C, assigned to release of four lattice
waters. The second stage of losing weight of 10.45% (Calcd 11.12%) between 156 and
678 °C for 1 and 10.87% (Calcd 11.29%) between 146 and 760 °C for 2 correspond to the
loss of two coordinated water molecules, two OH–, and six dien molecules.

3.5. Magnetic properties

The temperature dependence of the magnetic susceptibility of 1 and 2 under an applied field
of 1 kOe is shown in figure 7 in the form of χm, χmT, χm

−1 versus T plots. For 1, χm slowly
increases from 0.013 emuM−1 at 300 K to 0.069 emuM−1 at 32 K, then exponentially to a
maximum of 0.923 emuM−1 at 2 K. Comparison of the 300 K χmT value (3.85 emu KM−1)
at room temperature to that of 3.75 emu KM−1 for 10 non-interacting Cu(II) (S = 1/2) ions
with g = 2.0 indicates that no spin exchange interactions exist between the Cu2+ centers and
an ST = 0 ground state. Upon cooling, the χmT value increases gradually until 98 K; subse-
quently, slowly decreasing until 12 K, then radically decreasing to the minimum value 1.84
emu KM−1 at 2 K. Similar to 1, the χm value of 2 slowly increases from 0.013 emuM−1 at
300 K to 0.094 emuM−1 at 32 K, then exponentially to a maximum of 1.240 emuM−1 at
2 K. Accordingly, the χmT value 3.77 emu KM−1 for 2 at room temperature almost equals
to the 10 non-interacting Cu(II) (S = 1/2, g = 2.0) ions (3.75 emu KM−1). As the temperature
is lowered, the χmT value decreases steadily until 78 K, followed by a slow decrease at
lower temperatures. Below 12 K, the χmT value sharply drops to a minimum value

Figure 6. The TG curves of 1 and 2.
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2.48 emu KM−1 at 2 K, indicating the presence of weak antiferromagnetic coupling. Fur-
thermore, the magnetic susceptibility data between 120 and 300 K follow the Curie–Weiss
equation χm = C/(T – θ) with C = 0.081 emu KM−1 and θ = −0.018 K for 1 and C = 0.043
emu KM−1 and θ = −0.104 K for 2 [figure 7(c) and (d)]. These behaviors indicate the pres-
ence of the weak antiferromagnetic exchange interactions within the {Cu4} cluster in both
compounds.

4. Conclusion

We have hydrothermally synthesized two new organic–inorganic hybrid polyoxotungstates
based on [Cu4(B-α-XW9O33)2]

10– (X = Sb or As) units, which will enrich significantly the
field of sandwich-type polyoxotungstates, and will promote further development of chemis-
try of polyoxometalates. Moreover, the successful preparation of organic–inorganic hybrid
materials will provide a feasible and effective synthetic route for searching and exploring
organic–inorganic hybrids based on polyoxometalates as a basic framework in synthetic
chemistry and material science.

Supplementary material

Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallographic Data
Center, CCDC reference number 978225 for 1 and 989240 for 2. These data can obtained free of charge via
http://www.ccdc.cam.ac.uk/data_request/cif or from the Cambridge Crystallographic Data Center, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

Figure 7. (a) χmT and χm as a function of temperature T for 1. (b) χmT and χm vs. T for 2. (c) χm
−1 vs. T from 120

to 300 K for 1. (d) χm
−1 vs. T from 120 to 300 K for 2. The red solid lines represent the fit to experimental data.
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