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A novel transition metal polyoxotungstate, [Cu(H2O)6][{Cu(H2O)2}2{Cu(H2O)4H4W12O42}]
· 12H2O (1), has been synthesized in aqueous solution and characterized by single-crystal X-ray
diffraction, elemental analysis, IR and UV/vis spectroscopy, and TG analysis. The paradode-
catungstate anions [H2W12O42]10− are linked by CuO6 octahedra, forming a three-dimensional (3D)
structure. The magnetic susceptibility of compound 1 in the temperature range 2 – 300 K shows the
presence of antiferromagnetic interactions within the uniform Cu2· · ·Cu3 chains.
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Introduction

Owing to the special features of transition metal ox-
ide surfaces and the role of polyoxometalate (POM)
clusters in several areas of current interest [1], research
on chemically robust POM-based composite materials
is highly attractive. It is especially fascinating when
POM clusters are employed as building blocks to con-
struct extended solid frameworks.

Up to now, one of the challenging tasks in POMs
chemistry is to design and synthesize multidimensional
porous metal-organic frameworks [2 – 7]. In compari-
son with many inorganic-organic hybrid materials with
extended frameworks based on POMs, generating true
metal oxide surfaces and framework materials with-
out the incorporation of additional conventional lig-
ands holds a large potential [8]. This kind of material
is usually stable and insoluble in common organic sol-
vents. This property is very advantageous to expand
the application of POM-based materials in chemically
bulk-modified electrodes [9].

The paradodecatungstate anion [H2W12O42]10−
with its particular structural features, sufficient charge
density and multiple coordination sites, provides nu-
merous possibilities of intermolecular linkages accord-
ing to the linking rules of selected building blocks
[1a, 10 – 12]. On the other hand, transition metal ions
with multiple coordination requirements, oxophilic-
ity, unique catalytic and magnetic properties, have
been used in developing POMs incorporating transi-

0932–0776 / 08 / 0200–0187 $ 06.00 © 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com

tion metals. Here, we report the synthesis and char-
acterization of a unique 3D, purely inorganic, porous
compound formed by paradodecatungstate and first-
row transition metal cations in a facile synthetic
method.

Results and Discussion

Synthesis

Compound 1 was obtained from a mixture
of (NH4)6[H2W12O40] · 3H2O and Cu(CH3COO)2
· 2H2O. It was an unexpected product during our
attempt to synthesize compounds based on the
[H2W12O40]6− cluster. Although the formation mech-
anism is not very clear, we propose the follow-
ing steps: (i) Disassembly-reconstitution of the poly-
oxoanion: the reaction equilibrium of polyoxometa-
late chemistry in aqueous solution is multifold, so sub-
tle changes of pH, temperature or time play an im-
portant role in the reaction. Under the conditions we
chose (initial pH = 3.85, 80 ◦C, 1 h and in presence
of Cu2+ ions), the [H2W12O40]6− clusters first decom-
posed to triangular W3O10 groups and some of those
groups rearranged into belt-type W3O11 groups. Sub-
sequently, the two types of groups became tied to-
gether through interconnecting corners, forming a new
cluster [H2W12O42]10−; (ii) structural feature of the
polyoxoanion: additional terminal oxygen atoms in the
W3O11 groups are prone to link metal cations [13]
which make the whole compound stable. The pH of
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Fig. 1. Representation of the molecular structure of 1. The
hydrogen atoms and crystal water molecules are omitted for
clarity.

the reaction mixtures seems to be crucial because the
solid is isolated only in a narrow pH region (3.5 – 4.1).

Crystal structure of the compound

The title compound consists of [{Cu(H2O)2}2
{Cu(H2O)4H4W12O42}]2− anions, discrete
[Cu(H2O)6]2+ cations and H2O molecules of crystal-
lization. The paratungstate-B unit [H2W12O42]10− il-
lustrated in Fig. 1 is structurally identical to those re-
ported previously, e. g. in K6[Co(H2O)4]2[H2W12O42]
· 14H2O [14], (NH4)7[Bi(H2W12O42)] · 20H2O [15],
and H2{[K(H2O)2]2[Ln(H2O)5]2(H2M12O42)} · nH2O
[16]. This polyoxoanion is centrosymmetric and con-
sists of four corner-sharing groups of two types, cap-
type and belt-type, and each group contains three edge-
sharing WO6 octahedra. All tungsten atoms exhibit
a +VI oxidation state as confirmed by bond valence
sum calculations [17], and possess distorted octahe-
dral coordination. The [H2W12O42]10− cluster acts as a
decadentate ligand coordinating to six copper(II) ions
through the terminal oxygen atoms (see Fig. 1), such
that each [H2W12O42]10− cluster is connected to six
CuO6 octahedra.

As to the metallic atoms in compound 1, there are
four crystallographically unique copper centers with
different coordination environments. The Cu1 atom
is in the centre of an octahedron defined by six wa-
ter molecules with Cu1–O bond lengths in the range
from 1.912(15) to 2.389(14) Å in a discrete cation.
The Cu2 octahedra are formed by four oxygen atoms
which belong to the belt-type W3O11 groups coming
from two paratungstate cores and two H2O molecules
with Cu2–O bond lengths in the range from 1.943(10)
to 2.550(11) Å. The Cu3 octahedra are formed sim-
ilarly to those of Cu2 with the Cu3–O bond lengths

Fig. 2. The 2D layer along the [1 1 1] plane.

Fig. 3. Space-filling representation of the pore structure.

in the range from 1.969(11) to 2.385(11) Å. The Cu4
atom is coordinated by two terminal oxygen atoms of
the cap-type of two [H2W12O42]10− clusters and four
H2O molecules with Cu4–O bond lengths in the range
from 1.904(12) to 2.380(12) Å. All these bond lengths
are within the normal ranges and in close agreement
with those described in the literature [18].

It should be noted that two terminal oxygen atoms
linking Cu2 and Cu3 come from the same WO6 oc-
tahedra where two cis terminal oxygen atoms make it
easier to link metal ions [13]. Such a structure is suit-
able to build high-dimensional architectures. As shown
in Fig. 2, neighboring [H2W12O42]10− clusters are con-
nected by [Cu2(H2O)2]2+ and [Cu3(H2O)2]2+ cations
forming a square belt (POMs-Cu2-POMs-Cu3-POMs-
Cu2-POMs-Cu3) in the [1 1 1] plane. The infinite rep-
etitions of the square belt gives 2D layers (Fig. 2).
These layers are further connected by Cu4 forming
a 3D structure with two tunnels with a dumbbell
cross section (Fig. 3). Discrete [Cu(H2O)6]2+ cations
are located in the channels along the b axis. Viewed
along the a axis extensive hydrogen bonds can be
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Fig. 4. Hydrogen bonds in crystals of the complex viewed
along the c axis.

Fig. 5. Simplified schematic representation of the 3D open-
framework structure.

clearly observed between the H2O molecules of crys-
tallization as well as the [Cu(H2O)6]2+ cations with
O· · ·O interatomic lengths between 2.732 and 3.007 Å
(Fig. 4). Furthermore, the oxygen atoms of the polyox-
otungstate units also form hydrogen bonds with H2O
molecules, which make the crystal structure of 1 more
stable.

By reducing multidimensional structures to simple
node-and-connector reference nets, the crystal struc-
ture is reduced to an irreducible net resulting from the
combination of six-connecting nodes with an (812123)
topology: the polyoxometalate clusters are simplified
as nodes, and the Cu–O bonds are represented as the
edges, as show in Fig. 5.

UV/vis spectrum

The electronic spectrum of compound 1 in aqueous
solution (Fig. 6) displays an absorption peak at 252 nm

Fig. 6. UV/vis spectrum of the complex.

which is attributed to the dπ–pπ charge transfer ab-
sorption band of the W=O bond. The weak absorption
in the visible region at 779 nm may be assigned to d–d
transitions of Cu2+ cations in a distorted octahedral en-
vironment.

Thermal analysis

The weight loss of compound 1 in the temperature
range of 0 – 700 ◦C corresponds to the release of all wa-
ter molecules. The weight loss of 5.17 % at 45 – 110 ◦C
is attributed to the loss of crystal water (calcd. 5.99 %).
In the ranges 110 – 213 and 213 – 413 ◦C, the weight
losses are 2.72 and 4.16 %, respectively, in agreement
with the removal of 6 H2O molecules coming from
the [Cu(H2O)6]2+ cations and 8 H2O molecules from
the [{Cu(H2O)2}2{Cu(H2O)4H4W12O42}]2− anions,
respectively (calcd. 2.99 % for the former; 3.99 % for
the latter). The small weight loss of 0.97 % between
413 and 700 ◦C is consistent with the release of two
H2O molecules (calcd. 1 %), according to the decom-
position reaction, Cu4[H2W12O42]→ 4CuO· 12WO3 +
2H2O. The total weight loss of 13.59 % agrees with the
calculated value of 13.99 %.

Magnetic properties

The variable-temperature magnetic susceptibilities
of newly prepared compound 1 were measured from
2 to 300 K at a fixed field strength of 1000 Oe. The
result is shown in the form of a χmT vs. T curve. The
1/χm vs. T curve of 1 is also given in the inset (Fig. 7).
When the sample is cooled from r. t., χmT decreases
smoothly from 1.72 (300 K) to 1.28 emu ·K ·mol−1

(2 K). The inverse susceptibility (1/χm) plot as a func-
tion of temperature (T ) is almost linear in the range
of 100 – 300 K, closely following the Curie-Weiss law,
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Fig. 7. The temperature dependence of the recip-
rocal magnetic susceptibility 1/χm and the prod-
uct χm T for compound 1.

giving a Curie constant C = 1.79 cm3 K mol−1 and a
Weiss constant θ (−12.9 K) < 0, suggesting the occur-
rence of antiferromagnetic exchange interactions in the
title compound.

At r. t., the effective magnetic moment (µeff) de-
termined from the equation µeff = 2.828 (χmT )1/2 is
3.71 µB, which is obviously smaller than the expected
spin-only value (4.89 µB) for four isolated Cu2+ atoms
(S = 2; g = 2.00). The result may be explained as
follows: as illustrated in the structure description, the
Cu1 atoms exist in discrete cations. The antiferromag-
netic exchange interactions therefore can only exist
between WO6 group-bridged Cu2· · ·Cu3 chains, be-
cause the Cu4 atoms are also separated far from other
Cu2+cations by WO6 units (Fig. 2). The singlet-triplet
energy gap (J) is defined by the Hamiltonian H =
−JSASB (SA = SB = 1/2), and the susceptibility can be
described by the following formula based on a modi-
fied uniform chain model [19]:

χchain = N β 2g2 S(S+1)(1+u)/(1−u)/3kT (1)

where u = coth[J S(S + 1)/kT ]− kT/J S(S + 1)

χm = (1−ρ)χchain +2ρ(N β 2g2/3kT )S(S+1) (2)

χM = χm/[1− χm(2zJ′/N β 2 g2)] (3)

Using this model, the susceptibility was simulated, giv-
ing the best fit with parameters J = −0.05 cm−1 and
g = 1.43. The small J value might be attributed to the
WO6 group-bridged linkages, which have an unfavor-
able effect on the magnetic interaction. So the effective
magnetic moment should be 3.5 µB (g = 1.43). The

result supports the occurrence of Cu2· · ·Cu3 coupling
through a tungstate bridge.

Conclusions

In summary, we have obtained and structurally
characterized [Cu(H2O)6][{Cu(H2O)2}2{Cu(H2O)4
H4W12O42}] · 12H2O for the first time. The synthesis
of compound 1 from the components indicates the
diversity of pathways for attaining novel structures
and species. The magnetic behavior of 1 reveals the
interactions between the copper(II) cations. It appears
that the paratungstate-B cluster is a good candidate
for synthesizing new compound with varying ar-
chitectures and properties, because of its sufficient
charge density at the surface oxygen atoms and other
structural features.

Experimental Section
General procedures

All reagents were commercially available and were used
without further purification. (NH4)6[H2W12O40] · 3H2O was
synthesized according to the literature [20] and characterized
by IR and UV/vis spectroscopy, and TG analysis. Elemental
analyses (Cu, W) were carried out with a Leaman inductively
coupled plasma (ICP) spectrometer. IR spectra on KBr pel-
lets were recorded on a Nicolet 170SX FT-IR spectropho-
tometer in the range 4000 – 400 cm−1. The UV/vis spec-
tra were recorded in the range of 200 – 1200 nm in aque-
ous solution on a DU-70 spectrophotometer. TG analysis was
recorded with a Netzsch STA 449C microanalyzer in an at-
mosphere of nitrogen at a heating rate of 10 ◦C min−1. Vari-
able temperature magnetic susceptibility measurements were
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Table 1. Crystal data and structure refinement for 1.

Empirical formula H52Cu4O68W12
Mr 3600.70
Color, habit blue, block
Cryst. size, mm3 0.11×0.11×0.11
Crystal system; space group triclinic; P1̄ (no. 2)
a, Å 10.6551(5)
b, Å 12.7418(6)
c, Å 13.2833(6)
α , deg 63.177(1)
β , deg 72.521(1)
γ , deg 67.389(1)
V Å3 1468.0(11)
Z 1
Dcalcd, g cm−3 4.07
µ(MoKα ), cm−1 24.9
F(000), e 1600
hkl Range −13 ≤ h ≤ 14,

−7 ≤ k ≤ 17,
−17 ≤ l ≤ 17

Absorption correction none
Refl. measured/unique 9206/7318
Rint 0.033
Data/restraints/parameters 6736/0/380
GoF (F2) 0.983
R1/wR2[I > 2σ(I)] 0.047/0.106
R1/wR2 (all data) 0.071/0.125
∆ ρfin (max/min), e Å−3 1.96/−3.68

carried out on a Quantum Design MPMS-5SQUID magne-
tometer with an applied field of 1000 Oe. Diamagnetic cor-
rection was estimated from Pascal’s constants.

Synthesis of [Cu(H2O)6][{Cu(H2O)2}2{CuH2O)4H4W12
O42}] · 12H2O (1)

In a typical experiment, (NH4)6[H2W12O40] · 3H2O
(3.008 g, 1 mmol) was first suspended in distilled wa-
ter (10 mL), to which a solution of Cu(CH3COO)2 · 2H2O
(0.399 g, 1 mmol) was added dropwise with stirring. The ini-
tial pH of the mixture was adjusted to 3.85. The mixture was
heated for 1 h at 80 ◦C and allowed to cool to r. t. Then a mi-
nor precipitate was filtered off. The filtrate was left to evap-
orate slowly under ambient conditions. After five days, light
blue block-shaped crystals were isolated in about 40 % yield
(based on Cu). – [Cu(H2O)6][{Cu(H2O)2}2{Cu(H2O)4H4
W12O42}] · 12H2O: calcd. Cu 7.06, W 61.27; found Cu 6.96,

Table 2. Selected bond lengths (Å) for compound 1a.

Cu(1)–O(4W)#2 1.912(15) Cu(1)–O(4W) 1.912(15)
Cu(1)–O(5W)#2 1.939(15) Cu(1)–O(5W) 1.939(15)
Cu(1)–O(6W)#2 2.389(14) Cu(1)–O(6W) 2.389(14)
Cu(2)–O(8)#3 1.943(10) Cu(2)–O(8) 1.943(10)
Cu(2)–O(1)#3 2.551(11) Cu(2)–O(8) 2.551(11)
Cu(2)–O(13W) 1.993(11) Cu(2)–O(13W)#3 1.993(11)
Cu(3)–O(20)#4 1.976(10) Cu(3)–O(20) 1.976(10)
Cu(3)–O(10W)#4 1.969(11) Cu(3)–O(10W) 1.969(11)
Cu(3)–O(15)#4 2.385(11) Cu(3)–O(15) 2.385(11)
Cu(4)–O(12W) 1.904(12) Cu(4)–O(12W)#5 1.904(12)
Cu(4)–O(21)#5 1.967(10) Cu(4)–O(21) 1.967(10)
Cu(4)–O(9W)#5 2.380(12) Cu(4)–O(9W) 2.380(12)
a Symmetry transformations used to generate equivalent atoms:
#2 −x+2, −y−2, −z+1; #3 −x+4, −y−2, −z; #4 −x+3, −y−2,
−z+1; #5 −x+3, −y, −z.

W 61.09. – IR (KBr): ν = 3434 (vs), 1622 (s), 940 (s), 860
(m), 723 (m), 567 (w), 493 (m), 409 (m) cm−1.

X-Ray crystallography

X-ray diffraction data were collected on a SMART CCD
diffractometer with graphite monochromated MoKα radia-
tion at r. t. The structure was solved by Direct Methods and
refined by full-matrix least-squares on F2 with the SHELX-
97 program package [21]. The non-hydrogen atoms were lo-
cated with difference Fourier syntheses, and the hydrogen
atoms were generated geometrically. For 1, a total of 9206 re-
flections (1.87≤ θ ≤ 28.3◦) were collected with 7318 unique
ones (Rint = 0.033), of which 6736 reflections with I ≥ 2σ(I)
were used for the structure refinement. The crystallographic
data for 1 are listed in Table 1, and selected bond lengths are
presented in Table 2.

Further details of the crystal structure investigation may
be obtained from Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fiz-
informationsdienste.de/en/DB/icsd/depot anforderung.html)
on quoting the deposition number CSD-418106.
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