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A new paradodecatungstate-B compound, [{Co(H2O)4}4(H4W12O42)]·10H2O (1) of the poly-
oxometalate series has been synthesized and characterized by elemental analysis, IR and UV
spectroscopy, TG analysis, and single-crystal X-ray diffraction. Compound 1 exhibits a unique 8-
connected three-dimensional (3D) framework with a (42 · 820 · 126) topology. Moreover, 1 displays
antiferromagnetic interactions in the 2 – 300 K temperature range, well reproduced by a simulation
procedure.
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Introduction

Polyoxometalates (POMs), transition-metal oxide
clusters, have obtained an extensive attention, not only
because of their controllable shape and size, their
high negative charges, and their oxo-enriched surfaces
[1 – 11], but also because of their potential applica-
tions in catalysis, electrical conductivity, gas storage,
ion exchange, and biological chemistry [12 – 18]. In
this field, a brand-new advance is the design and con-
struction of intriguing high-dimensional and highly
connected frameworks based on POMs. Currently, a
promising approach for designing such frameworks is
the use of the surface oxygen atoms of POMs for com-
binations with different transition metal complexes
(TMCs). As a result, a series of high-dimensional
and highly connected POM-based hybrid materials
have been successfully synthesized [19 – 25]. How-
ever, to construct high-dimensional and highly con-
nected purely inorganic POM-based materials without
the incorporation of additional organic ligands is still a
challenge [26, 27]. This kind of materials is usually sta-
ble and insoluble in common organic solvents, which
is very advantageous e. g. to expand the application
of POM-based materials in chemically bulk-modified
electrodes [28, 29]. Especially, the assembly of purely
inorganic POM-based frameworks offers high poten-
tial for the formation of a new type of porous mate-
rials which combines the thermodynamic stability of
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Fig. 1. Combined polyhedral/ball-and-stick view of the co-
ordination environment of the [H4W12O42]8− anion with at-
tached Co(II) atoms.

zeolites and mesoporous silicas [30] with the sophis-
tication and versatility of metal-organic frameworks
(MOFs) [31 – 33].

In POM chemistry, it is an important rule that the
greater the charge density on the surface oxygen atoms
of POMs, the more metal ions may coordinate to
these units. Compared with well-known POMs, such as
Keggin-, Anderson-, Wells-Dawson-, and Lindqvist-
type POMs, the paradodecatungstate-B anions possess
high charge density and 18 terminal and 18 bridging
O atoms, which offer a variety of potential coordina-
tion sites to link metal ions and to make the forma-
tion of high-dimensional and highly connected frame-
works easer. On the other hand, because of the multiple
coordination requirements and oxophilicity of transi-
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Fig. 2. Combined polyhedral/ball-and-stick view of the 2D layer (left) and the 3D structure (right).

tion metal cations, they are suitable for linking POM
units together to form new classes of materials with
extended frameworks.

On the basis of the above considerations, we have
chosen the paradodecatungstate-B anions as inorganic
ligands and Co2+ as the transition metal cations to con-
struct highly connected and high-dimensional, purely
inorganic materials. Fortunately, we obtained such a
compound, [{Co(H2O)4}4(H4W12O42)]·10H2O (1), in
which each [H4W12O42]8− cluster links eight Co2+

ions into a 3D framework, displaying the highest con-
nectivity number known to date. In the 3D structure,
there are two kinds of channels along the [1 0 0] and
[0 0 1] directions, respectively.

Results and Discussion
Crystal structure of 1

Single-crystal X-ray diffraction analysis has re-
vealed that 1 consists of protonated paradodecatung-
state-B polyanions [H4W12O42]8−, Co atoms and wa-
ter molecules and exhibits a 3D structure with two
kinds of channels. Bond valence sum calculations [34]
show that all W and Co atoms are in the +VI and
+II oxidation states, respectively. For charge balance,
two protons were attached to POMs, which is similar
to the cases {[Ag(CH3CN)2]4[H3W12O40]} [27] and
[{H2W11Ce(H2O)4O39}2]·8H2O [35]. The polyoxo-
anion is centrosymmetric and consists of four corner-
sharing trimers of two types, each of which contains
three edge-sharing WO6 octahedra. In the upper and
lower trimer of the [H4W12O42]8− cluster, the three

tungsten atoms define a near-equilateral triangle (an-
gles of 59.85, 59.86, and 60.29◦), while the three tung-
sten atoms in the left or right trimer define an open
angle (Wside–Wcentral–Wside = 113.60◦). In the trian-
gular trimer, each octahedron has one unshared oxy-
gen atom, while in the open angular trimer each oc-
tahedron has two unshared oxygen atoms. According
to the type of oxygen atoms bonded to the W atoms,
the W–O bond lengths are divided into three cate-
gories: 1.714(12)– 1.753(8) Å for W–O(t), 1.801(7) –
2.165(7) Å for W–O(µ2), and 1.893(7) – 2.283(7) Å
for W–O(µ3) bonds. All these bond lengths are within
the normal ranges and in close agreement with those
described in the literature [36, 37]. Interestingly, each
[H4W12O42]8− cluster acts as an octadentate ligand co-
ordinating to eight Co2+ ions through its terminal oxy-
gen atoms (Fig. 1), which represents the highest con-
nectivity number of the paradodecatungstate-B POMs
known to date.

There are two crystallographically unique cobalt
atoms with similar coordination environments. Co1
and Co2 are both six-coordinated by two O atoms
from two paradodecatungstate-B clusters and four wa-
ter molecules to form distorted octahedra. The av-
erage Co–O bond lengths are 2.084 Å for Co1 and
2.078 Å for Co2. Co1 links two [H4W12O42]8− clus-
ters, while the [H4W12O42]8− cluster is surrounded
by four [Co1(H2O)4]2+ bridging cations. Conse-
quently, a 2D layer is formed parallel to the bc plane
(Fig. 2a). In addition, each [H4W12O42]8− cluster
is surrounded by four [Co2(H2O)4]2+ cations, and
each Co2 ion links two neighboring [H4W12O42]8−
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Fig. 3. Schematic view of the 3D structure (a), space-filled
representation of the dumbbell-shaped channel along the
[1 0 0] direction (b), and the ring-shaped channel along the
[0 0 1] direction (c).

clusters belonging to different layers, which extends
the 2D layers containing Co1 into a 3D frame-
work along the b axis (Fig. 2b). The structure of
1 can be compared to that of similar compounds
like (H3O+)3[{Na(H2O)4}{Co(H2O)4}3(H2W12O42)]
·24.5H2O (2) and [Zn5(H2O)20(H2W12O42)]·6H2O
(3) reported by the Liu group [38] and the Wang
group [39], respectively. Although 2 is a 3D com-
pound, the [H2W12O42]10− cluster is linked by six
CoO6 octahedra. In 3, its [H2W12O42]10− cluster is
linked by eight ZnO6 octahedra, to form a 2D struc-
ture. Therefore, 1 represents the highest connectivity
and dimensionality for paradodecatungstate-B POM
systems.

The 3D structure of 1 can be rationalized as an 8-
connected network with (42·820·126) topology if we
assign the -O–Co–O- units as the connectors, and
the [H4W12O42]8− clusters as the 8–connected nodes
(Fig. 3a). In the 3D framework, there are two kinds of
channels filled with free water molecules: a dumbbell-
shaped channel along the [1 0 0] direction and a ring-
shaped channel along the [0 0 1] direction, respectively
(Fig. 3b and c). Calculations by PLATON have revealed
that the van der Waals free space per unit cell (after
the solvent-water molecules have been removed) is ap-
proximately 2022.3 Å3, corresponding to 31.3 % of the
unit cell volume.

A notable feature of the structure of 1 is that two ter-
minal oxygen atoms linking Co1 and Co2 come from
the same WO6 octahedron of the angular open trimer
with the Co–Co distance at 5.858 Å and the Co–W–Co
angle at 105.08◦. Such a structural motif of parado-
decatungstate-B POMs is suitable to build highly con-

nected architectures and can contribute to the magnetic
properties of 1.

UV spectrum and thermal analysis

The UV spectrum of compound 1 is displayed in
Fig. 4. It shows two bands (λ = 206 and 263 nm) as-
signed to pπ (Od)→ dπ

∗(W) transitions in the W=O
bonds and dπ-pπ-dπ transitions between the energy
levels of the tricentric W–O–W bonds, respectively.

The TG analysis was carried out for 1 (Fig. 5) under
N2 atmosphere with a heating rate of 10 ◦C min−1 in
the temperature range of 60 – 600 ◦C. The curve shows
two weight loss steps: The first continuous weight loss
step below 450 ◦C corresponds to the loss of crystal
water and coordinated water 11.8 % (calcd. 13.1 %).
The second weight loss step of 1.1 % (calcd. 1.0 %)
in the range of 450 – 600 ◦C is ascribed to the release

Fig. 4. The UV spectrum of compound 1.

Fig. 5. The TG curve of compound 1.
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of two H2O molecules, according to the decomposition
reaction

Co4[H4W12O42] → 4 CoO + 12 WO3 + 2H2O

The total weight-loss (12.8 %) for 1 is consistent with
the calculated value (13.6 %). It is notable that the tem-
perature required for the loss of water molecules of 1
is 450 ◦C, which is higher than that of other systems
[38, 39], perhaps caused by the higher connectivity and
dimensionality of the title compound.

Magnetic properties

The solid-state magnetic behavior of 1 has been in-
vestigated. The variable-temperature magnetic suscep-
tibility was measured in the temperature range of 2 –
300 K at a fixed field strength of 1000 Oe and plotted as
χm T and χm

−1 versus T , as shown in Fig. 6. The χm T
value of 1 slowly decreases from 10.17 cm3·K·mol−1

at 300 K to 5.57 cm3·K·mol−1 at 2 K, which in princi-
ple reveals paramagnetic behavior. The χm T product
at 300 K is higher than the spin-only value (g = 2.0) of
7.75 cm3·K·mol−1 for four non-interacting Co2+ ions
(S = 3/2) probably due to the contribution of an or-
bital angular momentum at high temperature [40]. The
χm

−1 versus T plot is almost linear in the range of 50 –
300 K, closely following the Curie-Weiss law, giving a
Curie constant C = 10.9 cm3·K·mol−1 and a Weiss con-
stant Θ = −22.5 K. The Weiss constant indicates that in
1 there exist weak antiferromagnetic interactions. On
the basis of the connection modes of the Co(II) ions
to the polyoxoanion in 1, the Co atoms (Co1 and Co2)
connected to the WO6 octahedron are considered as a
Co2 unit, and the others are described as isolated atoms

Fig. 6. The χmT vs. T and χm
−1 vs. T curves of compound 1.

(see Fig. 1). The susceptibility was simulated accord-
ing to a model of dimeric [Co(II)]2 plus two isolated
Co(II) metal ions (S = 3/2) with the isotropic Heisen-
berg spin Hamiltonian for the dimer of

H = −2 J S1 S2 (1)

where Si is the spin operator for each metal ion (Si =
3/2 for Co(II) with i = 1 to 2) and J is the magnetic
interaction in the nuclear unit. The magnetic data of 1
are fitted to the following equation, where N, g, β , and
k have their usual meanings

χdimer =
2Ng2β 2

kT
e2J/kT +5e6J/kT +14e12J/kT

1 + 3e2J/kT +5e6J/kT + 7e12J/kT (2)

χm = χdimer + 2
Ng2β 2

3kT
S(S + 1) (3)

This simulation procedure works well over the
whole temperature range (see the line in Fig. 6) with
the parameters g = 3.40 and J = −12.55 cm−1. The
negative J value further confirms that there is a weak
antiferromagnetic interaction between the Co(II) cen-
ters. The theoretical expressions for 1 not only indicate
the occurrence of weak coupling interactions between
the metal ions through a -O–W–O- bridge but also sup-
port the structure of 1.

Conclusions

In summary, a new extended solid framework com-
posed of transition metal cations (M = Co2+) and
paradodecatungstate-B clusters has been obtained and
characterized. In this compound, paratungstate clusters
serve as eight-dentate ligands and link the metal ions
into high-dimensional structures. The magnetic stud-
ies of compound 1 indicate that there exist weak anti-
ferromagnetic interactions. The isolation of compound
1 shows that paradodecatungstate-B clusters are good
inorganic ligands for designing highly connected and
high-dimensional structures with specific properties.

Experimental Section
General procedures

All reagents were commercially available and were used
without further purification. Na10[H2W12O42]·20H2O was
synthesized according to the literature [41] and character-
ized by IR and UV spectroscopy, and TG analysis. Elemen-
tal analyses (Co and W) were carried out with a Leaman in-
ductively coupled plasma (ICP) spectrometer. The IR spec-
trum (KBr pellets) was recorded on a Nicolet 170SX FT-IR
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Table 1. Crystal data and structure refinement parameters
for 1.

Empirical formula H52Co4O68W12
Mr 3582.22
Crystal system orthorhombic
Space group Pnma
a, Å 18.720(6)
b, Å 19.687(6)
c, Å 17.509(5)
V , Å3 6453.0(3)
Z 4
Dcalcd, g cm−3 3.7
µ(MoKα ), mm−1 22.4
T , K 293(2)
F(000), e 6368.0
θ range for data collection, deg 1.90 – 25.75
Reflections collected/unique 34121/6366
Rint 0.0434
Data / parameters 6366 / 376
R1/wR2 [I ≥ 2σ (I)] 0.0293/0.0878
R1/wR2a (all data) 0.0358/0.0912
GOFb (F2) 1.052
Largest diff. peak/hole, e Å−3 3.15/−1.79
a R1 = ‖Fo| − |Fc‖/Σ|Fo|; b wR2 = [Σw(Fo

2 −Fc
2)2/Σw(Fo

2)2]1/2,
w = [σ2(Fo

2)+(0.0553P)2 +50.09P]−1, where P = (Max(Fo
2, 0)+

2Fc
2)/3, GoF = [Σw(Fo

2 −Fc
2)2/(nobs −nparam)]1/2.

spectrophotometer in the range 400 – 4000 cm−1. The UV
spectrum was recorded in the range of 200 – 400 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
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.

Preparation of [{Co(H2O)4}4(H4W12O42)]·10H2O (1)

Freshly prepared Na10[H2W12O42]·20H2O (0.3470 g,
0.1 mmol) was first suspended in 20 mL of distilled wa-
ter, to which a solution of Co(CH3COO)2·2H2O (0.0747 g,
0.3 mmol) was added dropwise with stirring. The initial pH
of the mixture was carefully adjusted to 5.1 with 1 M HCl
and NaOH solution. The mixture was heated for 1 h at 80 ◦C
and allowed to cool to r. t. Then a minor precipitate was fil-
tered off. The filtrate was left to evaporate slowly under am-
bient conditions. After ten days, pink crystals were isolated
in about 38 % yield (based on W). Anal. for H52Co4O68W12:

Table 2. Selected bond lengths (Å) and bond angles (deg) for
compound 1a.
Co(1)-O(3) 1.990(8) Co(1)-O(8) 2.008(8)
Co(1)-O(8W) 2.101(10) Co(1)-O(9W) 2.112(9)
Co(1)-O(7W) 2.136(9) Co(1)-O(6W) 2.156(9)
Co(2)-O(3W) 2.048(10) Co(2)-O(18)#3 2.058(8)
Co(2)-O(11) 2.071(8) Co(2)-O(4W) 2.080(10)
Co(2)-O(5W) 2.104(10) Co(2)-O(10W) 2.106(12)
O(3)-Co(1)-O(8) 176.2(3) O(3)-Co(1)-O(8W) 87.5(4)
O(8)-Co(1)-O(8W) 91.7(4) O(3)-Co(1)-O(9W) 88.7(4)
O(8)-Co(1)-O(9W) 92.2(4) O(8W)-Co(1)-O(9W) 176.1(4)
O(3)-Co(1)-O(7W) 91.7(3) O(8)-Co(1)-O(7W) 92.0(3)
O(8W)-Co(1)-O(7W) 90.0(4) O(9W)-Co(1)-O(7W) 89.5(4)
O(3)-Co(1)-O(6W) 91.0(4) O(8)-Co(1)-O(6W) 85.3(4)
O(8W)-Co(1)-O(6W) 93.5(5) O(9W)-Co(1)-O(6W) 87.2(4)
O(7W)-Co(1)-O(6W) 175.7(4) O(3W)-Co(2)-O(18)#3 179.2(5)
O(3W)-Co(2)-O(11) 84.4(4) O(18)#3-Co(2)-O(11) 95.4(3)
O(3W)-Co(2)-O(4W) 91.2(5) O(18)#3-Co(2)-O(4W) 88.1(4)
O(11)-Co(2)-O(4W) 90.0(4) O(3W)-Co(2)-O(5W) 89.6(4)
O(18)#3-Co(2)-O(5W) 90.6(4) O(11)-Co(2)-O(5W) 173.7(4)
O(4W)-Co(2)-O(5W) 92.2(5) O(3W)-Co(2)-O(10W) 94.9(6)
O(18)#3-Co(2)-O(10W) 85.9(4) O(11)-Co(2)-O(10W) 89.9(4)
O(4W)-Co(2)-O(10W) 173.9(5) O(5W)-Co(2)-O(10W) 88.5(5)
a Symmetry transformation used to generate equivalent atoms:
#3 x−1/2, y, −z+1/2.

calcd. Co 6.58, W 61.58; found Co 6.76, W 62.88. –
IR (KBr): ν = 3439(vs), 1632(s), 946(s), 872(m), 716(m),
561(w), 489(m), 405(m) cm−1.

X-Ray crystallography

X-Ray diffraction data were collected on a SMART CCD
diffractometer with graphite-monochromatized MoKα radia-
tion at r. t. The structure was solved with Direct Methods and
refined with full-matrix least-squares on F2 with the SHELX-
97 program package [42]. The non-hydrogen atoms were lo-
cated with difference Fourier syntheses. The crystallographic
data are listed in Table 1, and selected bond lengths and bond
angles 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-419938.
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