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Abstract

A series of 3D heteropolymolybdates, (NH4)2{[M(H2O)3]2[TeMo6O24]} �H2O (M ¼Mn(1), Co(2), Ni(3), Cu(4), and Zn(5)) and

[Ln(H2O)4]2[TeMo6O24] � 3H2O (Ln ¼ La(6), Ce(7), and Nd(8)), has been isolated from hydrothermal reactions and characterized by

elemental analyses, IR spectra, X-ray crystallography and magnetic properties. Single-crystal X-ray diffraction analysis reveals that

compounds 1–8 possess unusual (3,6)-connected networks constructed from Anderson-type anions [TeMo6O24]
6� and transion metal or

rare-earth metal cations. Compounds 1–5 are of highly symmetrical structures with pyrite-like topology in which [TeMo6O24]
6� anions

act as 6-connected sites and transition metal cations act as 3-connected sites. Compounds 6–8 crystallize in symmetrical space groups

lower than that of 1–5 exhibiting rutile-like topology with [TeMo6O24]
6� anions acting as 6-connected sites and rare-earth metal cations

acting as 3-connected sites. The magnetic properties of 1–4 are also presented.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Polyoxometalates (POMs) represent an expanding class
of molecular systems, which are of great interest in the
fields of catalysis and material science as well as biology,
nanotechnology, magnetism, and medicine [1–5]. These
fascinating molecular aggregates provide a variety of
structural motifs that are potential building blocks for
the design and development of extended structures with
desirable properties and functions [6,7]. One of the
challenging tasks in POM chemistry is to link up discrete
polyanion units into one-, two- and even three-dimensional
extended solid frameworks in appropriate ways. It is
known that transition metal and rare-earth metal ions or
their complexes exhibit unique spectroscopic and magnetic
properties [8–11], which have wide potential applications.
The incorporation of these metal ions into POMs is of
e front matter r 2006 Elsevier Inc. All rights reserved.
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interest in material science. Usually, transition metals have
less than six coordination numbers and lanthanide prefers
coordination numbers of eight and nine. Therefore,
lanthanide-containing polyoxoanions [12] and transition-
metal-containing anions differ greatly from each other and
exhibit unique structures, respectively.
As an important subclass of POMs, Anderson-type

heteropolymolybdates exhibiting attractive planar struc-
tures can be good candidates for growing porous 3D
crystals of nanocomposite compounds [13]. In addition,
Anderson-type anions with M¼O functionalities can act as
multidentate ligands for transition metal or rare-earth
metal cations [14,15]. Usually, Anderson-based compounds
are mostly synthesized in usual bench conditions and their
structures are limited to be mainly one- or two-dimensional
structures. However, the hydrothermal synthesis of An-
derson-based heteropolyoxometalates remains rarely ex-
plored. Recent elaboration has proven that hydrothermal
reaction, which causes a reaction shifting from kinetic to
thermodynamic domain compared to traditional aqueous
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reactions, provides a powerful tool for the synthesis of
higher-dimensional oxide frameworks [16].

Herein, we report the hydrothermal synthesis and
characterization of a series of new extended 3D compounds:
(NH4)2{[M(H2O)3]2[TeMo6O24]} �H2O (M ¼Mn(1), Co(2),
Ni(3), Cu(4), and Zn(5)) and [Ln(H2O)4]2[TeMo6O24] � 3H2O
(Ln ¼ La(6), Ce(7), and Nd(8)), which exhibit two types of
(3,6)-connected networks. Compounds 1–5 are of highly
symmetrical 3D frameworks with pyrite-related topology
and 6–8 are of 3D frameworks with rutile-related topology.
In most cases, extended structural compounds with classical
mineral structures can be found more easily in metal-organic
frameworks (MOFs), such as metal-organic replicas of
fluorite [17], pyrite [18], rutile [19], quartz [20], etc. However,
compounds 1–8 represent the first examples with classical
mineral-related topologies constructed from POMs clusters.
Furthermore, the magnetic properties of 1–4 are also
presented.
2. Experimental

2.1. General procedures

All chemicals were analytical reagents, commercially
purchased, and used without further purification. Elemental
analyses (C, H, N) were performed on a Perkin-Elmer 2400
CHN elemental analyzer. Mn, Co, Ni, Cu, Zn, La, Ce, Nd,
Te, and Mo were determined by a PLASMA-SPEC(I) ICP
atomic emission spectrometer. IR spectra were recorded in
the range 400–4000 cm�1 on an Alpha Centaurt FT/IR
spectrophotometer using KBr pellets. Magnetic suscept-
ibility data were collected over the temperature range
2–300K at a magnetic field of 10,000Oe on a Quantum
Design MPMS-5 SQUID magnetometer. TG analysis was
performed on a Perkin-Elmer TGA7 instrument in flowing
N2 with a heating rate of 10 1Cmin�1.

2.2. Synthesis of compounds 1–8

2.2.1. Synthesis of (NH4)2{[M(H2O)3]2(TeMo6O24)} �

H2O (M ¼Mn, Co, Ni, Cu, and Zn)

Compound 1 was hydrothermally synthesized under
autogenous pressure. A mixture of TeO2 (0.0828 g), (NH4)6
Mo7O24 � 4H2O (0.6231 g), MnSO4 � 7H2O (0.1502 g),
NaOH (0.0451 g), H2O2 (30%, 0.5mL), and H2O (6mL)
was stirred in air for 1 h after the pH was adjusted to 4.0
with HCl. The resulting suspension was sealed in a 16mL
Teflon-lined stainless-steel autoclave, which was kept at
160 1C for 4 days, then cooled to room temperature at
6 1Ch�1. A yellow block crystalline product was recovered
by washing with distilled water and filtration. Any impurity
was manually removed to give an yield of 73% (based upon
Te). Anal. calcd. for H22Mn2Mo6N2O31Te (1): H, 1.6; N,
2.1; Mn, 8.1; Te, 9.4; Mo, 42.4. Found: H, 1.7; N, 2.2; Mn,
8.2; Te, 9.3; Mo, 42.5. FT/IR (cm�1) for 1: 3421(w),
1634(w), 1419(s), 962(s), 913(m), 878(m), 700(s), 656(s).
The preparation of 2 was similar to that of 1, except that
CoCl2 � 6H2O (0.1352g) was used in place of MnSO4 � 7H2O
(yield: 81% based upon Te). Anal. calcd. for H22Co2Mo6
N2O31Te (2): H, 1.6; N, 2.0; Co, 8.6; Te, 9.3; Mo, 42.2.
Found: H, 1.7; N, 2.1; Co, 8.7; Te, 9.2; Mo, 42.3. FT/IR
(cm�1) for 2: 3426(w), 1639(w), 1417(s), 960(s), 915(m),
878(m), 715(s), 655(s).
The preparation of 3 was similar to that of 1, except that

NiCl2 � 6H2O (0.1405g) was used in place of MnSO4 � 7H2O
(yield: 66% based upon Te). Anal. calcd. for H22Ni2Mo6
N2O31Te (3): H, 1.6; N, 2.0; Ni, 8.6; Te, 9.3; Mo, 42.2.
Found: H, 1.5; N, 2.2; Ni, 8.7; Te, 9.2; Mo, 42.3. FT/IR
(cm�1) for 3: 3425(w), 1640(w), 1419(s), 961(s), 914(m),
877(m), 714(s), 655(s).
The preparation of 4 was similar to that of 1, except that

CuCl2 (0.0928g) was used in place of MnSO4 � 7H2O (yield:
57% based upon Te). Anal. calcd. for H22Cu2Mo6N2O31Te
(4): H, 1.6; N, 2.0; Cu, 9.2; Te, 9.2; Mo, 41.7. Found: H,
3?A3B2 tlsb=-0.02w?>1.5; N, 2.1; Cu, 9.3; Te, 9.1; Mo,
41.8. FT/IR (cm�1) for 4: 3434(w), 1634(w), 1412(s), 958(s),
914(m), 878(m), 710(s), 657(s).
The preparation of 5 was similar to that of 1, except that

Zn(NO3)2 � 6H2O (0.1645g) was used in place of MnSO4 �

7H2O (yield: 59% based upon Te). Anal. calcd. for H22Zn2
Mo6N2O31Te (5): H, 1.6; N, 2.0; Zn, 9.5; Te, 9.3; Mo, 41.9.
Found: H, 1.7; N, 2.2; Zn, 9.6; Te, 9.2; Mo, 42.0. FT/IR
(cm�1) for 5: 3433(w), 1638(w), 1421(s), 960(s), 916(m),
876(m), 712(s), 660(s).

2.2.2. Synthesis of [Ln(H2O)4]2[TeMo6O24] � 3H2O

(Ln ¼ La, Ce, and Nd)

The preparation of 6 was similar to that of 1, except that
La(NO3)3 � 6H2O (0.2154g) was used in place of MnSO4 �

7H2O (yield 83% based upon Te). Anal. calcd. for H22La2
Mo6O35Te (6): H, 1.4; La, 17.8; Te, 8.2; Mo, 36.8. Found:
H, 1.3; La, 17.7; Te, 8.1; Mo, 36.9. FT/IR (cm�1) for 6:
3429(w), 1619(m), 939(s), 890(m), 682(m), 619(s), 533(s),
450(s).
The preparation of 7 was similar to that of 1, except that

Ce(NO3)3 � 6H2O (0.2351 g) was used in place of MnSO4 �

7H2O (yield: 86% based upon Te). Anal. calcd. for
H22Ce2Mo6O35Te (7): H, 1.4; Ce, 17.9; Te, 8.1; Mo, 36.8.
Found: H, 1.3; Ce, 17.8; Te, 8.0; Mo, 36.9. FT/IR (cm�1)
for 7: 3431(w), 1621(w), 939(s), 886(m), 686(m), 621(s),
533(s), 450(s).
The preparation of 8 was similar to that of 1, except that

NdCl3 � 6H2O (0.3011 g) was used in place of MnSO4 �

7H2O (yield: 66% based upon Te). Anal. calcd. for H22Nd2
Mo6O35Te (8): H, 1.4; Nd, 18.3; Te, 8.1; Mo, 36.6. Found: H,
1.3; Nd, 18.4; Te, 8.0; Mo, 36.7. FT/IR (cm�1) for 8: 3431(w),
1619(w), 939(s), 885(m), 686(m), 621(s), 533(s), 451(s).

2.3. X-ray crystallography

Crystals of 1–8 suitable for single-crystal X-ray diffrac-
tion were glued to a thin glass fiber with epoxy resin and
mounted to a Rigaku R-AXIS RAPID IP diffractometer
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with graphite-monochromated MoKa (l ¼ 0:71073 Å) ra-
diation in the c scanning mode at 293K. The structures
were solved by the direct method and refined by full-matrix
least squares on F2 using the SHELXTL-97 software [21].
All of the non-hydrogen atoms were refined anisotropi-
cally. The hydrogen atoms were located from the Fourier
difference maps. Crystal parameters and details of the data
collection and structure refinement for 1–8 are listed in
Table 1.

CSD reference nos. for 1–5: 415245–415249, 6–8:
415729–415731.

3. Results and discussion

The isolation of compounds 1–8 depends on exploring
the conditions of hydrothermal reactions. Usually, it is
difficult to optimize the hydrothermal reaction parameters
because the reaction system is closed. Many factors, such
as starting materials, stoichiometry, pH value, filling
volume and temperature, can affect the resulting products.
So we carried out a number of parallel experiments to
study the reaction parameters to improve the yield and
quality of products. During our experiment procedures, we
found that the formation of these compounds are very
sensitive to the pH value of the reaction system. Another
observation we found is that reducing the filling quantity of
solid raw materials can lead to high quality of single
crystals suitable for X-ray diffraction but at a cost of the
yield. We also attempted to synthesize 1–8 via traditional
aqueous reactions. However, refluxing the same reaction
starting materials under 80 1C for 5 h, we only got some
precipitation after a week, which demonstrates that
hydrothermal conditions are the requisite factors for
preparing compounds 1–8.

Compounds 1–8 were prepared in the form of highly
crystalline materials, and the crystal structures of these
compounds were determined by single-crystal X-ray
diffraction analysis. The polyanion [TeMo6O24]

6� in each
compound is a typical Anderson heteropolymolybdate with
D3d symmetry, in which six MoO6 octahedra form a regular
hexagon like a crown and the internal octahedral cavity is
filled up by a TeO6 octahedron. The Te–O bond lengths
and O–Te–O bond angles are summarized in Tables 2
and 3, which show only slight distortion of the TeO6

octahedron. In compounds 1–5, the MoO6 octahedron is
distorted as expected for a metal atom bound to four types
of different oxygen atoms: the oxygen atoms coordinated
to two Mo atoms; the oxygen atoms coordinated to a Te
atom and two Mo atoms; the oxygen atoms connected with
an Mo and a transition metal center; and the terminal
oxygen atoms showing the shortest Mo–O bond lengths. In
compounds 6–8, the Mo–O distances can be divided into
five groups: the central oxygen atoms connecting with one
Te and two Mo atoms; the m2-O atoms; the m2-O atoms
linking to LnIII; the terminal oxygen atoms; the terminal
oxygen atoms linking to LnIII. The Mo–O bond lengths
and O–Mo–O bond angles, which are typical of those
observed for instance in other Anderson-type polyanions,
are summarized in Tables 2 and 3.
Compounds 1–5 are of highly symmetrical isomorphous

structures, only with some differences among bond lengths
and bond angles, therefore we discuss the structure of 1 for
example. Compound 1 has a 3D framework constructed
from Anderson-type [TeMo6O24]

6� anions with crystallo-
graphic 3̄m (D3d) symmetry and bridging {Mn(H2O)3}
groups. Here each [TeMo6O24]

6� anion acts as a hexadentate
ligand for six Mn (II) atoms, as shown in Fig. 1(a). The six
Mn (II) atoms bonding to six terminal oxygen atoms of the
Anderson anion are related to each other by 3 symmetry. It
is noteworthy that the connectivity behavior between
Anderson anions and metal ions is an unusual one when
compared with other Anderson-based compounds [14,15], in
which Anderson anions usually act as multidentate ligands
for less than four metal cations and their connectivity modes
are not based on such a symmetric manner. Each Mn (II)
cation in 1 is coordinated by three H2O molecules, three
terminal oxygen atoms from three [TeMo6O24]

6� anions, as
shown in Fig. 1(b). The coordination geometries of the Mn
(II) atoms exhibit distorted octahedra. There is a three-fold
axis running through each Mn (II) center, and three H2O
molecules and three [TeMo6O24]

6� anions linked to Mn (II)
are related by the three-fold axis. The unusual connection of
the alternating [TeMo6O24]

6� anions and {Mn(H2O)3}
groups through corner-shared oxygen atoms results in a
3D (3,6)-connected networks.
Each [TeMo6O24]

6� anion exhibits a planar structure,
and six Mn (II) cations bridge the terminal oxygen atoms
from above (three Mn (II) ions) and below (three Mn (II)
ions) the planar structure. Therefore, [TeMo6O24]

6� anions
can be considered as 6-connected sites, and Mn (II) ions
may be looked as 3-connected sites if the H2O molecules
coordinated to them are neglected. For perspicuous
representation, each 6-connected site is simplified as a
distorted octahedron geometry through linking straight the
Te center and Mn (II) ions, as shown in Fig. 2(a). The (3,6)-
connected net of compound 1 is related to the structure of
the pyrite-like of FeS2; it has the same topology if the S–S
bonding in pyrite is ignored. In the structure of pyrite,
which has a face-centered cubic symmetry, Fe (II) ions are
coordinated by six S� ions in an octahedron geometry, and
S� ions occupy all the 3-connected sites (Fig. 2c). In
compound 1, [TeMo6O24]

6� anions replace Fe (II) ions and
Mn (II) cations replace S� ions in pyrite. As one can see
comparing Figs. 2(b) and (c), the similarities between the
structure of compound 1 and genuine pyrite are striking,
except for the distortion in the structure of 1. It is
interesting that Anderson-type anions crystallize in such a
highly symmetrical space group (Pa3̄: identical to pyrite),
which has not been observed before. There are two
ammonium cations and one H2O molecule in a molecular
unit, filling in the void space of compound 1 with hydrogen
bonds between adjacent ammonium cations and H2O
molecules (N1–O4 ¼ 2.838 (6) Å). In the reported litera-
tures, Anderson-type heteropolyanions usually act as
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Table 2

Bond length (Å) and bond angles (deg) with standard deviations in parentheses of compounds 1–5

1 (M¼Mn) 2 (M¼Co) 3 (M¼Ni) 4 (M¼Cu) 5 (M¼Zn)

Te–O 1.925(3) 1.930(3) 1.927(4) 1.927(3) 1.927(4)

Mo–Ot 1.706(3) 1.707(3) 1.704(5) 1.705(4) 1.711(5)

Mo–OMo2 1.927(3)–1.928(3) 1.923(3)–1.931(3) 1.915(5)–1.938(5) 1.916(3)–1.935(3) 1.924(4)–1.933(4)

Mo–OTeMo2 2.262(3)–2.309(3) 2.264(3)–2.314(3) 2.262(5)–2.310(4) 2.270(3)–2.309(3) 2.271(4)–2.312(4)

Mo–OM 1.724(3) 1.730(3) 1.726(5) 1.730(3) 1.722(4)

M–OMo 2.163(3) 2.077(3) 2.044(5) 2.082(3) 2.124(4)

M–OH2 2.157(3) 2.081(3) 2.040(5) 2.049(5) 2.081(4)

O–Te–Ocis 85.76–94.24 85.88–94.12 85.89–94.11 85.92–94.08 85.93–94.07

O–Te–Otrans 180.0 180.0 180.0 180.0 180.0

O–Mo–Ocis 69.94–106.82 70.10–106.47 70.1(2)–106.4(2) 69.99–106.25 69.93–107.0(2)

O–Mo–Otrans 152.05–160.05 151.81–159.50 151.5(3)–159.2(2) 151.56–159.75 151.5(2)–160.55

O–M–O 85.58–172.49 87.06–174.99 88.4(2)–176.2(2) 86.87–174.17 86.36–172.78

Table 3

Bond length (Å) and bond angles (deg) with standard deviations in parentheses of compounds 6–8

6 (Ln¼La) 7 (Ln¼Ce) 8 (Ln¼Nd)

Te–O 1.921(6)–1.935(6) 1.923(6)–1.939(6) 1.925(3)–1.937(3)

Mo–Ot 1.690(7)–1.700(7) 1.684(7)–1.692(7) 1.698(3)

Mo–OMo2 1.865(7)–1.990(7) 1.858(7)–2.000(7) 1.867(3)–2.002(3)

Mo–OTeMo2 2.198(6)–2.314(6) 2.196(7)–2.310(6) 2.204(3)–2.319(3)

Mo–OLnMo2 1.946(6)–1.997(6) 1.939(6)–2.000(6) 1.951(3)–2.008(3)

Mo–OLn 1.718(7)–1.731(7) 1.722(7)–1.732(7) 1.721(3)–1.736(3)

Ln–OMo 2.510(6)–2.570(7) 2.492(6)–2.703(7) 2.464(3)–2.667(3)

Ln–OH2 2.525(7)–2.564(9) 2.485(8)–2.510(9) 2.459(4)–2.495(4)

O–Te–Ocis 84.9(3)–95.1(3) 85.0(3)–95.0(3) 84.7(1)–95.3(1)

O–Te–Otrans 180.0 180.0 180.0

O–Mo–Otrans 152.7(3)–165.3(3) 152.7(3)–165.5(3) 152.9(1)–165.8(1)

O–Mo–Ocis 69.9(2)–107.4(3) 70.3(2)–107.2(3) 70.0(1)–102.1(1)

O–Ln–O 59.5(2)–145.1(3) 59.9(2)–143.8(3) 60.3(1)–142.8(1)

Fig. 1. (a) View of the coordination of an Anderson-type anion (TeMo6O24)
6� to six {Mn(H2O)3} groups; (b) view of the coordination of one {Mn(H2O)3}

group to three (TeMo6O24)
6� anions. H2O molecules coordinated to Mn (II) have been omitted for clarity. Te—purple; Mo—yellow; Mn—blue; O—red;

MoO6 octahedra—yellow; TeO6 octahedra—purple.
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multidentate ligands for rare-earth metal centers. However,
first-row transition metals as bridging linkers for Ander-
son-type anions have been rarely explored. Compounds
1–5 are a series of new examples in which Anderson
heteropolyanions are linked through first-row transition
metal cations to form a 3D pyrite-like topology.
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Fig. 2. (a) Simplified view of the 6-connected site as a distorted octahedron geometry in 1; (b) the simplified structure of pyrite-related networks of 1; (c)

the structure of genuine pyrite. Terminal atoms and H2O molecules coordinated to Mn (II) have been omitted for clarity in (b) and (c). In (a) and (b), Te—

purple; Mo—yellow; Mn—blue; O—red. In (c), Fe—pink; S—yellow.

Fig. 3. (a) View of the coordination of an Anderson-type anion (TeMo6O24)
6� to six {La(H2O)4} groups; (b) view of the coordination of one {La(H2O)4}

group to three (TeMo6O24)
6� anions. La—green; O—red; MoO6 octahedra—purple; TeO6 octahedra—yellow.
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Compounds 6–8 crystallize in the same space group P21/n
with Z ¼ 4. Since 7 and 8 are isomorphous with 6, the
structure of 6 is described representatively. Compound 6

has a 3D open framework formed by Anderson-type
anions [TeMo6O24]

6� and bridging {La(H2O)4} groups. It
is very interesting that each polyanion [TeMo6O24]

6� acts
as a 10-dentate ligand to link up six LaIII atoms in a center
symmetric manner, which has not been observed compared
with the Anderson-based compounds reported, as shown in
Fig. 3(a). It should be the coordination requirements of
rare-earth cations that the Anderson-type anions are able
to provide more reactive terminal oxygen atoms even the
m2-O to connect with lanthanide cations. The six LaIII

atoms exhibit three connecting modes to the Anderson-
type anion: the LaIII atom linking to one terminal oxygen
atom; and the LaIII atom connecting with two terminal
oxygen atoms; the LaIII atom bridging one oxygen atom
and one m2-O atom. Three LaIII atoms stand above the
planar structure of Anderson polyanion, and the other
three below the planar structure, which results in the six
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LaIII atoms relating to each other by central symmetry.
Each LaIII atom, in a distorted tricapped trigonal prism, is
coordinated by four H2O molecules and five oxygen atoms
of three Anderson-type anions, in which four are terminal
oxygen atoms and one is m2-O atom, as shown in Fig. 3(b).
Thus, each LaIII atom links with three Anderson hetero-
polyanions and each polyanion connects with six
{La(H2O)4} groups, which results in a 3D (3,6)-connected
network.

[TeMo6O24]
6� anions can be considered as 6-connected

sites, and LaIII atoms can be looked as 3-connected sites if
the coordinated H2O molecules are ignored. The topology
of this network, based on 6- and 3-connected nodes in the
ratio 1:2, shows great similarity of the prototypical rutile
TiO2, with [TeMo6O24]

6� anions in the place of Ti and
LaIII atoms in the place of O (see Fig. 4). Since not all the
6-connected nodes or the 3-connected nodes are crystal-
lographically identical to those of rutile’s, 6 crystallizes in a
lower symmetric space group (P21/n) than that of rutile
(P42/mnm). In compounds 6–8, the unusual connectivity
mode between Anderson-type anion [TeMo6O24]

6� and
rare-earth cations results in the higher dimensional frame-
works than those by lanthanide polyoxomolybdates con-
taining the heteropolyanion [TeMo6O24]

6� [13], which are
limited to be 1D chains.

Bond valence sum calculations [22] indicate that all
transition metal centers are in the +2 oxidation state, rare-
earth metal centers are in the +3 oxidation state and all
Mo and Te sites are in the +6 oxidation state, which
reveals that H2O2 is possibly responsible for the oxidation
of Te(IV) to Te(VI) while stirring under room temperature.

The infrared spectra of compounds 1–5 have similar
features and also those of 6–8 have similar features. In the
spectra, the characteristic peaks at 650–1000 cm�1 are
attributed to the [TeMo6O24]

6� polyoxoanion.
The magnetic susceptibilities of 1–4 were investigated

from 300 to 2K, and the temperature dependence of the
magnetic susceptibility data are shown in Fig. 5 in the form
of the product wmT versus temperature (where wm is the
Fig. 4. (a) The structure of rutile-related networks of 1; (b) the structure

of genuine rutile-TiO2. Terminal atoms and H2O molecules coordinated to

La(III) have been omitted for clarity in (a) and (b). In (a), TeO6

octahedra—yellow; MoO6 octahedra—purple; La—green. In (b), O—red;

Ti—blue.
magnetic susceptibility per unit of 1–4). In the case of
compounds 1, 3, and 4, the wmT products at 300K are 8.41,
2.34, and 0.91 emuKmol�1, respectively, very nearly
equate to the expected values for two uncorrelated M2+

centers per formula unit (wmT (1) ¼ 8.75 emuKmol�1, wmT

(3) ¼ 2.00 emuKmol�1, wmT (4) ¼ 0.75 emuKmol�1). The
wmT values of 1, 3, and 4 remain almost constants from 300
to 28K, 50, and 8K, respectively, and then decrease on
further cooling, reaching a value of 6.59, 1.82, and
0.80 emuKmol�1 at 2K, respectively. For compound 2,
the wmT versus T shows a value of 5.36 emuKmol�1 at
300K (slightly higher than the expected value for two
uncorrelated Co2+ centers, 3.75 emuKmol�1) and an
obvious decreasing trend on cooling to a value of
4.00 emuKmol�1 at 10K, and then drops abruptly below
10K. The decrease in wmT curves observed in all cases at
very low temperatures is mostly due to single-ion zero-field
splitting, and perhaps very weak magnetic interactions.
From the structures of 1–4, the pathways for magnetic
exchange should be through the diamagnetic POM units.
Paramagnetic centers are far away from each other,
so the magnetic superexchange should be very weak
in this case. Curve fits for 1/wm versus T plots of 1, 3,
and 4 are dealt with 2 to 300K and 2 are from 50 to
300K with Curie–Weiss law, giving the following
results with C ¼ 8:52 emuKmol�1 and y ¼ 0:83K for
1, C ¼ 6:10 emuKmol�1 and y ¼ �12:45K for 2, C ¼

2:35 emuKmol�1 and y ¼ 1:06K for 3, and C ¼

0:91 emuKmol�1 and y ¼ 0:81K for 4.
Thermogravimetric measurements of compounds 1 and

6 are investigated as representatives. For compound 1,
guest and coordinated water molecules as well as ammo-
nium cations are released between 100 and 400 1C with a
weight loss of 12.85% (calc. 11.93%). The weight remains
the same between 400 and 690 1C, indicating that the
framework of compound 1 is stable in this temperature
range. And then the framework starts to collapse from
690 1C. For compound 6, between 40 and 470 1C there are
three steps of weight loss in total 12.76% (calc. 12.66%)
corresponding to the release of guest and coordinated
water molecules. The framework is stable up to 760 1C, and
then starts to collapse. From the thermogravimetric
measurements of compounds 1 and 6, we can reach a
conclusion that the frameworks of compounds 1–8 can still
be maintained in a certain wide temperature range after
losing their guest molecules, even coordinated water
molecules.

4. Conclusions

In summary, a series of unprecedented 3D extended
structure materials constructed from Anderson-type het-
eropolyanions and metal ions has been presented. A
particular novel feature of these compounds is their
attractive mineral topologies, which have been rarely
found in POMs. The successful isolation of 1–8 suggests
that hydrothermal synthesis is an effective method to
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Fig. 5. Temperature dependence of magnetic susceptibility given by measurements of wmT at 1T over a temperature range 2–300K. (a) compound 1; (b)

compound 2; (c) compound 3; (d) compound 4. The inset figures show the inverse susceptibility with a linear regression based on the Curie–Weiss law.
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construct some higher-dimensional frameworks for Ander-
son-based new compounds or possibly other POMs-
based compounds are compared with traditional aqueous
reactions.
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