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a b s t r a c t

Two new supramolecular compounds based on tungsten–vanadium polyoxoanions formulated as

[Cu(2,20-bipy)3]2H14[PW2.2V9.8O40(VO)2[Cu(2,20-bipy)2H2O]2][PW2.2V9.8O40(VO)2] �10H2O (1) and

[Cu4(2,20-bipy)4(H2O)2(PO4)2]H6.5[PW8.4V3.6O40] �2H2O (2) (2,20-bipy ¼ 2,20-bipyridine) have been

synthesized hydrothermally and characterized by IR, TG, XPS and X-ray diffraction analyses. Crystal

structure analyses reveal that compounds 1 and 2 exhibit novel 2D supramolecular layer structures

constructed from tungsten–vanadium polyoxoanions and different types of secondary building units

(SBUs), respectively, the different SBUs are formed by [Cu(2,20-bipy)2H2O]2+ and [Cu(2,20-bipy)3]2+

cations in compound 1 and [Cu4(2,20-bipy)4(H2O)2(PO4)2]2+ cations in 2, respectively. Study of magnetic

properties indicated the presence of antiferromagnetic behaviors for both compound 1 and 2.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Over the past decades, supramolecular chemistry has become a
very interesting focus of investigation by several research groups
[1]. This expansion has been driven by the growing knowledge
regarding synthetic and characterization methods for complex
structures [2–4]. The directed assembly of supramolecular arrays
from discrete molecular building blocks is a topic of significant
interest with potential applications in the areas of catalysis,
molecular electronics, sensor design, and optics [5–10]. In the
construction of supramolecular materials, one important strategy
is that those of low-dimensional building blocks extend to high-
dimensional networks through weak intermolecular interactions,
including hydrogen-bonding, pyp stacking and weak van der
Waals interactions, etc. Doubtless, the hydrogen bond play a major
role in supramolecular assembles by virtue of its unique strength
and directionality that may control short-range packing [11].

Chemistry of polyoxometalates (POMs) has been investigated
intensively for reasons of both fundamental and applied sig-
nificance [12–18], especially, the Keggin POMs have been
successfully exploited [19–30]. However, supramolecular com-
pounds based on POMs have been unexplored in past decades,
ll rights reserved.
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though the spherical surfaces of the POMs give a better
opportunity in forming hydrogen bonds with the organic/
inorganic moieties. In recent years, extensive efforts have been
focused on the design and assembly of such kind of supramole-
cular architectures and a few high-dimensional supramolecular
architectures have been synthesized [31–33].

The nucleophilic characteristic of the POMs allows specific
assembly with electrophilic fragments and it is expected to
produce supramolecular materials via hydrogen-bonding interac-
tions. Taking into account of this, a motivation for design and
synthesis of supramolecular compounds containing POMs and
organic amines has been put forward. A prominent subclass of
POMs is the family of tungsten–vanadium clusters, to the best of
our knowledge, the vanadium-containing POMs present a wide
range interesting topologies and structures, as a continuous
effort to the class of tungsten–vanadium clusters [34], we recently
have focused on the use of W–V clusters as structural building
blocks in the syntheses of hydrogen-bonded high-dimensional
structures, for such assembly system has not been explored
thoroughly. In this paper, we report the syntheses and character-
izations of two new supramolecular compounds based on
tungsten–vanadium polyoxoanion formulated as [Cu(2,20-bipy)3]2

H14[PW2.2V9.8O40(VO)2[Cu(2,20-bipy)2H2O]2][PW2.2V9.8O40(VO)2] �
10H2O (1), which contains the first tungsten–vanadium hetero-
polyoxoanion where the content of V is higher than that of W, and
[Cu4(2,20-bipy)4(H2O)2(PO4)2]H6.5[PW8.4V3.6O40] �2H2O (2) which
is the first example of 1D chain structure based on the Keggin
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tungsten–vanadium polyoxoanions linked by tetranuclear cations.
Each of them exhibits a novel 2D supramolecular layer structures
based on tungsten-vanadium clusters. In this work, based on the
same organic groups (2,20-bipy) in compounds 1 and 2, their
different hydrogen-bonding interactions and molecular arrays
have been discussed due to their different POMs. The synthesis of
the two organic–inorganic hybrid materials may not only provide
hybrid compounds, but also advance the understanding of hybrid
material.
2. Experimental section

2.1. Materials and measurements

All reagents used were purchased and used without further
purification. The elemental analyses (C, H and N) were performed
on a Perkin-Elmer 2400 CHN elemental analyzer. The elemental
analyses (P, W and V) were performed on a Perkin-Elmer Optima
3300DV spectrophotometer. The infrared spectra were recorded
with a Perkin-Elmer SPECTRUM ONE FTIR spectrophotometer
with a KBr pellet in the 4000–400 cm�1 region. XPS analyses were
performed on a VG ESCALAB MK II spectrometer with an MgKa
(1253.6 eV) achromatic X-ray source. The thermogravimetric
analyses (TGA) were carried out on a Perkin-Elmer TAG-7000
instrument from room temperature to 800 1C, with a heating rate
of 10 1C/min under atmosphere. Magnetic susceptibility (w)
measurements were carried out using a Quantum Design
MPMS-7 SQUID Magnetometer. Data were collected over
4–300 K at 1000 G, using 43.1 and 69.0 mg masses, respectively.
2.2. Preparation

2.2.1. Preparation of [Cu(2,20-bipy)3]2H14{PW2.2V9.8O40(VO)2

[Cu(2,20-bipy)2H2O]2} [PW2.2V9.8O40(VO)2] �10H2O (1)
Compound 1 was hydrothermally synthesized in 68% yield

(based on V). A mixture of Na2WO4 �2H2O (0.60 g), V2O5 (0.33 g),
CuAc2 �H2O (0.60 g), 2,20-bipy (0.09 g), H3PO4 (0.9 mL) and H2O
(20 mL) was necessarily adjusted to pH ¼ 7.5. The resultant
mixture was sealed in a 25 mL Teflon-lined autoclave and heated
at 180 1C for 96 h. After being cooled to room temperature, the
red–brown block crystals were obtained. Elem. anal:
C100H118N20Cu4P2W4.4V23.6O96: calcd: C, 21.97%; H, 2.18%; N,
5.14%; P, 1.14%; W, 14.83%; V, 22.02%. Found: C, 22.34%; H,
2.22%; N, 5.23%; P, 1.11%; W, 14.43%; V, 21.56%. IR (cm�1): 1604(s),
1566(w), 1500(m), 1469(s), 1449(vs), 1318(s), 1247(s), 1172(s),
1106(s), 1062(s), 1032(s), 965(w), 939(vs), 871(m), 767(vs),
725(m), 645(m), 588(m), 510(m) and 376(m).
2.2.2. Preparation of [Cu4(2,20-bipy)4(H2O)2(PO4)2]H6.5[PW8.4V3.6

O40] � 2H2O (2)
Compound 2 was hydrothermally synthesized in 38% yield

(based on W). A mixture of WO3(1.12 g), NH4VO3 (0.56 g),
CuSO4 �5H2O (0.60 g), 2,20-bipy (0.18 g) and H2O (20 mL) was
necessarily adjusted to pH ¼ 4. The resultant mixture was sealed
in a 25 mL Teflon-lined autoclave and heated at 180 1C for 96 h.
After being cooled to room temperature, the black block single
crystals were obtained. Elem. anal: C40H46.5N8Cu4P3W8.4V3.6O52:
calcd: C, 13.55%; H, 1.32%; N, 3.16%; P, 2.62%; W, 43.55%; V, 5.17%.
Found: C, 13.81%; H, 1.34%; N, 3.22%; P, 2.56%; W, 42.65%; V, 5.08%.
IR (cm�1): 1602(s), 1566(w), 1497(m), 1473(s), 1445(vs), 1315(s),
1249(s), 1162(m), 1127(m), 1074(s), 1052(m), 1032(s), 965(vs),
882(vs), 813(vs), 765(s), 729(s), 594(m), 505(m) and 386(s).
2.3. X-ray crystallography

The structures of compounds 1 and 2 were determined by
single-crystal X-ray diffraction analyses. A red–brown block
shaped crystal of 1 and a black block shaped crystal of 2 were
glued on a glass fiber, respectively. The data of compounds 1 and 2
were collected on a Rigaku R-AXIS RAPID IP diffractometer and a
Siemens SMART CCD diffractometer with MoKa radiation
(l ¼ 0.71073 Å) at 293 K in the range of 3.011oyo27.481 and in
the range of 2.371oyo26.111, respectively. The empirical absorp-
tion corrections of the compounds were applied. The structures
were solved by direct methods and refined by the full-matrix least
squares based on F2 using the SHELXTL Version 5.1 software
package. All of the non-hydrogen atoms except the O5W and O6W
of compound 1 were refined anisotropically. The positions of the
hydrogen atoms attached to carbon atoms were fixed at their ideal
positions, and those attached to oxygen atoms were not located.
Crystal data for 1: triclinic, space group P-1, R(int) ¼ 0.0335,
a ¼ 12.926(3) Å, b ¼ 13.884(3) Å, c ¼ 24.396(5) Å, a ¼ 86.50(3)1,
b ¼ 82.71(3)1, g ¼ 63.36(3)1, Z ¼ 2, V ¼ 3881.8(14) Å�3. A total of
37 525 reflections were measured. Structure solution and refine-
ments based on 17 313 independent reflections and 1167 para-
meters gave R1(oR2) ¼ 0.0628 (0.1501). Crystal data for 2: triclinic,
space group P-1, R(int) ¼ 0.0471, a ¼ 12.060(2) Å, b ¼ 12.085(2) Å,
c ¼ 13.581(3) Å, a ¼ 109.32(3)1, b ¼ 103.04(3)1, g ¼ 90.94(3)1,
Z ¼ 1, V ¼ 1810.8(6) Å�3. A total of 15 241 reflections were
measured. Structure solution and refinements based on 7018
independent reflections and 563 parameters gave R1(oR2) ¼
0.0507 (0.1145).
3. Results and discussion

3.1. Synthesis discussion

Compounds 1 and 2 were synthesized under different condi-
tions. We have carefully explored the reactivity of the P/W/V/Cu
system under hydrothermal conditions. The starting materials
(Na2WO4 �2H2O or WO3, V2O5 or NH4VO3 and CuAc2 �H2O or
CuSO4 �5H2O) were varied as well as the initial pH value of the
mixtures, while the organic ligand 2,20-bipy and distilled water
were left unchanged. Two different crystalline compounds have
been isolated. The pH of the solution plays an important role in
the isolation of the two compounds. Only when pH is 7.5 or
higher, we succeeded in synthesizing the compound 1, while
when pH is 4–6, we succeeded in synthesizing the compound 2. In
order to improve the yield of the compound 2, we have done many
parallel experiments by changing the amount of starting materials
and the initial pH value. Unfortunately, we did not achieve this
goal. With the same molar ratio of WO3/NH4VO3/2,20-bipy, only
CuSO4 �5H2O was replaced by the NiAc2 �4H2O, we obtained
another compound in 70% yield (based on W) [34]. The H3PO4 not
only is a starting material but also adjusts the pH value of the
reaction mixture in synthesizing the compound 2. 2, 20-bipy plays
the double roles of coordination ligand and reductant in
preparation of compounds 1 and 2. The syntheses of the
compounds 1 and 2 are shown in Scheme 1.

3.2. Crystal structure of compound 1

The single crystal X-ray diffraction analysis reveals that the
asymmetric unit of compound 1 contains two [PW2.2V9.8O40

(VO)2]11� anions. As shown in Fig. 1, the [PW2.2V9.8O40(VO)2]11�

anion (POM 1) is a derivative of the pseudo-Keggin anion
[PM12O40]17� (M represents the disordered W and V). The anion
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Fig. 1. View of the structure of the bi-capped polyoxoanion of 1.

[Cu4(2,2’-bipy)4(H2O)2(PO4)2

[PW8.4V3.6O40]

{[Cu(2,2’-bipy)2H2O]2PW2.2V9.8O40(V

[PW10.79V1.21O40(VO)[Ni(2,2′-bpy)2

pH
 

=
C

uA
c2 ·H

2

Na2WO4 ·2H2 O + V2 O5 +
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CuSO4·5H2

WO3 + NH4VO3 + 2,2’-bipy
    + H3PO4 +H2O NiAc2·4H2O

Scheme 1 

Scheme 1.

Fig. 2. View of the structure of the bi-capped polyoxoanion bisupported TMC of 1.

All hydrogen atoms are omitted for clarity.
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[PM12O40]17� is composed of a disordered PO4 tetrahedron
surrounded by four vertex-sharing M3O13 triads which result
from the association of three edge-sharing MO6 octahedra. In the
MO6 octahedra, the position of M1 is crystallographically
disordered with occupancies of 0.167 and 0.833 for W and V, M2

is 0.223 and 0.777, M3 is 0.138 and 0.862, M4 is 0.156 and 0.844,
M5 is 0.184 and 0.816 and M6 is 0.227 and 0.773, respectively. The
contents of W and V revealed by X-ray analysis are consistent with
the results from elemental analyses. M centers exhibit MO6

octahedral coordination environments with M-Ot (terminal
oxygen atoms) distances ranging from 1.612(6) to 1.630(6) Å,
M-Ob (bridging oxygen atoms) distances ranging from 1.776(7) to
2.060(6) Å and M-Oa (central oxygen atoms) distances ranging
from 2.335(9) to 2.528(8) Å. The nucleophilic pseudo-Keggin
derivative [PW2.2V9.8O40]17� in POM 1 is then capped by two
[VO]3+ ions to form a bi-capped cluster POM 1. The V atom (V14)
of [VO]3+ ion bonds to one terminal oxygen atom and four triply
bridging oxygen atoms in a distorted pyramidal arrangement. The
V-Ot (terminal oxygen atom) bond length is 1.635(5) Å, and V-O3b

(tri-bridging oxygen atoms) bond lengths are in the range of
1.839(7)–1.921(5) Å. The central P atom is located at the inversion
center, which results in a disordered PO4 tetrahedron, that is, the
central P atom is surrounded by a cube of eight oxygen atoms with
each oxygen site half-occupied. The P–O distances range from
1.425(8) to 1.624(8) Å.

In addition, the other anionic moiety of compound 1 is the
[PW2.2V9.8O40(VO)2]11� anion (POM 2). The shell structure of POM
2 is very similar to that of the POM 1. The P–O, W–O and V–O
bond lengths are comparable with those in POM 1. In the MO6

octahedra, the position of M7 is crystallographically disordered
with occupancies of 0.167 and 0. 833 for W and V, M8 is 0.228 and
0.772, M9 is 0.185 and 0.815, M10 is 0.130 and 0.870, M11 is 0.158
and 0.842 and M12 is 0.208 and 0.792, respectively. Selected bond
lengths of POM 1 and POM 2 are listed in Table S1. The bond
valence sum calculations [35] are 6.38–6.54 for the W atoms and
4.53–4.64 for the V atoms (except 4.71–4.84 for the capping
V13 and V14) in POM 1 and POM 2. According to the bond
valence sum calculations, charge balance requirements and
elemental analyses, the POM 1 and POM 2 are formulated as
[PWVI

2.2VV
5.7VIV

4.1O40(VVO)2]11�, in agreement with the XPS spectrum
analysis. The location of the hydrogen atoms in a new anion has
been a difficult question, as ever stated by Patterson [36].

The biggest difference between POM 1 and POM 2 is that the
POM 1 of compound 1 is covalently bonded to two cations
[Cu(2,20-bipy)2H2O]2+ through terminal oxygen atoms (O3 and its
symmetry equivalent) of two opposite capping V atoms (V14 and
its symmetry equivalent). Therefore, two terminal cations
[Cu(2,20-bipy)2H2O]2+ link two V–O terminal groups of the
polyoxoanion to generate a novel bi-capped tungsten–vanadium
polyoxoanion bi-supported transition metal complex (TMC)
{[Cu(2,20-bipy)2H2O]2PW2.2V9.8O40(VO)2}7�, which is the first
example of bi-supported Keggin-type tungstovanadophosphate
(see Fig. 2). The POM 2 is a discrete anion.
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Fig. 3. The structure of compound 1 showing a novel supramolecular layers

structure. All hydrogen atoms are omitted for clarity. Symmetry codes for the

generated equivalent atoms: a: �x, �y, �z.
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The [PW2.2V9.8O40(VO)2]11� anion of compound 1 is the first
heteropolyoxoanion where the content of V is higher than that of
W. To now, Keggin-type monometallic polyoxoanions based on
tungsten ([XW12O40]n�) have formed one of the biggest families of
POMs [37]. However, about the Keggin-type monometallic poly-
oxoanions based on vanadium, to our knowledge, the POMs
containing [XV12O40]n� are only present in [PVI4O42]9� [38],
[VVI4O36(OH)6]6� [39] and [H12V12O36(VO4)]4� [40]. It is very
interesting to compare the number of Keggin-type vanadates with
that of the Keggin-type tungstates. The sparsity of Keggin-type
vanadates might come from the reason that a high negative
charge will prevent the formation of the Keggin anion
[XV12O40]15�. Recently, several examples of Keggin-type mixed
metallic POMs based on tungsten-vanadium have been success-
fully isolated, such as [(VVO4)WVI

8 M4(VIVO)2]n� (M ¼ 0.71VIV+
0.29WVI, n ¼ 4.68) [41]; [PW9V3O40]6� [42]; [PW11VO40]4� [43];
[W10V5O42]4� [44]; [PW9V3O40(VO)2]5� [45] and
[PW9V3O40(VO)3]8� [46]; in all those mixed tungsten–vanadium
polyoxoanions, the content of V is lower than that of W, perhaps
attributing to the lower negative charge of the tungsten–vana-
dium polyoxoanions (W:V 4 1) than that of the polyoxoanions
(W:Vo1), so the stabilization of the former is higher than that of
the latter. Heretofore, the tungsten–vanadium polyoxoanion with
the Keggin structures where the content of V is higher than that of
W has not been reported. The [PW2.2V9.8O40(VO)2]11� anion of
compound 1 is the first heteropolyoxoanion where the content of
V is higher than that of W.

The bi-capped polyoxoanion bisupported TMC {[Cu(2,20-
bipy)2H2O]2PW2.2V9.8O40(VO)2}7� connects each other through
hydrogen-bonding interactions forming an infinite 1D supramo-
lecular chain (chain A) {[Cu(2,20-bipy)2H2O]2PW2.2V9.8O40

(VO)2}n
7n� along the b-axis with a corresponding O1W?O6W

(and its symmetry equivalents) distance of 2.919 Å and
O6W � � �O6a (and its symmetry equivalents) distance of 3.006 Å.
The adjacent clusters of POM 2 connect each other through
hydrogen-bonding interactions with O3W?O35 (and its symme-
try equivalents) distance of 2.915 Å, along with O3W?O34a (and
its symmetry equivalents) distance of 3.148 Å, resulting in an
infinite 1D supramolecular chain (chain B) {PW2.2V9.8O40

(VO)2}n
11n�. Chains A and B alternate to give birth to a 2D

supramolecular framework through hydrogen-bonding interac-
tions with O5Wa?O6Wa (and its symmetry equivalents) distance
of 2.696 Å, O2W?O5Wa (and its symmetry equivalents) distance
of 2.806 Å, as well as O2W?O25 (and its symmetry equivalents)
distance of 3.080 Å (see Fig. 3). The synergetic effects have
strengthened the stability of the supramolecular structure of
compound 1. To our knowledge, this is the first example of this
kind of structure.
3.3. Crystal structure of compound 2

As shown in Fig. 4a, the tungsten–vanadium polyoxoanion
[PW8.4V3.6O40]8.5� of compound 2 exhibits a pseudo-Keggin
structure, which is similar to that in the compound 1. The
difference is that the polyoxoanion of 2 is the heteropolyoxoanion
where the content of W is higher than that of V, while the
polyoxoanion of 1 is the first heteropolyoxoanion where the
content of V is higher than that of W. The P–O, W–O and V–O bond
lengths are comparable with those in compound 1. In the MO6

octahedra, the position of M1 is crystallographically disordered
with occupancies of 0.771 and 0. 229 for W and V, M2 is 0.619 and
0.381, M3 is 0.649 and 0.351, M4 is 0.682 and 0.318, M5 is 0.755
and 0.245 and M6 is 0.705 and 0.295, respectively. The contents of
W and V revealed by X-ray analysis are consistent with the result
from elemental analysis. Selected bond lengths of 2 are listed in
Table S2. The bond valence sum calculations [35] are 6.30–6.47 for
the W atoms and 4.47–4.60 for the V atoms in 2, indicating the
polyoxoanion of 2 to be formulated as [PWVI

8.4VV
1.8VIV

1.8O40]8.5�, in
agreement with the XPS spectrum analysis.

An unusual feature of 2 is the structure of the tetranuclear
complex cation cluster [Cu4(2,20-bipy)4(H2O)2(PO4)2]2+. Fig. 4b
shows the structure of the tetranuclear complex cation cluster and
the coordination environments of the coppers and phosphorus
atoms. The cationic cluster consists of two central [PO4]3�

tetrahedra, corner-sharing with four [CuO3N2]2+ distorted square
pyramids. The [CuO3N2]2+ coordination geometry of the two Cu1
centers is defined by two nitrogen donors from a 2,20-bipy ligand
[Cu1–N 1.991(10)–2.014(10) Å], an oxygen donor from one [PO4]3�

tetrahedron (O24 of P2 group) [Cu1–O24 1.916(8) Å], a m3-oxo
donor from the other [PO4]3� tetrahedron (O23 of P2a group)
[Cu1–O23 1.950(8) Å] and an oxygen donor of the water molecule
(O1W) [Cu1–O1W 2.619(9) Å]. One of the three oxygen donors
(O1W) has a significantly longer distance than that of the other
two oxygen donors from the two different [PO4]3� tetrahedra
(O23 and O24) for the reason of the John-Teller effect. The two Cu
(Cu1 and Cu1a), two P (P2 and P2a) and four oxygen atoms form a
novel eight-atom ring. The [CuO3N2]2+ coordination geometry of
the two Cu2 centers is coordinated by two nitrogen donors from a
2,20-bipy ligand [Cu2–N 1.989(9)–1.990(10) Å], an oxygen donor
from one [PO4]3� tetrahedron (O25 of P2 group) [Cu2–O25
1.914(8) Å], a m3-oxo donor from the other [PO4]3� tetrahedron
(O23 of P2a group) [Cu2–O23 2.314(9) Å] and an oxygen donor of
the water molecule (O1W) [Cu2–O1W 2.129(8) Å]. In addition, the
P–O distances in cation [Cu4(2,20-bipy)4(H2O)2(PO4)2]2+ are be-
tween 1.512(9) and 1.581(8) Å.

The most unsual feature of comopund 2 is that tungsten–va-
nadium polyoxoanions [PW8.4V3.6O40]8.5� are linked to the tetra-
nuclear cations [Cu4(2,20-bipy)4(H2O)2(PO4)2]2+ to form a 1D
chain. Each polyoxoanion [PW8.4V3.6O40]8.5� is weak covalently
bonded to two cations [Cu4(2,20-bipy)4(H2O)2(PO4)2]2+ through
terminal oxygen atoms (O5 and its symmetry equivalent) of two
opposite W atoms [Cu2–O5 and Cu2a–O5a 2.938 Å], alternatively,
each cation [Cu4(2,20-bipy)4(H2O)2(PO4)2]2+ is linked to two
tungsten-vanadium polyoxoanions [PW8.4V3.6O40]8.5� to form
the 1D chain. Additionally, the cation [Cu4(2,20-bipy)4(H2O)2

(PO4)2]2+ was exactly deposited between two polyoxoanions,
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Fig. 4. View of the structure of the (a) [PW8.4V3.6O40]8.5� polyoxoanion and (b)

[Cu4(2,20-bipy)4(H2O)2(PO4)2]2+ cation of 2. All hydrogen atoms are omitted for

clarity. Symmetry codes for the generated equivalent atoms: a: �x, �y, �z.

J.-W. Cui et al. / Journal of Solid State Chemistry 182 (2009) 1913–1920 1917
and links the two anions via extra hydrogen bonds with
O1W?O11 (and its symmetry equivalents) distance of 3.069 Å.
The synergetic effects have strengthened the stability of the 1D
chain structure of compound 2. The 1D chain connects each other
through hydrogen-bonding interactions forming an infinite 2D
supramolecular framework with O2W?O4a (and its symmetry
equivalents) distance of 2.907 Å, O2W?O4 (and its symmetry
equivalents) distance of 3.092 Å, as well as O1W?O8 (and its
symmetry equivalents) distance of 2.704 Å, shown in Fig. 5.

To date, only a few compounds incorporating POMs with
tetranuclear cations were synthesized [45,47–51]. such as
compound [Co4(HPO3)2(C12H8N2)8(H2O)2](H3O)[PW9V3O40(VO)2]
where tetranuclear cation [Co4(HPO3)2(C12H8N2)8(H2O)2]4+ only
serves as the balanced cation [45] and compound [Co4(phen)8

(H2O)2(HPO3)2](H3O)3[PMo8V4O40(VO)2] which shows a 2D su-
pramolecular network constructed by the linking of tetranuclear
cations and POMs via hydrogen bonds [50]. Only one example
where tetranuclear cation [Cu4(terpy)4(PO4)(H2O)2]5+ is cova-
lently bonded to polyoxoanion [PW12O40]5� to form extended
structure was reported [51]. To our knowledge, the 1D chain
structure of compound 2 is the first example which is based on
the tungsten–vanadium mixed metallic polyoxoanions linked by
tetranuclear cations. Both the building units and the linked mode
between the 1D chain structure reported in literature 51 and that
of compound 2 are quite different.

3.4. XPS spectra

The XPS spectrum of compound 1 (Fig. 6a) gives two
overlapped peaks at 517.2 and 516.3 eV, attributable to V5+ 2p3/2

and V4+ 2p3/2, respectively. The XPS spectrum of compound 2
(Fig. 6b) gives two overlapped peaks at 517.9 and 516.7 eV,
attributable to V5+ 2p3/2 and V4+ 2p3/2, respectively. These results
further confirm the oxidation state of V atoms in compounds 1
and 2.

3.5. TG analysis

The TG analysis curve of compound 1 (Fig. 7a) can be divided
into two steps of weight loss in the range of 85–635 1C. The first
weight loss of 3.83% occurs in the temperature range 85–360 1C,
corresponding to the removal of two coordinated water molecules
and ten-crystal water molecules (Calcd. 3.95%). The second weight
loss 29.87% starts at 360 1C up to 635 1C with the calculated value
of 28.85% is attributed to ten 2,20-bipyridine ligands. The whole
weight loss (33.70%) is in good agreement with the calculated
value (32.8%). Compound 1 gains weight at temperatures higher
than 635 1C is attributed to the oxidation of the VIV.

The TG curve of compound 2 (Fig. 7b) is also divided into two
stages. The first weight loss is 1.80% in the temperature range
100–350 1C, corresponding to the release of two coordinated
water molecule and two-crystal water molecule (Calcd. 2.04%).
The second weight loss of 17.51% from 350 to 560 1C is attributed
to the disappearing of four 2,20-bipyridine ligands (Calcd. 17.68%).
The total weight loss (19.31%) is in good agreement with the
calculated value (19.83%). Compound 2 gains weight at tempera-
tures higher than 700 1C is attributed to the oxidation of the VIV.

3.6. Magnetic properties

The magnetic susceptibility (w) measurement of compounds 1
and 2 were collected with a Quantum Design MPMS-7 SQUID
Magnetometer. Preliminary magnetic studies have been per-
formed on powder samples of 1 and 2 in the range of 4–300 K.
The susceptibility of 1 and 2 were corrected for diamagnetism.
Fig. 8 shows the magnetic behaviour of 1 in forms of meff vs. T plot
and wm

�1 vs. T plot (insert). The effective magnetic moment (meff) at
300 K is 8.27mB. Upon cooling, the meff continuously decreases to a
minimum value of 2.59mB at 4 K, indicating the presence of the
antiferromagnetic exchange interactions. The magnetic data of
sample 1 obey the Curie–Weiss law in the range 100–300 K,
and give values C ¼ 19.802 emu mol�1 K and y ¼ �398.043 K,
characteristic of the antiferromagnetic interactions of 1. The
magnetic behavior of 2 is similar to that of compound 1, which is
shown in Fig. 9 in the forms of meff vs. T and wm

�1 vs. T plots. The
effective magnetic moment (meff) at 300 K is 3.44mB. Upon cooling,
the meff continuously decreases to a minimum value of 2.49mB at
4 K, indicating the presence of the antiferromagnetic exchange
interactions. There is a certain degree of deviation from the
Curie–Weiss law, especially at high temperature, for the plots of
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Fig. 5. The structure of compound 2 showing a novel supramolecular layers structure. All hydrogen atoms are omitted for clarity. Symmetry codes for the generated

equivalent atoms: a: �x, �y, �z.
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Fig. 6. (a) The XPS spectrum of compound 1 and (b) the XPS spectrum of compound 2.
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Fig. 7. (a) TG curve of compound 1 and (b) TG curve of compound 2.
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Insert: The dependence of the reverse susceptibilities, vm
�1 on the temperature, T.
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wm
�1 of compound 2, which is probably caused by the impurity of

the test samples. However, the existing data are in line with the
Curie–Weiss law Basically in the range of 55–250 K which can
show that the magnetic characteristics of compound 2, and give
values C ¼ 2.138 emu mol�1 K and y ¼ �42.920 K, characteristic of
the antiferromagnetic interactions of 2.
4. Conclusions

In summary, two new hydrogen-bonded high-dimensional
supramolecular architectures have been synthesized and structu-
rally characterized. Compound 1 contains the first tungsten-
vanadium polyoxoanion where the content of V is higher than that
of W. Compound 2 is the first example of 1D chain structure,
which is based on the Keggin tungsten–vanadium polyo-
xoanions linked by tetranuclear complex cation clusters. Study
of magnetic properties indicated the presence of antiferromag-
netic behaviour for compounds 1 and 2. Extended researches are
underway to reveal the synthetic rules and explore their attractive
properties.
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Crystallograhpic data for the structural analysis have been
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