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Hydrothermal synthesis and structural characterization of two

new polytungstate-based hybrids

ZHAN-GANG HAN*, SHAN LI, JING-JING WU and XUE-LIANG ZHAI*

College of Chemistry and Material Science, Hebei Normal University,
Shijiazhuang, Hebei 050016, China
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Two new polytungstate-based compounds, [Co(mbpy)3][W6O19] (1) and [Ni(mbpy)3]2
[VW12O40] (2) (mbpy¼ 4,40-dimethyl-2,20-bipyridyl), have been hydrothermally synthesized
and characterized by IR spectroscopy, TG analysis, and single-crystal X-ray diffraction. Single
crystal X-ray structural analyses demonstrate that the compounds consist of [M(mbpy)3]

2þ

(M¼CoII or NiII) as cations anchored to W-containing polyoxoanions through non-covalent
intermolecular interactions. The inorganic polyanions exhibit different cluster structures:
Lindqvist-type [W6O19]

2� isopolyoxoanion in 1; V-centered Keggin-type [VW12O40]
4�

heteropolyoxoanion in 2.

Keywords: Polyoxometalate; Hydrothermal reaction; Lindqvist; Supramolecular interaction;
Bipyridine

1. Introduction

Inorganic–organic hybrids attract interest due to the possibility of combining the
different characteristics of the components to get unusual structures, properties, or
applications [1, 2]. Polyoxometalates (POMs) with large size, various shapes, and rich
electronic and magnetic properties are one of the most widely used inorganic
components [3–7]. A popular synthetic strategy is to employ nucleophilic POMs as
inorganic ligands to transition metal complexes (TMCs) for constructing hybrid
frameworks [8]. Hybrids ranging from POMs modified by TMCs to frameworks based
on POM building blocks covalently and/or non-covalently bridged by TMC moieties
have been reported [9–12]. Compared with assemblies based on vanadium and
molybdenum polyanions that have been extensively reported, tungsten-containing
polyoxoanions are relatively limited [13–16].

Our research has focused on synthesis of POM-based assemblies through weak
interactions which occur between surface oxygens of POMs and organic molecules [17].
Oxygens located on the surface endow POMs with opportunities to hydrogen bond with
organic moieties. Therefore, polyanions may direct the assembly of the organic
moiety through directional interactions involving N–H . . .O and C–H . . .O, etc.
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Bipyridines (bpy) have been widely used in POM chemistry. Using –CH3 to decorate

bpy would be beneficial to C–H � � �O interaction in assemblying polyanions. Here 4,40-
dimethyl-2,20-bipyridyl (mbpy) is used to construct POM-based supramolecular

networks. This article reports the synthesis and crystal structures of two polytung-

state-based hybrids, [Co(mbpy)3][W6O19] (1) and [Ni(mbpy)3]2[VW12O40] (2). Two
compounds consist of different anionic clusters, Lindqvist [W6O19]

2� isopolyoxoanion

in 1 and V-centered Keggin-type [VW12O40]
4� heteropolyoxoanion in 2. They exhibit

different supramolecular frameworks based on non-covalent interactions. There are
extensive and effective intermolecular hydrogen bonding interactions among inorganic

and organic moieties in both compounds.

2. Experimental

2.1. Materials and physical measurements

All chemicals were of reagent grade and used without purification. Elemental analyses

were carried out on a Perkin Elmer 2400 CHN elemental analyzer. IR spectra were

recorded from 400 to 4000 cm�1 on an Alpha Centaurt FTIR spectrophotometer using
a KBr pellet. TG analysis was performed on a Perkin Elmer Pyris Diamond TG/DTA

instrument in flowing N2 with a heating rate of 10�Cmin�1.

2.2. Syntheses of 1 and 2

2.2.1. Synthesis of [Co(mbpy)3][W6O19] (1). A mixture of Na2WO4 � 2H2O (330mg,
1.0mmol), mbpy (45mg, 0.25mmol), CoCl2 � 6H2O (96mg, 0.4mmol) and H2O (12mL)

was stirred at room temperature for 25min. The final pH was adjusted to �4 with
4mol L�1 HCl, and then the mixture was sealed in an 18mL Teflon-lined steel

autoclave and heated at 180�C for 5 days. After cooling to room temperature, yellow

block crystals were obtained in 28% yield (based on W). Anal. Calcd for 1 (%):
C, 21.40; H, 1.78; and N, 4.16. Found: C, 21.41; H, 1.70; and N, 4.21. IR(cm�1):

3447(s), 1653(m), 1448(s), 1136(s), 994(w), 955(w), 876(w), 800(w), 617(w), 554(s),

and 447(w).

2.2.2. Synthesis of [Ni(mbpy)3]2[VW12O40] (2). A mixture of V2O5 (45mg, 0.25mmol),
Na2WO4 � 2H2O (660mg, 2.0mmol), NiSO4 � 6H2O (263mg, 1.0mmol), mbpy (45mg,

0.25mmol), and H2O (12mL) was stirred at room temperature for 25min. The final pH

was adjusted to �5 with 4mol L�1 HCl, and then the mixture was sealed in an 18mL
Teflon-lined steel autoclave and heated at 180�C for 5 days. After cooling to room

temperature, black crystals were obtained in 22% yield (based on W). Anal. Calcd for 2

(%): C, 20.97; H, 1.75; and N, 4.08. Found: C, 20.86; H, 1.79; and N, 4.19. IR(cm�1):
3446(s), 3126(s), 2361(s), 1617(m), 1399(s), 970(w), 896(m), 779(m), 669(m),

519(w), 448(w).
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2.3. X-ray crystallography

Data on crystals of 1 and 2 were collected at 298K with a Bruker Smart Apex CCD
diffractometer with Mo-Ka monochromated radiation (�¼ 0.71073 Å). Cell constants
and orientation matrices for data collection were obtained from the least-squares
refinements of setting angles in the range 1.57� � �� 25.01� for 1 and 1.88� � �� 25.01�

for 2. The structures were solved by direct methods and refined by full-matrix least-
squares on F 2 using the SHELXTL crystallographic software package [18]. Anisotropic
thermal parameters were used to refine all non-hydrogen atoms. Positions of hydrogens
attached to carbons were fixed at their ideal positions. Crystal data and structure
refinement parameters of 1 and 2 are listed in table 1. CCDC reference numbers: 797423
for 1 and 797424 for 2.

3. Results and discussion

3.1. Synthesis

Hydrothermal synthesis has developed as a popular method for preparation of
inorganic–organic composite solid materials. Under hydrothermal conditions, new
phases are often obtained with previously unseen compositions and topologies [19]. In a
specific hydrothermal process, many factors influence the final crystal phases, such as

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

Compound 1 2

Empirical formula C36H36CoN6O19W6 C72H72N12Ni2O40VW12

Formula weight 2018.74 4119.98
Temperature (K) 296(2) 298(2)
Crystal system Orthorhombic Monoclinic
Space group Pccn C2/c
Unit cell dimensions (Å, �)
a 37.9782(13) 26.016(3)
b 10.9265(4) 13.2539(18)
c 21.6669(7) 27.337(3)
� 90 90
� 90 95.9430(10)
� 90 90
Volume (Å3), Z 8991.1(5), 8 9375.3(19), 4
Calculated density (Mg m�3) 2.983 2.919
Absorption coefficient (mm�1) 15.729 15.229
F(000) 7336 7500
Crystal size (mm3) 0.26� 0.19� 0.18 0.28� 0.20� 0.12
Limiting indices �42� h�45;

�12� k� 12;
�23� l� 25

�30� h� 30;
�15� k�11;
�32� l�32

Reflections collected 54,829 22,776
Independent reflections 7861 [R(int)¼ 0.0347] 8220 [R(int)¼ 0.1199]
Goodness-of-fit on F 2 0.917 1.069
Final R indices [I4 2�(I)] R1¼ 0.0507, wR2¼ 0.1542 R1¼ 0.0818, wR2¼ 0.1803
R indices (all data) R1¼ 0.0610, wR2¼ 0.1697 R1¼ 0.1677, wR2¼ 0.2603
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initial reactant, initial concentration, pH, reaction time, temperature, etc. In our case,
parallel experiments reveal that the initial reactants and concentrations greatly influence
the structures of products.

Compound 1 was separated from the hydrothermal reaction of Na2WO4 � 2H2O,
mbpy, CoCl2 � 6H2O and H2O at 180�C for 5 days. The structure of 1 is built on
[W6O19]

2� and [Co(mbpy)3]
2þ. Using NiSO4 � 6H2O instead of CoCl2 � 6H2O and adding

V2O5 and then adjusting the mole ratio resulted in Keggin-type anion in 2. WO4
2� tends

to polymerize to form isopolytungstates of different size and shape under acid
conditions and may also polymerize with phosphate, silicate, vanadate, etc. to form
heteropolytungstates. Our experiments showed that the reactions must occur at pH¼
�4 or 5 aqueous solutions. In a lower pH range (less than 3.8) or in a higher pH range
(larger than 5.2), the compounds were not isolated. So pH is a very important factor in
syntheses of 1 and 2.

Several examples had shown that some accessory ingredients, such as NH4VO3 [20]
and Na2VO3 [21], were necessary for the formation of inorganic–organic hybrids based
on [W6O19]

2� polyanion and bpy. The isolation of 1 indicates that this kind of hybrid
may also be prepared without the accessory ingredient. Introduction of V plays a crucial
role in forming the Keggin-type structure in 2.

3.2. Structural description

X-ray structural analysis reveals that the basic unit of 1 consists of one [W6O19]
2� and

one [Co(mbpy)3]
2þ (figure 1), which are connected by intermolecular C–H � � �O

interactions into a 3D supramolecular structure. The Lindqvist polyoxoanion is formed
by six {WO6} octahedra connected through edge-sharing oxygens and thus exhibits
approximate Oh symmetry. In 1, there are two different orientations for isopolyanions:
O(20)- and O(21)-centered [W6O19]

2� clusters. [W6O19]
2� consists of three kinds of

oxygens, terminal oxygen (Oa), double-bridging oxygen (Ob), and central oxygen (Oc).
Therefore, W–O band lengths can be grouped into three sets: W–Oa

Figure 1. ORTEP view with 50% thermal ellipsoid probability showing the Lindqvist-type [W6O19]
2�

isopolyoxoanion and [Co(mbpy)3]
2þ cation in 1.

1528 Z.-G. Han et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

33
 1

3 
O

ct
ob

er
 2

01
3 



1.666(14)� 1.716(10) Å; W–Ob 1.877(9)� 1.951(11) Å; and W–Oc 2.2876(8)�

2.3135(5) Å. Comparing with those of classical Lindqvist isopolyanion salts, W–O

bond distances in 1 have only slight changes. The Co(II) is octahedrally coordinated by

six nitrogens from three mbpy ligands. The [Co(mbpy)3]
2þ coordination octahedron is

slightly distorted, with Co–N bond lengths of 1.915(9)� 1.944(11) Å.
Intermolecular hydrogen bonds occur among the anions and Co-mbpy cations. Some

representive hydrogen bond distances for 1 are listed in table 2. As shown in figure 2,

the two different orientations of [W6O19]
2� are surrounded with different environments

formed by [Co(mbpy)3]
2þ. The Co � � �Co distances are 10.979� 10.933 and

9.783� 10.927 Å, respectively. A 3D wave-shaped arrangement is constructed through

supramolecular interactions among surface oxygens of [W6O19]
2� and [Co(mbpy)3]

2þ

(figure 3). The isopolyanions are in grids formed by Co-ligand units, exhibiting a –A–B–

C–D-type arrangement.
Single crystal analysis revealed that 2 is monoclinic space group C2/c and consists of

one V-centered Keggin-type polyoxoanion [VW12O40]
4� and two [Ni(mbpy)3]

2þ.

[VW12O40]
4� exhibits a V-center �-Keggin structure [22]. The anion may be viewed

as a shell of {W12O36} encapsulating a {VO4} responsible for the local Td point

symmetry of whole Keggin cluster. The central V atom is tetrahedrally coordinated with

two crystallographically disordered orientations in a 1 : 1 ratio. The V–O distances

range from 1.65(4) to 1.76(5) Å (mean value: 1.694 Å). The twelve {WO6} octahedra are

linked by sharing oxygens. All tungstens exhibit a VI oxidation state and have

similar distorted octahedral environments with W–Od bond lengths 1.58(3)� 1.68(3) Å,

W–Ob/c bond lengths 1.81(3)� 1.94(3) Å and W–Oc bond lengths 2.26(4)� 2.51(5) Å. In

[Ni(mbpy)3]
2þ, each Ni2þ is connected with three mbpy ligands in a distorted octahedral

geometry. The Ni coordination octahedron has bond lengths of Ni–

N¼ 2.07(3)� 2.14(3) Å and angles of N–Ni–N¼ 78.5(10)� 172.7(11)�. As shown in

Table 2. Some representive hydrogen bonding distances in 1–2.

D–H � � �A (Å) D–H (Å) H � � �A (Å) D � � �A (Å) ffD–H � � �A (�)

Compound 1

C(9)–H(9A) � � �O(16i) 0.93 2.23 3.089(19) 153
C(21)–H(21A) � � �O(15ii) 0.93 2.58 3.442(16) 154
C(24)–H(24A) � � �O(7ii) 0.96 2.50 3.45(2) 169
C(23)–H(23A) � � �O(3iii) 0.96 2.42 3.24(2) 144
C(31)–H(31A) � � �O(3iv) 0.93 2.31 3.219(19) 166
C(34)–H(34A) � � �O(1) 0.93 2.49 3.26(2) 140

Compound 2

C(2)–H(2) � � �O(10i) 0.93 2.46 3.35(4) 162
C(5)–H(5) � � �O(20) 0.93 2.55 3.38(4) 149
C(14)–H(14) � � �O(16ii) 0.93 2.59 3.50(5) 167
C(20)–H(20) � � �O(16ii) 0.93 2.55 3.47(5) 174
C(28)–H(28) � � �O(21iii) 0.93 2.49 3.26(4) 140
C(30)–H(30B) � � �O(21iii) 0.96 2.45 3.35(4) 155
C(26)–H(26) � � �O(19iv) 0.93 2.54 3.47(4) 177
C(32)–H(32) � � �O(19iv) 0.93 2.57 3.38(5) 146

Symmetry code for Compound 1: i ¼ 1/2�x, 3/2� y, z; ii ¼ �x, 1/2 þy, 3/2 �z; iii ¼ 1/2 �x, �1þ y, 1/2þ z; iv ¼ 1/2�x, y,
�1/2þ z.
Symmetry code for Compound 2: i ¼ �x, y, 1/2� z; ii ¼ x, 1þ y, z; iii ¼ 1/2�x,1/2þ y,1/2� z; iv ¼ 1/2�x, 1/2�y, �z.

Polytungstates 1529
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figure 4, four [Ni(mbpy)3]
2þ around one [VW12O40]

4� have Ni � � �Ni distances of
12.981� 14.599 Å. The longer Ni � � �Ni distances than Co � � �Co in 1 arise from
different sizes of anions. The [VW12O40]

4� and [Ni(mbpy)3]
2þ are linked into a 3-D

supramolecular network through intermolecular hydrogen bonding interactions
(C–H � � �O¼ 3.26(4)� 3.50(5) Å) (table 2).

3.3. IR spectroscopy

IR spectra for 1 and 2 display bands attributable to �(W–Ot), �(W–Ob–W) and �(W–Oc)
at 955, 876, and 447 cm�1 for 1; 970, 896, 779, and 448 cm�1 for 2. A number of
absorptions at 1399–1623 cm�1 are attributed to mbpy. A series of broad peaks at 3000–
3500 cm�1 may be assigned to C–H stretch.

Figure 3. View showing the 3D supramolecular structure of 1.

Figure 2. Four [Co(mbpy)3]
2þ surround one [W6O19]

2� anion, showing the intermolecular hydrogen
bonding interactions in 1.

1530 Z.-G. Han et al.
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3.4. Thermogravimetric analysis (TGA)

Thermal stability of 1 and 2 were investigated on crystalline samples under N2 with a
heating rate of 10�Cmin�1 from room temperature to 800�C (Supplementary material).
The TGA curve of 1 indicates two steps that are almost continuous. Total weight loss of
29.96% (Cald 27.34%) between 330�C and 610�C is attributed to decomposition of
mbpy. The TGA curve of 2 indicates a two-step continuous weight loss of 18.67%
(Calcd 19.47%) between 175�C and 730�C, attributed to decomposition of mbpy.

4. Conclusions

Two new polytungstate-based hybrids (1 and 2) containing [M(mbpy)3]
2þ have been

synthesized under hydrothermal conditions. The compounds consist of different
polyanions, [W6O19]

2� in 1 and [VW12O40]
4� in 2. The results indicated that using –CH3

on bpy is beneficial to construct the POM-based supramolecular assemblies. Research
on tungsten-containing polyoxoanions will be continued to obtain hybrids combining
the features of both POM and TMC.

Supplementary material

Figures S1–S4 show the IR and XRD curves for 1 and 2; figure S5 shows the TGA
curves of 1 and 2. Crystallographic data have been deposited with the Cambridge
Crystallographic Data Center with the CCDC reference numbers 797423 and 797424
for 1 and 2, respectively. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Figure 4. (a) View of four [Ni(mbpy)3]
2þ surrounding one [VW12O40]

4�; (b) view showing the 3D
supramolecular structure of 2.
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