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A 3-D complex K2[Ag2(biim)2]2P2W18O62 (biim¼ biimidazole) (1) has been hydrothermally
synthesized and characterized by IR, thermogravimetric, and single-crystal X-ray diffraction.
Single-crystal X-ray structural analysis reveals that 1 exhibits a 1-D wavelike chain constructed
from m3-bridging oxygen atoms of [P2W18O62]

6� and [Ag2(biim)2]
2þ. The Kþ link to six oxygen

atoms of three P2W18 clusters and 12 equatorial terminal oxygen atoms of P2W18 clusters link
to six Kþ, resulting in a 3-D framework with a relatively short Ag–Ag bond [2.836 Å]. The
electrochemical behavior of 1 modified carbon paste electrode (1-CPE) has been studied.
The results indicate that 1-CPE has remarkable stability.

Keywords: Hydrothermal synthesis; Ag–Ag bond; Wells–Dawson polyoxometalates; 3-D

1. Introduction

Polyoxometalate (POM)-based hybrids have emerged as a major research area for

rational design of new materials due to their intriguing topological structures as well as

their extensive theoretical and practical applications in molecular absorption, catalysis,

electron-conductance, optical, and magnetic materials [1–12]. Recently, attention has

been devoted to frameworks based on POM building blocks and transition metal

complexes (TMCs) [13–17]. One promising approach for the design and construction of

POM hybrid materials is to build connections between the surface oxygen atoms of

POMs and organic ligands or metal coordination compounds; POMs, organic ligands,

and transition-metal ions all play important roles in self-assembly processes.
Compared with other classical POMs, such as Anderson- and Keggin-type anions,

multidimensional structures based on Wells–Dawson anions are much less common,

due to its larger size and high charge [18–25]. Exploration of feasible routes to extended

frameworks based on saturated Wells–Dawson POM and transition-metal complex is

appealing and challenging.
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Attention has focused on the Ag complex to extend structural multiplicity and
versatility. Few examples based on the Dawson-POM-Ag system have been reported
because that free Ag ions are transformed to black Ag2O or Ag with ease, increasing the
synthetic difficulties [26–30]. Two Ag ions form Ag dimers, providing an opportunity to
extend the structure. Few POM-based Ag dimers have been reported to date [31].
Hence, Ag ions may be a candidate to modify Wells–Dawson POMs. Composite
materials constructed from Wells–Dawson POMs with 3-D network have been rarely
reported. It has never been reported that 12 equatorial oxygen atoms of Wells–Dawson
POMs connect with 6Kþ forming a 2-D layer. Because of their various structure motifs
and numerous surface oxygen atoms, constructing high-connected and high-dimen-
sional TMCs modified Wells–Dawson POMs is still challenging.

Based on previous work, we have investigated the hydrothermal reaction of silver,
potassium, biim, and Wells–Dawson POM to synthesize the highly connected new
organic–inorganic hybrid compounds [32, 33]. Fortunately, we obtained a new
compound K2[Ag2(biim)2]2P2W18O62 (1), which represents the highest coordination
number of Wells–Dawson POMs.

2. Experimental

2.1. Materials and general procedures

All chemicals were obtained from commercial sources and used without purification.
a-K6P2W18O62 � 15H2O was prepared according to the literature method and verified by
IR spectrum [34]. Elemental analyses (C, H, and N) were performed on a Perkin-Elmer
2400 CHN Elemental Analyzer. K, P, W, and Ag analyses were performed on
a PLASMA-SPEC (I) inductively coupled plasma atomic emission spectrometer.
IR spectra were obtained on an Alpha Centaurt Fourier transform IR (FT-IR) spectro-
meter with KBr pellets from 400 to 4000 cm�1. Thermogravimetric (TG) analyses (TG)
were carried out in N2 on a Perkin-Elmer DTA 1700 differential thermal analyzer with a
rate of 10�Cmin�1. Electrochemical measurements were performed with a CHI660
electrochemical workstation. A conventional three-electrode system was used. The
working electrode was a carbon paste electrode (CPE), a platinum wire as the counter
electrode, and Ag/AgCl (3mol L�1 KCl) electrode was used as a reference electrode.

2.2. Synthesis K2[Ag2(biim)2]2P2W18O62 (1)

A mixture of a-K6P2W18O62 � 15H2O (0.1mmol, 490mg), biim (0.8mmol, 106mg),
AgNO3 (0.8mmol, 136mg), NH4VO3 (0.1mmol, 12mg), and triethylamine (0.1mmol)
was dissolved in 10mL of distilled water at room temperature. The resulting suspension
was stirred for 30min and pH was adjusted to 2.3 with 2mol L�1 HNO3, then sealed in
an 18mL Telfon-lined reactor and heated at 165�C for 6 days. The autoclave was
cooled to room temperature. Yellow block crystals were filtered, washed with water,
and dried at room temperature (Yield 60%, based on W). Anal. Calcd for
C12H8Ag2KN8O31PW9 (2700.63) (%): C 5.35, Ag 8.02, K 1.43, N 4.17, O 20.68,
P 1.16, W 61.46. Elemental analysis: found (%): C 5.35, Ag 8.01, K 1.44, N 4.16, P 1.15,
W 61.45.

Saturated Wells–Dawson polyoxoanion 3671
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2.3. X-ray crystallography

Single-crystal X-ray data of 1 were collected on a Bruker SMART CCD diffractometer
equipped with graphite monochromated Mo-Ka radiation (�¼ 0.71073 Å). The
structure was solved by direct methods and refined by full-matrix least-squares on F2

using the SHELXTL-97 package. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms on carbon and nitrogen were included at calculated positions and
refined with a riding model. The crystal data and refinement parameters of 1 are
summarized in table 1. Selected bond lengths and angles are listed in table S1 in
‘‘Supplementary material.’’

2.4. Preparation of 1 modified CPE (1-CPE)

1-CPE was prepared as follows: graphite powder (0.3 g) and 1 (0.03 g) were mixed and
ground together by an agate mortar and pestle to achieve a uniform mixture, and then
nujol (0.2mL) was added with stirring. The resulting paste was packed into a glass tube
(3mm diameter) and a copper rod was inserted through one end of the tube to make
electrical contact, the other end was polished on a sheet of weighing paper.

3. Results and discussion

3.1. Crystal structure of K2[Ag2(biim)2]2P2W18O62 (1)

Single-crystal X-ray diffraction analysis reveals that 1 consists of one [P2W18O62]
6�

(simplified as P2W18) polyanion, two [Ag2(biim)2]
2þ, and two Kþ in the asymmetric

Table 1. Crystal data and structure refinement for 1.

Empirical formula Ag4K2P2W18O62C24N4H16

Formula weight 2700.63
Temperature (K) 273(2)
Crystal system Orthorhombic
Space group Cmcm
Unit cell dimensions (Å, �)
a 21.5464(14)
b 11.8932(8)
c 32.143(2)
� 90.00
� 90.00
� 90.00
Volume (Å3), Z 8236.8(9), 8
Absorption coefficient (mm�1) 22.870
F(000) 9424.0
� range for data collection (�) 2.33–28.24
Reflections collected 28,798/5318
Collected/unique [R(int)¼ 0.0671]
Goodness-of-fit on F2 1.069
R1[I4 2�(I)]a R1¼ 0.0346
wR2 (all data)

b 0.0846

aR¼
P
jjFoj � jFcjj/

P
jFoj.

bwR¼ {
P

w[(Fo)
2
� (Fc)

2]2/
P

w[(Fo)
2]2}1/2.
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unit (figure 1). The classical Wells–Dawson polyoxoanion, which is made up of two
[a-PW9O31]

3� units linked through corner-sharing with elimination of six oxygen atoms,
contains only two structurally distinct types of tungstens (six polar and 12 equatorial)
and has point group symmetry D3h. Bond valence sum calculations indicate that all
tungstens are in the þVI oxidation state. All W centers exhibit a {WO6} octahedral
environment and W–O distances are 1.687(7)–1.714(7) Å for terminal oxygen atoms,
1.898(7)–1.924(7) Å for m2-bridging oxygen atoms and 2.379(6)–2.408(8) Å for
m3-bridging oxygen atoms, in the normal ranges [35, 36].

Each P2W18 polyanion is an inorganic ligand coordinating to four [Ag2(biim)2]
2þ

coordination polymers along the a-axis to form a novel 1-D wavy chain (figure 2) and
generate big vacancies. The ‘‘wave’’ may be due to bigger steric hindrance and
polycyclic aromatic bridging of biim favoring high connectivity of the POMs. A strong
metal–metal bond exists between two Ag centers. Ag2þ2 dimers are linked, alternately,
by biim forming a [Ag2(biim)2]

2þ cationic chain; biim are quadridentate ligands
bridging Ag (figure S1). In the dimers, Ag–Ag distance is 2.8358 Å, shorter than the sum

Figure 1. Combined polyhedral and ball-stick representation of the structural unit of 1.

Figure 2. View of the 1-D chain of 1 constructed by POMs and [Ag2(biim)2]
2þ.

Saturated Wells–Dawson polyoxoanion 3673
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of the van der Waals radii of two Ag atoms (3.44 Å), thus an Ag2þ2 dimer is formed by

these significant Ag(I)–Ag(I) interactions [37, 38]. The complex forms a 10-membered

ring with four Ag(I) ions [Ag(1)], two W(VI) [W(2)] ions, and four O(II) [O(3)] ions of

POM (figure 3). In the P2W18/Ag chain, POMs are intercalated by double Ag–Ag

bridges and silvers are linked into a �O–Ag–Ag–O– chain via Ag–O and Ag–Ag

bonds. There are two crystallographically identical silvers, Ag(1) is four-coordinate

with two nitrogen atoms [N(1) and N(4)] of two biim molecules and two oxygen

atoms [O(3)] of one P2W18 cluster. The bond lengths and angles around Ag are 2.109–

2.125 Å for Ag–N and 84.2–92.6� for N–Ag–Ag [39, 40], deviating from the

standard lengths (1.85 Å) and ideal angles (90�), due to the existence of Ag(I)–Ag(I)

interactions.
In 1, the 2-D POMs-K layers are fused by [Ag2(biim)2]

2þ dimers along the a-axis to

form a 3-D framework (figure S2). There is a crystallographically unique potassium

(þI), consistent with valence sum calculations and coordination environments. The Kþ

are hexadentate covalently linking to six oxygen atoms of three P2W18 clusters, and 12

equatorial terminal oxygen atoms of P2W18 clusters link to six Kþ, which result in a 2-D

layer (figure 4). The K–O bond lengths are 3.423(11) (K1–O19), 2.866(7) (K1–O18),

2.877(8) (K1–O20), and the angles are 62.2(2) (O(18)–K(1)–O(9)), 71.4(2) (O(18)–K(1)–

O(20)), 71.33(19) (O(9)–K(1)–O(20)), respectively. Thus, the 2-D sheets are linked by

P2W18 clusters to achieve a 3-D structure (figure 5).

3.2. IR spectrum

In the IR spectrum of 1, four characteristic peaks of POMs 1078 cm�1 ascribed to

�(P–Oa), 949 cm�1 ascribed to �(W–Ot), 898 cm�11 ascribed to �(W–Ob–W) and

787 cm�1 ascribed to �(W–Oc–W) [41, 42] show that the title polyoxoanion still retains

Dawson-type structure. Characteristic bands at 1420–1620 cm�1 can be regarded as

features of biim (figure S3).

Figure 3. The ball and stick model of a 10-membered ring with four Ag(I) ions, two W(VI) ions, and four
oxygen atoms.

3674 Y. Xu et al.
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3.3. TG analysis

The thermal stabilities of 1 were investigated under N2 from 0�C to 800�C and TG

curves are provided in figure S4; 1 shows a one-step weight loss of 13.33% from 280�C

Figure 5. Left: the 3-D framework containing [Ag2(biim)2]
2þ chains and Kþ modifying Wells–Dawson

POMs. Right: the diagram of 1 (blue: P2W18, green: Ag, yellow: K).

Figure 4. Left: polyhedral and ball-stick representation of the 2-D supramolecular layer in 1. Right: diagram
of 2-D structure (blue: P2W18, green: Ag, yellow: K).

Saturated Wells–Dawson polyoxoanion 3675
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to 800�C ascribed to decomposition of biim, in accord with the calculated value
of 13.3%.

3.4. Voltammetric behavior of 1-CPE

Electrochemical studies of 1-CPE were carried out in 1mol L�1 H2SO4 at different scan
rates. Figure 6 shows the cyclic voltammograms (CVs) of 1-CPE from �1.0 to 1.0. The
fourth irreversible anodic peak corresponds to redox processes of Ag(I) [43]. Three
reversible redox waves are obtained with half-wave potentials (E1/2) of �183 (III–III0),
�404(II–II0), and �613(I–I0)mV (20mV s�1), where E1/2 ¼ (EpcþEpa)/2; Epc and Epa

are the cathodic and anodic peak potentials, respectively. The redox peaks, I–I0, II–II0,
and III–III0 correspond to three consecutive two-electron processes of W centers [44].
When the scan rates were varied from 20 to 180mV s�1 for 1-CPE, the peak potentials
change gradually; anodic peak potentials to positive direction and cathodic peak
potentials toward the negative direction with increasing scan rates.

4. Conclusion

We have synthesized a complicated 3-D structure based on the saturated Wells–Dawson
POM and silver units under hydrothermal conditions. In 1, the complex forms a
10-membered ring with four Ag(I) ions, two W(VI) ions, and four oxygen atoms of
POM. Neighboring anions are further linked by [Ag2(biim)2]

2þ in an unprecedented
anionic chain. The synthesis of 1 provides a model for construction of POM-based
composite materials.

Figure 6. The CVs of 1-CPE in 1mol L�1 H2SO4 at different scan rates (from inner to outer: 20, 60, 100,
140, and 180mV s�1).
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Supplementary material

CCDC 814569 contains the supplementary crystallographic data for this article. Copy
of the data can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (E-mail: deposit@ccdc.com.ac.uk).
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