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A new organopolymolybdate polymer, [Zn2(H2biim)4(Hbiim)2][H2(γ-Mo8O26)]·8H2O (1) (H2biim=2,2′–
biimidazole), was synthesized under hydrothermal conditions. In 1, H2biim has chelate and linking roles.
Three H2biim chelate one Zn to form a cationic metal-organic subunit; two subunits link one octamolyb-
date through Mo–N bonds, forming a two-supporting anion. There are abundant π…π stacking interac-
tions between these anions inducing a 1-D supramolecular chain. The electrochemical behavior and
photoluminescence of 1 have been studied.

Keywords: Polyoxometalate; Octamolybdate; Mo–N bond; Electrochemical property;
Photoluminescence

1. Introduction

Polyoxometalates (POMs), as a unique class of metal-oxide clusters, exhibit structural diver-
sity [1] and own various physical and chemical properties, such as catalytic, electrochemical
and photochemical activities; ion exchange; and reversible redox behaviors [2]. Introduction
of transition-metal complexes (TMCs) to POMs provides a route to construct new frame-
works with improved properties [3]. These TMC-modified structures are almost based on
Keggin anions [4]. The isopolyanions, such as octamolybdates, are rarely studied [5].
Octamolybdates possess eight isomers, a, β, γ, δ, ɛ, ξ, h and η [6], which makes octamolyb-
date attractive to build new frameworks linked by different TMCs. In these TMC-modified
octamolybdate-based compounds, octamolybdates have terminal and bridging oxygens to
link metal ions of TMCs through metal–O bonds, inducing a series of high dimensional
frameworks [7]. For example, a series of Mo8-based structures modified by TMCs have been
obtained [8]. However, the octamolybdates also can contribute Mo to connect the TMC
subunits through Mo–N bonds [9] with N donors provided by organic ligands in TMCs.
There are some reports on linking of Mo–N bonds [10]. Thus, exploring the Mo–N linking
modes instead of metal–O bonds is a new challenge for isopolymolybdates.
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The key factor for obtaining TMC-modified octamolybdate compounds containing
Mo–N bonds rests on the selection of proper organic ligands. Organic ligands for the
construction of this series are based on flexible N-donors in previous reports [11]. Here, we
explore new organic ligands to directly link with octamolybdates through Mo–N bonds. Rigid
2,2′–biimidazole (H2biim) is chosen, which has: (1) four N donors for enhancing coordination;
(2) the dispersion of four N donors conducive to coordinate with TM, and Mo. A Mo–N-con-
taining structure was obtained by using H2biim, [Zn2(H2biim)4(Hbiim)2][H2(γ-Mo8O26)]·8H2O
(1). Two cationic metal-organic subunits [Zn(H2biim)2(Hbiim)]

+ link one octamolybdate
through Mo–N bonds, forming a two-supporting anion. In 1, H2biim chelates and links.

2. Experimental

2.1. Materials and methods

All reagents were of reagent grade and used as received from commercial sources. Elemen-
tal analyses (C, H, and N) were performed on a Perkin-Elmer 2400 CHN elemental
analyzer. IR spectrum was obtained on an Alpha Centaurt FT/IR spectrometer with KBr
pellets from 400–4000 cm�1. The thermal gravimetric analysis (TGA) was carried out under
N2 on a Perkin-Elmer DTA 1700 differential thermal analyzer with a rate of 10.0 °Cmin�1.
Fluorescence spectrum was obtained on an F-4500 spectrofluorometer equipped with a
450W xenon lamp as the excitation source. Electrochemical measurements were performed
with a CHI 660b electrochemical workstation wherea conventional three-electrode system
was used. The working electrode was a modified carbon paste electrode (CPE). Ag/AgCl
(3M KCl) electrode was used as a reference electrode and a Pt wire as a counter electrode.

2.2. Synthesis of [Zn2(H2biim)4(Hbiim)2][H2(γ-Mo8O26)]·8H2O (1)

A mixture of Na2MoO4·2H2O (0.25 g, 1.0mM), Zn(CH3COO)2·2H2O (0.22 g, 1.0mM)
and Hbiim (0.067 g, 0.5mM) was dissolved in 10mL of distilled water at room tempera-
ture. When the pH of the mixture was adjusted to 4.5 with 1.0ML�1 HCl, the suspension
was put into a Teflon-lined autoclave and kept under autogenous pressure at 160 °C for
3 days. After slowly cooling to room temperature (final pH= 4.79), light green block
crystals were filtered and washed with distilled water (40% yield based on Mo). Anal.
Calcd for C36H50Mo8N24O34Zn2 (2261): C, 19.12; H, 2.23; N, 14.87%. Found: C, 19.16;
H, 2.20; N, 14.92%.

2.3. X-ray crystallography

Single crystal of 1 with dimensions 0.16� 0.14� 0.10mm was glued on a glass fiber.
Data were collected on a CCD diffractometer with graphite-monochromated Mo–Kα radia-
tion (λ= 0.71703 Å) at 273K. The structure was refined by full-matrix least-squares on F2

using the SHELXTL crystallographic software package [12]. Anisotropic thermal parame-
ters were used to refine all non-hydrogen atoms. All hydrogens attached to carbons were
generated geometrically, while hydrogens attached to water were not located but were
included in the structure factor calculations. The crystal data and structure refinement for 1
are summarized in table 1. Selected bond lengths (Å) and angles (°) are listed in table 2.
Crystallographic Data Center with CCDC Number is 870,091 for 1.

Organopolymolybdate 1341
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2.4. Preparation of 1–CPE

Compound 1-modified CPE (1–CPE) was fabricated as follows: 75mg of graphite powder
and 6mg of 1 were mixed and ground together by an agate mortar and pestle to achieve a
uniform mixture, and then 0.1mL of Nujol was added with stirring. The homogenized
mixture was packed into a glass tube with a 1.5mm inner diameter, and the tube surface
was wiped with paper. Electrical contact was established with a copper rod through the
back of the electrode.

3. Results and discussion

3.1. Synthesis

Hydrothermal technique has proved as an effective method for the preparation of POM-
based compounds modified by TMCs [13]. Many factors influence the final structures
under hydrothermal conditions, such as crystallization temperature and time, pH, filling
volume, etc. [14]. Parallel experiments showed that pH was crucial for the synthesis of 1.

Table 2. Selected bond lengths (Å) and angles (°) for 1.

Zn(1)–N(5) 1.911(4) Zn(1)–N(7) 1.913(4)
Zn(1)–N(3) 1.927(4) Zn(1)–N(9) 1.934(4)
Zn(1)–N(1) 1.931(4) Zn(1)–N(11) 1.934(4)
Mo(2)–N(8) 2.206(4) O(6)–Mo(2)–N(8) 85.65(15)
O(7)–Mo(2)–N(8) 90.59(15) O(11)–Mo(2)–N(8) 161.11(15)
O(12)–Mo(2)–N(8) 82.04(13) O(10)–Mo(2)–N(8) 83.20(14)
N(5)–Zn(1)–N(7) 82.42(17) N(5)–Zn(1)–N(3) 93.65(18)
N(7)–Zn(1)–N(3) 171.95(17) N(5)–Zn(1)–N(9) 172.63(18)
N(7)–Zn(1)–N(9) 93.64(18) N(3)–Zn(1)–N(9) 91.00(18)
N(5)–Zn(1)–N(1) 89.75(19) N(7)–Zn(1)–N(1) 91.01(17)
N(3)–Zn(1)–N(1) 81.92(17) N(9)–Zn(1)–N(1) 96.57(19)
N(5)–Zn(1)–N(11) 91.90(19) N(7)–Zn(1)–N(11) 94.60(17)
N(3)–Zn(1)–N(11) 92.55(17) N(9)–Zn(1)–N(11) 82.18(19)
N(1)–Zn(1)–N(11) 174.32(17)

Symmetry codes: #1 �x+ 3, �y+ 1, �z + 1.

Table 1. Crystal data and structure refinement for 1.

Formula C36H50Mo8N24O34Zn2
Fw 2261
T (K) 273(2)
Space group P21/c
a (Å) 12.6769(7)
b (Å) 15.2167(9)
c (Å) 16.7263(9)
β (°) 94.9600(10)
V (Å3) 3214.4(3)
Z 2
Dc (g cm

�3) 2.320
l (mm�1) 2.348
F(0 0 0) 2172
Final R1

a, wR2
b [I > 2σ(I)] 0.0365, 0.1037

Final R1
a, wR2

b (all data) 0.0412, 0.1080
GOF on F2 1.015
Largest diff. peak and holes (e Å3) 1.626 and �1.588
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We tried to extend the range of pH (pH> 5 and pH< 3.5), but only pasty suspension was
obtained and no crystals were observed. The optimal reaction time and temperature are 3d
and 160 °C. If the reaction time is more or less than 3d, although 1 can be still obtained,
the yield is lower. Between 140 and180 °C, the yield is highest at 160 °C. When the reac-
tion temperature is higher than 180 °C or lower than 140 °C, no crystals were obtained. In
the experimental process, we tried to turn off the drying oven, cooling from 160 °C to
room temperature directly. However, the crystal form is rather poor for X-ray diffraction
analysis. Thus, we adopted the method of cooling the oven at the rate of 10 °C h�1 from
160 to120 °C, and 5 °C h�1 from 120 to 80°C and then the oven was turned off. Perfect
block crystals were obtained by this method.

3.2. Description of the structure

Crystal structure analysis reveals that 1 consists of two ZnII ions, six H2biim, one
[H2(γ-Mo8O26)]

2� (abbreviated to γ-Mo8), and eight water molcules (figure 1). The γ-Mo8
is the inorganic building block in 1, including two [MoO5] and six [MoO6] units. The
Mo–O bond distances are in the normal ranges [15]. Bond valence sum calculations [16]
show that all Mo are +VI and Zn are + II in 1.

In 1, there is one crystallographically independent Zn1, six-coordinate by six nitrogens
from three H2biim. The bond distances and angles around Zn1 are 1.911(4)–1.934(4) Å for
Zn–N and 81.92(17)–174.32(17) Å for N–Zn–N. The angles and bond distances of Zn in 1
are similar to those in six-coordinate ZnII complexes [17]. Each H2biim, including N1-,
N5- and N9- containing ligands, offers two N donors to chelate Zn. A cationic
metal-organic subunit [Zn(H2biim)2(Hbiim)]+ is constructed. The N5-containing H2biim in
this [Zn(H2biim)2(Hbiim)]+ unit provides N8 donor to connect with Mo2 of a γ-Mo8 anion.
Thus, the N5-containing H2biim ligand exhibits another linking role. One γ-Mo8 connects
two cationic metal-organic subunits through two Mo2–N8 bonds; the γ-Mo8 is a two-sup-
porting anion. H2biim has two roles, chelate and linker, as shown in figure 2. The two
[MoO5] units in γ-Mo8 form Mo–N bonds in order to satisfy six-coordination of Mo.

Figure 1. Ball/stick view of the unit of 1. Hydrogens and waters are omitted for clarity.

Organopolymolybdate 1343
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Between these two-supporting anions, there are π…π stacking interactions, such as
C13–C14 = 3.606 Å, inducing a supramolecular 1-D chain (figure 3(a)). Waters of
crystallization between these supramolecular chains have hydrogen-bonding interactions
with γ-Mo8 and H2biim. Thus, a supramolecular 3-D structure is formed (figure 3(b)).

Figure 3. (a) The π…π stacking interactions induce the supramolecular 1D chain of 1. (b) The 3D
supramolecular structure of 1.

Figure 2. Two coordination modes of H2biim, acting as chelate and linking through Zn-N and Mo–N bonds.

1344 A.-X. Tian et al.
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3.3. IR spectrum

The IR spectrum of 1 is shown in figure S1. Characteristic bands at 941, 855, 775, and
684 cm�1 are attributed to the ν(Mo =Ot) and ν(Mo–O–Mo), respectively. Bands at 1635–
1106 cm�1 are attributed to H2biim.

Figure 4. (a) Cyclic voltammograms of a bare CPE at scan rate of 80mV s�1 (inner) and 1–CPE in 1M H2SO4

at different scan rates (from inner to outer: 60, 100, 140, 180, 220, 240, 280, 320, 360, 400, 440 and
480mV s�1). (b) Plots of the anodic and the cathodic peak I–I′ current against m.

Organopolymolybdate 1345
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3.4. Thermal analysis

The TGA experiment was performed under N2 with a heating rate of 10 °Cmin�1 from 20
to 600 °C and its plot is shown in figure S2. The TG curve of 1 shows two distinct weight
loss steps. The first weight loss step below 240 °C corresponds to loss of waters 6.39%
(calc. 6.37%) and the second can be attributed to the loss of organic molecules 35.23%
(calc. 35.51%) from 240 to 600 °C.

3.5. Cyclic voltammetry

The CPE is the optimal choice to study the electrochemical properties of 1 which is
insoluble in water and common organic solvents. The cyclic voltammograms for 1–CPE in

Figure 5. (A) Cyclic voltammograms for the 1–CPE in H2SO4 +Na2SO4 solutions with different pH: (a) 1.0; (b)
1.5; (c) 2.0; (d) 2.5. (B) The relationship of peak potential and pH. Scan rate: 100mV s�1.

Figure 6. Cyclic voltammograms of the 1–CPE in 1M H2SO4 containing 0(a); 2(b); 4(c); 6(d); 8(e) mM KNO2.
Scan rate: 150mV s–1.

1346 A.-X. Tian et al.
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1M H2SO4 aqueous solution at different scan rates are presented in figure 4(a). Two
reversible redox peaks appear in the potential range 750–0mV with half-wave potentials
E1/2 = (Epa +Epc)/2 of + 337 (I–I′) and + 164 (II–II′) mV (scan rate: 80mV s–1), respectively,
which can be ascribed to redox of Mo centers. The peak potentials change gradually with
scan rates from 60 to 480mV s�1: the cathodic peak potentials shift negative and the corre-
sponding anodic peak potentials positive with increasing scan rates. When the scan rates
are lower than 500mV s–1, the peak currents are proportional to the scan rates, which indi-
cates that the redox process of 1–CPE is surface-confined (figure 4(b)). The redox ability
of the parent [Mo8O26]

4� can be maintained in the hybrid solids promising an application
of this kind of inorganic–organic hybrid materials in electrochemistry.

3.6. pH-dependent electrochemical behavior of 1–CPE

The pH of the supporting electrolyte has a remarkable effect on the electrochemical
behavior of 1–CPE in H2SO4 +Na2SO4 aqueous solutions. As can be seen from figure 5(a),
following the increase of pH, both waves shift to more negative potentials and the peak
currents decrease. Plots of peak potentials of two redox waves versus pH for 1–CPE show
good linearity from 1.0 to 2.5 (see figure 5(b)). Slopes of the pH range are �60, �62, and
�75mVpH�1, corresponding to the addition of approximately two protons [18].

3.7. Electrocatalytic activity of 1–CPE

Figure 6 shows cyclic voltammograms for electrocatalytic reduction of nitrite at 1–CPE in
1M H2SO4 aqueous solution. The 1–CPE displays an electrocatalytic activity towards
reduction of nitrite. At 1–CPE, with the addition of nitrite, the two reduction peak currents
increase gradually while the corresponding oxidation peak currents gradually decrease.
This result suggests that 1 exhibits good electrocatalytic activity to reduce nitrite.

Figure 7. Solid-state emission spectrum of 1 at room temperature.
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3.8. Photoluminescence property

Photoluminescence spectra of powder samples of 1 and H2biim at room temperature are
shown in figure 7 and figure S3. 1 exhibits photoluminescence with an emission maximum
at ca. 398 nm upon excitation at ca. 320 nm. The emission peaks are assigned to the intral-
igand n–π⁄ charge transfer [19]. By contrast, H2biim exhibits a strong peak at 366 nm in
the same excitation, which may be due to formation of metal-ligand coordination.

4. Conclusions

A new octamolybdate-based 1 has been synthesized under hydrothermal conditions. In 1,
the octamolybdate shows an γ isomer, exposing two [MoO5] units. Three H2biim chelate
one Zn to form a cationic [Zn(H2biim)2(Hbiim)]+ subunit, two subunits link one octamo-
lybdate through Mo–N bonds, forming a two-supporting anion. The two exposed [MoO5]
units of γ-Mo8 offer two Mo to coordinate with N donors of the cationic subunit. This
work enriches examples of isopolymolybdate-based compounds containing Mo–N bonds.
Further study on other new organic ligands is underway for exploring Mo–N containing
structures.
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