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INTRODUCTION

The synthesis and exploitation of organic-inorganic
hybrid compounds is still very active due to the possi-
bility of combining the different characteristics of the
components to obtain unusual structures, properties,
and applications [1–4]. Meanwhile, polyoxometalates
(

 

POM

 

) are used as remarkable useful inorganic build-
ing blocks owing to their molecular and electronic
structural diversity and their significance in quite
diverse disciplines ranging from catalysis, electro-
chemical and imaging to material science [5–9]. Thus,
in recent years, a large number of hybrids built by POM
associated with various transition metal complexes
have been reported [10–14], in which the transition
metal coordination complexes act as charge compensa-
tion cations and/or become a part of the inorganic POM
frameworks. In the POM-based supramolecular archi-
tectures, basically, weaker intermolecular forces
(including hydrogen bond interactions, 

 

π

 

–

 

π

 

 stacking
interactions, van der Waals forces) are often utilized
[15–17]. As we know, the most studied POM are the
Keggin family, which can be represented by

 

[

 

XM

 

12

 

O

 

40

 

]

 

n

 

–

 

. As a continuous work, here we report a
Keggin organic-inorganic hybrid polyoxometalate
combined with nickel complexes
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Ni
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)][
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·
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I

 

), which
are characterized by IR spectrum, cyclic voltammetry,
TG analysis, and X-ray single-crystal diffraction.
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EXPERIMENTAL

 

Materials and methods.

 

 The raw material of satu-
rated Keggin-type precursor H

 

3

 

PMo

 

12

 

O

 

40

 

 

 

·

 

 

 

n

 

H

 

2

 

O was
prepared according to the literature [18] and identified
by IR spectra. Other reagents were obtained from com-
mercial resources and used without further purification.
Elemental analyses (C, H, and N) were performed on a
Perkin Elmer 240C elemental analyzer. The IR spec-
trum was recorded from a sample powder pelletized
with KBr on a Nicolet 170 SXFT-IR spectrometer over
a range of 

 

4000–400 

 

cm

 

–1

 

. The TG analysis was con-
ducted on Perkin Elmer 7 analyzer in a nitrogen atmo-
sphere with a heating rate of 

 

10°

 

C

 

/

 

min from 25 to

 

700°

 

C. Cyclic voltammograms were obtained on an
LK98BII electrochemical analyzer at room tempera-
ture. A glassy carbon (diameter 3 mm) electrode was
employed as the working electrode. The electrode
underwent ultrasonic washing for 3 min and was
washed with water and enthanol prior to every mea-
surement. A platinum rod (diameter 2 mm) was used as
the counter electrode. The reference electrode was
SCE. The scan rate was 100 V s

 

–1

 

.

 

Synthesis of compound I.

 

 H

 

3

 

[

 

PMo

 

12

 

O

 

40
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·

 

 

 

n

 

H

 

2

 

O
(0.38 g) was dissolved in 20 ml of water and NiCl

 

2 

 

·

 

6

 

H

 

2

 

O (0.28 g) was added with stirring. The resulting
solution was filtered after 10 min, and then 2 ml DMF
was added dropwise to the filtrate. The

 

 

 

filtrate

 

 

 

was

 

 

 

kept
at

 

 

 

of

 

 

 

room

 

 

 

temperature

 

 

 

for

 

 3 

 

weeks
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Abstract

 

—A Keggin organic-inorganic hybrid polyoxometalate combined with nickel complex
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) has been synthesized and structurally characterized by elemen-
tal analysis, IR spectrum, TG analysis, cyclic voltammetry, and single-crystal X-ray diffraction. Interestingly,
a two-dimensional supramolecular network is constructed by the 
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cations, and water molecules 

 

via

 

 hydrogen-bonding interactions. The cyclic voltammetric measurements illus-
trate that the 
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3–

 

 polyanion is the electrochemical redox active center of 

 

I

 

 in the solution.
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For C12H35N4O47PNiMo12

‡nal. calcd, %: C, 6.47; H, 1.58; N, 2.51.

Found, %: C, 6.45; H, 1.61; N, 2.49.

X-ray crystallography. A crystal of I (dimensions
0.19 × 0.14 × 0.11 mm) was carefully selected under an
optical microscope and glued at the tip of a thin glass
fiber with cyanoacrylate (superglue) adhesive. Intensity
data were collected on a Bruker APEX-II CCD detector
at 296(2) K with MoKα radiation (λ = 0.71073 Å). The
structures were solved by direct methods and refined by
the full-matrix least-squares method on F2 using the
SHELXTL–97 package [19]. Intensity data were cor-
rected for the Lorentz and polarization effects, as well
as for empirical absorption. All of the non-hydrogen
atoms were refined anisotropically. The crystallo-
graphic data are listed in Table 1. The atomic coordi-
nates and other parameters of structure I have been
deposited with the Cambridge Crystallographic Data
Center (no. 714944; deposit@ccdc.cam.ac.uk).

RESULTS AND DISCUSSION

Single-crystal X-ray structural analysis indicates
that the structural unit of I contains one Keggin
[PMo12O40]

3– polyanion, one [Ni(Dmf)3(H2O)]2+ cation,
one free Dmf molecule, one proton, and two lattice
water molecules (Fig. 1). The polyanion [PMo12O40]

3–

exhibits a classical Keggin-type structure. The polyan-
ion is built by a central PO4 tertrahedron surrounded by
twelve MoO6 octahedra. Twelve MoO6 octahedra are
grouped into four trimetallic Mo3O13 units in the edge-
sharing mode, each of which is made up of three MoO6

octahedra in the edge-sharing mode. The four trimetal-
lic units Mo3O13 are linked by sharing corners and com-
bined with the central PO4 tetrahedron. The central P
atom exhibits the four-coordinate tetrahedral geometry.
The bond distances and angles found in the polyoxoan-
ion in I are very similar to those reported in the litera-
ture [20–22]. In the discrete [Ni(Dmf)3(H2O)]2+ cation,
the nickel atom is coordinated by four oxygen atoms
from three Dmf ligands and one water ligand with the
Ni–O distances of 1.930(3)–1.958(3) Å and ONiO
angles of 88.64(12)°–178.70(14)° (cis-ONiO angles:

Table 1.  Crystallographic data and structure refinement sum-
mary for complexes I

Parameter Value

Crystal system Triclinic

Space group P
–
1

a, Å 13.0307(13)

b, Å 13.4994(13)

c, Å 14.9265(15)

α, deg 95.4260(10)

β, deg 98.0060(10)

γ, deg 101.6670(10)

V, Å3 2525.9(4)

Z 2

ρcalcd, g cm–3 2.930

μ, mm–1 3.385

F(000) 2116

Crystal size, mm 0.19 × 0.14 × 0.11

Limiting indices –15 ≤ h ≤ 12
–16 ≤ k ≤ 16
–16 ≤ l ≤ 17

Reflections collected/unique 12946/8809 (Rint = 0.0247)

Goodness-of-fit on F2 1.002

Final R indices (I > 2σ(I)) R1 = 0.0276, wR2 = 0.0736

R indices (all data) R1 = 0.0298, wR2 = 0.0750

Largest difference peak
and hole, e Å–3

1.084 and –1.184

Ni(1)

Fig. 1. The structural unit of I with partial atom labeling scheme. Gray octahedron is MoO6, black tetrahedron is PO4. The protons
and lattice water molecules are omitted for clarity.
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88.64(12)°–91.04(13)°; trans-ONiO angles:
176.70(15)°–178.70(14)°). Bond valence sum calcula-
tions show that the oxidation state of the nickel atom is
+2 [23].

It should be noted that I exhibits extensive hydrogen
bonding interactions between the water ligands (O(1w))
on [Ni(Dmf)3]

2+ cations, lattice water molecules
(O(2w), O(3w)), and oxygen atoms (O(1), O(2), O(23),
O(25), O(31), O(33)) from Keggin polyanion
[PMo12O40]

3– with the O(1w)···O(2w), O(1w)···O(25),
O(2w)···O(1), O(2w)···O(33), O(3w)···O(2),
O(3w)···O(23), and O(3w)···O(31) distances of 2.673,
2.820, 3.227, 2.895, 3.078, 2.838, and 2.904 Å, respec-
tively (Table 2). Therefore, supramolecular interactions
play a major role in the formation of the layer structure.
The polyanions along the xy axis are linked together by

O(3w) via the hydrogen-bonding interactions, forming
supramolecular 1D chain structure (Fig. 2), and adja-
cent chains are further joined by O(1), O(2w) to con-
struct a 2D network parallel to the xy plane (Fig. 3).

In the IR spectrum of I, four characteristic peaks of
the Keggin-type polyoxoanion are observed at 1058,
962, 876, and 806 cm–1, which are ascribed to the ν(P–Oa),
ν(Mo–Ot), ν(Mo–Ob–Mo), and ν(Mo–Oc–Mo) stretch-
ing vibrations. In comparison with the IR spectrum of
the precursor H3PMo12O40 · nH2O, the characteristic
peaks of I have different shifts. This phenomenon indi-
cates that there are strong interactions between the
polyanions and metal coordination cations in addition
to the effect of the protonation state of the polyanion in
part being eliminated (the starting material
H3PMo12O40 · nH2O is indeed fully protonated) in the
solid state. The vibration peak of C=O in the Dmf
ligands in I has a red shift from 1678 to 1645 cm–1. This
result shows that electron atmosphere vibration fre-
quency over the carbonyl group is decreased, which
further confirms that the Dmf molecules as ligands have
been coordinated to Ni2+ ions by their oxygen atoms.

Table 2.  Geometrical parameters of hydrogen bonding O–H···O interactions for I*

D–H···A
Distance, Å

Angle DHA, deg Coordinates of A atom
H···A D···A

O(3w)–H(3Aw)···O(31) 2.13 2.904(5) 154 –x + 1, –y + 4, –z

O(3w)–H(3Aw)···O(2) 2.65 3.078(5) 113 x + 1, y – 1, z

O(3w)–H(3Bw)···O(23) 2.08 2.838(5) 151 x, y – 1, z

O(1w)–H(1Aw)···O(2W) 1.85 2.673(5) 172 x, y, z

O(1w)–H(1Bw)···O(25) 2.01 2.820(4) 167 –x, –y + 5, –z

O(2w)–H(2Aw)···O(33) 2.09 2.895(4) 163 x, y – 1, z

O(2w)–H(2Bw)···O(1W) 2.49 3.121(5) 134 –x, –y + 4, –z

O(2w)–H(2Bw)···O(1) 2.49 3.227(4) 149 –x, –y + 5, –z

* O–H 0.83 Å.

O3W

O2W

O1W O1W

O2W

O3W

(a)

(b)

Fig. 2. View of the one-dimensional chain-like alignment
along the x (a) and the y axis (b).

x
y

Fig. 3. Perspective drawing of the two-dimensional infinite
network in I.
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The TG curve of I shows two stage weight loss giv-
ing a total loss of 15.53% of its initial weight in a range
of 27–530°C (Fig. 4). The first weight loss is 2.46% in
a temperature range of 27–206°C corresponding to the
release of two lattice water molecules and one free Dmf

molecule (calcd. 2.42%). The second weight loss of
13.07%) from 206 to 530°C attributed to the removal of
one coordinated water, and three Dmf molecules and
the dehydration of one proton (calcd. 13.10%).

Electrochemical measurements for H3[PMo12O40] ·
nH2O and I were performed to investigate their redox
properties in secondary distilled water containing
0.5 mol/l H2SO4 as the supporting electrolyte (Fig. 5).
Table 3 summarizes the cathodic (Ecp) and anodic
potentials (Eap) and the half-wave potentials (E1/2). In
comparison with the cyclic voltammogram of
H3[PMo12O40] · nH2O (Fig. 5a), the [PMosO40]

3– polya-
nion in I exhibits a kinetically stable and reproducible
cyclic voltammetric pattern. The CV voltammograms
of I and H3[PMo12O40] · nH2O show four well-defined
redox waves, indicating that both I and H3[PMo12O40] ·
nH2O undergo four two-electron charge-transfer pro-
cesses. The CV voltammogram comparison of I and
H3[PMo12O40] · nH2O illustrates that the [PMo12O40]

3–

polyanion is the electrochemical redox active center of
I in the solution.

100

95

90

85

80
100 200 300 400 500 600 700

T, ºC

Weight loss, %

Fig. 4. The TG curve of I.

40

20

0

–20

0.8 0.4 0 –0.4 0.8 0.4 0 –0.4
E, V vs.SEC

I, μΑ (a) (b)

Fig. 5. Cyclic voltammograms of H3[PMo12O40] · nH2O (a) and I (b) in the pH 1.5 medium.

Table 3.  Cathodic (Ecp), anodic (Eap), and half-wave poten-
tial (E1/2)

Ecp, V Eap, V ΔEp, mV E1/2, V

I
0.302 0.337 35 0.319

0.177 0.209 32 0.193

–0.057 –0.021 36 –0.039

–0.206 –0.169 37 –0.188

H3[PMo12O40] · nH2O

0.306 0.340 34 0.323

0.179 0.212 33 0.196

–0.057 –0.022 35 –0.040

–0.201 –0.170 31 –0.186
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