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Abstract—One polyoxometalate-based silver(I) compound [Ag(2,2'-Bipy)2]3(PW12O40) (I) (2,2'-Bipy = 2,2'-
bipyridine) has been synthesized and structurally characterized by IR spectroscopy, elemental analysis,
XRPD and X-ray single-crystal structure analysis (CIF file CCDC no. 1572216). Compound I exhibits a
crystalline three-dimentional supramolecular framework constructed by Ag-2,2'-Bipy coordination units
and [PW12O40]3− template anions, in which there are multiform π⋅⋅⋅π interactions and hydrogen bonds. The
cyclic voltammetric experiments show that compound I displays a good electrocatalytic activity toward the
reduction of nitrite.
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INTRODUCTION

Polyoxometalates (POMs), a class of anionic early
transition-metal oxide clusters, are of particular inter-
est showing promise in many applications such as
catalysis, nonlinear optics, medicine and materials
science [1–5]. More importantly, POM anions are
often recognized as the excellent inorganic building
subunits to construct functional POM hybrids due to
their designable structure, constituent elements and
then special physical and chemical properties [6–8].
One of the fairly fundamental approaches is to intro-
duce transition-metal complexes (TMCs) into POM
hybrids and crystal engineering [9, 10]. This strategy is
anticipated to obtain new POM-based compounds
with a variety of structural motifs and interesting prop-
erties, which should f lourish new functional materials.
Among the numerous reports about POM-based
compounds it was found that Keggin-type POMs are
the most widely used POMs building subunits due to
their easy preparation, high stability within a wide
range of pHs, good solubility and thermal stability,
and so on [11–13].

Ag(I), which has strong coordination ability, vari-
eties of coordination modes and predominant optical
properties, is often employed in the fields of design
and synthesis of coordination compounds, as well as

their applications [14–16]. For the past few years we
have been interested in the synthesis of Ag(I)-contain-
ing POM-based crystalline species and have reported
a series of products with N-donor ligands [17–21].
Continuing our studies on this respect, in this paper
we report the synthesis and characterization of a
Keggin-type POM-based compound [Ag(2,2'-
Bipy)2]3(PW12O40) (I) displaying an obvious electro-
catalytic reduction performance for nitrite.

EXPERIMENTAL

All chemicals were of reagent grade quality
obtained from commercial sources and used without
further purification. Na9PW9O34 · 7H2O was synthe-
sized as described in the literature [22]. Elemental
analyses (C, H, and N) were carried out on a Perkin-
Elmer 240C analytical instrument. IR spectra were
recorded with a Nicolet 170 SX FT-IR spectropho-
tometer in the region of 4000−400 cm−1 using KBr
pellets. Powder X-ray diffraction patterns were
recorded on a D/max-g A rotating anode X-ray dif-
fractometer with a sealed Cu tube (λ = 1.54178 Å). The
electrochemical measurement was carried out on a
CHI 660E electrochemical workstation at ambient
temperature. A conventional three-electrode system
was used. The working electrode was a carbon paste
electrode (CPE), with Pt wire as the counter elec-1 The article is published in the original.
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Table 1. Crystallographic data and refinement parameters
for compound I

Parameter Value

Formula weight 4137.76
Temperature, K 296(2)
Crystal system Monoclinic
Space group C2/c
a, Å 10.6579(5)
b, Å 35.6869(16)
c, Å 21.6837(10)
β, deg 102.281(1)

V, Å3 8058.6(6)

Z 4

ρcalcd, g cm−3 3.411

F(000) 7424

μ, mm−1 17.876

θ Range for data collection, deg 1.9−25.0
Scan mode ω
Number of collected reflections 20829
Number of unique reflections (Rint) 7096 (0.042)

Number of ref lections with I > 2σ(I) 5198
Number of parameters refined 598

GOOF (F2) 1.03

R1 (F)/wR2 (F2) (I > 2σ(I)) 0.0367/0.0780

R1 (F)/wR2 (F2) (all data) 0.0574/0.0838

Δρmax/Δρmin, e Å−3 1.20/−1.84
trode, and Ag/AgCl electrode was used as a reference
electrode.

Synthesis of compound I. A solvent mixture (8 mL)
of acetonitrile, water and DMSO (v : v : v = 2 : 1 : 1)
was used as a buffer layer and very carefully layered
onto 4 mL mixture of DMSO, water and HNO3 (v : v :
v = 1.5 : 1.5 : 1) of AgNO3 (0.051 g, 0.30 mmol) and
Na9PW9O34 · 7H2O (0.15 g, 0.058 mmol) in a long and
thin tube. Then, the solution of acetonitrile (3 mL) of
2,2'-Bipy (0.016 g, 0.10 mmol) was slowly layered onto
the buffer layer. The solution was sealed and left for
several days at ambient temperature. Yellow block
crystals suitable for X-ray structure determination
were isolated in the buffer layer in 36% yield based on
2,2'-Bipy.

For C60H48N12O40PW12Ag3 (M = 4137.76)
Anal. calcd., % C, 17.40 H, 1.16 N, 4.06
Found, % C, 17.32 H, 1.25 N, 3.97
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
IR (KBr; ν, cm−1): 3436 w, 1627 w, 1590 m,
1472 m, 1437 m, 1315 w, 1234 w, 1177 w, 1155 w, 1080 s,
979 vs, 891 s, 819 vs, 806 vs, 759 m, 642 w, 619 w,
595 w, 522 m.

X-ray crystallography. A suitable crystal of size
0.25 × 0.22 × 0.17 mm was chosen for the crystallo-
graphic study and mounted on Bruker Smart APEX II
CCD diffraction measurements were performed at
room temperature using graphite-monochromatized
MoKα radiation (λ = 0.71073 Å). The structure was
solved by direct methods and refined on F 2 by
using full-matrix least-squares methods with the
SHELXL-97 program package [23, 24]. Space group,
lattice parameters and other relevant information are
listed in Table 1, and selected bond lengths and angles
are given in Table 2.

Supplementary material has been deposited with
the Cambridge Crystallographic Data Centre (CCDC
no. 1572216 (I); deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk).

RESULTS AND DISCUSSION
The IR spectrum of compound I gives clear evi-

dences of the characteristic bands of α-Keggin-type
[PW12O40]3− in the range of 1100–700 cm−1. The
strong peak at 1080 cm−1 is ascribed to the ν(P−O)
stretching vibration. The absorption bands at 979 and
891 cm−1 should be attributed to ν(W = Ot) (terminal
oxygen) and ν(W–Ob–W) (bridging oxygen), which
are similar to those of α-H3[PW12O40] [25–27]. The
bands which appear at 819 and 806 cm−1 show the
stretching frequencies ν(W–Oc–W) (central oxygen).
Those with variable intensity in the frequency range of
1627–1437 cm−1 correspond to ν(C=N) and ν(C=C)
of 2,2'-Bipy groups, which agrees well with those of
relevant compounds [28]. These results were finally
confirmed by X-ray crystallography.

Single-crystal X-ray structural analysis revealed
that compound I features a three-dimentional supra-
molecular framework in which Keggin-type polyanion
clusters as ionic templates to balance the charge of Ag-
2,2'-Bipy units. As shown in Fig. 1, the asymmetry
unit consists of a half [PW12O40]3− polyanion, one and
a half Ag-2,2'-Bipy coordination units. The poly-
oxoanion [PW12O40]3− is a typical α-Keggin structure.
In [PW12O40]3−, the P atom is located on a center of
inversion, which is incompatible with the tetrahedral
symmetry of the Keggin structure. Consequently, the
polyoxoanion cluster was modelled as disordered over
two orientations and the P atom is surrounded by a
cube of eight O atoms, each with a site-occupancy fac-
tor of 0.5. The P−O distances range from 1.506(11) to
1.551(11) Å, and the OPO angles are in the range of
107.1(6)°−111.8(6)°. Each W atom exhibits a distorted
WO6 octahedral geometry. Twelve WO6 octahedra are
arrayed all around PO4 polyhedron and linked into a
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Table 2. Selected bond lengths (Å) and bond angles (deg) of I*

Bond d, Å Bond d, Å Bond d, Å

P(1)−O(20) 1.551(11) P(1)−O(23) 1.506(11) P(1)−O(21A) 1.506(10)

P(1)−O(21) 1.507(10) P(1)−O(22) 1.523(12) W(1)−O(1) 1.664(7)

W(1)−O(9) 1.879(7) W(1)−O(8) 1.892(7) W(1)−O(10) 1.898(8)

W(1)−O(11) 1.908(7) W(1)−O(20) 2.429(11) W(1)−O(21) 2.483(12)

W(2)−O(2) 1.662(9) W(2)−O(11) 1.887(8) W(2)−O(12) 1.868(8)

W(2)−O(21) 2.509(10) W(3)−O(3) 1.663(6) W(3)−O(14) 1.871(8)

W(3)−O(10) 1.884(8) W(3)−O(13) 1.906(6) W(3)−O(12) 1.908(7)

W(3)−O(21) 2.461(11) W(3)−O(22) 2.479(11) W(4)−O(4) 1.656(9)

W(4)−O(19A) 1.882(8) W(4)−O(8A) 1.897(7) W(4)−O(14) 1.909(6)

W(4)−O(15) 1.917(7) W(4)−O(20A) 2.441(11) W(4)−O(22) 2.494(13)

W(5)−O(5) 1.669(7) W(5)−O(16) 1.862(8) W(5)−O(15) 1.876(7)

W(5)−O(13) 1.888(6) W(5)−O(17) 1.898(7) W(5)−O(23) 2.429(11)

W(5)−O(22) 2.464(11) W(6)−O(6) 1.654(9) W(6)−O(18) 1.864(8)

W(6)−O(17) 1.886(8) W(6)−O(23) 2.483(10) W(7)−O(7) 1.682(6)

W(7)−O(19) 1.897(9) W(7)−O(9) 1.901(7) W(7)−O(16) 1.926(9)

W(7)−O(18) 1.927(8) W(7)−O(20) 2.520(10) Ag(1)−N(1) 2.287(8)

Ag(1)−N(2) 2.445(9) Ag(1)−N(3) 2.297(8) Ag(1)−N(4) 2.444(9)

Ag(2)−N(5) 2.254(8) Ag(2)−N(6) 2.430(11)

Angle ω, deg Angle ω, deg Angle ω, deg

O(23A)P(1)O(23) 71.5(7) O(23)P(1)O(22) 66.9(6) O(23)P(1)O(21A) 177.0(7)

O(21)P(1)O(22) 70.2(6) O(23)P(1)O(21) 107.7(5) O(21A)P(1)O(21) 73.2(8)

O(23)P(1)O(22A) 111.8(6) O(21)P(1)O(22A) 111.1(7) O(22)P(1)O(22A) 178.5(9)

O(20)P(1)O(20A) 174.7(8) O(23)P(1)O(20) 75.8(6) O(21A)P(1)O(20) 107.2(6)

O(21)P(1)O(20) 68.3(6) O(22)P(1)O(20) 110.2(6) O(23)P(1)O(20A) 108.7(6)

O(21)P(1)O(20A) 107.1(6) O(22)P(1)O(20A) 69.9(6) O(1)W(1)O(8) 103.3(4)

O(1)W(1)O(9) 102.6(5) O(1)W(1)O(10) 101.2(4) O(9)W(1)O(8) 87.9(3)

O(1)W(1)O(11) 101.2(4) O(1)W(1)O(20) 160.9(5) O(8)W(1)O(10) 155.5(4)

O(8)W(1)O(11) 88.0(3) O(8)W(1)O(20) 63.1(4) O(9)W(1)O(10) 87.5(4)

O(9)W(1)O(11) 156.1(4) O(9)W(1)O(20) 65.3(4) O(10)W(1)O(11) 86.6(3)

O(11)W(1)O(20) 92.0(4) O(1)W(1)O(21) 158.2(5) O(9)W(1)O(21) 92.0(4)

O(8)W(1)O(21) 93.2(4) O(10)W(1)O(20) 93.3(4) O(10)W(1)O(21) 63.0(4)

O(11)W(1)O(21) 64.8(4) O(20)W(1)O(21) 40.9(4) O(2)W(2)O(12) 102.0(3)

O(12)W(2)O(11A) 88.2(4) O(2)W(2)O(11) 101.3(2) O(12A)W(2)O(12) 156.0(6)

O(12)W(2)O(11) 87.1(3) O(11A)W(2)O(11) 157.4(5) O(2)W(2)O(21) 159.0(2)

O(11)W(2)O(21) 64.5(4) O(11)W(2)O(21A) 93.7(4) O(12)W(2)O(21) 63.6(4)

O(21)W(2)O(21A) 41.9(5) O(12)W(2)O(21A) 93.2(4) O(3)W(3)O(14) 101.2(4)

O(3)W(3)O(10) 103.3(4) O(3)W(3)O(22) 158.8(4) O(10)W(3)O(22) 92.9(4)

O(14)W(3)O(10) 155.5(4) O(3)W(3)O(13) 102.6(3) O(14)W(3)O(13) 86.9(3)

O(10)W(3)O(13) 88.7(3) O(3)W(3)O(12) 101.3(4) O(14)W(3)O(12) 87.8(4)
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44  No. 7  2018
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* Symmetry codes: (A) –x, y, 1/2 – z; (B) 2 – x, y, 3/2 – z; (C) –1/2 + x, 1/2 – y, –1/2 + z.

Angle ω, deg Angle ω, deg Angle ω, deg

O(10)W(3)O(12) 86.5(3) O(13)W(3)O(12) 156.0(4) O(3)W(3)O(21) 159.9(4)

O(14)W(3)O(21) 92.5(4) O(10)W(3)O(21) 63.6(4) O(13)W(3)O(21) 92.6(4)

O(12)W(3)O(21) 64.3(4) O(21)W(3)O(22) 41.3(4) O(14)W(3)O(22) 63.6(4)

O(12)W(3)O(22) 93.2(4) O(13)W(3)O(22) 63.6(3) O(4)W(4)O(8A) 103.0(4)

O(4)W(4)O(15) 101.6(4) O(4)W(4)O(19A) 104.1(5) O(4)W(4)O(20A) 161.4(4)

O(4)W(4)O(14) 101.0(5) O(4)W(4)O(22) 156.7(4) O(19A)W(4)O(14) 154.9(5)

O(8A)W(4)O(14) 87.4(3) O(8A)W(4)O(22) 93.4(4) O(19A)W(4)O(15) 88.1(4)

O(8A)W(4)O(15) 155.4(4) O(14)W(4)O(15) 86.5(3) O(14)W(4)O(22) 62.9(4)

O(19A)W(4)O(20A) 65.2(4) O(8A)W(4)O(20A) 62.7(4) O(14)W(4)O(20A) 90.7(4)

O(15)W(4)O(20A) 93.5(4) O(20A)W(4)O(22) 41.8(4) O(19A)W(4)O(22) 93.0(5)

O(15)W(4)O(22) 62.6(3) O(5)W(5)O(16) 102.8(5) O(5)W(5)O(15) 102.0(4)

O(17)W(5)O(22) 92.0(4) O(23)W(5)O(22) 39.9(4) O(5)W(5)O(23) 160.9(5)

O(16)W(5)O(15) 155.1(4) O(5)W(5)O(13) 101.7(4) O(16)W(5)O(13) 86.8(4)

O(15)W(5)O(13) 86.9(3) O(5)W(5)O(17) 102.6(4) O(16)W(5)O(17) 89.2(3)

O(15)W(5)O(17) 86.7(3) O(13)W(5)O(17) 155.6(4) O(13)W(5)O(22) 64.2(4)

O(16)W(5)O(23) 65.2(4) O(15)W(5)O(23) 91.1(4) O(13)W(5)O(23) 92.7(4)

O(17)W(5)O(23) 63.9(4) O(5)W(5)O(22) 159.2(5) O(16)W(5)O(22) 91.9(4)

O(15)W(5)O(22) 63.7(4) O(6)W(6)O(18) 102.1(3) O(18)W(6)O(18A) 155.7(6)

O(17)W(6)O(23A) 94.1(4) O(23)W(6)O(23A) 41.5(5) O(18)W(6)O(17A) 86.4(4)

O(6)W(6)O(17) 101.9(3) O(18)W(6)O(17) 88.6(4) O(17A)W(6)O(17) 156.3(5)

O(6)W(6)O(23) 159.2(2) O(18)W(6)O(23) 65.4(4) O(18)W(6)O(23A) 91.3(4)

O(17)W(6)O(23) 62.9(4) O(7)W(7)O(9) 103.4(4) O(7)W(7)O(19) 102.6(4)

O(7)W(7)O(16) 102.2(4) O(7)W(7)O(18) 101.7(4) O(7)W(7)O(20) 159.4(4)

O(19)W(7)O(9) 87.6(4) O(9)W(7)O(20) 63.0(3) O(19)W(7)O(16) 155.2(4)

O(9)W(7)O(16) 87.0(4) O(16)W(7)O(20) 92.8(4) O(19)W(7)O(18) 87.4(4)

O(9)W(7)O(18) 154.9(4) O(16)W(7)O(18) 87.3(4) O(18)W(7)O(20) 92.9(4)

O(19)W(7)O(20) 63.3(4) W(2)O(11)W(1) 139.3(5) W(2)O(12)W(3) 140.3(5)

W(1)O(8A)W(4) 139.6(6) W(1)O(9)W(7) 139.6(5) W(3)O(10)W(1) 140.6(5)

W(3)O(14)W(4) 141.3(4) W(4)O(19A)W(7) 139.7(5) W(5)O(13)W(3) 139.6(4)

W(5)O(16)W(7) 140.5(5) W(5)O(15)W(4) 140.8(5) W(6)O(17)W(5) 139.5(5)

W(6)O(18)W(7) 140.4(5) N(1)Ag(1)N(2) 70.0(3) N(1)Ag(1)N(3) 161.0(3)

N(1)Ag(1)N(4) 110.9(3) N(3)Ag(1)N(4) 70.0(3) N(3)Ag(1)N(2) 112.4(3)

N(4)Ag(1)N(2) 170.7(3) N(5)Ag(2)N(6) 70.2(3) N(5B)Ag(2)N(5) 129.3(4)

N(5B)Ag(2)N(6) 153.6(4) N(6)Ag(2)N(6B) 98.8(6)

Table 2. (Contd.)
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44  No. 7  2018
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Fig. 1. The structure of compound I and the coordination environment of Ag(1) and Ag(2) centers (symmetry codes: (B) 2 – x,
y, 3/2 – z; (C) –1/2 + x, 1/2 – y, –1/2 + z).
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Fig. 2. The 1D chain of compound I showing π···π interac-
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polyanion [PW12O40]3− through corner– or edge–
sharing. Three kinds of W−Ot, W−Ob and W−Oc dis-
tances are in the ranges of 1.654(9)−1.682(6),
1.862(8)−1.927(8), and 2.429(11)−2.509(10) Å,
respectively.

Ag(1) and Ag(2) have similar coordinated environ-
ment with N4 set from two 2,2'-Bipy ligands. The
value of the geometric parameter τ for four-coordinate
compounds is 0.20 for Ag(1) and 0.37 for Ag(2), indi-
cates a distorted square planar geometry. The average
Ag−N distance is 2.355 Å. Ag(2) lies in a special posi-
tion of C2 axis, consequently the two 2,2'-Bipy ligands
are inter-related by Ag(2) atom.

In the solid state, it is interesting to note that there
are three kinds of face-to-face π···π interactions
involving pyridyl rings of adjacent 2,2'-Bipy (Fig. 2).
The π···π interaction are found between the pyridyl
ring N(1)C(1)−C(4) from the Ag(1)-2,2'-Bipy coor-
dination unit and N(4)C(16)−C(20) from the adja-
cent Ag(1)-2,2'-Bipy unit with the shortest interplanar
atom···atom separation of 3.37 Å, the centroid···cen-
troid separation of 3.74 Å, and the dihedral angle of
5.5°, respectively. In addition, N(5)C(21)−C(25) ring
from the Ag(2)-2,2'-Bipy coordination unit forms two
types of π···π interactions with the two pyridyl rings
N(1)C(1)−C(4) and N(3)C(11)−C(15) from two dif-
ferent adjacent Ag(1) units, respectively. The π···π
interactions are characterized by the shortest interpla-
RUSSIAN JOURNAL OF C
nar atom···atom separation of 3.41 and 3.33 Å, the
centroid···centroid separation of 3.95 and 3.80 Å, and
the dihedral angle of 2.9° and 5.7°, respectively. Three
kinds of C−H···O hydrogen bonds are found to stabi-
lize the three-dimensional supramolecular network
(Table 3). Apparently, the multiform interaction is
favorable to obtain POM-based compounds with high
rigidity (Fig. 3).
OORDINATION CHEMISTRY  Vol. 44  No. 7  2018
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Table 3. Geometric parameters of hydrogen bonds for compound I

D−H···A
Distance, Å

Angle DHA, deg Symmetry
codes of atom AD–H H···A D···A

C(3)−H(3A)⋅⋅⋅O(3) 0.93 2.39 3.088(14) 132 1/2 − x, 1/2 − y, 1 − z

C(20)−H(20A)⋅⋅⋅O(2) 0.93 2.54 3.446(14) 166

C(21)−H(21A)⋅⋅⋅O(6) 0.93 2.37 3.219(14) 153 1 − x, −y, 1 − z
To confirm the phase purity and to examine the
crystallinity of bulk sample, the X-ray powder diffrac-
tion measurement was performed for compound I.
The experimental XRPD pattern is in good agreement
with that simulated based on the data of the single-
crystal X-ray structure, indicating the good phase
purity of the product.

The POM-modified CPE of compound I was used
to reveal the electrochemical and electrocatalytic
properties. The cyclic voltammetric behaviors in
1 M H2SO4 aqueous solution at different scan rates are
presented in Fig. 4. In the potential range of +0.30 to
–0.90 V, it can be clearly seen that there exit two pairs
of reversible redox peaks II–II′ and III–III′ with the
half-wave potentials E1/2 = (Epc + Epa)/2 of –0.442
and –0.620 V (scan rate: 500 mV s−1), respectively.
Redox peaks II–II′ corresponds to a one-electron
process, while III–III′ attributes to a two-electron
process involving W centers of [PW12O40]3− [29–31].
With the increase of scan rates, the cathodic peak
potentials of compound I shift to the negative direc-
tion and the corresponding anodic peak potentials
shift toward the positive direction. There is also an
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 3. The 3D supramolecular structure of compound I.
irreversible anodic peak (I) with the potential at
+0.149 V, which should be assigned to a one-electron
oxidation process of the Ag centers [32]. The linear
dependence of the cathodic peak currents on the scan
rate confirms that the redox species are surface-con-
trolled below the scan rate of 500 mV s−1 [33].

The cyclic voltammograms for electrocatalytic
reduction of nitrite by compound I in 1 M H2SO4
aqueous solution can be seen from Fig. 5. In the
potential range of +0.30 to –0.90 V, by increasing the
concentration of nitrite, the reduction peak currents
increased sharply, while the corresponding oxidation
peak currents dramatically decreased, clearly indicat-
ing that compound I have a good electrocatalytic
activity to the reduction of  [34–36].
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Fig. 4. The cyclic voltammograms for I-CPE in 1 M
H2SO4 aqueous solution at different scan rates (from inner
to outer: 100, 200, 300, 400, 500 mV s−1) and the depen-
dence of the cathodic peak current of wave (I) with differ-
ent scan rates.

–40
–35
–30
–25
–20
–15
–10

100

I,
 µ

A

I,
 m

A

200 300

Ipc (I)

400 500

I
IIIII

II′

III′

Scan rate, mV s–1

–0.04

0

0.04

0.08

0.12

0.16

0.20

0.24

–0.8 –0.6 –0.4 –0.2 0 0.2
E, V



472 YANG et al.

Fig. 5. The cyclic voltammograms of I-CPE in 1 M H2SO4
aqueous solution containing 0 (1), 20 (2), 40 (3), 60 (4),
and 100 mM (5) NaNO2 (scan rate: 100 mV s−1).
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