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a b s t r a c t

A new compound, [CuI(H2O)(Hbpp)2]C{[CuI(bpp)]2[PW11CuIIO39]} (1) (bpp¼1,3-bis(4-pyridyl)pro-

pane), has been hydrothermally synthesized and structurally characterized by single crystal X-ray

diffraction. In compound 1, the unusual –A–B–A–B– array mono-substituted Keggin anion-chains and

24-membered (Cubpp)2 cation-macrocycles are linked together to form a (2, 4) connected 3D

framework with channels of ca. 9.784�7.771 Å2 along two directions, in which the [Cu(H2O)(Hbpp)2]

coordination fragments as guest components are trapped. The photocatalytic experiments of compound

1 were performed, which show a good catalytic activity of compound 1 for photodegradation of RhB.

Furthermore, the IR, TGA and electrochemical properties of compound 1 were investigated.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Polyoxometalates (POMs) [1–7], as a unique class of inorganic
metal oxide clusters, constitute a fascinating class of inorganic
systems which is incomparable in structural diversity as well as
wide-ranging applications, such as in catalysis [8–14], medicine
[15,16], biology [17,18], and materials science [19–26]. Recently,
a widespread interest in the POM chemistry is focused on the
modification of polyoxoanions by transition-metal complexes
(TMCs) to design and synthesis of novel inorganic–organic hybrid
compounds that bear both features of inorganic and organic
components [27,28]. Especially, the Keggin clusters have been
extensively studied to construct the inorganic–organic hybrid
compounds by many inorganic chemists due to their classical
structure, interesting properties and applications in many fields
[29–32]. These efforts have achieved significant results, and many
such compounds with high dimensional structures have been
successfully synthesized, which can be roughly divided into two
types according to integrality of the Keggin clusters in those
structures: (i) the compounds are constructed by saturated
Keggin clusters and (ii) the compounds are constructed by
substituted/vacant Keggin clusters. Because the saturated Keggin
clusters usually are more stable than the substituted/vacant ones,
ll rights reserved.

nenu.edu.cn (H. Ma),
the most of the reported compounds based on the Keggin clusters
belong to type i [33–40]. In contrast, only several examples of
inorganic–organic hybrid compounds are formed by the mono-
substituted Keggin anions [41–46], and that constructed by the
mono-substituted Keggin anion-chains are even rare [47–49].
Furthermore, only one example of report is about the mono-
substituted Keggin anion-chain based compound with a 3D
structure [49]. While such compounds can possess the structure
feature of Keggin anion-chains and high dimension structures
with the unique physical and chemical properties, possibly find-
ing broader applications in the materials science field.

Herein, we report the preparation and structure of a new
inorganic–organic hybrid compound based on the mono-substi-
tuted Keggin anion-chains, [CuI(H2O)(Hbpp)2]C{[CuI(bpp)]2

[PW11CuIIO39]} (1) (bpp¼1,3-bis(4-pyridyl)propane), which exhi-
bits a 3D framework. The photocatalytic experiments of 1 display
a high catalytic activity for photodegradation of RhB with UV
irradiation. Furthermore, the electrochemical properties of 1 were
also investigated.
2. Experimental section

2.1. Materials and general methods

All reagents were purchased commercially and were used
without further purification. Elemental analyses (C, H, and N)
were performed on a Perkin-Elmer 2400 CHN Elemental Analyzer.
W and Cu were analyzed on a PLASMA-SPEC(I) ICP atomic
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emission spectrometer. The IR spectrum was obtained on an
Alpha Centaurt FT/IR spectrometer with KBr pellets in the 400–
4000 cm�1 region. The thermogravimetric analysis (TGA) was
carried out on a Perkin-Elmer TGA7 instrument in flowing N2 with
a heating rate of 10 1C/min. Cyclic voltammogram (CV) was
obtained with a CHI 660 electrochemical workstation at room
temperature. Platinum gauze was used as a counter electrode, and
a Ag/AgCl electrode was referenced. Chemically bulk-modified
carbon paste electrode (CPE) was used as a working electrode.
Diffuse reflectance UV–vis spectra were obtained with a Varian
Cary 500 UV–vis NIR spectrometer.

2.2. Synthesis of [CuI(H2O)(Hbpp)2]C{[CuI(bpp)]2

[PW11CuIIO39]} (1)

A mixture of Na5PW11CuIIO39 (136 mg, 0.05 mmol), Cu(CH3-

COO)2 �H2O (160 mg, 0.8 mmol), bpp (40 mg, 0.2 mmol) and
10 mL H2O was stirred for 1 h. The pH was adjusted to 4.6 with
1 M NaOH, and then the mixture was transferred to an 18 ml
Teflon-lined reactor and kept under autogenous pressure at
160 1C for 4 days. After the reactor was slowly cooled to room
temperature at a rate of 10 1C/h, dark red crystals of 1 were
obtained. The crystals were collected, washed with distilled
water, and dried at room temperature (40% yield based on W).
Elemental analysis: C52H60Cu4N8O40PW11 (1) (3744.59). Anal.
Calcd. for 1: C, 16.68; H, 1.62; N, 2.99; Cu, 6.79; W, 54.01 (%).
Found: C, 16.76; H, 1.69; N, 2.88; Cu, 6.82; W, 53.61 (%). The
Na5PW11CuIIO39 was obtained by the following method: The pH
of a solution of 1 mol H3PW12O40�12H2O was adjusted to
4.8 using 1 M NaAc. The obtained solution was heated to 90 1C
with stirring for 1.5 h. A solution of 1 mol Cu(NO3)2 in water was
added to this hot solution. The solution was heated at 90 1C with
stirring for 1 h and filtered cool. The isolated blue solid was
designated as Na5PW11CuIIO39, and further characterized by IR
spectrum and TGA.

2.3. Preparation of 1-CPE

The compound 1 modified carbon paste electrode (1-CPE) was
fabricated as follows: 48 mg of graphite powder and 8 mg of 1
were mixed and ground together by agate mortar and pestle to
achieve a uniform mixture, and then 0.6 mL of nujol was added
with stirring. The homogenized mixture was packed into a glass
tube with a 1.2 mm inner diameter, and the tube surface was
Table 1
Selected crystallographic data for 1.

Empirical formula C52H60Cu4N8O40PW11

Mr 3744.59

Color, habit Dark red, block

Crystal system Monoclinic

Space group C2/c

a (Å) 25.993(7)

b (Å) 14.628(4)

c (Å) 21.521(5)

b (deg.) 108.245(3)

V (Å3) 7772(3)

Z 4

Dcalcd (g cm�3) 3.197

F(0 0 0), e 6756.0

Refl. measured 10597

Refl. unique 5159

Rint 0.0604
aR1/bwR2 [I42s(I)] 0.0586/0.1679

GoF (F2) 0.869

a R1¼
P

:Fo9�9Fc:/
P

9Fo9.
b wR2¼

P
[w(Fo

2
�Fc

2)2]/
P

[w(Fo
2)2]1/2.
wiped with paper. Electrical contact was established with a
copper rod through the back of the electrode.

2.4. Single crystal X-ray

Crystal data for compound 1 were collected on a Bruker

SMART-CCD diffractometer, with MoKa monochromatic radiation
(l¼0.71073 Å) at 293 K. The structure of 1 was solved by direct
methods and refined by full-matrix least-squares on F2 using the
SHELXTL crystallographic software package [50,51]. The organic
hydrogen atoms were generated geometrically. The hydrogen
atoms of water molecule in compound 1 could not be introduced
in the refinement but were included in the structure factor
calculation. The crystal data and structure refinement of 1 is
summarized in Table 1.
3. Results and discussion

Compound 1 was synthesized under hydrothermal conditions.
All W atoms are in the þVI oxidation state confirmed by bond
valence sum (BVS) calculations [52]. The Cu1 and Cu2 in 1 are all
in the þ I oxidation state, confirmed by their ‘‘T’’-type coordina-
tion environments and BVS calculations. The partial reduction of
CuII into CuI is often observed in the hydrothermal reaction
systems, which may be attributed to the excess of the N-contain-
ing ligand [34,53,54]. The Cu3 is in the þ II oxidation state,
confirmed by its octahedral coordination environment and BVS
calculation. Since 1 was isolated from acidic aqueous solution,
two protons were attached to the uncoordinated N atoms of the
two bpp molecules to compensate charge balance, which is
similar to the case of {[Ag(bipy)]4[P2W18O62]} �2[Hbipy] and
K[P2W18O62] �2.5[H2bipy] �2H2O [55], then 1 is formulated as
[CuI(H2O)(Hbpp)2]C{[CuI(bpp)]2[PW11CuIIO39]}.

3.1. Crystal structure

Single-crystal X-ray diffraction analysis reveals that 1 consists
of three crystallographically distinct motifs: a coordination frag-
ment [CuI(H2O)(Hbpp)2]3þ (I), a 24-membered macrocycle
[CuI(bpp)]2

2þ (II) and one mono-substituted Keggin anion-chain
[PW11CuIIO39]n

5n� (III) (Fig. 1). In motif I (Fig. 1 I), Cu2 atom is tri-
coordinated in a ‘‘T’’-type coordination geometry achieved by two
nitrogen atoms of two ‘‘Z’’-typed conformation bpp molecules and
one H2O molecule. The bond distances around the Cu2 atom are
1.89–1.96 Å (Cu–N) and 1.89–2.73 Å (Cu–O), and the N–Cu–N
angles are 166.60–170.671. By these coordination modes, the CuI

atom links two bpp molecules and one H2O molecule forming a
coordination fragment [CuI(H2O)(Hbpp)2]3þ . The Cu1 atoms in
motif II (Fig. 1 II) are also in a ‘‘T’’-type coordination environment
achieved by two nitrogen atoms of two bpp molecules and one
oxygen atom from the Keggin anion-chain [PW11CuIIO39]n

5n� , but
differently they are bridged by two ‘‘U’’-typed conformation bpp
ligands to form a 24-membered macrocycle [CuI(bpp)]2

2þ with the
edges of 10.550 and 9.699 Å, and twisting angles of 120.181,
indicating a distorted square geometry. The bond distances
around the Cu1 atom are 1.865 Å (Cu–N) and 2.94 Å (Cu–O),
and the N–Cu–N angle is 178.71. Note that the distance of Cu1–
O18 (2.94 Å) is shorter than the sum of the van der Waal’s radii of
Cu and O (3.19 A1) [56], implying along-range coordinative bond,
which is similar to the compounds reported [57]. The motif III
(see Fig. 1 III) consists of the mono-substituted Keggin cluster
[PW11CuIIO39]5� , in which the substituted atom Cu3 is statisti-
cally distributed on two opposite sites with a tungsten atom W6
(the occupancy of the Cu3 and W6 atoms were 50% after refining).
There exist two kinds of arrays (A and B) for the Keggin clusters in



Fig. 1. Three crystallographically distinct motifs in 1: I, [CuI(H2O)(Hbpp)2]3þ coordination fragment; II, [CuI(bpp)]2
2þ 24-membered macrocycle; III, [PW11CuIIO39]n

5n�

mono-substituted Keggin anion-chain.

Fig. 2. Schematic figures: (a) [CuI(bpp)]2
2þ 24-membered macrocycle; (b) [PW11CuIIO39]n

5n� mono-substituted Keggin anion-chain; (c) the connect model between

neighboring Keggin anion-chains; (d) the connect model between the anion-chain and the macrocycle; and (e) the angle of two planes formed by one anion-chain and its

coordinated macrocycles.
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motif III: A cluster that rotates clockwise for �1801 can obtain B
cluster (Fig. S1 top). Furthermore, the neighboring A and B
clusters are alternately connected via sharing the O2 atoms
to form a straight chain [PW11CuIIO39]n

5n� in –A–B–A–B– array
(Fig. S1 middle and bottom), which is different from the usual
–A–A–A–A– array ones [47–49] (Fig. S2).

One structural feature of 1 is that mono-substituted Keggin
anion-chains (motif III) form a 3D framework with a 24-mem-
bered macrocycles (motif II) as linkers. On the one hand, each of
the 24-membered macrocycles connects two adjacent anion-
chains by sharing the O18 atoms with two [PW11CuIIO39]5�

anions of the two anion-chains (Fig. 2a–c). On the other hand,
each of the anion-chains was connected by four 24-membered
macrocycles from different directions (Fig. 2a, b, d, and e).
Consequently, a new 3D structure is formed by repeating
these interesting connections (Fig. S3). The topological analysis
of the structure has been performed by considering each
[CuI(bpp)]2

2þ macrocycle as a 2-connected node (Fig. 2c) and each
[PW11CuIIO39]5� cluster as a 4-connected node (Fig. 2d), which
can be symbolized as a network with a (84
�122) topology, shown

in Fig. 3.
Another fascinating structural feature of 1 is its highly opened

3D framework. The 3D framework of 1 contains channels with
dimensions of ca. 9.784�7.771 Å2 along the two different direc-
tions as shown in Figs. 4 and 5, in which the [CuI(H2O)(Hbpp)2]3þ

coordination fragments as guest components are trapped. Calcu-
lations by PLATON reveal that the van der Waals free space per
unit cell (after the guest [CuI(H2O)(Hbpp)2]3þ coordination frag-
ments have been removed) is approximately 3087.4 Å3, corre-
sponding to 39.7% of the crystal volume 7772.0 Å3.

3.2. IR spectrum, TGA and PXRD patterns

In the IR spectrum (see Fig. S4), the peaks at 952.67, 887.1 and
809.9 cm�1are attributed to n(W¼Ot), nas(W–Ob–W) and nas(W–
Oc–W) vibrations of a-Keggin cluster (Ot¼terminal oxygen, Ob¼

bridged oxygen of two octahedral sharing a corner, Oc¼bridged
oxygen of two octahedral sharing an edge), respectively. The
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informative bands at 1097.7 and 1062.6 cm�1 can be assigned to
the P–O stretching vibrations in 1. Compared with a typical value
of about 1067 cm�1 for the Keggin anion [58,59], the P–O stretch
of the mono-substituted Keggin tungstophosphate ion splits into
two bands because of the lower symmetry than that in the Td

parent Keggin [49]. The bands at 1424.9–1618.01 cm�1 region are
assigned to characteristic peaks of the bpp ligands. Additionally,
the band at 3442.3 cm�1 is ascribed to characteristic peak for
water molecules.

The TGA of 1 was performed in air at a rate of 10 1C/min in the
range of 45–600 1C to explore its thermal stability. The TGA curve
of 1 exhibits two weight loss steps (Fig. S5). The first weight loss
is 11.61% below 318 1C and the second weight loss is 10.22%
occurred in the range of 318–400 1C. The weight loss step for the
coordinated water molecules (calc. 0.48%) is not obviously
observed, which is possible because the amount of the water
molecules is little. Given a detailed analysis and comparison
between the thermal behavior of 1 and its structure, it can be
deduced that the thermal decomposition of bpp molecules in two
steps may be attributed to their different coordinated modes,
namely, the thermal decomposition 11.61% (calc. 11.08%) before
380 1C corresponds to the loss of water molecules and half of the
amount of bpp molecules in the [CuI(H2O)(Hbpp)2]3þ fragment
and then another half of the amount of bpp molecules in the
[CuI(bpp)]2

2þ macrocycle 10.22% (calc. 10.60%) suffered a rapid
transformation process in higher temperature. The total weight
loss is 21.83%, in consistence with the calculated value of 22.14%
and also supporting the chemical composition of 1.
Fig. 3. Schematic view of the (84
�122) topology in 1. Color codes: green, four-

connected node of one [PW11CuIIO39]5� cluster; blue, two-connected node of

[CuI(bpp)]2
2þ macrocycle. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Fig. 4. The space-filling models showing the unus
The PXRD patterns for 1 are presented in Fig. S6. The diffraction
peaks of both simulated and experimental patterns match well,
indicating the phase purities of 1.

3.3. Electrochemical property

Compound 1 is insoluble in water and common organic
solvents. Thus, the bulk-modified carbon paste electrode (CPE)
becomes the optimal choice to study the electrochemical proper-
ties. The electrochemical behavior of a 1-modified carbon paste
electrode (1-CPE) was investigated in 1 M H2SO4 aqueous solution
at different scan rates (Fig. 6 left). In the potential range of þ600
to �600 mV, there exist three reversible redox peaks II–II0, III–III0

and IV–IV0, attributed to the redox process of WVI/V in the PW12

polyanions [60]. This result shows that 1 is a moderate ground-
state oxidant with widely differing reduction potentials, and
exhibits an ability to undergo a series of reversible redox cycles
without chemical decomposition. This feature has significant
implications for 1 as a photocatalyst in an essential photocatalytic
system with respect to reduction of catalyst and regeneration of
reduced catalyst [61]. In addition, the irreversible anodic peak I is
assigned to the oxidation of the Cu(I) centers [62]. The peak
currents of IV are linearly proportional to the scan rates (see Fig. 6
right), indicating a possible surface-controlled redox process [63].

3.4. Photocatalysis property

Rhodamine-B (RhB) as an example of dye contaminant can be
used for evaluating activity of a photocatalyst in purification of
ual framework with two-directional channels.

Fig. 5. View the 3D framework structure of 1.



Fig. 6. (Left) Cyclic voltammograms of the 1-CPE in the 1 M H2SO4 solution at different scan rates (from inner to outer: 60, 80, 100, 120, 140, 160, and 180 mV s�1) and

(right) the dependence of anodic peak IV current on scan rates.

Fig. 7. (Left) The UV–visible absorption spectral changes for the RhB solutions as a function of irradiation time in the presence of 1. (Right) The plot of relative absorbance

(A/A0) of the RhB solution on UV-irradiation versus reaction time in the presence of 1 and absence of 1.
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wastewater. The photocatalytic performance of 1 against photo-
degradation of RhB under UV irradiation has been checked
through a typical process: prior to photocatalytic experiment,
150 mg of 1 was mixed together with 90 ml of 10.0 mg/L RhB
solution in a beaker by ultrasonic dispersion for 0.5 h. The
mixture was stirred for 2 h till reached the surface-adsorption
equilibrium on the particles of 1. Then, the mixture was stirred
continuously under ultraviolet (UV) irradiation from a 125 W
high pressure Hg lamp at a distance of 4–5 cm between the liquid
surface and the lamp. Every 30 min, 3.0 ml of the sample was
taken out from the beaker, followed by several centrifugations to
remove compound 1, and a clear solution was obtained for
analysis. As shown in Fig. 7 left, the absorption peak of RhB
decreased obviously from 1.21 to 0.37. Moreover, the relative
absorbance of RhB (A/A0) versus reaction time (t) was plotted
(Fig. 7 right). The conversion of RhB (Z) can be expressed by the
following equation [64]: Z¼[(A0�A)/A0]�100%, where A0 is the
initial absorbency of the RhB solution corresponding to the
maximum absorption wavelength; A is the absorbency of RhB
solution after UV light irradiation at any time. The calculation
results show that ca. 68.5% of RhB had been decomposed after
irradiation for 2.5 h. It reveals that compound 1 is outstanding
photocatalyst for photocatalytic degradation of RhB. The possible
mechanism of photodegradation of RhB by 1 as catalyst are as
follows: Compound 1 is constructed by mono-substituted Keggin
ployoxometalate anions (PW11Cu chains) and 24-membered
(Cubpp)2 cation-macrocycles. So like other polyoxometalates,
PW11Cu in 1 possesses very similar photochemical characteristics
of the semiconductor photocatalysts, having large gaps (ca.
4.94 eV, estimated by the UV spectrum of 1, see Fig. S7), d0

transition metal atoms, and oxygen atoms. When 1 is photoacti-
vated by irradiation of its surface with the light energy higher
than or equal to its band gap energy, the charge transfer from an
O2� ion to a W6þ ion will occur at W–O–W bonds, and engender
excited-state PW11Cu with a pair of hole center (O�) and trapped
electron center (W5þ). The excited-state PW11Cu (e�þhþ) is a
more powerful oxidant to be able to degrade RhB [61,65–68].

In addition, the photodegradation process of RhB in the
absence of the compound 1 with UV-irradiation only have also
been done as shown in Fig. S8. The RhB molecules were degraded
with UV-irradiation only, but these degradation rate is low when
compared to the same conditions except for presence of 1 (Fig. 7
right). The results indicate that compound 1 is a good photo-
catalyst for degradation of RhB. Recently, a kind of semiconductor
inorganic material in nanometric scale (usually oxides modified
TiO2 nanoparticles) is used as catalyst to promote the degrada-
tion/oxidation of the organic dyes [69]. For example, a well work
reported by Libanori et al. in which the commercial TiO2 nano-
particles were superficially modified through polymeric resins
obtained from polymerization of citrate complexes of Y3þ and
Al3þ with ethyleneglycol and such surface modifier played an
important role in the photodegradation kinetic process of RhB
[70]. In comparison with the example mentioned above, com-
pound 1 shows slightly lower photocatalytic activities than
unmodified TiO2 nanoparticles and optimum Y2O3 and Al2O3

modified TiO2 nanoparticles, but compound 1 exhibits much
higher photocatalytic activities than the single Y2O3 and Al2O3

and possesses comparable photocatalytic activities with the most
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of Y2O3 or Al2O3 modified TiO2 nanoparticles. Furthermore,
compared with theses oxides (Y2O3 and Al2O3, and their modified
TiO2 nanoparticles), compound 1 as a catalyst to degrade organic
dyes may be a low toxicity and its behavior as a kind of
environmentally benign catalyst.
4. Conclusions

In summary, a new mono-substituted Keggin anion-chain
based inorganic–organic hybrid compound has been obtained.
Notably, it exhibits two structural features. First, the neighboring
mono-substituted Keggin clusters are alternately connected via
sharing the oxygen atoms to form a –A–B–A–B– array chain,
which is different from the former –A–A–A–A– array ones;
second, the mono-substituted Keggin anion-chains are linked by
the 24-membered (Cubpp)2 macrocycles to form a 3D framework.
The preparation of 1 offers a feasible route for synthesis of high
dimensional mono-substituted Keggin anion-chain based
inorganic–organic hybrid compounds. A further work in this field
is underway.
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