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To investigate the influence of reaction conditions on the compound structures, five polyoxometalate (POM)-supported
inorganic-organic hybrid compounds, [CuI3(L

1)4][PW12O40] (1), [Cu
I
3(L

1)4][PMo12O40] (2), [Cu
I
3(L

1)4][PW12O40]
(3), [CuI3(L

1)3][PW12O40] (4), and [CuI3(L
2)3][PMo12O40] (5) [L

1 = 1,4-bis(pyrazol-1-ylmethyl)benzene, L2 = 4,40-
bis(pyrazol-1-ylmethyl)biphenyl], were hydrothermally synthesized by tuning the reactant species and molar ratio and
reaction temperature and were characterized by elemental analysis, IR spectroscopy, PXRD, XPS, electrochemistry,
SPS, and X-ray crystallography. Compounds 1 and 2 were synthesized in the isostructural state at 150 �C, in which L1
ligands link CuI ions, generating a cationic 2D 63 (hcb) skeleton {[Cu3(L

1)4]
3þ}n-like sheet that further connects with

POM anions, forming a neutral 2D (3,4)-connected network with a Schl€afli symbol of (53)2(5
4;82). In contrast,

compound 3 was synthesized at a relatively lower reaction temperature (130 �C) than that for the synthesis of 1 and 2,
which exhibits a similar 2D sheet-like cationic skeleton with 1 and 2. Interestingly, the POM anions do not coordinate
with the cationic moieties in 3. Compounds 4 and 5 were synthesized with a relatively lower reactant molar ratio in
comparison with that for the synthesis of 1-3, in which the cationic coordination moieties all present 1D chain-like
structures. Compound 4 exhibits a 3D (3,4)-connected sqc74 framework with a Schl€afli symbol of (6;82)(64;8;10)
formed by the POM anions linking {[Cu3(L

1)3]
3þ}n cationic chains. In comparison to 4, compound 5 shows a 3D

supramolecular framework, which is formed by POM anions and {[Cu3(L
2)3]

3þ}n cationic chains via hydrogen bonds.
The structural difference of compounds 1-5 indicates that the reaction conditions perform a crucial influence on the
structures of this series. The electrochemical properties of 2 and 5 and the SPS responses of 3-5 suggest that these
compounds can be used as potential electrocatalytic or photocatalytic framework materials. In addition, EFISPS
curves indicate that 3-5 possess the n-type semiconductor characteristic.

Introduction

The design and synthesis of inorganic-organic hybrid
assemblies, for example, the construction of novel metal-
organic frameworks (MOFs), have attracted considerable

attention over recent years, because of both their intriguing
architectures and properties as well as potential applications
in catalysis, magnetism, and sensitive devices.1,2 Generally,
one effective approach for novel hybrid assemblies is the
incorporation of functional building blocks, which can afford
a synergic effect with MOFs. Polyoxometalates (POMs), as
a unique class of inorganic metal oxide clusters with un-
matched structural versatility,3 abundant coordination sites,4

and rich properties,5 represent a significant type of inorganic
building block for the construction of new MOF mate-
rials. To date, by introducing POMs into MOF systems,
the obtained hybrid materials not only exhibit anticipated
functional properties, for example, the improved surface
area, dispersion degree and orientation of POMs, resulting
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in enhanced performance such as catalytic efficiency,6 but
also reveal aesthetic topological structures.7

As a kind of typical structure in POM chemistry, due to
size suitability and unity and structure stability, Keggin-type
POMs have been mostly employed as structural units to
construct POM-supportedMOFs through linking with tran-
sition metals and organic ligands, which afford multidimen-
sional topological architectures.8 Most organic ligands are
either rigid or flexible. As a typical rigid ligand, 4,40-bipyr-
idine was applied to react with transition metals and POMs,
forming various POM-based rigid porous compounds,9

where the pore size can be well controlled by changing POM
anions. In contrast, flexible ligands are less used for the
synthesis of POM-based coordination compounds. The lim-
ited report regards high dimensional POM-based coordina-
tion assemblies by using flexible 1,4-bis(1,2,4-triazol-1-yl)-
butane ligand and its derivatives,10 in which the flexible
ligands allowed themselves to fit the coordination environ-

ment of transition metal ions and POMs. However, the
POM-supported MOFs based on those organic ligands
combining rigidness and flexibility are rarely reported. Due
to a rigid phenyl center linking two coordinated groups
via flexible methylene sp3-carbon atoms, the ligand 1,4-bis-
(imidazol-1-ylmethyl)benzene (bix) and its analogue 1,4-bis-
(1,2,4-triazol-1-ylmethyl)benzene (btx) were considered as
this kind of ligand, providing a flexible feature with appro-
priate rigidity, as found in open structure or interpenetrating
coordination polymers.11,12 In addition, POM-supported
MOFs based on these two ligands have revealed a high-dimen-
sional coordination framework with novel topology.13,14 It is
of interest to see if similar ligands can lead to different
topological structures through modified reaction conditions.
With this motivation, we designed ligands 1,4-bis(pyrazol-1-
ylmethyl)benzene (L1) and 4,40-bis(pyrazol-1-ylmethyl)-
biphenyl (L2) (see Scheme 1). Although the two ligands are
similar to bix in structure, they have not yet been engaged in
the synthesis of POM-based coordination compounds.
As expected, through the investigation of the influence of

reaction conditions for the structures of compounds under
hydrothermal conditions, five novel compounds were ob-
tained, namely, [CuI3(L

1)4][PW12O40] (1), [Cu
I
3(L

1)4][PMo12-
O40] (2), [Cu

I
3(L

1)4][PW12O40] (3), [Cu
I
3(L

1)3][PW12O40] (4),
and [CuI3(L

2)3][PMo12O40] (5) [L1 = 1,4-bis(pyrazol-1-yl-
methyl)benzene, L2=4,40-bis(pyrazol-1-ylmethyl)biphenyl].
To the best of our knowledge, these compounds represent
the first examples of POM-based L1 or L2 coordination
polymers. Compounds 1 and 2 are isostructural, exhibiting
a 2D (3,4)-connected network with different POM anions,
[PW12O40]

3- (PW12) for 1 and [PMo12O40]
3- (PMo12) for 2,

respectively. Compound 3 exhibits a 2D honeycomb net-
work, in which PW12 anions fill in the cavity of the cationic
skeleton. Compound 4 exhibits a 3D (3,4)-connected sqc74
framework,15 constructed from PW12 anions linking 1D
cationic chains. And compound 5 is a hydrogen-bond-direc-
ted 3D supramolecular framework, in which each PMo12
anion serves as a template arranged into six 1Dcationic chains,
forming a cubic cage around it. In addition to the crystal
structures and spectral characteristics, the electrocatalysis of
compounds 2 and 5 and the SPS and EFISPS of compounds
3-5 have been studied to lead to an understanding of their
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functional properties. According to present thought, on one
hand, we obtained novel POM-supported MOFs, while
on the other hand, we developed a deep understanding of
ligand geometry and reaction conditions on POM-supported
MOFs.

Experimental Section

Materials and General Methods. All commercially available
chemicals were of reagent grade and used as received without
further purification. The ligands 1,4-bis(pyrazol-1-ylmethyl)-
benzene (L1)12a and 4,40-bis(pyrazol-1-ylmethyl)biphenyl (L2)16

were prepared according to the literature procedures.
Elemental analyses of C, H, and N were performed on a

Perkin-Elmer 2400 CHN elemental analyzer. The IR spectra
were recorded on a Bruker IFS 66v FT-IR spectrometer
equipped with a DGTS detector (32 scans) using KBr pellets.
Powder X-ray diffraction (PXRD) data were collected with Cu
KR (λ=1.542 Å) radiation on a Rigaku D/Max-2500 X-ray
diffractometer. X-ray photoelectron spectroscopy (XPS) ana-
lyses were performed on aVGEscalab 250 spectrometer with an
Al KR (1486.5 eV) achromatic X-ray source. Surface photo-
voltage spectroscopy (SPS) and electric field-induced SPS
(EFISPS) were carried out on a self-made instrument equipped
with a Xenon lamp of 500 W, precision monochromators, a
SR-830 Lock-in amplifier, a chopper, and a computer. Electro-
chemical measurements were carried out on CHI 660C electro-
chemical workstation at room temperature under a nitrogen
atmosphere. A three electrode electrochemical cell was used
with a modified glassy carbon electrode (GCE) as the working
electrode, a platinum wire as the counter, and a Ag/AgCl as the
reference electrode. The working electrode was prepared as
follows: compound 2 or 5 (5 mg) was dissolved in 2 mL of
acetonitrile solution under ultrasonic conditions to give a clear
solution. The resulting solution was dropped onto the surface of
the GCE and dried in the air. This was repeated until a uniform
film on the GCE surface was obtained. This modified GCE can
be used as the working electrode.

Synthesis of [CuI3(L
1)4][PW12O40] (1). A mixture of Na2-

WO4 3 2H2O (0.66 g, 2.0 mmol), L1 (0.19 g, 0.8 mmol), and
Cu(NO3)2 3 3H2O (0.19 g, 0.8 mmol) was dissolved in 15 mL of
distilled water at room temperature, and then four drops of
phosphoric acid were added to the above solution. When the
pH value of the mixture was adjusted to about 1.7-2.2 with
4.0 M HCl, the suspension was sealed in a 25 mL Teflon-lined
autoclave and heated at 150 �C for 5 days. After slow cooling to
room temperature, red-brown rodlike crystals were filtered and

washed with distilled water (43% yield based on W). Elemental
Analysis Calcd. for C56H56N16Cu3PW12O40: C, 16.73; H, 1.40;
N, 5.57. Found: C, 16.78; H, 1.46; N, 5.38. IR (KBr, cm-1): 3116
(w), 1515 (w), 1423 (m), 1407 (m), 1275 (w), 1078 (m), 964 (s), 885
(s), 816 (s), 758 (s), 613 (w), 515 (m), 444 (m).

Synthesis of [CuI3(L
1)4][PMo12O40] (2). The preparation of

compound 2 was similar to that of 1 except that Na2MoO4 3
2H2O (0.48 g, 2 mmol) was used instead of Na2WO4 3 2H2O.
Red-brownblock crystalswere filtered andwashedwith distilled
water (50% yield based on Mo). Elemental Analysis Calcd. for
C56H56N16Cu3PMo12O40: C, 22.68; H, 1.90; N, 7.56. Found: C,
22.81; H, 1.97; N, 7.42. IR (KBr, cm-1): 3122 (w), 2927 (w), 1626
(w), 1517 (m), 1423 (m), 1405 (m), 1280 (w), 1063 (m), 958 (s),
880 (m), 808 (s), 754 (s), 611 (w), 505 (w).

Synthesis of [CuI3(L
1)4][PW12O40] (3). The preparation of

compound 3 was similar to that of 1 except that the autoclave
was heated at 130 �C instead of 150 �C. Red-brown block
crystals were filtered and washed with distilled water (47% yield
based on W). Elemental Analysis Calcd. for C56H56N16Cu3P-
W12O40: C, 16.73; H, 1.40; N, 5.57. Found: C, 16.57; H, 1.36; N,
5.49. IR (KBr, cm-1): 3126 (w), 1519 (w), 1423 (w), 1406 (m),
1352 (w), 1272 (w), 1079 (m), 978 (s), 891 (m), 816 (s), 764 (s), 611
(w), 515 (m), 442 (m).

Synthesis of [CuI3(L
1)3][PW12O40] (4). The preparation of

compound 4 was similar to that of 3 except that the quantities
of L1 and Cu(NO3)2 3 3H2O were changed from 0.8 mmol and
0.19 g to 0.4 mmol and 0.10 g, respectively. Yellow-brown block
crystals were filtered and washed with distilled water (45% yield
based on W). Elemental Analysis Calcd. for C42H42N12Cu3P-
W12O40: C, 13.34; H, 1.12; N, 4.44. Found: C, 13.27; H, 1.08; N,
4.55. IR (KBr, cm-1): 3116 (w), 1519 (w), 1421 (m), 1408 (m),
1271 (w), 1080 (m), 978 (s), 893 (m), 814 (s), 756 (m), 609 (w),
514 (w).

Synthesis of [CuI3(L
2)3][PMo12O40] (5). The preparation of

compound 5 was similar to that of 4 except that Na2MoO4 3
2H2O (0.48 g, 2 mmol) and L2 (0.12 g, 0.4 mmol) were used
instead of Na2WO4 3 2H2O and L1, respectively. Red-brown
block crystals were filtered and washed with distilled water
(55% yield based on Mo). Elemental Analysis Calcd. for C60-
H54N12Cu3PMo12O40: C, 24.38; H, 1.84; N, 5.69. Found: C,
24.29; H, 1.76; N, 5.75. IR (KBr, cm-1): 3124 (w), 2973 (w), 2922
(w), 1633 (w), 1520 (w), 1420(w), 1404 (m), 1277 (w), 1061 (s),
958 (s), 879 (m), 804 (s), 754 (m), 604 (w), 503 (w).

X-Ray Crystallography. Single-crystal X-ray diffraction data
for compounds 1-5 were collected on a Rigaku R-AXIS
RAPID imaging plate diffractometer with graphite-monochro-
mated Mo KR (λ = 0.71073 Å) at 293K. Empirical absorption
corrections based on equivalent reflections were applied. The
structures of 1-5 were solved by direct methods and refined by
full-matrix least-squares methods on F2 using the SHELXS-97
crystallographic software package.17,18All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms of the L1 and
L2 molecules were placed in calculated positions and treated
as riding on their parents. The Cu1 atom in compound 3 is
disordered into two positions, and each position has a site
occupancy factor of 0.5. In addition, the phosphate centers of
the POMs in 1-5 are all disordered. The crystal parameters,
data collection, and refinement results for 1-5 are summarized
in Table 1. Selected bond lengths and angles are listed in
Table S1 (see the Supporting Information). Crystallography
data have been deposited to the Cambridge Crystallography
Data Centre with deposition numbers CCDC: 729896, 734415,
735475, 732393, and 734595 for 1-5, respectively.

Scheme 1. Schematic Representation of 1,4-Bis(pyrazol-1-ylmethyl)-
benzene (L1) and 4,40-Bis(pyrazol-1-ylmethyl)biphenyl (L2)

(16) Fei, B. L.; Sun,W.Y.; Zhang, Y. A.; Yu, K. B.; Tang,W. X. J. Chem.
Soc., Dalton Trans. 2000, 2345–2348.
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Germany, 1997.

(18) Sheldrick, G. M. SHELXL-97; University of G€ottingen: G€ottingen,
Germany, 1997.
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Results and Discussion

Hydrothermal methods are widely used in the synthesis of
inorganic-organic hybrid compounds based on POMs,
because under such reaction conditions, the problems of
reactants’ solubility can be solved. As well-known, in the
hydrothermal reaction many factors can affect the structures
or components of compounds. For this purpose, we investi-
gate the influence of reaction temperature, reactant species,
and reactant molar ratio on the compound structures.
In addition, in compounds 1-5, the oxidation state of Cu

ions can be definitely assigned asþ1 on the basis of the bond
XPS, bond valence sumcalculations,19 coordination environ-
ments, and crystal color, which may be a result of the
reduction of the N-containing L1 or L2 ligand toward Cu2þ

ions; similar phenomena have been reported in the previous
publications.14b,20 In the POM building blocks of 1-5, the
center [PO4] moieties are observed to be disordered similar to
the previous reports,21 and all W and Mo atoms are in þ6
oxidation state confirmed by the XPS.

Crystal Structure Description. [CuI3(L
1)4(PW12O40)]

(1) and [CuI3(L
1)4(PMo12O40)] (2). Single-crystal X-ray

diffraction analysis shows that compounds 1 and 2 are
isostructural, so only the structure of 1 is described here in
detail. Compound 1 crystallizes in the triclinic system
with the P1 space group. As shown in Figure 1a, there are
two crystallographically independent CuI ions, in which
the Cu1 ion lies on a symmetry center and the Cu1 ion is
four-coordinated in a parallelogram geometry environ-
ment formed by two N atoms from two L1 molecules and

two O atoms from two PW12 anions with bond distances
of 1.89(1) Å (Cu1-N1) and 2.60(1) Å (Cu1-O12). The cis
bond angles centered at theCu1 ion are close to 90� (in the
range of 89.6(3)-90.4(3)�), and trans bond angles are
equal to 180�. The Cu2 ion is three-coordinated in a
distorted Y-type geometry environment, coordinated by
three N atoms from three L1 molecules. The bond dis-
tances and angles around Cu2 are 1.93(1)-2.04(1) Å for
Cu2-N and 102.4(4)-142.5(4)� for N-Cu2-N.
In 1, the L1 molecules exhibit both a C-shaped con-

formation with two pyrazole rings extending to one side
of the benzene ring and a Z-shaped conformation with
two pyrazole rings extending to opposite sides of the
benzene ring, which bridge the CuI ions to form a catio-
nic 2D 63 (hcb) skeleton. As shown in Figure 1b, four
C-shaped L1molecules (in the vertical direction) and four
Z-shaped L1 molecules (in the horizontal direction) co-
ordinate with eight CuI ions, forming an octagonal cavity
with dimensions of ca. 14.8 � 18.2 Å. Furthermore, the
PW12 cluster acts as a bidentate linker bridging the CuI

ions via the terminal O atoms of PW12 to form infinite
straight POM anion-based chains (Figure 1c). These
POM anion chains graft onto the cationic skeletons by
sharing the Cu1 ions giving rise to a POM containing a
neutral 2D (3,4)-connected network with a Schl€afli sym-
bol of (53)2(5

4;82) (Figure 1d). Adjacent networks are
stacked in an A-B type offset fashion and linked by
C-H 3 3 3O hydrogen bonds into a 3D supramolecular
framework (Figure 1e; for hydrogen bond distances and
angles, see Table S2, Supporting Information).

[CuI3(L
1)4(PW12O40)] (3). It is interesting that when

the reaction temperature is changed from 150 to 130 �C,
compound 3 displays some difference in unit cell para-
meters and the coordinationgeometrywith 1. Single-crystal
X-ray diffraction analysis shows that compound 3 also
belongs to the triclinic system with the P1 space group. In
comparison with 1, the unit cell parameters of 3 are similar
in length and somewhat different in angles (Table 1).

Table 1. Crystal Data and Structure Refinements for Compounds 1-5

1 2 3 4 5

empirical formula C56H56N16Cu3-
PW12O40

C56H56N16Cu3-
PMo12O40

C56H56N16Cu3-
PW12O40

C42H42N12Cu3-
PW12O40

C60H54N12Cu3-
PMo12O40

fw 4020.96 2966.04 4020.96 3782.58 2956.05
cryst syst triclinic triclinic triclinic triclinic cubic
space group P1 P1 P1 P1 Ia3
a (Å) 11.443(1) 11.453(4) 11.073(4) 12.029(6) 32.631(4)
b (Å) 14.144(1) 14.185(7) 13.660(4) 12.671(5) 32.631(4)
c (Å) 15.401(2) 15.336(5) 15.848(4) 13.429(5) 32.631(4)
R (deg) 111.463(2) 111.290(16) 114.410(9) 102.340(15) 90
β (deg) 97.523(2) 97.970(14) 90.010(12) 109.300(16) 90
γ (deg) 109.784(1) 110.110(15) 106.630(13) 105.490(17) 90
V (Å3) 2088.5(4) 2078.7(14) 2072.2(11) 1756.0(13) 34745(7)
Z 1 1 1 1 16
Dcalc (g cm-3) 3.197 2.369 3.222 3.577 2.260
μ(mm-1) 17.307 2.609 17.443 20.569 2.496
F(000) 1814 1430 1814 1687 22773
reflns collected/
unique

11942/7361 16036/7207 15737/7004 13125/5858 126608/4995

R(int) 0.0212 0.0200 0.0525 0.0872 0.0693
GOF on F2 1.101 1.020 1.270 1.094 1.186
Rl

a [I > 2σ(I)] 0.0373 0.0466 0.0677 0.0619 0.0481
wR2 [I > 2σ(I)] 0.0787 0.0967 0.1551 0.1274 0.1246
Rl

a (all) 0.0479 0.0526 0.0720 0.0704 0.0605
wR2

b (all) 0.0837 0.0997 0.1570 0.1317 0.1309

a R1 =
P

||Fo| - |Fc||/
P

|Fo|.
b wR2 = {

P
[w(Fo

2 - Fc
2)2/

P
w(Fo

2)2]}1/2.

(19) Brown, I. D.; Altermatt, D. Acta Crystallogr., Sect. B 1985, 41, 244–
247.

(20) (a) Hagrman, D.; Zubieta, C.; Rose, D. J.; Zubieta, J.; Haushalter,
R. C. Angew. Chem., Int. Ed. Engl. 1997, 36, 873–875. (b) Hagrman, D.; Zapf,
P. J.; Zubieta, J. J. Chem. Soc., Chem. Commun. 1998, 1283–1824. (c) Lu, C. Z.;
Wu, C. D.; Zhuang, H. H.; Huang, J. S. Chem. Mater. 2002, 14, 2649–2655.
(d) Lu, Y.; Xu, Y.; Wang, E. B.; L€u, J.; Hu, C. W.; Xu, L. Cryst. Growth Des.
2005, 5, 257–260.

(21) Han, Z. G.; Gao, Y. Z.; Zhai, X. L.; Peng, J.; Tian, A. X.; Zhao,
Y. L.; Hu, C. W. Cryst. Growth Des. 2009, 5, 1225–1234.
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As shown in Figure 2a, there are two crystallographi-
cally independent CuI ions, in which Cu1 is disordered.
The Cu1 ion is two-coordinated in a linear geometry
environment, coordinated by two N atoms from two L1

molecules with a bond distance of 2.19(3) Å (Cu1-N1)
and a bond angle of 151.5(7)�. The Cu2 ion is three-
coordinated in a Y-type geometry environment with
bond distances of 1.96(2)-2.10(2) Å and bond angles of
110.3(7)-137.0(7)�.
Interestingly, we observed that there is an intermedi-

ate state of the C-shaped and Z-shaped configuration
of the L1 molecule (Figure S1, Supporting Informa-
tion). The coordination network in 3 is built up by
four Z-shaped and four intermediate states of L1 mole-
cules, in which an eight-nuclear cavity is observed
with dimensions of ca. 15.1 � 17.2 Å (Figure 2b). In
contrast to 1, the nearest distance between the Cu1 ion
and PW12 moiety of 3 is 2.91(1) Å, indicating that
the inserted PW12 anion is only stabilized by hydro-
gen bonds, which differ from the coordination inter-
actions in 1 (Figure S2, Supporting Information).
Finally, a hydrogen-bond-stabilized 3D supramole-
cular framework is found similar to 1 (for hydrogen
bond distances and angles, see Table S2, Supporting
Information).

[CuI3(L
1)3(PW12O40)] (4). In order to evaluate the

influence of the reactant molar ratio on the construction
of the products, compared with 3, half the amounts of L1

and Cu(NO3)2 3 3H2O are used to synthesize compound 4.
Single-crystal X-ray diffraction analysis shows that com-
pound 4 also crystallizes in the triclinic systemwith theP1
space group. Compound 4 consists of three L1 molecules,
three CuI ions, and one PW12 anion, which lack one L1

molecule in relation to 3. There are two kinds of crystal-
lographically uniqueCu ions. TheCu1 ion shows aT-type
geometry by twoN atoms from two L1 ligands and one O
atom of the PW12 anion. The bond distances and angles
around the Cu1 ion are 1.86(2) and 1.87(2) Å for Cu1-N,
2.64(2) Å for Cu1-O, 175.0(7)� for N-Cu1-N, and
95.8(8) and 85.9(6)� for N-Cu1-O. The Cu2 ion is
two-coordinated in a linear geometry by two N atoms
from two L1 ligands. The bond distances and angles
around the Cu2 ion are 1.87(2) Å and 180.0(1)�. The
weak Cu-O interactions are found with distances of
2.82(1) Å in 4 (Figure 3a).
In 4, the L1 molecules exhibit both the Z-shaped

conformation and the intermediate state of the C/Z-
shaped conformation as in 3, which bridge the CuI ions
to form a 1D cationic chain (Figure S3, Supporting
Information). The PW12 anions act as bidentate linkers

Figure 1. (a) Ball-and-stick representationof the asymmetric unit of1, wherehydrogenatoms are omitted for clarity. (b) 2D63 (hcb) coordination network
with a cavity of 14.8� 18.2 Å. (c) 1Dpolyhedral coordination chain ofPW12 anions. (d)ViewofPOMcontaininganeutral 2D(3,4)-connected networkwith
a Schl€afli symbol of (53)2(5

4;82). (e) Schematic illustration of A-B type stacking framework. Symmetry code: (I) -x, 1 - y, 2 - z.
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bridging these coordination chains also to form a 2D
honeycomb network but with a larger cavity of 23.5 �
15.1 Å (Figure 3b). Interestingly, these neutral sheets are
stacked in an A-B-C type with an offset fashion that is
different from the A-B type in 1-3 (Figure 3c). Further-
more, when the weak Cu-O interactions between the
adjacent layers are considered, one 3D (3,4)-connected
sqc74 frameworkwould be built upwith a Schl€afli symbol
of (6;82)(64;8;10) (Figure 3d, Figure S4, Supporting In-
formation).

[CuI3(L
2)3(PMo12O40)] (5).Finally, in order to evaluate

the influence of the ligand on the construction of the
products, the L2 molecule with a longer rigid spacer was
used to synthesize compound 5. Single-crystal X-ray
diffraction analysis shows that compound 5 crystallizes in
the cubic system with the Ia3 space group. Compound 5
consists of three L2 molecules, three CuI ions, and two

halves of PMo12 anions (Figure 4a). There is only one
kind of crystallographically unique CuI ion, which is two-
coordinated in a linear geometry by two N atoms from
twoL2 ligands. The bond distances and angles around the
CuI ion are 1.78(1) Å, 1.82(1) Å, and 167.9(3)�.
In 5, the L2 molecules only exhibit a C-type conforma-

tion and act as a bidentate linker bridging CuI ions to
form a 1D cationic chain (Figure S5, Supporting In-
formation). Like in 3, the Cu-Obond or the weak Cu-O
bond interaction is absent in 5. So the PMo12 anion just
acts as a template, directing the {[Cu3(L

2)3]
3þ}n coordina-

tion chains to array around it through hydrogen bonds. It
may be caused by the stronger rigidity of the L2 molecule,
which prevents the PMo12 anion from approaching the
CuI ion. Interestingly, six {[Cu3(L

2)3]
3þ}n cationic chains

form a cubic cage to host the PMo12 anion (Figure 4b).
Furthermore, these cubic cages are stacked together to

Figure 2. (a) Ball-and-stick representation of the asymmetric unit of 3. Hydrogen atoms are omitted for clarity. (b) 2D63 (hcb) coordination networkwith
a cavity of 15.1 � 17.2 Å.

Figure 3. (a) Ball-and-stick representationof the asymmetricunit of4, inwhich the dashed line indicates aweakCu-Ointeraction andhydrogenatomsare
omitted for clarity. (b) View of the 2D net constructed of PW12 and {[Cu3(L

1)3]
3þ}n moieties. (c) Illustration of A-B-C type stacking networks.

(d) Schematic illustration of 3D (3,4)-connected sqc74 framework with a Schl€afli symbol of (6;82)(64;8;10). Color code: a red ball denotes PW12, and a blue
ball represents a CuI ion. Symmetry codes: (I) 1 - x, 1 - y, 1 - z; (II) 1 þ x, 1 þ y, 1 þ z.
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form a 3D supramolecular framework with two kinds of
crystallographically unique PMo12 anions inserted into
different layers, and then the whole structure is strength-
ened by the C-H 3 3 3O hydrogen bonds (Figure 4c; for
hydrogen bond distances and angles, see Table S2, Sup-
porting Information).

Influence of Reaction Conditions on Compound Struc-
tures. In this work, our attention is focused on studying
the effect of reaction conditions such as reactant species,
reaction temperature, and the reactant molar ratio on
constructing the POM-based coordination compounds.

Species. (i) Compounds 1 and 2were synthesized under
the same reaction conditions, except for using different
POMs as building blocks. These two compounds are
isostructual, which may be caused by PW12 (in 1) and
PMo12 (in 2) being identical in charge, shape, and size.
This result indicates that using PW12 or PMo12 as SBUs
makes no difference on the products’ structure under the
same reaction conditions. (ii) Furthermore, we also assess
the influence of the ligand length on the product struc-
tures. Compounds 4 and 5were synthesized by usingL1 or
L2, respectively. In 4, L1molecules adopt a Z-type orC/Z-
type conformation, which coordinate with two crystal-
lographically unique CuI ions to form a 1D chain. Mean-
while, the PW12 anions in 4 act as the bidentate linkers
connecting these 1D coordination polymers into a 2D
sheet structure. In comparison with L1, the L2 molecule

possesses longer rigid spacer. In 5, L2 molecules only
display the C-type conformation, which coordinate with
two crystallographically equivalent CuI ions to form a 1D
chain. However, the PMo12 anions in 5 do not coordinate
with any CuI ions. They just act as the templates to direct
the {[Cu3(L

2)3]
3þ}n coordination chains to array around

them, then forming a hydrogen-bonding-stabilized 3D
framework. This may be attributed to the L2 molecule
possessing a longer rigid spacer than L1, which prevents
the PMo12 anions from approaching {[Cu3(L

2)3]
3þ}n

moieties because of steric hindrance.
Temperature. Compounds 1 and 3 were synthesized

under identical reaction conditions, except for the change
of reaction temperature. Compound 1 was prepared at
150 �C, in which the CuI ions are three- or four-coordi-
nated by L1 ligands and PW12 anions. However, com-
pound 3 was prepared at a relatively lower temperature
(130 �C), in which the CuI ions are two- or three-coordi-
nated by L1 ligands. In addition, similar phenomena were
found in the other three compounds; for example, the CuI

ions are four- or three-coordinated in 2 (150 �C), three- or
two-coordinated in 4 (130 �C), and two-coordinated in
5 (130 �C). According to our experimental results, it is
supposed that a high reaction temperature is beneficial to
increasing the coordination numbers of the CuI ions.

Molar Ratio. Compounds 3 and 4 were synthe-
sized under the same reaction conditions, except for the

Figure 4. (a) Ball-and-stick and polyhedron representations of the asymmetric unit of 5, in which the hydrogen atoms are omitted for clarity.
(b) Illustration of the environment of PMo12. (c) View of the 3D stacking framework with two kinds of crystallographically unique PMo12 anions. Color
code: a redball denotes POM-1, turquoise denotes POM-2, a red chainmeans the vertical direction, a green chain is the horizontal direction, anda blue chain
points perpendicular to the paper surface.
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reactant molar ratio. Compound 3 was synthesized with
a reactant molar ratio of Na2WO4/L

1/Cu(NO3)2 =
2:0.8:0.8 and was composed of one PW12 anion, four L

1

molecules, and three CuI ions. The L1 ligand coordinated
with the CuI ions to form a 2D network. However, when
we reduced the molar ratio to Na2WO4/L

1/Cu(NO3)2 =
2:0.4:0.4, we obtained compound 4 consisting of one PW12

anion, three L1 molecules, and three CuI ions. Compared
with 3, 4 lost one L1molecule, leading to the formation of a
1D coordinated chain instead of a 2D sheet. Similar
phenomena were also found in other compounds. For
example, 1 and 2 were synthesized with the same reactant
molar ratio as that for 3, and they all possessed four
ligands, while 5 was synthesized with the same reactant
molar ratio as that for 4, and they both possessed three
ligands.

FT-IR, PXRD, and XPS Characterization. The IR
spectra of compounds 1-5 are shown in Figure S6 in
the Supporting Information. Characteristic bands at
1078, 964, 885, 816, and 758 cm-1 for 1; 1079, 978, 891,
816, and 764 cm-1 for 3; and 1080, 978, 893, 814, and
756 cm-1 for 4 are attributed to ν(P-O), ν(WdO), and
ν(W-O-W), respectively. Bands in the regions of
1515-1275 cm-1 for 1, 1519-1272 cm-1 for 3, and
1519-1271 cm-1 for 4 are attributed to the L1 ligand,
respectively. In addition, characteristic bands at 1063,
958, 880, 808, and 754 cm-1 for 2 and 1061, 958, 879, 804,
and 754 cm-1 for 5 are attributed to ν(P-O), ν(ModO),
and ν(Mo-O-Mo), respectively. Bands in the regions of
1517-1280 cm-1 for 2 and 1633-1277 cm-1 for 5 are
attributed to the L1 and L2 ligands, respectively.
The PXRD patterns for compounds 1-5 are presented

in Figure S7, Supporting Information. The diffraction
peaks of both calculated and experimental patternsmatch
well, indicating the phase purities of these compounds.
TheXPS spectra of compounds 1-5are shown inFigure

S8 in the Supporting Information. The XPS spectra show
two peaks at 932.9 and 953.2 eV in 1, 932.7 and 952.6 eV
in 2, 932.9 and 953.2 eV in 3, 933.4 and 953.3 eV in 4,
and 933.2 and 953.0 eV in 5 attributed to CuI(2p3/2) and
CuI(2p1/2). Two peaks at 36.2 and 37.8 eV in 1, 36.4 and
38.0 eV in 3, and 36.7 and 38.1 eV in 4 are ascribed to
WVI(4f5/2) and WVI(4f7/2). Meanwhile, two peaks at 232.9
and 236.1 eV in 2 and 233.2 and 236.4 in 5 are ascribed to
MoVI(3d5/2) and MoVI(3d3/2).

Electrochemical Characterization. Compounds 2 and 5
were decorated on the surface of the working electrode,

and then their redox properties were studied in a 0.5 M
H2SO4 aqueous solution at room temperature. The elec-
trochemical behaviors of the two compounds are similar
except for some slight potential shift, as shown in Figure
5. In the potential range of-0.3 to þ0.5 V, three pairs of
redox peaks are observed, and their mean peak potentials
E1/2= (EpaþEpc)/2 are 0.33, 0.16, and-0.08 V for 2 and
0.30, 0.14, and-0.07V for 5. These redox peaks should be
ascribed to the three consecutive two-electron processes
of Mo, indicating that the redox ability of the PMo12
anions are maintained in 2 and 5.22With the increasing of
scan rates from 50 to 300 mV s-1, the anodic peak
potentials are shifted slightly toward the positive direc-
tion, and the corresponding cathodic peak potentials are
shifted slightly toward the negative direction, suggesting
that the redox processes are surface-controlled.
It is well-known that POMs can be employed in elec-

trocatalytic reduction for some acidic anions.23 Herein, a
simple and rapid method is used to study the electroca-
talytic reduction behaviors of 2 and 5 for the [IO3]

- anion
to confirm that the electrocatalytic activity of POMs is
maintained in 2 and 5. Experiment results illustrate that 2
and 5 perform good electrocatalytic activities for the
reduction of the [IO3]

- anion in a 0.5 M H2SO4 aqueous
solution. As shown in Figure 6, all of the reduction peak
currents of the Mo atoms increase remarkably with the
addition of [IO3]

-, while the corresponding oxidation
peak currents are decreased. These phenomena indicate
that the three reductive species of the PMo12 anion in 2
and 5 all bear electrocatalytic activities for the reduction
of the [IO3]

- anion.

Figure 5. Cyclic voltammogramsof (a) 2 and (b) 5 in 0.5MH2SO4 under scan rates from inner to outer: 50, 100, 150, 200, 250, and 300mVs-1. The inserts
show the relationship of the scan rates versus oxidation peak currents of Mo(II) and the reduction peak currents of Mo(II0).

(22) (a)Wang, P.; Yuan, Y.; Han, Z. B.; Zhu, G. Y. J.Mater. Chem. 2001,
11, 549–553. (b)Wang, P.;Wang, X. P.;Wang, X. Y; Zhu, G. Y.Anal. Chim. Acta
2000, 424, 51–56.

(23) (a) Nellutla, S.; Tol, J. V.; Dalal, N. S.; Bi, L. H.; Kortz, U.; Keita, B.;
Nadjo, L.; Khitrov, G. A.; Marshall, A. G. Inorg. Chem. 2009, 44, 9795–
9806. (b) Bi, L. H.; Kortz, U.; Nellutla, S.; Stowe, A. C.; Tol, J. V.; Dalal, N. S.;
Keita, B.; Nadjo, L. Inorg. Chem. 2005, 44, 896–903. (c) Bi, L. H.; Shen, Y.;
Jiang, J. G.; Wang, E. K.; Dong, S. J. Anal. Chim. Acta 2005, 534, 343–351.
(d) Chen, L.; Tian, X. F.; Tian, L.; Liu, L.; Song, W. B.; Xu, H. D.Anal. Bioanal.
Chem. 2005, 382, 1187–1195.

(24) The hysteresis phenomenon with increasing concentration of [IO3]
-

during the electrocatalysis process may be caused by the slow response of the
thin film to the reduction of a high concentration of [IO3]

-. A similar result
has been observed in the electrocatalysis of protein bearing film with a high
concentration of nitrite. Nadjo et al. also reported a hysteresis phenomenon
in the electrocatalysis for the reduction of nitrate in POM solution. Please
see: (a) Fourmond, V.; Sabaty, M.; Arnoux, P.; Bertrand, P.; Pignol, D.;
L�eger, C. J. Phys. Chem. B 2010, 114, 3341–3347. (b) Keita, B.; Abdeljalil, E.;
Nadjo, L.; Contant, R.; Belgiche, R. Electrochem. Commun. 2001, 3, 56–62.
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SPS and EFISPS Characterization. SPS and EFISPS
are effective methods to investigate the processes of dye
sensitization and photocatalysis and the photoelectric
properties of a semiconductor.25 However, to the best
of our knowledge, the study of surface photovoltaic

(SPV) behaviors of POM-containing materials is in its
preliminary stage, with very limited publications relevant
to the topic available.5c,26 In this paper, we employed SPS
and EFISPS to investigate the behaviors of photogenera-
ted electrons and the photoelectric properties of com-
pounds 3-5. Such a characteristic indicates that these
compounds can be used as potential photocatalytic frame-
work materials for the degradation of organic mole-
cules.
The curves of the SPS of compounds 3-5 show similar

SPV response bands in the range of 300-375 nm (Figure
7a). The different intensities of the SPV may be caused
by the different structures of the three compounds. For
instance, 3 possesses a more regular network structure
than 4 because the stacking fashion is the A-B type in 3
and the A-B-C type in 4, which can supply more trans-
mission passages for electrons or holes. More electrons

Figure 6. Cyclic voltammograms of (a) 2 and (b) 5 in a 0.5 M H2SO4 solution containing concentrations of [IO3]
-. From top to bottom: 0, 5, 7.5, and

10 mM, under a scan rate of 50 mV s-1.24

Figure 7. (a) SPS of compounds 3-5. (b) EFISPS of 3. (c) EFISPS of 4. (d) EFISPS of 5.

(25) (a) Lin, Y. H.; Wang, D. J.; Zhao, Q. D.; Yang, M.; Zhang, Q. L.
J. Phys. Chem. B 2004, 108, 3202–3206. (b) Lenzmann, F.; Krueger, J.;
Burnside, S.; Brooks, K.; Gratzel, M.; Gal, D.; Ruhle, S.; Cahen, D. J. Phys.
Chem. B 2001, 105, 6347–6352. (c) Hou, X. K.; Du, X. G.; Ma, C. Y.; Li, Y.;
Zhang, Q. L.; Wang, X.; Chang, Y, C.; Jiang,W. H.; Cheng, C. H.; Shan, S. J.; Du,
G. T. Synth. Met. 2005, 105, 305–308. (d) Zhang, J.; Wang, D. J.; Shi, T. S.;
Wang, B. H.; Sun, J. Z.; Li, T. J. Thin Solid Films 1996, 596, 284–286.

(26) (a) Li, S. Z.; Zhao, J. W.; Ma, P. T.; Du, J.; Niu, J. Y.; Wang, J. P.
Inorg. Chem. 2009, 48, 9819–9830. (b) Li, M. X.; Liu, S. Z.; Zhang, C. M.; Du,
Z. L.; Wong, W. Y. Acta Chim. Sinica 2005, 63, 1676–1680. (c) Liu, L.; Liu, Q.;
Chen, M.; Li, M. J.; Xu, L. P.; Liu, S. Z.; Du, Z. L.; Wong, W. Y. Aust. J. Chem.
2010, 63, 103–108. (d) Liu, L.; Zhang, G. S.; Liu, S. Z.; Ai, W. H.; Zhang, C. M.;
Du, Z. L.; Wong, W. Y. Acta Chim. Sinica 2005, 63, 2194–2198.
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diffusing to the surface can lead to an increase of SPV
intensity.27 So the SPV intensity of 3 is higher than that of
4. Nevertheless, 5 possesses the lowest regular hydrogen
bonding structure in these three compounds; hence, it
shows the lowest SPV intensity.
The EFISPSs of compounds 3-5 are shown in

Figure 7b-d. The EFISPS results show that similar
SPV responses for 3-5 under the external electric fields
changed from -2 to þ2 V. The SPV response intensities
of these three compounds all increase when the posi-
tive fields increase, while they reduce when the external
negative fields increase. This is attributed to the positive
electric field being beneficial to the separation of photo-
excited electron-hole pairs, which in turn results in an
increase of response intensity; however, the negative elec-
tric field has just the opposite effect, suggesting that 3-5
possess the n-type semiconductor characteristic.5c,26a,28

Conclusions

Five Keggin POM-based inorganic-organic hybrid com-
pounds, 1-5, have been synthesized and characterized, and
their structural relationships with the reaction conditions
have also been studied. Research results indicate that the
assembly of POMs and flexible ligand L1 and L2 coordina-
tion compounds can be controlled by tuning the reaction
conditions. (i) Compounds 1 and 2 were synthesized at
150 �C, in which the CuI ions are three-coordinated or
four-coordinated, while compounds 3-5 were synthesized
at 130 �C, inwhich theCuI ions are two-coordinated or three-
coordinated. It is supposed that the reaction temperature
may affect the coordination number ofCu ions; that is, a high
reaction temperature is beneficial to increasing the coordina-
tion ability of center CuI ions. (ii) Compounds 4 and 5 were
synthesized with a relatively lower reactant molar ratio in

comparison with that for the synthesis of 1-3, in which the
cationic coordinationmoieties all present 1D chain structures
in contrast to the 2D sheets in 1-3, indicating that the
reactant molar ratio may result in different arrangements
of coordination moieties; that is, a high reactant molar ratio
of the ligand and Cu(NO3)2 to molybdates/tungstates tends
to increase the dimensions of [CuL] coordination polymers.
(iii) Compound 5 was synthesized by using the L2 ligand
instead of L1 for 1-4, in which the {[Cu3(L

2)3]
3þ}n moieties

exhibit larger steric hindrance to coordinate with POM
building blocks than {[Cu3(L

1)3]
3þ}n and {[Cu3(L

1)4]
3þ}n

moieties in 1-4, suggesting that longer ligands possess larger
steric hindrance, which is bad for the coordination of POMs
with [CuL] moieties. In summary, this work provides useful
information for the design and synthesis of POM-based
coordination compounds. Further work is in progress to
evaluate the influence of the charge number of POMs on the
preparation of coordination macrocycles based on [CuL1]
moieties. The electrocatalytic properties of 2 and 5 and the
SPS responses of 3-5 suggest that these compounds can be
used as potential electrocatalytic or photocatalytic frame-
workmaterials. In addition,EFISPS curves indicate that 3-5
possess the n-type semiconductor characteristic.
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