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A new POM-based compound with CDS topology is reported, which displays good electrocatalytic
and photocatalytic activities.

By introducing long rigid ligands into polyoxometalate (POM) systems, a new POM-based hybrid
compound with CDS topology, {[Cu(bpe)],(H,SiM0;,04¢)} (bpe)-2H,O (1) (bpe = bis(4-pyridyl)
ethylene), has been hydrothermally synthesized and characterized by physical methods. Single-crys-
tal X-ray diffraction analysis shows that the ladder-like 1-D structure of 1 is formed from Keggin
clusters modified by the wavy ([Cu(bpe)],) chains. Compound 1 contains two types of tunnels along
the a axis and the [1-10] axis, which are occupied by isolated bpe molecules. Compound 1 bulk-
modified carbon paste electrode (1-CPE) displays good electrocatalytic activity toward the reduction
of nitrite and bromate, and photocatalytic activities indicate that 1 presents good degradation activity
and may be a photocatalyst to decompose some organic dyes.
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1. Introduction

The synthesis and characterization of coordination polymers (CPs) based on self-assembly
of specifically designed building blocks has received attention [1—4]. The motivation behind
much of this activity has been provided by the prospect of generating a wide range of
designed materials with desired structures and useful properties such as electronic, mag-
netic, optical, and catalytic. Polyoxometalates (POMs), as one kind of well-defined metal
oxide clusters with nanosizes, abundant topologies, and potential applications in catalysis,
magnetism, and materials science [5-8], are widely used as inorganic building blocks to
construct hybrid compounds [9—-13]. Hybrids made of POMs associated with various CPs
(named as POMCPs) have been reported, in which the CPs provide charge compensation
and/or become a part of the inorganic POM framework. A survey of the literature reveals
that POMs have been incorporated into CPs as pillars [14], templates [15] and participate in
the formation of POMCPs [16]. However, in most cases, the architectures of POMCPs
possess close accumulation model because of the interpenetrating, the interlocking, or the
larger size of POMs, which hinders their study and applications in materials science.

Research has focused on the application of POMCPs in 3-D bulk-modified carbon paste
electrodes (CPE) by direct mixing [17—19], which has been widely applied in electrochem-
istry with advantages: inexpensive, easy to handle, and easy to prepare [20, 21]. Studies
have also shown that POMCPs possess some active physical properties, in particular excel-
lent photochemical nature makes them green photocatalysts for the reduction of environ-
mental pollution [22, 23]. Many organic pollutant compounds can be degraded and
removed by light-excited POMs with high oxidizing ability [24-26]. However, inherent
drawbacks, such as high solubility in aqueous solution or low stability under catalytic con-
ditions, limit the scope of practical applications [27-29]. So, a current development in the
area is to explore stabilized lattice architectures resulting from the association of CPs and
POMs.

To seek efficient and stabilized catalysts, herein, we selected Keggin POMs, bpe, and Cu
ions to synthesize a new POMCP, {[Cu(bpe)]»(H>SiMo0;,04¢)} (bpe)-2H,O (1). The new
POMCP exhibits good electrocatalytic and photocatalytic activities (scheme 1). Bpe was
selected to act as longer spacer ligands with good N-donor and to avoid interpenetrating
and interlocking.

2. Experimental

2.1. Materials and general methods

All reagents were purchased commercially and used without purification. Elemental
analyses were performed on a Perkin-Elmer 2400 CHN Elemental Analyzer (C, H, and N)
and on a Leaman inductively coupled plasma spectrometer (Cu). IR spectra were obtained
on an Alpha Centaurt FT/IR spectrometer with KBr pellet from 400 to 4000 cm™'. The TG
analyses were performed on a Perkin-Elmer TGA7 instrument in flowing N, with a heating
rate of 10 °C min~'. UV-vis absorption spectra were recorded on a 756 CRT UV-vis spec-
trophotometer. Cyclic voltammograms were obtained with a CHI 660 electrochemical
workstation at room temperature. Platinum gauze was used as a counter electrode and
Ag/AgCl electrode was the reference. Chemically bulk-modified CPE were used as working
electrodes.
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Scheme 1. Schematic representation of POMCPs with good electrocatalytic and photocatalytic activities.

2.2. Synthesis of {{Cu(bpe)],(H,SiMo;,049)}(bpe)-2H,0 (1)

The starting materials H4SiM0,040 (1 mM, 183 mg), bpe (1 mM, 18 mg), Cu(NOs),-3H,0
(2 mM, 48 mg), triethylamine (trea) (1 mM), and distilled water (9 mL) were mixed. The
resulting suspension was stirred for 1 h and the pH was adjusted to 4.5 by 1 M NaOH and
then sealed in an 18 mL Telfon-lined reactor. After heating six days at 160 °C, the reactor
was slowly cooled to room temperature. Black—brown block crystals of 1 were filtered,
washed with water, and dried at room temperature. Yield: ca. 34% based on Mo. Anal.
Calcd for C34H34NgCu,SiMo1,045 (2531) (%): C, 17.06; H, 1.18; N, 3.32; Cu, 5.05. Found
(%): C, 17.03; H, 1.34; N, 3.29; Cu, 5.04.

2.3. Preparation of 1-CPE

Graphite powder (48 mg) and 8 mg of 1 were ground together by agate mortar and pestle
to achieve a uniform mixture, and then 0.6 mL nujol was added with stirring. The homoge-
nized mixture was packed into a glass tube with 1.2 mm inner diameter, and the tube sur-
face was wiped with paper. Electrical contact was established with copper rod through the
back of the electrode.
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2.4. Photocatalysis

To investigate the photocatalytic activities of 1 as catalyst, the photodecomposition of
Rhodamine-B (RhB) is evaluated under UV light irradiation through a typical process; the
powder of 1 (50 mg) was mixed with 100 mL RhB solution [1.0 x 107> ML™" (C,)] in a
beaker by ultrasonic dispersion for 10 min. The mixture was stirred for 0.5 h until the sur-
face adsorption equilibrium was reached on the particles of 1. Then, the mixture was stirred
continuously under ultraviolet (UV) irradiation from a 125 W high pressure Hg lamp. Every
30 min, 3 mL of the sample was taken from the beaker, followed by several centrifugations
to remove 1 and a clear solution was obtained for UV—vis analysis.

2.5. X-ray crystallographic study

Crystal data for 1 was collected on a Bruker SMART-CCD diffractometer with Mo-Ka
monochromated radiation (A =0.71073 A) at 293 K. All structures were solved by direct
methods and refined by full matrix least squares on F° using the SHELXTL crystallo-
graphic software package [30]. All non-hydrogen atoms were refined anisotropically. A
summary of the crystallographic data and structural determination is provided in table 1.
Selected bond lengths and angles for 1 are listed in table S1 (see online supplemental
material at http://dx.doi.org/10.1080/00958972.2015.1009907).

3. Results and discussion

In crystal engineering, the control of self-assembly processes is still challenging to realize
the target syntheses of the POMCPs. Many parameters such as initial reactants and their
stoichiometry, pH, crystallization temperature, and pressure can affect the final structures.
Subtle changes of each factor may cause alterations of the self-assembly process and

Table 1.  Crystal data and structure refinements for 1P

Empirical formula C36H36NsCu,SiM0,045
Formula weight 2531

CCDC 1009372

Temperature (K) 293(2)

Wavelength (A) 0.71069

Crystal system Monoclinic

Space group P-1

a (A) 10.593(5)

b (A) 12.717(5)

c(A) 13.149(5)

a (°) 71.106(5)

L) 80.179(5)

y(° 71.366(5)

v (A% 1583.6(11)

VA 1

D(‘alcd (mg m73) 7.325

u (mm™") 3.068

F(©000) 206.0

Goodness-of-fit on F* 1.062

Final R indices [I>20(])] R;=0.0620, wR,=0.1269
R indices (all data) R, =0.0687, wR,=0.1298

Ry = 2||Fo| = IFelV/Z|F,-
PR, = Y[w(F2 — F2PYEIw(F2)™2.
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construct different structures. Thus, we have performed many parallel experiments via
changing the pH and trea. When the pH is higher than 5, slurry precipitate can be obtained,
and when the pH is lower than 4, only floccules can be observed. Additionally, trea is not
necessary for construction of 1.

Note that the oxidation state of copper was changed from the reactant Cu(Il) to Cu(I) in
the product, which was confirmed by valence sum calculations (BVS) [31]. Such a phenom-
enon is often observed in reaction of an N-containing ligand with Cu(Il) under hydrother-
mal conditions. The BVS results show all molybdenums are in +6 oxidation state,
consistent with the elemental analysis, coordination geometries and charge balance,
confirming the structure analyses.

3.1. Structural description of the new POM-based compound

To explore the relationship between structures and properties, a detailed study was adopted
in this POM-based hybrid compound. Single-crystal X-ray diffraction reveals that the asym-
metric unit consists of one Cu', one and a half bpe ligands, one [stiM01204o]27 polyan-
ion (abbreviated as {SiMo;,}), and one lattice water [figure 1(a)]. There is one
crystallographically independent copper, which is three-coordinate in a “T-shape” geometry
formed by two nitrogens from two bpe molecules and one oxygen from {SiMo;,} with
bond distances of 1.908, 1.897, and 2.459 A for Cu—N1, Cu—N2, and Cu-02, respectively.
The angles of N1-Cu—-N2, O2-Cu—N1, and O2-Cu-N2 are 178.15°, 91.60°, and 89.56°,
respectively. Two crystallographically independent bpe ligands are found in 1, one links
with two Cu centers and another is isolated. The {SiMo,} cluster provides two terminal
oxygens coordinating with Cu ions [figure 1(b)].

Supramolecular interactions play an important role in formation of hybrid materials. Cu
ions covalently link with bpe molecules via Cu—N2 and Cu—N1 bonds forming wavy ([Cu
(bpe)],) chains, and adjacent chains are connected forming the 1-D ladder-like chain via the
{SiMo,,} clusters with covalent Cu—O2 bonds [figure 2(a)]. The chains fuse together forming
the 3-D structure via Cu—O2#1 and Cu#1-0O2 short interactions along the [1-10] axis and
08-011 short interaction between SiMo,, clusters along the a axis. The distances are 2.939
A for Cu-O and 2.909 A for O-O [figures 2(b) and 3]. The POM-based hybrid compound
contains two-types of tunnels along the a axis and the [1-10] axis. More specifically, Cu cen-
ters link with {SiMo;,} clusters forming the 2-D POM-Cu inorganic layer (figure S1).
Because the Cu centers and bpe molecules give rigid linear chains, the inorganic layers are

(a) (b)

Cul m
Bail Barc

N1 N2
.

<

SiMO,,

Figure 1. (a) Ball and stick representation of the unit cell of 1. All hydrogens and water molecules have been
omitted for clarity and (b) the coordination mode of SiMo;, cluster, copper, and bpe molecule.
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(a)

":

Figure 2. (a) Ball/stick representation of the ladder-like 1-D [Cu(bpe)], chain and (b) ball/stick representation of
the 3-D structure of the hybrid compound along the ¢ axis.

0-0 hydrogen bond

Figure 3. Ball/stick representation of the Cu—O2 interaction between two ladder-like chains (upper) (symmetry
code: #1: 1 —x, 1 —y, —z) and O8-O11 interaction between two ladder-like chains (lower).

pillared by the linear [Cu(bpe)], chains, which give rise to the tunnels [figure 4(a)]. Isolated
bpe molecules inhabit the tunnels and stabilize the structure (figure S2). From the topological
view, if we assign the Cu (2-in-1) centers and SiMo;, clusters as four connected nodes, and
the bpe molecules as connectors, the 3-D structure can be rationalized as a POMCPs network
with CDS topology [32] and the Schlifli symbol is (6°-8) [figure 4(c) and (d)].

3.2. FT-IR spectrum and thermal analysis

The IR spectrum of 1 is shown in figure S3. Characteristic bands at 961, 907, and
786 cm™ ! are attributed to v(Mo=0), w(Si-0), and v(Mo—O—-Mo) vibrations, respectively.
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fou,

LA

Figure 4. (a) Schematic diagram of the two types of tunnels; (b) combined polyhedral/ball/stick representation of
the 3-D structure formed by inorganic layer and [Cu(bpe)], chains; view of the topology (c) and CDS net (d) of the
compound. The blue nodes symbolize the Cu centers, the red nodes symbolize the {SiMo;,} clusters and the black
sticks symbolize the bpe molecules (see http://dx.doi.org/10.1080/00958972.2015.1009907 for color version).

Bands at 1635-1104 cm ™" are attributed to bpe ligands. The thermal analysis of 1 (shown
in figure S4) gives a total loss of 23.21% from 40 to 570 °C, which agrees with the calcu-
lated weight loss of 22.99%. The first weight loss of 1.67% at 40-250 °C corresponds to
loss of one water per formula (Calcd 1.42%). The second weight loss of 21.54% at 250—
570 °C arises from decomposition of organic ligands (Calcd 21.57%). These results further
confirm the formula of 1.

3.3. Electrochemical and electrocatalytic activities

The cyclic voltammetric (CV) behaviors of 1-CPE were measured from +600 to —150 mV
in 0.1 ML™" H,SO, aqueous solution at different scan rates. In the potential range, three
pairs of redox peaks (I-I', II-II" and III-III") are observed [figure 5(a)] for 1, ascribed to
three consecutive redox processes of Mo ions, respectively, and the mean peak potentials
E\p = (Epe + Epa)/2 are +262, +141, and —52 mV. Note that there should exist a redox
peak at 100-200 mV attributed to Cu(II)/Cu(I), which was not observed perhaps due to
the overlap of Mo(VI)/Mo(V) redox peak. With increase in scan rate, the increasing extent
of the anodic and cathodic peak currents is almost the same, and the peak potentials
change gradually; the cathodic peak potentials shift toward the negative direction, the cor-
responding anodic peak potentials to the positive direction and the peak-to-peak separation
between the corresponding cathodic and anodic peaks increases, but the average peak
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Figure 5. (a) The cyclic voltammograms of 1-CPE in 1 M H,SOy, at different scan rates (from inner to outer: 30,
60, 90, 120, 150, 180, 210, 240, 270, 300, 330, 360, 390, 420 mVs™"). Cyclic voltammograms of 1-CPE in 1 M
H,SO, containing 1, 2, 3,4, 5, 6, 7, 8,9, 10 mM NaNO, (b) and 0, 2, 4, 6, 8, 10, 12 mM KBrO; (c). Scan rate:
100 mV's™".

potentials do not change. During the experiments, 1-CPE showed higher stability than that
of the conventional POM gel film electrode with the electrodes stable over 50 cycles at a
scan rate 100 mVs ' and the current response remained almost unchanged. The
remarkable stability for 1-CPE should be ascribed to the insolubility of the hybrid POM
nanoparticles.

POMs have been exploited in electrocatalytic reductions [33—35]. Herein, electrodes fab-
ricated from POM nanoparticles and graphite were used to study electrocatalytic properties
of 1 toward reduction in nitrite and bromate. The reduction of nitrite to ammonia involves a
six-electron-eight-proton change. Owing to high overpotential required at most electrode
surfaces for direct electroreduction of nitrite, no obvious response is observed for nitrite at
bare CPE from +600 to —150 mV. Figure 5(b) shows the cyclic voltammogram of 1-CPE at
100 mV s~ scan rate in acid solution containing nitrite. The result indicates that 1-CPE has
good electrocatalytic activity for reduction in nitrite. With addition of nitrite, all three reduc-
tion peak currents increase markedly while the corresponding oxidation peak currents
decrease, suggesting that reduction in nitrite involves two-, four-, and six-electron-reduced
species. The six-electron-reduced species has the largest catalytic activity towards reduction
in nitrite. Figure 5(c) shows the cyclic voltammograms for electrocatalytic reduction of
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bromate in acid solution. Unlike the electrocatalytic reduction of nitrite, the catalytic wave
appears only for the third reduction waves, corresponding to four- to six-electron reduction,
which indicates the catalytic activity for reduction in bromate mainly depends on the
six-electron-reduced species.

3.4. Photocatalysis properties

The photodegradation of RhB assisted by 1 is shown in figure 6. For comparison, insolu-
ble (NBuy)4[SiMo0;,040] was also employed in the same catalytic experiments. After irra-
diation for 300 min, the photocatalytic decomposition rates, defined as 1— C/C,, are
91.3% for 1 and 67.2% for (NBuy)s[SiM01,04], respectively. When 1 was used, the
absorption peak of the dye undergoes a large decrease, which indicates that formation of
POM-based compound improves the photocatalytic performance of the POMs. The
enhanced photocatalytic property may arise from the Cu-bpe subunits, which may act as
photosensitizer under UV light, namely, promoting transition of electrons to POMs. Com-
pound 1 possesses good degradation activity and may be a photocatalyst to decompose
some organic dyes.

@), ] b,
(NBu,),[SiMo,,0,,] " Compound 1
10 \
08
08 4
@ @ 06 -
o o
= =
§ o8 2
< 044 \ <
/ \ 02
024 y / \\\
P 4 \N P s A
010 e , S— 0.0 T ——— S —
T T T T T T T T
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Figure 6. Evolution of UV-vis absorption spectra after 300 min of illumination for the photodegradation of RhB
by (NBuy)4[SiM01,040] (a) and 1 (b); Kinetic of weight-based photocatalytic degradation of RhB dye by the
catalysts (c).
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4. Conclusion

By introducing the long rigid bpe into the POMs, a new POMCP with the stabilized lattice
architecture has been reported. The 1-D ladder-like {[Cu(bpe)]»(SiM0;,040)}, covalent
chains link to each other via supramolecular interactions forming the whole structure, and the
isolated bpe molecules stabilize the supramolecular compound. This material displays good
electrocatalytic activity towards reduction in nitrite and bromate, and good photocatalytic
activities for degradation of RhB dyes. The enhanced property may arise from the Cu-bpe
subunits. This study will undoubtedly deepen our systematic understanding of the relation-
ship between structures and properties of POMCPs. It is believed that more POMCPs with
interesting structures and properties will be synthesized in the future.

Supplementary material

Crystallographic data and CCDC can be obtained free of charge from the Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data request/cif. Tables of selected
bond lengths (A), bond angles (°) and figures, IR, TG for compound are provided in
supporting information.
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