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A new compound based on Anderson-type polyoxometalate, [Cu(phen)H,0],[CrHsMogO,4] -
SH,0 (1) (phen = 1,10-phenanthroline), has been hydrothermally synthesized and characterized
by single-crystal X-ray diffraction, elemental analysis, IR spectrum, and thermal gravimetric
analysis. Luminescent, electrochemical, and electroactivity properties of 1 have been studied.
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1. Introduction

The design and synthesis of polyoxometalates (POMs) attract interest for their
structural and topological novelty and their potential applications in catalysis,
magnetism, medicinal chemistry, functional materials, etc. [1-4]. POMs are usually
employed as inorganic building blocks connecting metal complexes to construct
organic—inorganic hybrid materials. The classical Keggin [5a, 5b], Wells—Dawson [5c],
and Lindquist [6] polyoxoanions have been extensively studied. In contrast, the use of
Anderson polyoxoanions as inorganic building blocks is largely unexplored. Anderson
polyoxoanions possess planar structures and each molybdenum has two terminal
oxygens with high reactivity [7, 8]. Therefore, the Anderson polyoxoanions are good
candidates as multidentate ligands to link transition or rare-earth metal complexes and
facilitate the construction of organic-inorganic hybrid compounds. Most reported
hybrid compounds based on Anderson anions were constructed by rare-earth metal
cations and not by transition metal cations [9-12]. Most compounds based on
Anderson-type anions reported previously are constructed by all inorganic components
without any organic unit and were usually synthesized through conventional solution
methods (table 1).

Based on these considerations, in this work, choosing copper, phen, and Anderson
anion as synthons through hydrothermal methods, we obtained a new Anderson-type
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Table 1. A summary of the synthetic conditions and structures of the Anderson POM-based compounds
(detailed coordinate modes of a—c are shown in figure 2).

Synthesis method Basic unit Supported metal Coordinate mode Ref.
Aqueous solution  AIMo6 - - [13]
Aqueous solution AlIMo6 Na, Cu a [14]
Aqueous solution  AlMo6 Al - [15]
Aqueous solution  AIMo6 Cu a [16]
Aqueous solution  AlMo6 La a [7]
Aqueous solution  AlMo6 Eu a [17]
Aqueous solution  AlMo6/CrMo6 Cu a [18-21]
Aqueous solution  AIMo6/CrMo6 Na, Cu a [22]
Aqueous solution CrMo6 Mn a 23]
Aqueous solution  CrMo6 Na, Cu a [24, 25]
Aqueous solution  CrMo6 Na, Zn a [26]
Aqueous solution CrMo6 Na/Dy b [12a]
Aqueous solution CrMo6 La a [27]
Aqueous solution CrMo6 La/Ce a [28]
Aqueous solution CrMo6 La, Ce, Pr, Nd a [29]
Aqueous solution CrMo6 La/Nd a [30]
Aqueous solution CrMo6 Ce b [31]
Aqueous solution CrMo6 Ce, Sm, Eu a [32]
Aqueous solution  CrMo6/IMo6 Ag/Ce Ln c 9]
Aqueous solution CrMo6/IMo6, IMo6  Ag b [33]
Aqueous solution MnMo6/FeMo6 - - [34]
Aqueous solution  MnMo6 - - [35]
Aqueous solution NiMo6 Ni, Ag A [36]
Aqueous solution IMo6 Pr A [37]
Aqueous solution IMo6 Nd A [38]
Aqueous solution TeMo6 Eu, Gd, Tb, Dy, Ho, Er A [8]
Aqueous solution TeMo6 Ho, Yb B [39]
Aqueous solution TeMo6 La, Ce, Pr, Nd A [40]
Hydrothermal TeMo6 Mn, Co, Ni, Cu, Zn La, Ce, Nd A [10]
Hydrothermal TeMo6/TeMo6 Sm/Eu A [11]

POM organic-inorganic hybrid compound [Cu(phen)H,O],[CrHsMo¢O,4] - SH,O (1).

Its electrochemical and electroactivity properties were studied.

2. Experimental

2.1. Materials and general procedures

All chemicals were used as purchased without purification. IR spectrum was recorded
from 4000 to 400cm ™' on an Alpha Centaurt FT/IR spectrophotometer using KBr
pellets. Thermal stability analysis was performed on a Perkin Elmer Diamond TG-DTA

6300 thermal analyzer in N, atmosphere with a heating rate of 10°Cmin™ .

1

Electrochemical experiments were performed with a CHI 660 Electrochemical
Workstation in a conventional three-electrode electrochemical cell using 1 modified
carbon paste electrode (1-CPE) as the working electrode, twisted platinum wire as the
auxiliary electrode, and Ag/AgCl reference electrode in aqueous media. Fluorescence
spectra were performed with a Perkin Elmer LS55 luminescence spectrometer using
a 150 W xenon lamp as excitation source.
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2.2. Synthesis of [Cu(phen)H,0],[CrHsMosO,,]<5H,0 (1)

A mixture of Na,MoO,-2H-0 (0.45g, 1.86 mmol), CrCls-6H>0 (0.2 g, 0.75mmol),
phen (0.04 g, 0.2 mmol), CuCl,-2H>0 (0.05 g, 0.2 mmol), and H,O (10 mL) was stirred
for 30 min in air until it was homogeneous and the pH was adjusted by HCl (3mol L")
to 1.8. The mixture was sealed in a 23 mL Teflon-lined stainless-steel container, which
was heated to 165°C under autogenous pressure for 4 days. After slow cooling to room
temperature at a rate of 10°Ch™!, bluish crystals were collected, washed with distilled
water, and dried at room temperature (36% yield based on Mo). Elemental analysis:
C24N405H35CrCusMog (1) (1630.28). Anal. Caled for 1 (%): C, 17.68; H, 2.16; N, 3.44.
Found (%): C, 16.92; H, 2.12; N, 3.39.

2.3. Preparation of 1 modified CPE (1-CPE)

The 1-CPE was prepared by mixing 0.02 g of 1 with 0.3 g graphite power in an agate
mortar and furbishing to achieve a uniform mixture. Then to the mixture 0.05mL
paraffin oil was added and stirred with a glass rod to get a sticky mixture. The resulting
paste was packed in a glass tube (3 mm diameter) and a copper rod was inserted through
one end of the tube, and pressed down tightly against a sheet of weighing paper.
The other end was polished on the weighing paper to create a smooth surface.

2.4. X-ray crystallography

The crystal data for 1 were collected on a Bruker SMART-CCD diffractometer with
Mo-Ka monochromatic radiation (A =0.71073 A) at 293 K. The structure was solved by
direct methods and refined by full-matrix least-squares on F? using the SHELXTL
crystallographic software [41, 42]. Organic hydrogens were generated geometrically.
Hydrogens of water in 1 could not be introduced in the refinement but were included in
the structure factor calculation. The crystal data and structure refinement of 1 are
summarized in table 2.

Table 2. Crystal data and structure refinement for 1.

Empirical formula C,4N403,H35CrCu,Mog
Formula weight 1630.28

Temperature (K) 293(2)

Crystal system Triclinic

Space group i P1

Unit cell dimensions (A, ©)

a 8.3856(5)

b 9.2366(5)

¢ 14.7623(8)

o 87.6400(10)

B 74.4400(10)

y . 72.4270(10)

Volume (A%), Z 1049.11(10), 1
Calculated density (Mgm ™) 2.668

Absorption coefficient (mm ') 3.091

F(000) 820

Crystal size (mm?®) 0.200 x 0.160 x 0.100

6 range for data collection (°) 2.65-28.29

Reflections collected/unique 8788/4787 [R(int) =0.0155]

Final R indices [/ > 20(1)] R;=0.0293, wR,=0.0792
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3. Results and discussion

3.1. Crystal structures

Single-crystal X-ray diffraction analysis reveals that 1 consists of [CrHsMogO»4]*™
(abbreviated as CrMog), copper cations, and 1,10-phenanthrolines (figure 1).

The building block CrMog belongs to b-type Anderson structure, which consists
of seven edge-sharing octahedra, six of which are {MoOg} octahedra, arranged
hexagonally around the central {CrO} octahedron. There are four distinct kinds of
oxygens in the cluster, with molybdenum—oxygen distances 1.689-2.313 A. The central
Cr-O distances vary from 1.891 to 1.906 A. The bond angles of O—Cr—Og; range from
84.79° to 95.21°, and bond angle of O—Cr—Oy,.,s is 180°. Selected bond lengths and
angles of 1 are listed in table 3.

Each copper is five-coordinate with two oxygens from [Cr(OH)sMogO;s]’~, two
nitrogens from phen, and one H,O. Each CrMog anion acts as a four-coordinate
inorganic ligand linking two copper centers (figure 1). We have summarized the
coordination modes of Anderson polyoxoanion in reported compounds (figure 2 and
table 1); the coordinate mode of Anderson polyoxoanion in 1 belongs to b-type, less
observed than a-type.

A fascinating structural feature for 1 is that a 1-D chain is formed via w7
interactions with the distance of 3.674 A between adjacent benzene rings, as shown
in figure 3. Neighboring chains are linked through weak hydrogen-bonds
(07---01,=2.71 A) to achieve a 2-D supramolecular network (figure 4).

3.2. IR spectrum

The IR spectrum of 1 is shown in figure S1. Peaks at 950, 884, 716, 645, and 565 cm ™!
can be regarded as characteristic of the Anderson anion CrMog. Peaks from 1700 to
1100cm ™" are ascribed to phen.

<Q

Figure 1. View of crystal structure of 1. Hydrogens and crystal water molecules are omitted for clarity.
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Figure 2. The observed coordination modes (a—c) of the Anderson-type anions in typical reported
compounds (blue ball: metal ions).

Figure 3. Polyhedral and ball-stick representation of the 1-D chain via 7---7 interactions in 1.

Figure 4. Polyhedral and ball-stick representation of the 2-D supramolecular network in 1.

3.3. Thermal analysis

The thermal gravimetric (TG) analysis was performed under N, at 20°C-700°C for 1
(shown in figure S2). The TG curve of 1 exhibits two continuous weight loss steps. The
first of 6.9% (Calcd 7.7%) corresponds to loss of lattice water and coordinated water.
The second weight loss of 24.3% (Calcd 24.9%) is attributed to decomposition of 1,10-
phenanthroline ligands and CrMog anions. The total weight loss is 31.2%, consistent
with the calculated value of 32.6% and also supporting the chemical composition of 1.
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Figure 5. CVs for 1-CPE in pH = 1.0 Na,SO4,~H,SO, buffer solution at different scan rates (inset, from
inner to outer: 20, 40, 60, 80, and 100 mV s_l).

3.4. Electrochemistry

The electrochemical behavior of 1-modified carbon paste electrode (1-CPE)
was investigated in H,SO,—Na,SO, buffer solution (pH=1.0) at different scan
rates. As shown in figure 5, there are three pairs of reversible redox peaks (I-I',
II-11', TII-IIT) from +0.6 to —0.8 V, with the mean peak potentials E,» = (Epc+ Epa)
at 0.26, 0.01, and —0.33V (scan rate: 100mV s~ '). The first pair is the redox process
of Cu in the compound, and the last two pairs are ascribed to redox of Mo in
the CrMog polyanions [43-45]. As shown in the inset of figure 5, the anodic peak
current increases with increasing scan rate, which is consistent with surface-confined
reaction.

3.5. Electrocatalytic activity

POMs have been exploited extensively in electrocatalytic reactions and further
applications as biosensors and fuel cells [46, 47]. Here, the reductions of hydrogen
peroxide and iodate were chosen as test reactions to study the electrocatalytic activity of
1. As shown in figure 6, 1-CPE displays good electrocatalytic activity toward reduction
of hydrogen peroxide in pH=1.0 H,SO4Na,SO, buffer solution. With addition of
hydrogen peroxide, the II and III cathodic peak currents, especially the third one,
increased, while the corresponding anodic peak currents decreased markedly. The
nearly equal current steps for each addition of hydrogen peroxide demonstrate stable
and efficient electrocatalytic activity of 1 immobilized in the CPE. The 1-CPE also
exhibited remarkable electrocatalytic reduction on iodate in the buffer solution as
shown in figure 7. Clearly, with gradual addition of 105 to the buffer solution, all
cathodic peak currents, especially the first one, increased and the corresponding anodic
currents decreased dramatically, showing that 1 has very high and larruping
electrocatalytic activity.
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Figure 6. CVs of electrocatalytic reduction of H,O, by 1-CPE in pH = 1.0 H,SO4Na,SO, buffer solution
with H,O,: in various concentrations: 1, 2, 3, 4, 5mmol L™!, scan rate: 100mVs~'. The inset shows the
variation of the catalytic currents of II (/.) with H>,O, concentration.

-1600 00 03 06 09
c(10,) / mV

T T T T T
-0.9 -0.6 =-0.3 0.0 0.3 0.6

EIV

Figure 7. CVs of electrocatalytic reduction of 105 by 1-CPE in pH = 1.0 H,SO4,~Na,SO, buffer solution
with 105: in various concentrations: 0.2, 0.4, 0.6, 0.8, 1.0 mmol L™, scan rate: 100mV s~!. The inset shows
the variation of the catalytic currents of III (/) with 103 concentration.

Normally electrocatalysis activity of POM toward oxidation or reduction of
substrates can be evaluated by calculating the catalytic efficiency using the
equation [48]:

CAT = 100% x [Ip(POM, substrate) — Ip(POM)]/Ip(POM), (1)

where Ip(POM) and Ip(POM, substrate) are the catalytic currents of the POM in the
absence and presence of substrate, respectively. To make a comparison between 1-CPE
in our work and some related molybdenum-based POM hybrids in previously
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Table 4. Catalytic efficiencies of the modified electrode used in this study and comparison to related
modified electrodes.

CAT of PANI CAT of PANI CAT of (Hepy)e
CAT of 1-CPE SiMo, (conc. P,Mo;g (conc. H5[PMo0,04]
Substrate (conc. substrate) substrate) substrate) (conc. substrate)
H0, 377% (1 mmol L") - - 29% (15mmol L")
[49]
107 915% (0.2mmolL™")  433% (0.3mmolL™")  455% (2mmolL™") -
[50] [51]
Ex Em

5

©

=

2]

1

3

'

200 ZéD 360 350 466 450

Wavelength / nm

Figure 8. Luminescent spectrum of 1 in the solid state at room temperature. Ex = excitation, Em = emission.

reported papers, the catalytic efficiencies of Mo-based modified electrodes for the
reduction of hydrogen peroxide and iodate were calculated and are listed in table 4.
The Ip values were obtained from peak 11 of figure 6 and peak III of figure 7 at a scan
rate of 100mVs™'. As seen in table 4, the catalytic efficiency for 1-CPE is much higher
than the related Mo-based modified electrodes for the reduction of hydrogen peroxide
and iodate. These results suggest that 1 has potential applications in the detection of
hydrogen peroxide and iodate.

3.6. Luminescence properties

Inorganic—organic hybrid coordination polymers, especially comprising d'® metal
centers and aromatic-containing systems, have been investigated for attractive
fluorescence properties and potential applications as new luminescent materials.
In this work, photoluminescence of 1 was investigated in the solid state at room
temperature. Upon excitation at 245 nm, 1 shows strong emission at 380 nm (figure 8).
The emission peak of free phen is at 383nm [23]. In comparison with phen, the
origin of the emission for 1 can be tentatively attributable to a joint contribution of
ligand-to-metal charge transfer (LMCT).
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4. Conclusion

A new compound with 2-D supramolecular network has been isolated, presenting an
unusual example of Anderson polyoxoanion-based compound synthesized under
hydrothermal conditions. Considering that the hydrothermal synthesis is a powerful
method for obtaining new compounds, we will focus on expanding this method to
construct new Anderson polyoxoanion-based compounds.

Supplementary material

Crystallographic data for 1 have been deposited in the Cambridge Crystallographic
Data Center with CCDC Number 783480.
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