%2565 5 T L 1k & 2% Eild Vol.25 No.5
2009 4 5 J CHINESE JOURNAL OF INORGANIC CHEMISTRY 900~905

% BB FARER R A BT R LM B R & B A AN TR

RER!D FERN? L2 REW?
(BRELLKRFLIER ARIE  150001)
Qo RFEIFERFAFHTER B RE  150025)

X

WE . ASCRIAKREEG T — D048 A HL-THL 2R G P [Cuy(phen)y(HPO,),(H,0),(OH),[HPMo,0.0] - H,O (1) ( phen=%F
AR M), AL IC R AT LOAMGIE G AT XS B A AT G R AT T A RAE, LA 12 i A 85 R AR Keggin B ES
TR AR K ST 2H A DU R R RN 22 B B T 2 (R A 35 Y M-~ O AH ELAR TR R 45 H (M=Cu, Mo), 2% — 2 25 1 38 5 0
0 g A0 AR FIR R = 28 4 FAHESE SO XA G4 1 Y b A i Ak PR AT T 05T

KB KA MRS 2R AR iy
HESES. 0614.121; 0614.6172 LEAARIRAD . A X EHS . 1001-4861(2009)05-0900-06

Synthesis, Structure and Properties of A Hybrid Material Based on
Polyoxoanion and Copper Phosphate
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Abstract: A new metalorganic-inorganic hybrid compound [Cuy(phen),(HPO,4),(H,0),(OH),][HPMo,,04] - H,O (1)
(phen =1,10-phenanthroline), has been hydrothermally synthesized and structurally characterized by elemental
analysis, IR spectrum, thermal analysis and single-crystal X-ray structural analysis. Compound 1 is consisted of a
tetranuclear copper phosphate [Cuy(phen)(HPO,),(H,0),(OH),**, Keggin polyoxoanion [HPMo,,0,[* and the lattice
water molecule. Compound 1 generates an interesting 2D network between the tetranuclear copper phosphates
and polyoxoanions by weak M---O interactions (M=Cu, Mo), which is further connected into a 3D supramolecular
architecture through hydrogen bonds and -7 interactions. Compound 1 was used as a solid bulk modifier to

fabricate a carbon paste electrode (1-CPE) by direct mixing. The electrochemical and electrocatalytic behaviors of

the 1-CPE have been studied in detail. CCDC: 666620.
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0 Introdution inorganic building blocks for construction of solid state
materials with various metal-organic coordination poly-

Polyoxometalates (POMs), as one kind of signif- mers because of not only their intriguing structural
icant metal-oxygen cluster, have been employed as diversity but also potential applications in catalysis,
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biochemical analysis, medicinal chemistry, and materi-
als science!". Transition metal phosphates have also
received considerable attention for their widespread
applications in the fields of catalysis, separation,
adsorption and host-guest assembly®. Our group has
been attempting to incorporate POMs into transition
metal phosphates and to explore the synergistic reaction
between them. One of the important targets in the
preparation hybrid materials of based on transition
metal phosphates and POMs is to establish the possible
connections between organic and/or inorganic mole-
cular fragments by various forces including strong and

directional interactions

(e.g. metal-ligand bonding)
and weak interactions, such as hydrogen-bonding!, 7-
7 stacking”, CN--- 7 interaction and CN --- Cu intera-
ction”, weak Cu---X (X=0, Br) interaction”, halogen-
halogen® Ag---X (X=Ag, O, S) interactions”, Br--- 7

1 and so on. The weak interactions are ext-

interaction
remely important in the construction of high dimen-
sional networks. Recently, several crystal structures
based on transition metal phosphates and POMs have
been synthesized, for example, cobalt phosphonate
hybrid material™, polyoxomolybdate clusters into cop-
per phosphonate network . However, the construction
networks of based on transition metal phosphates and
POMs through weak metal-oxygen interactions remains
is a great challenge. Therefore, we are appealed in the
study of the weak interactions and their influence on
packing styles. Herein, we report the synthesis, struc-
ture, thermal properties, electrochemical and electro-
catalytic properties of [Cuy(phen),(HPO,),(H,0),(OH),]
[HPMo,0.] - H;0.

1 Experimental

1.1 Materials and physical measurements

All reagents were purchased commercially and
used without further purification. Elemental analyses
(C, H, and N) were performed on a Perkin-Elmer 2400
CHN Elemental Analyzer. The infrared spectra were
obtained on a Nicolet Impact 410 FTIR spectrometer in
the 400 ~4 000 ¢cm™ region with pressed KBr pellets.
Thermogravimetric

analyses were recorded in a

dynamic nitrogen atmosphere with a heating rate of 10
°C +min ' using a Mettler TGA/SDTA851e thermal
analyzer. Electrochemical measurements were made on
a CHI 660b electrochemical workstation. A conventional
three-electrode system was used. The working electrode
was a modified carbon paste electrode (CPE). Ag/AgCl
(3 mol -L. ™" KCIl) electrode was used as a reference
electrode and a Pt wire as a counter electrode.
1.2 Synthesis

A mixture of CuSO,-5H,0 (1.28 mmol), Na,Mo0O,-
2H,0 (2.48 mmol), H;PO, (7.34 mmol), 1,10-phenanth-
roline (0.28 mmol), and H,O (7.0 mL) was stirred for 80
min in air, The mixture was then transferred to a 20 mL
Teflon-lined autoclave and kept 160 °C for 6 days under
autogenous pressure, after cooling to room temperature.
The green block crystals of 1 were washed with distilled
water, and dried at ambient temperature (yield: 35%
based on Mo). Caled for Cu;HyNgOs3CuMopPs (%): C
18.73, H 1.41, N 3.64. Found (%): C 18.65, H 1.46, N
3.57. IR(KBr, em™): 3425(s), 1 610(m), 1 427(m), 1 057
(vs), 994(vs), 846(s), 739(m).
1.3 X-ray crystal structural analysis

Diffraction data of 1 were collected on a Bruker
SMART CCD diffractometer using graphite monochro-
matic Mo Ka radiation (A=0.071 073 nm) at 293(2) K.
A total of 13 738 reflections were collected in the range
of 1.92° <60 =<28.29°, of which 9 270 reflections were
unique with R;,=0.025 1 and 7 430 with />20 (I) were
considered as observed. The structure was solved by
direct methods and refined by the full-matrix least-
squares methods on F which were performed using the
SHELX-97 software package!™". The final R, and wR,
were 0.034 3 and 0.073 7. All non-hydrogen atoms were
refined anisotropically and hydrogen atoms on carbon
atoms were included at calculated positions and refined
with a ring model, hydrogen atoms on water molecule
(O1W) were left out and hydrogen atoms attached to
water molecule (027) were located from the Fourier
maps. The erystal data and structure refinement param-
eters of compound 1 were summarized in Table 1. Sele-

cted bond lengths and angles were listed in Table 2.
CCDC: 666620.
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Table 1 Crystal data and structure refinement parameters for 1

Empirical formula CysHyCugMoNgOs3Ps D./ (g-cm™) 2.685

Formula weight 3078.25 & (Mo Ka) / mm™ 3.173

Crystal system Triclinic F(000) 1 476

Space group Pl Crystal size / mm 0.22x0.17x0.15

a/nm 1.065 47(2) 6 range/ (°) 1.92~28.29

b / nm 1.425 00(4) Reflections collected / unique 13 738

¢/ nm 1.438 78(4) Independent reflections (R;) 9 270 (0.025 1)

B/ 85.631(2) GOF on F? 1.061

Volume / nm® 1.903 86(8) Final R indices [I>20(1)] R=0.034 5, wR,=0.074 3
VA 1 R indices (all data) R=0.049 7, wR,=0.084 5

Table 2 Selected bond lengths (nm) and angles (°) for 1

Mo(1)-0(5) 0.166 6(4) Mo(2)-0(10)
Mo(2)-0(1) 0.194 1(5) Mo(3)-0(13)
Mo(4)-0(18) 0.195 7(4) Mo(5)-0(15)"
Mo(5)-0(17)" 0.248 3(6) Mo(6)-0(4)
Cu(1)-0(23) 0.196 9(3) Cu(2)-0(27)
Cu(2)-N@) 0.199 4(4) P(2)-0(24)"
0(5)-Mo(1)-0(2) 102.9(2) 0(9)-Mo(2)-0(10)
0(11)-Mo(2)-0(12) 159.4(2) 0(16)-Mo(3)-0(13)
0(20)-Mo(4)-0(8) 102.5(2) 0(3)-Mo(5)-0(18)"
0(21)-Mo(5)-0(9) 101.0(2) 0(22)-Mo(6)-0(7)
N(1)-Cu(1)-0(25) 89.78(16) 0(27)-Cu(2)-N(4)
N(4)-Cu(2)-N(3) 82.55(16) 0(26)-P(2)-0(28)

0.184 9(5) Mo(1)-0(2) 0.184 0(4)
0.198 2(4) Mo(3)-0(2) 0.197 5(4)
0.197 1(5) Mo(4)-0(12) 0.250 0(6)
0.185 5(4) Mo(6)-0(22) 0.166 2(4)
0.196 2(4) Cu(1)-N(1) 0.201 8(4)
0.153 0(3) P(1)-0(6) 0.153 5(6)
93.6(2) 0(3)-Mo(1)-0(7) 91.2(2)
99.9(2) 0(14)-Mo(3)-0(13) 155.6(2)
94.6(2) 0(13)-Mo(4)-0(19) 155.9(3)
159.3(2) 0(4)-Mo(6)-0(12)" 94.5(2)
90.35(17) 0(24)-Cu(1)-0(25) 98.06(15)
109.2(2) 0(7)-P(1)-0(6) 68.5(3)

Symmetry transformations used to generate equivalent atoms: #

2 Results and discussion

2.1 Structure description

The single crystal structure revealed that 1 is
consisted of copper phosphate [Cuy(phen),(HPO,),(H,0),
(OH),J** as the metal-organic one, Keggin polyoxoanion
[PMo ;04"
molecule (Fig.1),

as the inorganic building and lattice water
moreover, one free proton may be
located at polyoxoanion serving as counterion in 1. In
the well-known Keggin structure, there are 12 {MoOg}
octahedra and one PO, tetrahedron. The 12 {MoOg} are
arranged in four groups of three edge-shared octahedra
{Mo030y}, which are joined to each other by sharing
corners. According to the different coordination fashion
of O atoms in Keggin anion, the Mo-O bond lengths
can be classified into three sets: Mo-0O,, 0.164 7 (4) ~
0.166 6(4) nm; Mo-0,, 0.183 3(4)~0.198 4(4) nm; Mo-0;,
0.241 6(5)~0.250 9(6) nm, while the coordination bond
angles at the Mo centers are in the range of 40.39(18)°~

—x+1, —y+1, —z; #

—x+2, —y+1, —z+1.
161.8(2)°

of eight oxygen atoms with each oxygen site half-

. The central P atom is surrounded by a cube
occupied™. The P(1)-O distances are in the range of

0.148 6(5)~0.156 2(6) nm and O-P(1)-O angles 68.3(3)°
~180.0(4)°.

®
o1wW

Fig.1 Molecular structure of 1



553

B A RVAE . 22 B 2 1 Rl R A i T 4 A A A 3 1 45 A R 903

[Cuy (phen), (HPO,), (H,0), (OH),J* * serves as the
cation, with butterfly topology. The cation itself may be
considered as a type of organic-inorganic hybrid mate-
rial with the organoamine ligands directly coordinated
to the scaffolding. Two types of Cu species, indicated as
Cu(1) and Cu(2), respectively, which are crystallogra-
phically independent. Each Cu atom has square
pyramidal geometry with N,O; donor set. The two
[CuN,0;] are interlinked by the bridging oxygen atoms
from HPO, ligands. The four basal positions are
occupied by two N atoms of the phen ligand and two
phosphate oxygen atoms, the Cu-N distances are in
the range of 0.199 4(4)~0.202 1(4) nm, the basal Cu-O
bond lengths range from 0.193 3(3) to 0.196 9(3) nm,
and the coordination sphere at the apical position of
Cu(1) is a hydroxide (Cu(1)-0(25) 0.225 6(4) nm) and
Cu(2) is completed by a terminal coordinated water
molecular(Cu(2)-0(27) 0.196 2(4) nm). Bonding about
Cu(1) varies with donor type and position with apical
bond lengths significantly longer than the basal-plane
ones, as might be anticipated by the Jahn-Teller
theorem. Distance of Cu(1)-+-Cu(2) is 0.326 1 nm and
0.439 0 nm, respectively. P(2) makes three bonds to
Cu atoms with P-O distances 0.152 4(4)~0.158 1(4) nm,
terminal P-OH bond as its fourth vertex [dP(2)-O(28)=
0.158 1(4) nm]. Valence sum calculations!™ reveal that
in 1, all Mo centers are +6 oxidation states (X s =6.18~
6.26), the P sites are +5 oxidation states (2, s=4.93~4.99),
the Cu sites are +2 oxidation (X s=1.72~1.77) states.

It is noteworthy that the structure of 1 exhibits
weak interactions between tetranuclear copper phos-
phates and the Keggin anions [(Cu(2)--- 0(5)=0.279 2
nm, Mo(6)---0(27)=0.361 4 nm)], forming a two-dimen-
sion network (Fig.2), different from that of polyoxian-

ions linked transition metals with strong coordination
interaction or only electrostatic interaction in previous
literature!®.  Although such kind of copper-oxygen
distance is considerably long beyond the range of
coordination interaction, it is less than the sum of van
der Waals radii of copper and oxygen (0.355 nm), and
Mo--- O distance is close to the sum of van der Waals
radii of molybdenum and oxygen (0.365 nm) ™. On
account of the weaker Cu---O and Mo---O interactions,
the packing of 1 can be described as an extended
framework constructed from polyoxoanions attached by

tetranuclear copper phosphates linkages.

Fig.2 Ball-and-stick representation of the 2D network of
1 by the weaker Cu---O and Mo---O interactions
There is an intramolecular H-bonding between the
apical coordinated water molecule O(27) and phosphate
oxygen O(24) [0(27)-H27A --- 0(24) 0.269 3(6) nm].
H-bonding

between water molecules and/or hydroxyl and the oxo

Intermolecular contacts are observed
groups of polyoxoanions (Table 3). In addition to 7-7
interactions are also found between benzene rings from
phen ligands and play an important role in stabilizing

the network. Furthermore, the 2D networks were

Table 3 Distances and angles of hydrogen bonding for 1

D-H--A d(D-H) / nm d(H---A) / nm d(D-+A)/nm £ (DHA) / (°)
0(25)-H(25)---0(13)" 0.082 0.256 0.293 7(6) 109.2
0(27)-H(27A)---0(24) 0.075(7) 0.202(7) 0.269 3(6) 150(7)
0(27)-H(27A)--0(22)" 0.075(7) 0.245(7) 0.281 7(5) 112(6)
0(27)-H(27B)---0(14)" 0.077(9) 0.263(9) 0.322 5(6) 135(8)
0(28)-H(28)--0(1W) 0.082 0.210 0.284 0(7) 150.4
0(28)-H(28)---O(11)" 0.082 0.254 0.301 9(5) 1183

Symmetry transformations used to generate equivalent atoms: * —x+1, —y+1, —z+1; # x+1, y, z+1.
y Ty g q! Y Y,
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stacked by H-bonding and 7r-7 interactions to form a
3D supramolecular architecture.
2.2 TG analysis
Thermogravimetric analysis (TGA) also supports
the chemical composition. In the TG curve of 1 (Fig.3),
there exist two weight loss stages. In the temperature
range of 165~235 °C, the initial weight loss of 2.97%
corresponds to the release of water molecule (caled
2.89%). The second weight loss of 23.96% occurring
between 400 °C and 490 °C is release of the phen
ligands (23.42%). The whole weight loss (26.93%) is in

good agreement with the calculated value (26.31%).
40

354

0 100 200 300 400 500 600 700 800
T/C
Fig.3 TG curve of 1

2.3 Voltammetric behavior of 1-CPE

The cyclic voltammograms for 1-CPE in 1 mol - L™
H,SO, aqueous solution at different scan rates is
presented in Fig.4. There are three pairs of reversible
redox peaks appear in the potential range of +700 to
—100 mV. The half-wave potentials E\,=(E.+E,)/2 are
+490, +372 and +226 mV, respectively. The three

redox peaks can be ascribed to redox process of

-250 T T T T
-0.2 0.0 0.2 0.4 0.6 0.8

E/V
From inner to outer: 20, 50, 80, 110, 140 mV-s™

Fig.4 Cyclic voltammograms of the 1-CPE in 1 mol- L~

H,S0, at different scan rates

molybdenum!™®. The fourth irreversible anodic peak(IV)
is assigned to the oxidation of Cu* at 128 mV'™.

When the scan rate was varied from 20 to 140
mV +s7', the catholic peak potentials shift towards the
negative direction and the corresponding anodic peak
potentials to the positive direction with increasing scan
rates. The peak to peak separation between the
corresponding cathodic and anodic peaks increases
with the scan rate increasing, but the mean peak
potentials do not change on the whole. This may be
explained as the following: the reduction of the
compound immobilized in the CPE is accompanied by
the evolution of protons from solution to maintain
charge neutrality, while the encapsulation of the
compound may slow down the penetration rate of
protons and decrease the electron exchange rate to
some extent.
2.4 Electrocatalytic reduction of nitrite on 1-CPE

As s POMs have been

extensively in electrocatalytic reductions™™. Dong and

known, exploited

Keita et al. have reported the electrocatalytic reduction
of NO,” with SiW,04" and POMs/polymer system, res-
pectively!. In our experiment, we found compound 1
bulk-modified CPE also displayed excellent electro-
catalytic activity toward the reduction of NO, in 1 mol -
L™ H,S0, in the range +700 to —100 mV, as shown in
Fig.5. It can be seen that with the addition of NO,, the
peak-to-peak separations between the corresponding

anodic and cathodic peaks increase, the reduction peak

-204

< -40

I/

-604

(d)

02 0.0 02 0.4 0.6 058
E/V
Scan rate: 15 mV-s™
Fig.5 Cyclic voltammograms of the 1-CPE in 1 mol-L™
H,S0, containing (a) 0; (b) 3.8; (c) 7.5; (d) 15
mmol-L" NaNO,



553

ot IR\ 22 0 0 T 4 0 T 0 2 L B 2 B 85 R I 905

currents at negative domain increase remarkably while
the corresponding oxidation peak currents decrease,
suggesting that the 1-CPE has good electrocatalytic

activities toward the reduction of nitrite.

3 Conclusions

In summary, we have prepared and structurally
characterized a novel 2D network formed by the weaker
M---O interactions of polyoxoanions and tetranuclear
copper phosphates, which confirms the utility of weaker
M---O interactions for the synthesis of structural
organic-inorganic hybrid solid state materials (M=Cu,
Mo). The electrochemical and electrocatalytic behaviors

of the 1-CPE have been studied in detail.
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