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Three 1-D reduced molybdenum(V) phosphates, [Ni(OH)2][Na2(H2O)3]2{Ni[(MoO2)6(OH)3
(HPO4)3(PO4)]2} � 2C6H14N2 � 2H3O � 5H2O (1), [Ni(H2O)2][K(H2O)5]2{Ni[(MoO2)6(OH)3
(HPO4)3(PO4)]2} � 2C6H14N2 � 2H3O � 4H2O (2), and [Cu(H2O)2][Na(H2O)5]2{Cu[(MoO2)6
(OH)3(HPO4)3(PO4)]2} � 2C6H14N2 � 2H3O � 4H2O (3), have been hydrothermally synthesized
and structurally characterized by single-crystal X-ray diffraction. The crystallographic analysis
reveals that 1 is based on {Ni[Mo6O12(OH)3(HPO4)3(PO4)]2} clusters connected through
{[Ni(OH)2][Na2(H2O)3]2} pentanuclear mixed-metal cluster units to yield unusual 1-D chains
along the c-axis, which further form 3-D supramolecular networks via hydrogen-bonding.
Compounds 2 and 3 are heterogeneous isostructural compounds. Both are built from
M[Mo6P4]2 (M¼Ni or Cu) blocks as the structural motif combined with [MO4(H2O)2] (M¼Ni
or Cu) octahedra to form 1-D chains, where M[Mo6P4]2 (M¼Ni or Cu) is bonded by
[M0(H2O)5] (M

0 ¼K or Na). Furthermore, bulk carbon paste electrode modified with 1 (1-CPE)
displays good electrocatalytic activity toward reduction of nitrite or bromate.

Keywords: Reduced molybdenum(V) phosphates; Hydrothermal synthesis; Electrocatalytic
activity

1. Introduction

Inorganic–organic materials with 1-D, 2-D, and 3-D frameworks have attracted much
attention due to structural flexibility and applications in molecular absorption,
catalysis, photochemistry, and electromagnetism [1–7]. A challenge in this field is the
designed synthesis of new structural types based on polyoxometalates. Metal oxide
clusters based on anionic molybdenum phosphates as a new class of solid materials have
attracted attention for their abundant structures and uses in catalysis and materials
science, especially for reduced molybdenum phosphates. Some reduced molybdenum
phosphates have been reported [8, 9], in which hydrothermal synthesis, in combination
with templates have been demonstrated to be an effective strategy. Most of these
compounds with 1-D, 2-D, and 3-D microporous or tunnel structures possess basic
building units M[Mo6P4]2([Mo6P4]� [P4Mo6O28�x(OH)3þx]

(9�x)�), such as Na[Mo6P4]2
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unit [10–13], Zn[Mo6P4]2 unit [14–17], Co[Mo6P4]2 unit [18–22], Fe[Mo6P4]2 unit
[23–27], and Cd[Mo6P4]2 unit [28–32]. Only a few molybdenum(V) phosphates
containing nickel have been reported [33–36]. In the compounds above, M[Mo6P4]2
fragments are linked by dinuclear [13], trinuclear [18], or tetranuclear metal clusters [20].

In this article, we report the hydrothermal synthesis and crystal structures of three
1-D molybdenum(V) phosphates [Ni(OH)2][Na2(H2O)3]2{Ni[(MoO2)6(OH)3(HPO4)3
(PO4)]2} � 2C6H14N2 � 2H3O � 5H2O (1), [Ni(H2O)2][K(H2O)5]2{Ni[(MoO2)6(OH)3(HPO4)3
(PO4)]2} � 2C6H14N2 � 2H3O � 4H2O (2), and [Cu(H2O)2][Na(H2O)5]2{Cu[(MoO2)6
(OH)3(HPO4)3(PO4)]2} � 2C6H14N2 � 2H3O � 4H2O (3). These compounds contain the
basic M[Mo6P4]2 (M¼Ni or Cu) building blocks, in which 1,4-diazabicyclo[2,2,2]octane
as organic templating agents has been introduced into the systems. Molybdate
phosphates in the presence of 1,4-diazabicyclo[2,2,2]octane as charge-compensating
cations have never been reported.

In 2 or 3, M[Mo6P4]2 (M¼Ni or Cu) clusters are connected by M(H2O)2 (M¼Ni or
Cu) fragments through covalent bonds, resulting in a 1-D chain. In 1, the basic
Ni[Mo6P4]2 building blocks are covalently connected by [Ni(OH)2][Na2(H2O)3]2
pentanuclear metal clusters to yield unusual 1-D chains, which are further linked to
form a 3-D supramolecular structure via hydrogen-bonding interactions. This is the first
example of [Mo6P4]2 fragments connecting by centrosymmetric pentanuclear mixed-
metal clusters in molybdenum phosphates.

2. Experimental

2.1. Materials and instrumentation

All chemicals purchased were of reagent grade and used without purification. Elemental
analyses for C, H, and N were carried out with an Elementar Vario EL III
microanalyser. IR spectra were recorded on a Perkin-Elmer spectrum 2000 spectro-
photometer with KBr pellets from 4000 to 400 cm�1. Cyclic voltammograms were
obtained on a CHI-660 electrochemical instrument with a Pt wire auxiliary and
Ag/AgCl reference electrode at room temperature. A chemically bulk-modified CPE
was used as a working electrode.

2.2. Synthesis of compounds 1, 2, and 3

Hydrothermal synthesis of 1: A mixture of MoO3 (0.25mmol), Ni(CH3COO)2 � 4H2O
(0.25mmol), 1,4-diazabicyclo[2,2,2]octane (0.5mmol), H3PO4 (0.5mL) and H2O (9mL)
was neutralized to pH� 5.0 with 1mol L�1 NaOH under continuous stirring and sealed
in a 20mLTeflon-lined autoclave, then heated to 160�C for 4 days. After cooling to
room temperature at 10�Ch�1, black crystals were obtained in 15.3% yield based on
Mo. Elemental analysis: Calcd for C12H70Mo12N4Na4Ni2O77P8 (%): C, 4.63; H, 2.28;
N, 1.81. Found (%): C, 4.59; H, 2.14; N, 1.75. Main IR frequencies (KBr pellets,
cm�1): 3429m, �(O–H); 1627m, �(N–H); 1150m, �(P–O); 962s, �(Mo¼O); and 714m,
�(Mo–O–Mo).

Hydrothermal synthesis of 2: A mixture of MoO3 (0.25mmol), Ni(CH3COO)2 � 4H2O
(0.25mmol), 1,4-diazabicyclo[2,2,2]octane (0.5mmol), H3PO4 (0.5mL) and H2O (9mL)

Molybdenum(V) phosphates 3483
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was neutralized to pH� 5.0 with 1molL�1 KOH under continuous stirring and sealed
in a 20mLTeflon-lined autoclave, then heated to 160�C for 4 days. After cooling to
room temperature at 10�Ch�1, black crystals were obtained in 15.3% yield based
on Mo. Elemental analysis: Calcd for C12H78K2Mo12N4Ni2O80P8 (%): C, 4.57; H, 2.48;
N, 1.77. Found (%): C, 4.46; H, 2.34; N, 1.62. Main IR frequencies (KBr pellets, cm�1):
3415m, �(O–H); 1615m, �(N–H); 1148m, �(P–O); 958s, �(Mo¼O); and 735m,
�(Mo–O–Mo).

Hydrothermal synthesis of 3: A mixture of MoO3 (0.25mmol), CuCl2 � 2H2O
(0.25mmol), 1,4-diazabicyclo[2,2,2]octane (0.5mmol), H3PO4 (0.5mL) and H2O (9mL)
was neutralized to pH� 5.0 with 1molL�1 NaOH under continuous stirring and sealed
in a 20mLTeflon-lined autoclave, then heated to 160�C for 4 days. After cooling to
room temperature at 10�Ch�1, black crystals were obtained in 15.3% yield based on
Mo. Elemental analysis: Calcd for C12H78Na2Mo12N4Cu2O80P8 (%): C, 4.60; H, 2.51;
N, 1.79. Found (%): C, 4.42; H, 2.38; N, 1.65. Main IR frequencies (KBr pellets, cm�1):
3432m, �(O–H); 1608m, �(N–H); 1162m, �(P–O); 975s, �(Mo¼O); and 723m,
�(Mo–O–Mo).

2.3. Crystal structure determination

Crystals of 1–3 with suitable size were selected for the structure analyses. Intensity data
were collected at Bruker SMART-CCD and Rigaku R-AXIS RAPID IP diffractometer
with Mo-Ka monochromated radiation (�¼ 0.71073 Å) at 293K. The structures were
solved by direct methods with SHELXS-97 [37] and refined by full-matrix least squares
calculations with SHELXL-97 [37]. All non-hydrogen atoms were refined anisotrop-
ically, except for two disordered oxygen atoms of water in 2 and 3 which were refined
isotropically. Positions of the hydrogen atoms attached to carbon in 1, 2, and 3, and
hydrogen atoms attached to oxygen atoms O2W and O3W in 1 were fixed in ideal
positions, while other hydrogen atoms were not located. A summary of crystallographic
data for 1, 2, and 3 are given in table 1.

2.4. Preparation of 1-CPE

Compound 1 was employed as a modifier to fabricate carbon paste electrode (1-CPE).
Graphite powder of 200mg and ca 20mg 1 were mixed and ground together by an agate
mortar and pestle to achieve an even, dry mixture. To that mixture, 1mLparaffin oil
was added and stirred with a glass rod. Then the homogeneous mixture was used to
pack kryptols, and the surface was wiped with weighing paper.

3. Results and discussion

3.1. Description of the structures

3.1.1. Crystal structure of 1. Single-crystal X-ray diffraction analysis reveals that
1 consists of {Ni[Mo6O12(OH)3(HPO4)3(PO4)]2} (simplified as Ni[Mo6P4]2), {[Ni(OH)2]
[Na2(H2O)3]2} pentanuclear mixed-metal cluster unit (simplified as NiNa4), protonated
1,4-diazabicyclo[2,2,2]octane and lattice water molecules. Selected bond lengths and
angles are given in table 2.

3484 X.-H. Chen et al.
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As shown in figure 1, [Mo6P4] of 1 is made up of six MoO6 octahedra and four
PO4 tetrahedra, in accord with reduced molybdenum phosphate derivatives reported
[38–40]. Each MoO6 unit contains a Mo¼O group and shares two edges with
neighboring MoO6 octahedra. The central phosphate provides three oxygen atoms that
bridge the bonding Mo � � �Mo contacts (avg. 2.59 Å), while each remaining three
PO4 groups has two oxygen atoms to span the non-bonding Mo � � �Mo contacts
(avg. 3.51 Å). Each Mo5þ in 1 has a distorted octahedral coordination geometry with an
apical Mo¼O bond at �1.68 Å and five other Mo–O bonds with lengths from �1.94 to
�2.33 Å. Based on valence sum calculations [41], the values for all the molybdenum and
phosphorous atoms are �5.16–�5.26 and �4.93–�5.02, respectively, indicating that all
Mo and P are in the þ5 oxidation state. The P–O bond lengths are 1.495(3)–1.580(3) Å
and O–P–O bond angles 105.4(2) to 114.5(2)�. The bond valence values of O(1), O(8),
O(11), O(18), O(25), and O(27) are �1.1–�1.2, indicating that they are all hydroxyl
groups. The molybdenum hexamer can be formulated as [(HPO4)3(PO4)
(MoO2)6(OH)3]

6�. Two [Mo6P4] units are combined by a Ni(1)O6 octahedron bonded
to six oxygen atoms from two hexamer ring units. Therefore, a centrosymmetric
sandwich-like [Ni(1)(Mo6P4)2] dimer is formed (figure 2). Ni(1)–O bond lengths in the
dimer are 2.135(3)–2.186(3) Å and O–Ni(1)–O bond angles are 83.9(1)–180.0(1)�.

As illustrated in figure 3(a), Ni(2) is located at a crystallographic center and
coordinated by two pairs of m3-O (O(5), O(7), and O(5A), O(7A)) (symmetry code:
A, �xþ 1, �y, �z) from four P–O groups belonging to two neighboring dimers and one

Table 1. Crystallographic data for 1–3.

1 2 3

Empirical formula C12H70Mo12N4Na4Ni2
O77P8

C12H78K2Mo12N4Ni2
O80P8

C12H78Na2Mo12N4

Cu2O80P8

Formula weight 3111.14 3153.44 3130.8
Crystal size 0.45� 0.26� 0.15 0.29� 0.23� 0.18 0.33� 0.15� 0.09
Crystal system Triclinic Triclinic Triclinic
Space group P�1 P�1 P�1
Unit cell dimensions (Å, �)
a 12.287(10) 12.292(2) 12.293(2)
b 13.121(10) 12.973(1) 12.979(2)
c 14.109(10) 14.070(2) 14.077(2)
� 113.602(7) 106.455 106.509(2)
� 100.070(8) 109.130(3) 109.223(2)
� 108.897(7) 108.461(2) 108.342(2)
Volume (Å3), Z 1846(2), 1 1813.4(4), 1 1814.7(4), 1
Calculated density (g cm�3) 2.798 2.888 2.865
Temperature (K) 293(2) 293(2) 293(2)
Absorption coefficient (mm�1) 2.797 2.944 2.906
F(000) 1510 1536 1522
� range for data collection (�) 2.76–28.37 2.55–27.49 2.55–27.48
Index range �16	 h	 16;

�17	 k	 17;
�18	 l	 18

�15	 h	 15;
�16	 k	 16;
�18	 l	 16

�15	 l	 15;
�16	 k	 16;
�18	 l	 18

Independent reflections 8851 [Rint¼ 0.0140] 7742 [Rint¼ 0.0236] 7748 [Rint¼ 0.0245]
Observed reflections 8286 7146 6950
Number of variables 556 539 540
Final R1, wR2 [I4 2	(I)] 0.0269, 0.0735 0.0498, 0.1354 0.0596, 0.1848
Final R1, wR2 (all data) 0.0292, 0.0748 0.0533, 0.1394 0.0651, 0.1928
Goodness-of-fit on F 2 1.058 1.029 1.169
(D/	)max, mean 0.001, 0.000 0.002, 0.000 0.000, 0.000
D
max/D
min (e Å�3) 2.842 and �1.934 3.830 and �1.838 3.027 and �1.460

Molybdenum(V) phosphates 3485
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pair of m2-OH (O(20), O(20A)), forming an octahedral [Ni(2)O4(OH)2] configuration.
The bond valence value for O(20) is �0.8. There are two Na sites in distorted
pentagonal bipyramidal configurations. Each Na(1) is coordinated by two water
molecules (O(33), O(34)), four phosphate oxygen atoms (O(5A), O(7), O(11), O(17A))
and one molybdate oxygen atom (O(24A)). Each Na(2) links one water molecule
(O(35)), three phosphate (O(2), O(5), O(23)) and two molybdate oxygen atoms (O(6),
O(29)), and one m2-OH (O(20)). The bond values of O(33), O(34), and O(35) are �0.1–
�0.2. The Na–O bond lengths in the two polyhedra range from �2.32 to �2.99 Å. Ni(2)
is connected to four adjacent sodium atoms (Na(1), Na(2) and Na(1A), Na(2A))
(symmetry code: A, �xþ 1, �y, �z) via its six O donors, resulting in a centrosymmetric
pentanuclear mixed-metal cluster unit {[Ni(OH)2][Na2(H2O)3]2} (figure 3b).
Valence bond calculations confirm that Na and Ni are in þ1 and þ2 oxidation
states, respectively. Therefore, the sodium and nickel coordination cations bonded with
Ni[Mo6P4]2 should be formulated as {[Ni(OH)2][Na2(H2O)3]2}

4þ.

Table 2. Selected bond lengths (Å) and angles (�) for 1.

Mo(1)–O(21) 1.679(3) Mo(1)–O(29) 1.936(3)
Mo(1)–O(32) 1.996(3) Mo(1)–O(23) 2.037(3)
Mo(1)–O(18) 2.082(3) Mo(1)–O(6) 2.312(3)
Mo(1)–Mo(2) 2.588(2) Mo(2)–O(3) 1.688(3)
Mo(2)–O(29) 1.946(3) Mo(2)–O(32) 1.968(3)
Mo(2)–O(22) 2.065(3) Mo(2)–O(27) 2.126(3)
Mo(2)–O(16) 2.239(3) Mo(3)–O(12) 1.692(3)
Mo(3)–O(30) 1.973(3) Mo(3)–O(31) 1.936(3)
Mo(3)–O(25) 2.086(3) Mo(3)–O(19) 2.053(3)
Mo(3)–Mo(5) 2.585(2) Mo(3)–O(15) 2.329(3)
Mo(4)–O(24) 1.943(3) Mo(4)–O(4) 1.675(3)
Mo(4)–O(9) 2.068(3) Mo(4)–O(26) 1.969(3)
Mo(4)–O(15) 2.279(3) Mo(4)–O(25) 2.118(3)
Mo(4)–Mo(6) 2.595(2) Mo(5)–O(31) 1.946(3)
Mo(5)–O(13) 1.680(3) Mo(5)–O(28) 2.054(3)
Mo(5)–O(30) 1.975(3) Mo(5)–O(16) 2.297(3)
Mo(5)–O(27) 2.098(3) Mo(6)–O(24) 1.939(3)
Mo(6)–O(10) 1.669(3) Mo(6)–O(14) 2.052(3)
Mo(6)–O(26) 1.993(3) Mo(6)–O(6) 2.261(3)
Mo(6)–O(18) 2.105(3) P(1)–O(6) 1.550(3)
P(1)–O(5) 1.506(3) P(1)–O(16) 1.548(3)
P(1)–O(15) 1.559(3) P(2)–O(8) 1.536(3)
P(2)–O(2) 1.501(3) P(2)–O(23) 1.542(3)
P(2)–O(14) 1.555(3) P(3)–O(9) 1.533(3)
P(3)–O(1) 1.575(3) P(3)–O(19) 1.540(3)
P(3)–O(17) 1.499(3) P(4)–O(11) 1.580(3)
P(4)–O(7) 1.495(3) P(4)–O(28) 1.552(3)
P(4)–O(22) 1.538(3) Ni(1)–O(26) 2.135(3)
Ni(1)–O(32) 2.186(3) Ni(1)–O(30) 2.162(3)
Ni(2)–O(7) 2.093(3) Ni(2)–O(5) 2.066(3)
Ni(2)–O(20) 2.117(3)

Mo(6)–O(6)–Mo(1) 99.56(10) Mo(4)–O(15)–Mo(3) 98.83(11)
Mo(1)–O(18)–Mo(6) 112.98(12) Mo(6)–O(24)–Mo(4) 83.91(12)
Mo(3)–O(25)–Mo(4) 112.72(12) Mo(4)–O(26)–Mo(6) 81.84(11)
Mo(5)–O(27)–Mo(2) 112.26(12) Mo(1)–O(29)–Mo(2) 83.61(11)
Mo(3)–O(30)–Mo(5) 81.80(11) Mo(3)–O(31)–Mo(5) 83.50(11)
Mo(2)–O(32)–Mo(1) 81.48(11) Mo(2)–O(16)–Mo(5) 101.27(11)

3486 X.-H. Chen et al.
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Figure 1. View of [Mo6P4] of 1.

Figure 3. (a) Coordination configurations of four crystallographical independent metals of 1 and (b) view of
pentanuclear mixed-metal cluster {[Ni(OH)2][Na2(H2O)3]2} of 1 (symmetry code: A, 1�x, �y, �z).

Figure 2. Polyhedral representation of Ni[Mo6P4]2 of 1.

Molybdenum(V) phosphates 3487
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As shown in figure 4, Ni(1)[P4Mo6]2 units of 1 are connected via {[Ni(OH)2]
[Na2(H2O)3]2} pentanuclear metal clusters to generate an unusual 1-D chain along the
c-axis. M[P4Mo6]2 fragments linked by dinuclear [13], trinuclear [18] or tetranuclear
metal clusters [20] have been reported. However, a connecting mode like 1 has not been
reported in molybdenum phosphates. Compound 1 exhibits a 3-D supramolecular
framework through extensive hydrogen-bonding interactions among the lattice water
molecules and oxygen atoms from molybdenum phosphate anions at distances varying
from 2.722 to 3.306 Å (table 3 and figure 5).

3.1.2. Crystal structures of 2 and 3. X-ray analysis and valence sum calculations show
that 2 consists of {Ni(1)[Mo6O12(OH)3(HPO4)3(PO4)]

6�
2 } as for 1, [Ni(2)O4(H2O)2],

[KO(H2O)5], [KO(H2O)5] polyhedra, protonated 1,4-diazabicyclo[2,2,2]octane, and
water molecules. Selected bond lengths and angles comparable with those in 1 are given
in table 4.

Different from 1, these [Ni(1)(Mo6P4)2] dimers are linked by one [Ni(2)O4(H2O)2]
octahedron to form a 1-D chain (figure 6). The Ni(2) coordinates to two water
molecules (O(32), O(32A)) (symmetry code: A, �xþ 1, �yþ 1, �zþ 1), four phosphate
oxygen atoms (O(4), O(20) and O(4A), O(20A)) from two Ni(1)[Mo6P4]2 clusters,
forming an octahedral [Ni(2)O4(H2O)2]. K(1) in [K(H2O)5] is coordinated by one
oxygen atom (O(28)) in P(2)–O from a [Mo6P4] unit and five coordinated water
molecules, resulting in a [K(1)O(H2O)5] octahedron. Thus, every [K(H2O)5] fragment
connects one [Mo6P4] fragment via K(1)–O(28)–P(2) bridge. Compound 3 possesses
similar structural features to 2. Selected bond lengths and angles for 3 are given in
table 5.

Figure 4. View of the infinite 1-D chain of 1 along the c-axis.

Table 3. Hydrogen bonds in 1.

D–H d(D–H) (Å) d(H � � �A) (Å) ffDHA (�) d(D � � �A) (Å) A

O2w–H2w1 0.845 2.329 141.44 3.036 O8
O2w–H2w1 0.845 2.562 113.75 3.004 O3[�xþ 1, �yþ 1, �zþ 1]
O2w–H2w2 0.834 2.161 156.55 2.945 O25[x, yþ 1, z]
O3w–H3w1 0.820 1.919 166.28 2.722 O14[�x, �y, �zþ 1]
O2w–H3w2 0.820 1.983 158.55 2.763 O28[�xþ 1, �y, �zþ 1]
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Table 4. Selected bond lengths (Å) and angles (�) for 2.

Mo(1)–O(14) 1.672(5) Mo(1)–O(6) 1.953(5)
Mo(1)–O(5) 1.985(4) Mo(1)–O(30) 2.056(5)
Mo(1)–O(13) 2.090(5) Mo(1)–O(3) 2.271(4)
Mo(1)–Mo(2) 2.5890(9) Mo(2)–O(15) 1.673(5)
Mo(2)–O(6) 1.940(5) Mo(2)–O(5) 1.981(4)
Mo(2)–O(22) 2.055(5) Mo(2)–O(7) 2.087(5)
Mo(2)–O(1) 2.265(5) Mo(3)–O(16) 1.680(5)
Mo(3)–O(8) 1.929(5) Mo(3)–O(9) 1.973(4)
Mo(3)–O(23) 2.055(5) Mo(3)–O(7) 2.102(5)
Mo(3)–O(1) 2.285(5) Mo(3)–Mo(4) 2.5838(8)
Mo(4)–O(17) 1.678(6) Mo(4)–O(8) 1.945(5)
Mo(4)–O(9) 1.979(4) Mo(4)–O(26) 2.054(5)
Mo(4)–O(10) 2.099(5) Mo(4)–O(2) 2.266(4)
Mo(5)–O(18) 1.683(5) Mo(5)–O(11) 1.929(4)
Mo(5)–O(12) 1.987(4) Mo(5)–O(27) 2.050(5)
Mo(5)–O(10) 2.089(5) Mo(5)–O(2) 2.300(5)
Mo(5)–Mo(6) 2.5819(8) Mo(6)–O(19) 1.689(5)
Mo(6)–O(11) 1.931(4) Mo(6)–O(12) 1.980(4)
Mo(6)–O(21) 2.075(4) Mo(6)–O(13) 2.115(4)
Mo(6)–O(3) 2.222(4) P(1)–O(4) 1.499(5)
P(1)–O(2) 1.550(5) P(1)–O(3) 1.553(5)
P(1)–O(1) 1.561(5) P(2)–O(28) 1.507(6)
P(2)–O(29) 1.515(5) P(2)–O(27) 1.539(6)
P(2)–O(26) 1.545(6) P(3)–O(21) 1.536(5)
P(3)–O(20) 1.476(5) P(3)–O(31) 1.574(5)
P(3)–O(30) 1.543(5) P(4)–O(22) 1.529(7)
P(4)–O(25) 1.522(6) P(4)–O(23) 1.532(6)
P(4)–O(24) 1.534(6) Ni(1)–O(9) 2.115(4)
Ni(1)–O(5) 2.114(4) Ni(2)–O(20) 2.047(5)
Ni(1)–O(12) 2.181(4) Ni(2)–O(32) 2.091(6)
Ni(2)–O(4) 2.091(5)

Mo(2)–O(1)–Mo(3) 99.22(17) Mo(4)–O(2)–Mo(5) 98.91(17)
Mo(6)–O(3)–Mo(1) 101.21(17) Mo(2)–O(5)–Mo(1) 81.51(16)
Mo(2)–O(6)–Mo(1) 83.37(18) Mo(2)–O(7)–Mo(3) 111.7(2)
Mo(3)–O(8)–Mo(4) 83.66(19) Mo(3)–O(9)–Mo(4) 81.66(16)
Mo(5)–O(10)–Mo(4) 111.9(2) Mo(5)–O(11)–Mo(6) 83.96(17)
Mo(6)–O(12)–Mo(5) 81.22(16) Mo(1)–O(13)–Mo(6) 111.3(2)

Figure 5. View of the 3-D supramolecular structure of 1 along the ab plane.
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Table 5. Selected bond lengths (Å) and angles (�) for 3.

Mo(1)–O(14) 1.687(6) Mo(1)–O(5) 1.935(5)
Mo(1)–O(6) 1.987(5) Mo(1)–O(30) 2.079(6)
Mo(1)–O(13) 2.113(5) Mo(1)–O(2) 2.231(5)
Mo(1)–Mo(2) 2.5823(9) Mo(2)–O(15) 1.680(6)
Mo(2)–O(5) 1.931(6) Mo(2)–O(6) 1.989(5)
Mo(2)–O(22) 2.050(6) Mo(2)–O(7) 2.087(5)
Mo(2)–O(4) 2.299(5) Mo(3)–O(16) 1.672(7)
Mo(3)–O(9) 1.941(7) Mo(3)–O(8) 1.990(5)
Mo(3)–O(23) 2.050(6) Mo(3)–O(7) 2.116(6)
Mo(3)–O(4) 2.261(5) Mo(3)–Mo(4) 2.5832(10)
Mo(4)–O(17) 1.691(6) Mo(4)–O(9) 1.925(6)
Mo(4)–O(8) 1.983(6) Mo(4)–O(26) 2.051(7)
Mo(4)–O(10) 2.093(6) Mo(4)–O(1) 2.277(5)
Mo(5)–O(18) 1.680(6) Mo(5)–O(12) 1.946(6)
Mo(5)–O(11) 1.986(5) Mo(5)–O(27) 2.056(6)
Mo(5)–O(10) 2.098(6) Mo(5)–O(1) 2.272(5)
Mo(5)–Mo(6) 2.5900(10) Mo(6)–O(19) 1.667(6)
Mo(6)–O(12) 1.957(6) Mo(6)–O(11) 1.985(6)
Mo(6)–O(21) 2.059(6) Mo(6)–O(13) 2.094(6)
Mo(6)–O(2) 2.279(5) Cu(1)–O(11) 2.107(6)
Cu(1)–O(8) 2.107(5) Cu(1)–O(6) 2.180(5)
Cu(2)–O(20) 2.053(6) Cu(2)–O(3) 2.080(6)
Cu(2)–O(32) 2.096(7) P(1)–O(3) 1.511(6)
P(1)–O(2) 1.545(5) P(1)–O(4) 1.551(6)
P(1)–O(1) 1.565(6) P(2)–O(29) 1.517(7)
P(2)–O(27) 1.539(8) P(2)–O(26) 1.536(8)
P(2)–O(28) 1.549(8) P(3)–O(20) 1.484(6)
P(3)–O(21) 1.544(6) P(3)–O(30) 1.532(6)
P(3)–O(31) 1.574(6) P(4)–O(25) 1.494(7)
P(4)–O(24) 1.512(7) P(4)–O(22) 1.539(6)
P(4)–O(23) 1.547(7)

Mo(5)–O(1)–Mo(4) 99.3(2) Mo(1)–O(2)–Mo(6) 100.7(2)
Mo(3)–O(4)–Mo(2) 111.5(3) Mo(2)–O(5)–Mo(1) 83.8(2)
Mo(1)–O(6)–Mo(2) 80.98(19) Mo(2)–O(7)–Mo(3) 111.5(3)
Mo(4)–O(8)–Mo(3) 81.1(2) Mo(4)–O(9)–Mo(3) 83.8(2)
Mo(5)–O(10)–Mo(4) 111.7(2) Mo(5)–O(11)–Mo(6) 81.4(2)
Mo(5)–O(12)–Mo(6) 83.1(2) Mo(6)–O(13)–Mo(1) 111.3(3)

Figure 6. View of the infinite 1-D chain structure of 2.
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3.2. Electrochemical behavior of 1-CPE

The cyclic voltammograms for 1-CPE in 1mol L�1 H2SO4 aqueous solution at a scan
rate of 60mv s�1 is presented in figure 7. There are three pairs of reversible redox peaks
in the potential range þ1000 to �200mV. The half-wave potentials E1/2¼ (EpcþEpa)/2
are þ485mV (I), þ213mV (II), and þ11mV (III), respectively (Epc and Epa denote
cathodic and anodic peak potentials). The three redox peaks I/I0, II/II0, and III/III0 can
be ascribed to two-electron processes of molybdenum.
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Figure 8. Cyclic voltammograms of 1-CPE in 1mol L�1 H2SO4 solution at 60mV s�1: (a) the absence of
NaNO2; (b) 5.0mmol L�1NaNO2; (c) 10.0mmolL�1 NaNO2; and (d) 15.0mmolL�1 NaNO2.
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Figure 7. Cyclic voltammograms of the 1-CPE in 1molL�1 H2SO4 solution at scan rate of 60mV s�1.
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3.3. Electrocatalytic activities of the 1-CPE for reduction of NO2
2 and BrO2

3

Reduction of nitrite or bromate requires a large overpotential at most electrode surfaces
[42]. In our experiment, it was found that 1-CPE displayed good electrocatalytic activity
toward reduction of NO�2 and BrO�3 in 1mol L�1 H2SO4 solution. As illustrated in
figures 8 and 9, the cathodic peak currents increase, while the corresponding
anodic peak currents decrease by increasing the concentration of NO�2 or BrO�3 . This
phenomenon, as expected for a typical electrocatalytic reaction, clearly indicates that
reduction of nitrite or bromate is electrocatalyzed by 1-CPE. Moreover, the increase in
cathodic current results from the third molybdenum couple as shown in figure 8,
suggesting that it is the third reduced species that catalyzes reduction of NO�2 ; it was the
second and the third reduced species that show electrocatalytic activities toward
reduction of BrO�3 simultaneously as shown in figure 9.

4. Conclusion

Three molybdenum(V) phosphates with 1-D chain structure constructed from reduced
molybdophosphate [M(Mo6P4)2]2 building blocks have been hydrothermally synthe-
sized. In contrast with other common reduced molybdenum phosphates with
M[Mo6P4]2 subunits, the molybdenum phosphates in 1–3 are decorated by mixed
transition metal moieties. The unusual characteristic of the three complexes is that
1,4-diazabicyclo[2,2,2]octane as an organic templating agent has been introduced
into the systems. Compound 1 is the first example of [Mo6P4]2 fragments connected
by centrosymmetric {[Ni(OH)2][Na2(H2O)3]2} pentanuclear mixed-metal cluster units
in molybdenum phosphates. A 3-D supramolecular network is formed by hydrogen-
bonding interaction in 1. Electrochemical studies indicate that 1 shows potential
application in electrocatalysis for reduction of NO�2 and BrO�3 .
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Figure 9. Cyclic voltammograms of 1-CPE in 1mol L�1 H2SO4 solution at 60mV s�1: (a) the absence of
KBrO3; (b) 5.0mmol L�1KBrO3; (c) 10.0mmolL�1 KBrO3; and (d) 15.0mmol L�1 KBrO3.
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Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic
Center with CCDC Nos. 721087, 819948 and 819949. Supplementary data are available
from The Director, CCDC, 12 Union Road, Cambridge, CB2 IEZ, UK (Fax: þ44-
1223-336033; E-mail: deposit@ccdc.cam.ac.uk; www: http://www.ccdc.cam.ac.uk) on
request.
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