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Through tuning the oxidation states of CuI/II, two Keggin-based compounds with different
topologies, [CuI5(btx)4(PW

VI
10W

V
2 O40)] (1) and [CuII2 (btx)4(SiW12O40)] (2) (btx¼ 1,6-bis(1,2,

4-triazol-1-y1)hexane), were synthesized and structurally characterized. In 1, there exist
decanuclear CuI circuits, which are linked through N1-containing btx ligands to construct a
grid-like 2-D layer. Three sets of these layers interpenetrate to build a three-fold
interpenetrating framework. The Keggin polyanions connect the adjacent three-fold
interpenetrating frameworks to construct a 3-D structure. In 2, the CuII-btx moiety shows a
(66) 3-D hexagonal channel-style framework. The Keggin polyanion offering four terminal
oxygen atoms incorporates with this metal–organic framework imbedding the channels. The
different oxidation states of copper ions (þI/þII) induces distinct coordination modes of btx
and Keggin polyanions and affects the whole structural topologies. Tuning the oxidation states
of copper ions is an effective strategy for obtaining POM-based topologies. In addition, the
electrochemical properties of 1 and 2 bulk-modified carbon-paste electrodes are reported.

Keywords: Polyoxometalate; Topology; Oxidation states; Hydrothermal synthesis;
Electrochemical properties

1. Introduction

Polyoxometalates (POMs) have diversity of structures [1–3] and properties, such as in
catalysis, magnetism, materials science, ion exchange, photochemical or electrochemical
activity [4–6]. Interest on POMs has been on design and syntheses of discrete new types
of POMs, such as multisubstituted- [7, 8] and sandwich-type [9, 10], which exhibit
magnetic and catalytic applications. However, synthetic conditions are relatively
rigorous in aqueous solutions. The other main development of POMs was introduction
of transition metal complexes (TMCs) for modifying POMs to construct high-
dimensional frameworks, synthesized under hydrothermal conditions [11–13] and a
series of Keggin-based structures modified by TMCs have been obtained [14–18].
Owing to the simplicity and convenience of the hydrothermal technique, it has become
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popular for exploring TMC-modified POMs [19]. Selection of proper TMC modifiers is

very important for forming this series, especially for choosing proper organic moieties.

In previous works, rigid organic ligands, such as 2,20-bipyridine [20] and 4,40-bipyridine

[21], built low-dimensional structures. Organic ligands [22–25], which can exhibit

flexibility, are a necessary extension. In this work, we choose a flexible bis(triazole)

1,6-bis(1,2,4-triazol-1-y1)hexane (btx, scheme 1). The spacer �(CH2)6� can bend and

rotate easily to conform to the coordination environments of TM ions and POMs. The

introduction of –(CH2)6– spacer may increase the probability for construction of high-

dimensional frameworks and the four potential N donors can enhance the coordination

ability of btx, inducing new TMCs. Therefore, the btx ligand may construct new POM-

based structures.
Many factors can affect the final structures, such as pH, temperature, and reactants

[26], and exploring synthetic rules under hydrothermal conditions is attractive for target

syntheses. Previous works reported the influences of different pH and reactants [27, 28].

In this work, we explore whether different oxidation states of the same TM ions can

induce distinct POM-based frameworks. We chose copper ions as reactants, which can

show two oxidation states (þI/þII).
Herein, we report two Keggin-based compounds with different topologies,

[CuI5(btx)4(PW
II
10W

V
2 O40)] (1) and [CuII2 (btx)4(SiW12O40)] (2) (btx¼ 1,6-bis(1,2,

4-triazol-1-y1)hexane), through tuning the oxidation states of CuI/II ions. The influence

of different oxidation states of copper ions on structures is discussed.

2. Experimental

2.1. Materials and methods

All reagents and solvents for syntheses were purchased from commercial sources and

used as received. Elemental analyses (C, H, and N) were performed on a Perkin-Elmer

2400 CHN elemental analyzer. Infrared (IR) spectra were obtained on an Alpha

Centaurt FT-IR spectrometer with KBr pellets from 400 cm�1 to 4000 cm�1. Thermal

gravimetric analyses (TGA) were carried out in N2 on a Perkin-Elmer DTA 1700

differential thermal analyzer with a heating rate of 10�Cmin�1. Electrochemical

measurements were performed with a CHI 660 electrochemical workstation. A

conventional three-electrode system was used; Ag/AgCl (3mol L�1 KCl) electrode

was used as a reference electrode, a Pt wire as a counter electrode, and chemically bulk-

modified carbon-paste electrodes (CPEs) as the working electrodes.

Scheme 1. The 1,6-bis(1,2,4-triazol-1-y1)hexane (btx) used in 1 and 2.
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2.2. Preparation of the compounds

Synthesis of [CuI5(btx)4(PW
VI
10W

V
2 O40)] (1). A mixture of H3[PW12O40] � 12H2O (0.28 g,

0.09mmol), Cu(CH3COO)2 � 2H2O (0.33 g, 1.5mmol), and btx (0.066 g, 0.3mmol) was
dissolved in 10mL distilled water at room temperature. When the pH of the mixture
was adjusted to 4.5 with 1.0mol L�1 HCl, the suspension was put into a Teflon-lined
autoclave and kept under autogenous pressure at 160�C for 3 days. After slowly cooling
to room temperature, black block crystals were filtered and washed with distilled water
(30% yield based on W). Anal. Calcd for C40H64Cu5N24O40PW12 (4076) (%): C, 11.79;
H, 1.58; N, 8.25. Found (%): C, 11.73; H, 1.61; N, 8.21. IR (solid KBr pellet, cm�1):
3435 (s), 3119 (w), 2925 (w), 1745 (w),1654 (s), 1537 (m), 1454 (w), 1370 (w), 1298 (w),
1142 (w), 1065 (s), 962 (s), 878 (s), 795(s).

Synthesis of [CuII2 (btx)4(SiW12O40)] (2). A mixture of H4[SiW12O40] � 14H2O (0.31 g,
0.1mmol), Cu(CH3COO)2 � 2H2O (0.51 g, 2.3mmol), and btx (0.022 g, 0.15mmol) was
dissolved in 10mL distilled water at room temperature. When the pH of the mixture
was adjusted to 4.2 with 1.0mol L�1 HCl, the suspension was put into a Teflon-lined
autoclave and kept under autogenous pressure at 160�C for 3 days. After slowly cooling
to room temperature, blue block crystals were filtered and washed with distilled water
(30% yield based on W). Anal. Calcd for C40H64Cu2N24O40SiW12 (3882) (%): C, 12.37;
H, 1.66; N, 8.66. Found(%): C, 12.43; H, 1.70; N, 8.62. IR (solid KBr pellet, cm�1):
3726 (s), 3625 (s), 3106 (w), 2912 (w), 1738 (w),1693 (m), 1521 (s), 1454 (w), 1356 (w),
1280 (m), 1124 (s), 968 (w), 923 (s), 872 (w), 792 (s), 673 (s).

2.3. X-ray crystallographic study

X-ray diffraction analysis data for 1 and 2 were collected on a Bruker Smart Apex CCD
diffractometer with Mo-Ka radiation (�¼ 0.71073 Å) at 293K. The structures were
refined by full-matrix least-squares on F2 using the SHELXTL crystallographic software
package [29]. All hydrogen atoms attached to carbon were generated geometrically. The
crystal and structure refinement data for 1 and 2 are summarized in table 1. Selected bond
lengths (Å), angles (�), and symmetry codes of 1 and 2 are listed in table 2.

2.4. Preparation of 1- and 2-CPEs

Compound 1 modified CPE (1-CPE) was fabricated as follows: 90mg of graphite
powder and 8mg of 1 were mixed and ground together by an agate mortar and pestle to
achieve a uniform mixture, and then was added to 0.1mL of Nujol with stirring. The
homogenized mixture was packed into a glass tube with a 1.5mm inner diameter and
the tube surface was wiped with paper. Electrical contact was established with a copper
rod through the back of the electrode. In a similar manner, 2-CPE was made with 2.

3. Results and discussion

3.1. Synthesis

Under hydrothermal conditions, CuII in the POMs’ system can usually be reduced by
organonitrogen species [30] when the ratio of organonitrogen : CuII is high. In this

Keggin-based structures 2149
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system, the organonitrogen species are ligands and reductants. CuI is usually insoluble
in water, inhibiting formation of structures, but reduction under high ratio of
organonitrogen : CuII provides a route to CuI as reactants. Fortunately, CuI ions were
captured in 1 by increasing the ratio of btx : CuII.

Table 2. The coordination environments of Keggin POMs, copper ions, and btx ligands in 1 and 2.

Compound 1 Compound 2 

Keggin 

POM 

copper 

ions 

btx ligand 

Table 1. Crystal data and structure refinements for 1 and 2.

1 2

Empirical formula C40H64Cu5N24O40PW12 C40H64Cu2N24O40SiW12

Formula weight 4076 3882
Crystal system Monoclinic Monoclinic
Space group P21/c P21/n
Unit cell dimensions (Å, �)
a 13.6234(9) 11.5359(9)
b 24.7644(1) 15.0948(12)
c 11.5519(7) 22.6817(19)
� 96.8360(1) 91.4830(10)
Volume (Å3), Z 3869.6(4), 2 3948.3(6), 2
Calculated density (g�cm�3) 3.498 3.266
Absorption coefficient (mm�1) 19.215 18.04
F(000) 3680 3504
Rint 0.0467 0.0478
Goodness-of-fit on F2 1.015 1.069
Final R indices [I4 2�(I)] R1

a
¼ 0.0465, wR2

b
¼ 0.1128 R1

a
¼ 0.0677, wR2

b
¼ 0.1528

R indices (all data) R1
a
¼ 0.0590, wR2

b
¼ 0.1210 R1

a
¼ 0.1073, wR2

b
¼ 0.1759

Largest difference peak and hole (e Å�3) 2.610 and �2.879 3.877 and �4.205

aR1¼
P
jFoj � jFcj/

P
jFoj;

bwR2¼ {
P

[w(F2
o�F2

c )
2]/
P

[w(F2
o)

2]}1/2.
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3.2. Description of the structure

[CuI5(btx)4(PW
VI
10W

V
2 O40)] (1). Crystal structure analysis reveals that 1 consists of five Cu

I

ions, four btx ligands, and one [PWVI
10W

V
2 O40)]

5� (abbreviated to PW12) (figure 1). The

PW12 shows a classical �-Keggin type anion, with P–O distances of 1.411(13)–1.666(8) Å,

W–Ot 1.660(10)–1.690(8) Å, W–Ob/c 1.876(9)–1.923(8) Å, and W–Oa, 2.337(13)–

2.521(13) Å. Valence sum calculations [31] show that two out of twelve tungstens are

þV oxidation state and all the coppers are in þI oxidation state.
In 1, CuI ions show three coordination modes (table 2). Cu1 is three-coordinate

by two nitrogen atoms from two btx, and one bridging oxygen atom from PW12

in a slightly distorted T-type coordination. The bond distances and angles

around Cu1 are 1.889(8) and 1.895(10) Å for Cu–N, 2.581(4) Å for Cu–O, 171.3(5)�

for N–Cu–N, and 90.27(3)–94.71� for N–Cu–O. Cu2 is four-coordinate by two nitrogen

atoms from two btx and two terminal oxygen atoms from two PW12 in a ‘‘seesaw’’

geometry with Cu–N distances of 1.872(10) and 1.879(11) Å, Cu–O distances

of 2.398(8) and 2.604(8) Å, Cu–N–Cu angle of 164.4(5)�, and N–Cu–O angles of

86.27(3)–101.59(3)�. Cu3 is linear, coordinated by two nitrogen atoms from two btx,

with Cu–N distances of 1.880(12) Å and Cu–N–Cu angle of 180.0(2)�. These bond

distances and angles are comparable to those in the two-, three-, and four-coordinated

CuI compounds [32].
The btx in 1 exhibits two kinds of coordination modes (table 2). The N1-containing

btx is an unsymmetrical tridentate ligand by offering three nitrogen donors to

coordinate with three CuI ions. The N7-containing btx provides two apical N7 to link

two CuI ions as a bidentate ligand. Furthermore, six N1-containing and four N7-

containing btx are connected by ten CuI to build a decanuclear CuI circuit (figure S1).

These circuits share N1-containing btx to construct a grid-like 2-D layer (figure 2a).

Owing to the bend of N1-containing btx, there exists a channel of this layer along the

c-axis (figure 2b). The large dimensions of the decanuclear CuI circuits allow three sets

of these layers to interpenetrate to build a three-fold interpenetrating framework

(figure 2c). The Keggin polyanions are six-connected inorganic linkages connecting

Figure 1. Ball/stick and polyhedral view of the asymmetric unit of 1. Hydrogen atoms are omitted for
clarity.
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adjacent three-fold interpenetrating frameworks to construct a 3-D structure by
providing four terminal and two bridging oxygen atoms (figure 3).

[CuII2 (btx)4(SiW12O40)] (2). Crystal structure analysis reveals that 2 consists of two
CuII ions, four btx ligands, and one [SiW12O40)]

4� (abbreviated to SiW12) anion
(figure 4). The SiW12 shows a classical �-Keggin type anion with Si–O distances of
1.53(3)–1.73(3) Å, W–Ot 1.638(16)–1.672(15) Å, W–Ob/c 1.83(2)–1.95(2) Å, and W–Oa

2.27(3)–2.49(2) Å. The valence sum calculations [31] show that all the tungstens are þVI
and all coppers are þII.

CuII ion in 2 exhibits an octahedral coordination coordinated by four nitrogen atoms
from four btx and two terminal oxygen atoms from two SiW12 anions (table 2).

Figure 2. (a) The 2-D grid-like layer composed by decanuclear CuI circuits; (b) a channel of this 2-D layer
exists along the c-axis; and (c) the three-fold interpenetrating structure in 1.

2152 A.-X. Tian et al.
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The bond distances and angles around Cu1 are 1.96(3)–2.06(2) Å for Cu–N, 2.54(5) and
2.62(3) Å for Cu–O, 88.9(11)–178.2(13)� for N–Cu–N, and 87.08(3)–94.77(4)� for N–Cu–
O. The btx offers two apical N donors to link two Cu ions showing three coordination
modes (table 2), U-type, linear, and S-type. Four U-type and two S-type btx ligands are
linked by six CuII ions to form a hexanuclear circuit (figure S2). Adjacent hexanuclear
circuits are further connected by linear ligands inducing a 1-D channel structure, as shown
in figure 5. The 1-D channels share CuII ions to build a 3-D framework (Schläfli symbol:
66) with hexagonal channels (figure 6 (left)). The SiW12 anion provides four symmetrical
terminal oxygen atoms to coordinate with CuII of the 3-D metal–organic framework
(MOF) imbedding in the hexagonal channels (figure 6 (right)).

3.2.1. Influence of different oxidation states of the Cu ion (þI/þII) on their coordination

geometries and the whole structure. As discussed above, CuII in POMs’ systems can
usually be reduced by organonitrogen species under hydrothermal conditions. In this

Figure 4. Ball/stick and polyhedral view of the asymmetric unit of 2. Hydrogen atoms are omitted for
clarity.

Figure 3. The 3-D framework of compound 1 containing interpenetrating layers (stick) linked by POMs
(balls).
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work, when the ratio of organonitrogen : CuII was 1 : 5, CuII was reduced to CuI in 1,
while CuII in 2 was maintained with organonitrogen : CuII of 1 : 15. Different oxidation
states of Cu ions (þI/þII) influence their coordination geometries (table 2) and the
whole structures. In 1, CuI ions show linear, T-type, and ‘‘seesaw’’ coordination modes.
The coordination geometries of CuI may induce the high connectivity of PW12 anions
and interesting coordination modes of btx. The PW12 anion offers four terminal and
two bridging oxygen atoms as a six-connected inorganic linkage; btx exhibit
symmetrical and unsymmetrical coordination to link two and three CuI ions,
respectively. The coordination modes of CuI ions, btx, and anions induce three-fold
interpenetrating MOFs, which are further linked by PW12 forming a 3-D structure of 1.
However, in 2 CuII only shows a single octahedral coordination. Owing to the Jahn–
Teller effect, the octahedron is stretched containing two longer Cu–O bonds. The btx
only is a bidentate ligand. Compound 2 contains a 3-D channel-like MOF with SiW12

anions imbedding in the hexagonal channels. Tuning the oxidation states of Cu ions is
an effective strategy for construction of different Keggin-based topology structures.

Figure 6. Left: The 3-D MOF with hexagonal channels in compound 2; Right: The SiW12 anion acting as a
four-connected linkage (in circle) embedding in the hexagonal channels.

Figure 5. The hexa-nuclear circuits are connected by line-type ligands (left) to construct a 1-D channel
structure (right).
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3.3. IR spectra

IR spectra of 1 and 2 are shown in figure S3. In 1, characteristic bands at 962, 878, 795,
and 1065 cm�1 are attributed to �(W–Ot), �(W–Ob–W), �(W–Oc–W), and �(P–O),
respectively. In 2, bands at 968, 923, 872, and 792 cm�1 are attributed to the �(W–Od),
�(Si–O), and �(W–Oc–W) bands, respectively. Bands at 1654–1142 cm�1 for 1 and 1693–
1124 cm�1 for 2 are attributed to btx.

3.4. Thermogravimetric analyses

TGA experiments were performed under N2 with a heating rate of 10�Cmin�1 from
30�C to 800�C for 1 and 2 (figure S4). The TG curves of 1 exhibit one weight loss,
ascribed to loss of btx 22.94% (calcd 21.98%). The TG curve of 2 shows two distinct
weight loss steps corresponding to loss of btx 21.79% (calcd 22.69%).

3.5. Cyclic voltammetry

Due to the insolubility of 1 and 2, the bulk-modified CPE becomes the optimal choice
to study their electrochemical properties, inexpensive, and easy to prepare and
handle [33].

Redox properties of 1 and 2 were studied in 1mol L�1 H2SO4 aqueous solution
(figure 7). The cyclic voltammograms for 1-CPE at different scan rates are presented
from �650 to þ450mV with three reversible redox peaks II–II0, III–III0, and IV–IV0

with half-wave potentials (E1/2¼ (EpaþEpc)/2) at �73 (II–II0), �297 (III–III0), and
�565 (IV–IV0) mV (scan rate: 120mV s�1), respectively. Redox peaks II–II0, III–III0,
and IV–IV0 correspond to three consecutive two-electron processes of PW12 [34]. The
irreversible anodic peak I with the potential of þ147mV for 1-CPE is assigned to
oxidation of the copper [19]. In the potential range �750 to þ100mV for 2-CPE,
there exist two reversible redox peaks I–I0 and II–II0 with the half-wave potentials at
�449 (I–I0) and �614 (II–II0) mV for 2-CPE (scan rate: 100mVs�1). Redox peaks I–I0

and II–II0 correspond to two consecutive two-electron processes of SiW12 [28, 34].

Figure 7. The cyclic voltammograms of 1- and 2-CPE in 1molL�1 H2SO4 at different scan rates (from inner
to outer: 40, 60, 80, 100, 120, 140, 160, and 180mVs�1 for 1 and 40, 60, 80, 100, 120, 140, 160, 180, 200, 220,
240, 260, 280, 300, and 320mVs�1 for 2, respectively).

Keggin-based structures 2155
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However, oxidation of copper is not observed in the scan range of �750 to þ100mV.
This was also observed in [Cu2(bpp)4(H2O)2](SiW12O40) � 6H2O [35]. As compared to
reported PW12 and SiW12 systems, the slight potential shifts of the three and two redox
peaks in 1- and 2-CPEs may relate to combination of Cu ligand complex cations. When
scan rates varied from 40mV s�1 to 180mV s�1 for 1-CPE and 40 to 320mV s�1 for
2-CPE, the peak potentials change gradually: the cathodic peak potentials shift toward
the negative direction and the corresponding anodic peak potentials to the positive
direction with increasing scan rates.

Figure 8 shows cyclic voltammograms for the electrocatalytic reduction of nitrite at
2-CPE in 1molL�1 H2SO4 aqueous solution; 2-CPE displays electrocatalytic activity
toward the reduction of nitrite. At 2-CPE, with the addition of nitrite, both reduction
peak currents increase gradually while the corresponding oxidation peak currents
gradually decrease, suggesting that nitrite is reduced by two- and four-electron reduced
SiW12 anions. However, 1-CPE has no obvious electrocatalytic reduction of nitrite in
1mol L�1 H2SO4 aqueous solution.

4. Conclusion

Two new Keggin-based compounds have been obtained under hydrothermal condi-
tions. Both are based on the Keggin–Cu–btx system with difference resting on the
oxidation states of Cu ions, þI in 1, and þII in 2. The different oxidation states of Cu
ions induce distinct topologies. In 1, a 3-D framework containing three-fold
interpenetrating MOFs is linked by Keggin anions. Compound 2 shows a 3-D
hexagonal channel MOF with Keggin anions imbedding in the channels. Tuning the
oxidation state of Cu is an effective strategy for construction of Keggin-based
structures.

Figure 8. Cyclic voltammograms of a bare CPE (a) and the 2-CPE in 1mol L�1 H2SO4 containing 0 (b); 2
(c); 3 (d); 8 (e) 10.0 (f) mmolL�1 NaNO2. Scan rate: 80mV s�1.
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Supplementary material

CCDC 860727 for 1 and 860728 for 2 contain the supplementary crystallographic data
for this article. These data can be obtained free of charge from The Cambridge
Crystallographic Centre via www.ccdc.cam.ac.uk/data-request/cif.
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