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Hydrothermal Assembly and Photocatalytic Characterization of Polyoxometalate-Based
Cu" and Cu' Hybrid Coordination Framework with 4-Amino-1,2,4-triazole
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Abstract: Under hydrothermal conditions, two novel polyoxometalate (POM)-based Cu and Cu! hybrid materials,
namely [Cuy(4-NHa-trz),(MogO4)(H,0),] - SH,0 (1) and [Cuy(4-NHy-trz),MogOy] (2) (4-NHy-trz=4-amino-1,2,4-triazole)
have been designed and synthesized. Their crystal structures have been determined by single crystal X-ray
diffraction, FT-IR infrared spectra and powder X-ray diffraction analysis. In 1, bi-dentate 4-NHj-trz ligands
bridge two neighboring Cu' centers forming dinuclear structural units, which are further linked by MogO,' ions
and arranged into a one-dimensional (1D) hybrid coordination framework. In 2, bidentate 4-NH,-trz ligands also
link neighboring Cu! centers to generate unique 1D [Cuy(4-NH,-trz),], helical chains. Further these infinite right-
hand and left-hand helical chains are linked by (8-MogOx)* anions to form a 2D hybrid framework. Photocatalytic
activities for decomposition of different organic dyes (methylene blue (MB), rhodamine B (RhB) and methyl
orange (MO)) have been investigated for 1 and 2, indicating that 1 and 2 are good candidates for the
photocatalytic degradation of these organic dyes. CCDC: 1554212, 1; 1473507, 2.
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0 Introduction

hybrid

a new generation of

In  recent years, inorganic-organic

complexes are solid-state
materials owing to their chemical and structural
diversities!". Polyoxometalates (POMs), a unique class
of metal-oxide clusters, have been intensively investi-
gated in many important aspects such as catalysis,
electrical conductivity, medicine, magnetism, mater-
ials science, and biologicalchemistry®. The wide app-
(i) the ability of

electron and proton

lication range is mainly based on
polyoxometalates to act as
reservoirs; and (i) the extreme variability of their
molecular properties including shape, size, acidity,
and charge. Recently, many remarkable works about

(MOFs) with

desired properties is the use of the coordination

constructing metal-organic frameworks

ability of polyanions to combine with different transition-
metal organic units have been presented in coordina-
tion polymers™®. This method may bring the merits of
each row-material together, such as structural diversity
and unique physical and chemical properties”.

For the construction of these POM-based CPs,
the choice of organic ligands is very ecritical. The
organic ligands can be subdivided into two classes:
pre-synthesized and in situ synthesized ligands®. The
former have been used extensively in the POM-based
reaction systems, including N-donor ligands, poly-
carboxylate ligands and so on”. Among these Nitrogen-
1,2,4-

triazole and its derivatives are interesting ligands

containing heterocyclic organic molecules,
because they combine the coordination geometries of
both pyrazoles and imidazoles with regard to the
arrangement of their three heteroatoms. For example,
these organic linkers have been used to construct
these open MOFs, which contain unsaturated metal
clusters and possess high thermal stability and even
framework flexibility™™!". As the 1,2,4-triazole deriva-
(4-NHy-trz) is a multi-

dentate ligand containing one amino and one triazole

tive, 4-amino-1,2,4-triazole

group, which can provide strong nitrogen coordination
donors to metal centers. It can be expected that 4-

NH,-trz ligand is able to be effectively imprinted onto

the metal coordination centers, affording versatile and

structural  tunable  inorganic-organic POM-based
hybrid materials!.

Previously we are also interested in exploiting
the coordination

chemistry and application of

nitrogen-containing heterocyclic ligands and its
derivatives!™. In this work, under hydrothermal condi-
tions two novel Cu'! and Cu! polyoxometalate (POM)-
based hybrid materials, namely [Cus(4-NH,-trz)(MogOa)
(H,0)4] -5H,0 (1) and [Cuy(4-NHy-trz);MogOy) (2) have
been designed and synthesized through simply tuning

the molar ratio of reactant.
1 Experimental

1.1 General

All the reagents were purchased commercially
and used without further purification. Deionized water
was used as solvent in this work. The solvents were
distilled from the appropriate drying agents prior to
use. G, H and N microanalyses were carried out with
a Perkin-Elmer 240 elemental analyzer. Elemental
analysis  (Mo) was performed on the X7 Series
inductively coupled plasma mass spectrometer (ICP-
MS) (Thermo Electron Corporation, U.S.A.). Powder
X-ray diffraction analysis has been determined on a
D/Max-2500 X-ray diffractometer using Cu Ko radiation
(A=0.154 1 nm, U=40 kV, I=40 mA) with a 26 range
of 5°~50°. The UV-Vis diffuse reflectance spectra
were obtained with a Lamdba 900 UV-Vis-NIR spec-
troscopy at room temperature.

1.2 Preparation of coordination complexes 1 and

2
1.2.1  [Cuy(4-NHjtrz)(MogOx)(H,0)4] - 5H,0 (1)

A mixture of MoO; (0.086 g, 0.60 mmol), CuSO,*
5H,0 (0.051 g, 0.2 mmol), 4-NH,-trz (0.016 g, 0.2
mmol) and H,O (10 mL) (n 1r'myny, 4 Tine0,=2:216) was
heated at 160 °C for 72 hours under autogenous
pressure, followed by cooling slowly (5 “C+h™) to room
temperature. Blue-green long shape crystals were
isolated manually from blue unidentified powder,
washed with water, and dried in air. Yield: 0.17 g (ca.
46% based on Cu). Anal. Calc. for CgH3Cu,MogN,035
(%): C, 5.30; H, 0.19; N, 12.38; Mo, 42.43. Found(%):
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C, 5.28; H, 0.15; N, 12.42; Mo, 42.45. IR (KBr, em™):
3116 (bs), 2 675 (w), 1 517 (m), 1 425 (m), 1 305 (m),
1 025 (s), 903 (s), 825 (m), 606 (m).

1.2.2  [Cuyd-NHytrz);MogOx] (2)

A mixture of MoOj; (0.057 g, 0.40 mmol), CuSO,-
5H,0 (0.076 g, 0.3 mmol), 4-NH,-trz (0.025 g, 0.3
mmol) and H,0 (10 mL) (n, 1y, e, =4:3:3) was
heated at 160 °C for 72 hours under autogenous
pressure, followed by cooling slowly (5 C+h™) to room
temperature. Red block crystals were isolated manually
from blue unidentified powder, washed with water,
and dried in air. Yield: 0.19 g (ca. 35% based on Cu).
Anal. Cale. for CgH;(CuMogN Oy (% ): C, 5.40; H,
0.90; N, 12.62; Mo, 43.27. Found (%): C, 5.38; H,
0.92; N, 12.72; Mo, 43.18. IR (cm™): 3 104 (m), 1 631
(m), 1 580 (m), 1 480 (m), 1 357 (w), 1 210 (w), 1 108
(s), 995 (s), 902 (m), 814 (m), 582 (m).

1.3 Photocatalytic measurements of coordination

complexes 1 and 2

The photocatalytic measurements of coordination
polymers 1 and 2 were evaluated by the degradation
of methylene blue (MB), rhodamine B (RhB) and
methyl orange (MO) under irradiation of a 300 W high
pressure mercury lamp. The experiments were carried
out in typical processes, 5 mg complexes 1 and 2
were dispersed in aqueous solutions of three dyes
(1x10~° mol -L."!, 10 mL), respectively. The mixture
was stirred in the dark for 30 min for the adsorption-
desorption  equilibrium, then the mixture was
transferred and placed under the lighting of Hg lamp
(200 W) with continuous stirring. Next, every 20 min

intervals, aliquots of the mixture samples were taken

out and centrifuged. Finally, the sample was analyzed
by UV-Vis measurement. The degradation efficiency
(D) of dye is defined as follow:

D=[(A =A )IA o)x100%=[(Cy—C,)/Cy]x100%
where Cy and A, represents the initial concentration
and absorbance of dyes solution after 30 min in the
dark, C, and A, represents the concentration and
absorbance of the dye at time .
1.4 X-ray crystallography

Structure measurements of complexes 1 and 2
were performed on a computer controlled Bruker
SMART 1000 CCD diffractometer equipped with
graphite-monochromated Mo Ka radiation with radia-
tion wavelength 0.071 073 nm by using the w-scan
technique. The structures were solved by direct
methods and refined with the full-matrix least-squares
technique using the SHELXS-97 and SHELXL-97
programs[”’lsl. Anisotropic thermal parameters were
assigned to all non-hydrogen atoms. The organic
hydrogen atoms were generated geometrically; the
hydrogen atoms of the water molecules were located
from difference maps and refined with isotropic
temperature factors. Analytical expressions of neutral-
atom scattering factors were employed, and anomalous
dispersion corrections were incorporated. Crystal data
collection and refinement details for complexes 1 and
2 are summarized in Table 1. Selected bond lengths
and angles for complexes 1 and 2 are listed in Table
2. Hydrogen bonds analysis was carried out using the
PLATON program™, all the hydrogen bonds distances
and angles are listed in Table S1.

CCDC: 1554212, 1; 1473507, 2.

Table 1 Crystal data and structure refinement information for complexes 1 and 2

Complexes 2
Empricial formula CsH3CuMogN 6055 CsH 1CusMogN 6026
Formula weight 1.809.1 1 774.04
Crystal system Triclinic Triclinic
Space group Pl P1
a/ nm 1.033 59(17) 0.910 30(12)

b/ nm 1.108 02(19) 1.076 06(14)
¢/ nm 1.235 1(2) 1.140 61(14)
al(°) 69.953(3) 102.847(2)
B/ 67.181(3) 112.757(2)
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Continued Table 1

y1() 63.219(3)
VI om? 1139 4(3)
A 2

F(000) 868

D,/ (Mg-m™) 2,637

©/ mm™ 3.153

Data, restraints, paramseter

GOF 1.065
Ry [I1=20(1)) 0.029 7
wRy* (all data) 0.070 3

6 652, 4 653, 324

108.449(2)
0.898 2(2)

2

836

3.280

5.119

6 819, 4 466, 283
1.042

0.036 9

0.086 3

‘Ri= 2N -IFIF); wR=[ Xw(F~F2% Y w(

FUZ)Z] 12

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

Complex 1

Cu(1)-0(14) 0.198 7(4) Cu(1)-N(5) 0.203 5(4) Cu(1)-N(1A) 0.198 9(4)

Cu(1)-O(15) 0.200 5(4) Cu(1)-N(2) 0.234 3(4) Cu(1)-0(7) 0.235 3(3)

Mo(1)-0(4) 0.174 7(3) Mo(1)-0(3) 0.189 4(3) Mo(1)-O(1) 0.169 7(3)

Mo(1)-O(5)' 0.191 4(3) Mo(1)-0(2) 0.217 3(3) Mo(1)-0(5) 0.243 7(3)
0(14)-Cu(1)-N(1) 174.87(16) 0(14)-Cu(1)-O(15) 91.27(16) N(1)-Cu(1)-O(15) 88.06(17)
0(14)-Cu(1)-N(5) 89.43(16) N(1)-Cu(1)-N(5) 90.95(17) 0(15)-Cu(1)-N(5) 176.71(17)
0(14)-Cu(1)-N(2) 84.09(15) O(1)-Mo(1)-0(5) 179.15(16) 0(14)-Cu(1)-0(7) 87.23(13)
N(1)-Cu(1)-O(7) 87.83(14) 0(15)-Cu(1)-0(7) 97.99(14) N(5)-Cu(1)-O(7) 78.84(14)
0(6)-Mo(2)-N(4) 93.86(16) 0(7)-Mo(2)-N(4) 80.82(15) 0(2)-Mo(1)-0(5) 164.35(15)
0(4)-Mo(1)-0(3) 146.55(14) 0(4)-Mo(1)-0(8) 77.08(13) 0O(1)-Mo(1)-0(4) 103.97(17)
0O(1)-Mo(1)-0(8) 158.38(17) 0(3)-Mo(1)-0(5) 70.52(12)

Complex 2

Cu(1)-N(1) 0.192 5(4) Cu(3)-N(6) 0.188 7(4) Mo(1)-O(8) 0.229 9(3)

Cu(2)-N(2) 0.187 6(4) Mo(1)-O(1) 0.170 1(4) Mo(1)-O(5) 0.237 1(3)

Cu(2)-N(5) 0.187 8(5) Mo(1)-0(4) 0.191 7(3) Mo(1)-0(3) 0.199 8(3)
N(2)-N(1)-Cu(1) 124.8(3) 0(1)-Mo(1)-0(2) 104.6(2) 0(3)-Mo(1)-0(8) 74.07(12)
N(2)-Cu(2)-N(5) 154.9(2) 0O(1)-Mo(1)-0(4) 100.78(17) 0O(1)-Mo(1)-0(5) 87.63(16)
N(6)-N(5)-Cu(2) 118.3(3) 0(2)-Mo(1)-0(3) 97.40(16) 0(2)-Mo(1)-0(5) 164.35(15)
0(4)-Mo(1)-0(3) 146.55(14) 0(4)-Mo(1)-0(8) 77.08(13) 0(4)-Mo(1)-0(5) 84.32(14)
0O(1)-Mo(1)-0(8) 158.38(17) 0(3)-Mo(1)-0(5) 70.52(12)

Symmetry code: ' x, 1.5-y, z+0.5 for 1; ' 2—x, 2—y, —z for 2.

2 Results and discussion

2.1 Preparations of coordination polymers 1 and
2
The chemistry of copper(Il)-molybdenum(Vl) oxides
itself represents a unique subclass of inorganic

the combination of different

types,

complex, in which

oxidation  states, and  their

polyhedral

connectivity defines the structural variety of geometric
forms"”.  Coordination polymers 1 and 2 are stable in
air and can retain their structural integrity at room

The

successful isolation of complexes 1 and 2 relies on the

temperature for a considerable long time.
exploitation of hydrothermal techniques. Hydrothermal
reaction conditions are essential for preparing the

final complexes 1 and 2. On the other hand, complexes
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1 and 2 are synthesized by using the same raw
materials and similar hydrothermal synthetic conditions

expect only using different molar ratios (. 114Ny 4, *
N0, =2:2:6 for 1 and 4:3:3 for 2). Therefore the molar

ratios of reactants in the multi-component system were
significant for the crystallization of products. In order
to select the most appropriate hydrothermal reaction
conditions to prepare these well-crystalline products 1

and 2, different molar ratios of the reactants (nyxy .,/
Ny, ) varying from 2 to 6 are sequentially used, in

which the molar quality of MoOs can vary from 0.2 to
0.6 mmol. The synthetic proce-dures for complexes 1
and 2 described in the experi-mental details were
selected as the most appropriate ones. The different
crystal structures of 1 and 2 show the important
influence of the molar ratios of starting reagents.

In particular, as a d” metal, Cu " ion can be
easily converted into Cu! ion in the presence of diff-
erent types of reducer. The changeable oxidation
states and versatile coordination geometries make
copper ion can be used as a controllable linker. It is
noted that Cu" ion in complex 2 was reduced to Cu'
under hydrothermal conditions. Bond valence sum
calculations for 1 and 2 show that all Mo atoms are in
+6 oxidation state, while Cu atoms are in +1 oxidation
state in 2 and the +2 oxidation state in 1. Addition-
ally, the oxidation state of the Cu atoms in 1 and 2 is
further confirmed by their coordination environments
and crystal color (blue-green long shape crystals for 1
and red block crystals for 2).

2.2 Structural description

Single-crystal X-ray diffraction analysis reveals
that complex 1 crystallizes both in Pl space groups
and triclinic crystal system. complexe 1 consists of two
Cu(ll) ions, four 4-amino-1,2,4-triazol(4-atrz) ligands,
one MogOy'~ anion, four coordinated water molecules
and five interstitial water molecules. As shown in Fig.
la, in complexe 1,4-atrz ligands adopt pyrazolate-like
[N-N]-bidentate bridging coordination mode. The Cu"
center (Cul) is six-coordinated by three N atoms
(NTA, N2 and N5) from triazolyl groups and three
(07, 014 and O15). These Oxygen

Oxygen atoms

atoms O(14), O(15) act as the terminal coordinated
water molecules, while the oxygen atom O(7) come from
MogOq6* -
coordinated Cu(ll) atoms (Cul and CulA) are linked

by two bi-dentate 4-atrz ligands forming binuclear

anions further linked Cul atoms. Two six-

Cu structural units. Further the dual-core structural
units are linked by MogOy'™ ions through bridging 07
atom, which are arranged into the 1D hybrid metal-
organic framework along the crystallographic b axis
(Fig.1b). Numerous N-H---O and O-H:---O hydrogen-
bonding interactions (N(7)-H(7A)---0(1), 0.305 7(7)
nm; N(7)-H(7B)--- 0(10), 0.300 5(6) nm; O (14)-H
(14A)---0(16), 0.269 8(6) nm; O(15)-H(15A)---0O(17),
2.681(7) nm; O(16)-H(16A)---O(11), 0.279 5(6) nm)
also can be observed in the coordination framework of
1, which also further extend 1 into a 3D supra-
molecular network (Fig.1c).

Single-crystal X-ray diffraction analysis reveals
that complex 2 also crystallizes in Pl space groups
and triclinic crystal system. Complex 2 consists of
(Cul, Cu2, Cu2A and Cu3), four 4-

amino-1,2,4-triazol (4-atrz) ligands and one MogOy"

four Cu(I) ions

anion. As shown in Fig.2a, in complex 2, Cu(l) is
six-coordinated by two triazole nitrogen atoms and
four oxygen atoms from MogOy'~ anions forming the
octahedral coordination mode, Cu3 is four-coordinated
by two triazole nitrogen atoms and two oxygen atoms
from MogOy'~ anions forming the planar coordination
mode while Cu2 are four-coordinated by two triazole
nitrogen atoms (N2 and N5) and two polyoxometalate
oxygen atoms forming the tetrahedral coordination
geometry. These 4-atrz ligands bridge neighboring
Cu' centers forming tetra-nuclear Cu' structural unit.
It is interestingly that, as shown in Fig.2b, 1D [Cu,(4-
NH,-trz),] helical chains can be observed, in which
these Cu' centers are extended by these bridging 4-
atrz ligands. For 2, these 1D right-hand and left-hand
helical chains are linked by (B-MogOx)* anions to
form the 2D hybrid framework of 2 (Fig.2¢). These C—
H--0, N-H---0 and O-H--- N hydrogen bonding
interactions (N (4)-H (4A)--- 0(10), 0.320 95(4) nm;
0(2W)-H(2A)---N(7), 0.280 8(6) nm; N(8)-H(8A)---
0(10), 0.315 41(4) nm; N(8)-H(8B)---0(4), 0.297 13(4)
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Fig.1 (a) Binuclear Cu" structural units of 1 with H atoms are omitted for clarity; (b) Binuclear Cu" structural units extended

by MogOy" ions forming the 1D hybrid metal-organic framework of 1; (¢) 3D supramolecular framework viewed along the

b-axis direction (dashed lines represent hydrogen bonding interactions)

nm; G(1)-H(1)---0(9), 0.319 13(4) nm) further extend
2D hybrid framework of 2 to generate a 3D supra-
molecular architecture (Fig.2d).
2.3 Powder X-ray diffraction (PXRD) and
FT-IR characterizations
PXRD patterns of 1 and 2 are also recorded at
room temperature to determine the phase purity. As
shown in Fig.3, the positions of the experimental
patterns are in good agreement with those of the

simulated patterns, implying phase the as-synthesized

samples of 1 and 2 are pure. The slight differences in
reflection intensities between the simulated and the
experimental patterns are due to the variation in the
crystal orientation of the powder sample.

In coordination complexes 1 and 2, the FT-IR
bands at 903, 825 ecm™ for 1 and 902, 814 cm™ for 2
can be assigned to ¥(Mo-0O) and v(Mo-O-Mo). FT-IR
spectra also display typical characteristic absorption
bands for triazole moieties of L. The peaks around ca.

3 100 cm™ and peaks located at 1 100~1 300 cm™,
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Fig.2 (a) Tetra-nuclear Cu' structural unit in 2 with H atoms omitted for clarity; (b) 1D [Cuy(4-NHy-trz),] helical chains

with Cu' centers bridged by 4-amino-triazole ligands; (c) 1D right-hand and left-hand helical chains linked by

(B-MogO,)* anions to form the 2D hybrid framework of 2; (d) 3D supramolecular framework viewed along the

crystallographic b-axis direction (dashed lines represent hydrogen bonding interactions)
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Fig.3 PXRD patterns for coordination framework (a) 1 and (b) 2
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which can be related to »(C-H) and »(C-N) or »(N-N)

of triazole moieties. The triazole out of plane ring

absorption is also observed at around 600 cm™ (606

cem™ for 1 and 582 em™ for 2)",

2.2 Photocatalytic capability for organic dyes of
1 and 2

As our knowns, large numbers of commercial
organic dyes are devoted to our daily life, however,
they are also toxic and carcinogenic to us. Therefore
how to rational utilize and purified the waste water
can be the burning question to solve. Some reported
about coordination polymers can show excellent
photocatalytic capability in the degradation of organic
dyes under UV irradiation!"**,

The photocatalytic activity of 1 and 2 in three
different dye solutions is shown in Fig.4 and Fig.5.
The entire six absorbance decrease obviously, more-
over, the variation trend of the concentration ratios of
the dyes (C/Cy) against time (¢) with 1 in solutions were
plotted, with C, representing the initial concentration
of dyes after stirred in the dark for 20 min. As
depicted in Fig.4, complex 1 shows remarkable photo-
catalytic capacity for these three organic dyes, and
could be nearly completely degraded (the degradation
efficiency (D) of dye is 99.4% for MB, 98.8% for RhB,
and 84.6% for MO) in 100 min. Complex 2 also shows
photocatalytic capacity for the three organic dyes, and
could be nearly completely degraded (the degradation
efficiency (D) of dye is 95.8% for MB, 96.8% for RhB,
and 83.2% for MO) in 100 min. The results indicate

that both complexes 1 and 2 could be an excellent

1.0 —a— MD
—e— MB
—a&— RhB
0.8
0.6
Q
© 0.4 4
0.2
A A
0.0 & & i
T T T T T x T T T
0 20 40 60 80 100

Irradiation / min

Fig.4 Plots of C/C, against irradiation time of MB, RhB

and MO with coordination polymer 1

candidate for photocatalytic activity in the photo-

catalytic degradation of some organic dyes.

1.0+ —a—MD
—e—MB
—A—RhB
0.8+
0.6
&
© 0.4 1
0.2+
00 T L ¥ 1 T 1
0 20 40 60 80 100

Irradiation / min
Fig.5 Plots of C,/Cyagainst irradiation time of MB, RhB
and MO with coordination polymer 2

With a view to the coordination environment, the
kinds of the central metal ions and the coordinated
mode of the ligand have significant influence on the
photocatalytic activities. As described in the previous

literature™ >,

during the photocatalytic process of
POM-based coordination polymers, UV-Vis light can
induce POM/organic ligands to produce oxygen and/or
nitrogenmetal charge transfer by promoting an electron
from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO).
The HOMO strongly demands one electron to return to
its stable state. Therefore, one electron is captured
from water molecules, which are oxygenated into the
-OH active species, which can decompose certain

dyes thus effectively to complete the photocatalytic

process @,
3 Conclusions

In  summary, under similar hydrothermal
conditions, only using different molar ratio for the

stating materials = (n. 17 ny .y, Tae0,=2:2:6 for 1 and 4:
3:3 for 2), two novel polyoxometalate (POM)-based Cu"
and Cu' hybrid materials, namely [Cuy(4-NHj-trz),
(MogOa6) (H,0),] +5H,0 (1) and [Cuy(4-NHy-trz),MogOa)
(2) (4-NHj-trz=4-amino-1,2,4-triazole) have been desi-
gned and synthesized. Their crystal structures have
been determined by single crystal X-ray diffraction,
FT-IR infrared spectra and powder X-ray diffraction.
PXRD patterns of the bulky samples 1 and 2 also
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have been determined, which agree well with theoretical
PXRD patterns confirming pure phases. Photocatalytic
activities for decomposition of different organic dyes
have been investigated for complexes 1 and 2,
indicating that 1 and 2 have significant photocatalytic
degradation effect to these organic dye molecules. The
result also reveals that great potential in the
construction of these novel metal organic frameworks
employing different triazole derivatives and versatile
polyoxometalate (POM)-based building blocks. On the
basis of this work, further syntheses, structures and
properties studies of these coordination polymers
using these versatile building blocks are also under

way in our laboratory.
Supporting information is available at http://www.wjhxxb.cn
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