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Two new polyoxometalate-templated organic—inorganic hybrid compounds with different metal—organic
frameworks, [Ags(trz)el[H4PM0o1,040] (1) and [Agioltrz)gl[HPMo1,040] (2) (trz = 1,2,4-triazole), have been
prepared based on the same organic ligands under different pH values. Compound 1 exhibits
a honeycomb 2D [Ags(trz)g] network and 3D graphite-like hybrid framework, and compound 2 exhibits
a 3D {Ags[Ags(trz)ellAg(trz),]} framework with 2D channels, in which [PMo1,040]°>~ polyanions locate in
the center of channels. To the best of our knowledge, [PMo1,QO40l°~ polyanions represent the highest

coordination number in 1 and terminal oxygen coordination number in 2 of Keggin POMs up to date. A
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Keggin POMs templates have important influences on the assembly of different frameworks. In addition,
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Introduction

New porous materials such as zeolites and zeolite-like
compounds have aroused increasing interest owing to their
potential applications in gas storage,"* ion exchange,** selective
catalysis,™® molecular sieves,”® and so on.’ In this field, the use
of templates such as organic amine cations'>"* and some small
anions*>** (Cl~, Br, 1, ClO, and PF¢ ), is a current important
synthetic strategy. In addition, large inorganic anions can also
be employed as templates to construct new porous
compounds.**** Polyoxometalates (POMs), one kind of signifi-
cant inorganic anions with versatile structural topologies and
abundant chemical combinations,***® could exert the template
role to direct the construction of new cationic metal-organic
frameworks (MOFs). For example, Zubieta reported the first 3D
tpypor based cationic framework [Fe,(tpypor);],*™" (tpypor =
tetrapyridylporphyrin) with {MocO;o} template.” Lu and co-
workers synthesized the first 3D [6]catenane framework [Agtrz]
[Ag12trze][PM0;1,040] in 2010 and the pseudorotaxane frame-
work Ag,4(trz)o[SiW;,040] in 2011 with Keggin POMs template
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(trz = 1,2,4-triazole).>*** Moreover POMs as templates can be
incorporated into some special structural frameworks, such as
POM@MIL-101,2** POM@HKUST-1,2#** and POM@rht-MOF-
1.26

As is known to all that surface oxygen atoms of POMs are
rather reactive and easily incorporate with the highly oxophilic
metal ions.”””* What's more vital, the resulting POMs-metal
subunits can provide considerable metal atoms for directing
the fabrication of novel framework.*>* However, to a large
number of surface oxygen atoms (36 and 54 for Keggin POMs
and Wells-Dawson POMs, respectively), the highest coordina-
tion numbers are not more than 9 for Keggin POMs** and 16 for
Wells-Dawson POMs*® to date. Therefore, there is more space to
extend the structural multiformity in face of the rich coordi-
nation oxygen atoms of POMs. At present, organonitrogen
ligands have become the preferred choice to assemble POM-
based hybrid compounds,**** in particular, the small-size tri-
azole molecules such as 1,2,3-triazole*® and 1,2,4-triazole,*”
because triazole molecules unite the coordination modes of
both pyrazole and imidazole, which exhibits the extensively
coordination ability to bridge metal ions with unusual struc-
tural diversity.*® Hence, triazole molecules were fully consid-
ered in our synthetic efforts for new POM-templated hybrid
framework. In this work, two new Ag-trz frameworks with
Keggin POMs templates, [Ags(trz)s][HsPM041,0,40] (1) and
[Ag1o(trz)g [HPMO,,0,0] (2), (trz = 1,2,4-triazole) were obtained
under different pH values by hydrothermal reaction. In addi-
tion, the formation of Ag-trz frameworks with Keggin POMs
template is discussed and the catalytical activities using the
photocatalytic degradation of Rhodamine-B as model are also
reported.

This journal is © The Royal Society of Chemistry 2016
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Experimental materials and general
methods

All reagents were reagent grade and used as purchased
commercially without further purification. All syntheses were
carried out in 20 mL polytetrafluoroethylene lined stainless
steel containers under autogenous pressure. Elemental analyses
for C, H, N were performed on a Perkin-Elmer 2400 CHN
Elemental Analyzer. The IR spectrum was obtained on an Alpha
Centaurt FT/IR spectrometer with KBr pellet in the 400-4000
cm™ ' region. The XRPD patterns were obtained with a Rigaku D/
max 2500 V PC diffractometer with Cu-Ko radiation, the scan-
ning rate is 4° s, 26 ranging from 5-40°. UV-vis absorption
spectra were recorded on a 756 CRT UV-vis spectrophotometer.

Synthesis of [Ags(trz)s][HsPMo04,040] (1)

H;3PMo0,,0,, (300 mg, 0.16 mmol), AgNO; (150 mg, 0.89 mmol),
trz (50 mg, 0.72 mmol), NH,VO; (36 mg, 0.31 mmol) were dis-
solved in distilled water (10 mL) with stirring for 0.5 h at room
temperature, and pH value was adjusted to ca. 3.0 by 1 mol L™*
HCL. The resulting solution was transferred into the 20 mL
polytetrafluoroethylene lined stainless steel reactor and heated

Table 1 Crystal data and structure refinements for the compounds 1

and 2°

Chemical formula

C12N18H16Ag5PM015040 C16N24H16A810PM01,040

Formula weight
CCDC
Temperature (K)
Wavelength (A)
Crystal system
Space group

a (A)

b (A)

¢ (A)

a(®)

8 ()

v ()

Vv (A%)/z

Density (g em ™)
Abs coeff. (mm ™)
F(000)

Data collect ¢ range
Reflns collected
Independent reflns
Rint
Data/restraints/
parameters
Goodness-of-fit
on F*

Final R indices
[1 > 24(1)

R Indices

(all data)
Largest

diff. peak and
hole (e A~%)

“ Ry = 3(||Fo| — |Fe|[)/Z|Fol, WRy = Ew(|Fo|* — |Fel*)*/Zw(|Fo| ).

2774
1494914
273
71.073
Trigonal
P31m
12.1615
12.1615
10.4558
90

90

120
1339.25/1
3.435
4.630
1284.0
3.350 to 29.282°
10 628
1262
0.0410
1262/123/109

1.023

R, = 0.0534, WR, =
0.1224

Ry = 0.0670, WR, =
0.1293

1.087 and —1.276

3446.38
1494913
298
71.073
Triclinic
P1
11.0695
12.3229
13.1699
79.160
66.215
72.255
1561.31/1
3.664
5.507
1589.0
3.303 to 29.312°
20 476
7404
0.0307
7404/0/482

1.047

Ry = 0.0493, WR, =
0.0974

Ry = 0.0653, WR, =
0.1036

1.282 and —1.267
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at 170 °C for 5 days. After the autoclave was cooled to room
temperature at 10 °C h™", the yellow block crystal suitable for
X-ray crystallography were obtained, and then washed with
distilled water and air-dried (yield: 35% based on Ag). Elemental
analysis: anal. calcd for AgsC;,N;gH;6M0,,040P (2774.00): caled
C 5.19, H 0.58, N 9.08%; found C 5.17, H 0.64, N 9.06%.

Synthesis of [Ag;(trz)s][HPMo0,,040] (2)

The synthetic method was similar to that of compound 1, except
that pH value was adjusted to ca. 4.5 with 1 M KOH. Red block
crystals of 2 were filtered, washed with water, and dried at room
temperature (26% yield based on Ag). Elemental analysis: anal.
caled for Ag;0C16N24H17M01,0,40P, (3446.38): caled. C 5.58, H
0.49, N 9.75%; found C 5.57, H 0.55, N 9.72%.

X-ray crystallographic study

Crystallographic data for compounds 1 and 2 were collected on
the Agilent Technology Eos Dual system with Mo-Ka radiation (4
= 0.71069 A) at 293 K. The structures were solved by the direct
method and refined full-matrix last squares on F> through the
SHELXTL and WINGX software package.* All non-hydrogen
atoms were refined anisotropically and the ISOR command
was used to refine some APD and NPD atoms in 1 and 2. The
crystal data and selected bond lengths and angles are listed in
Tables 1, S1 and S2.T CCDC reference numbers 1494914 for 1
and 1494913 for 2.

Photocatalysis properties

To investigate the photocatalytic activities of compounds 1 and
2 as catalyst, the photodecomposition of Rhodamine-B (RhB) is
evaluated under UV light irradiation through a typical process: 1
or 2 (50 mg) was mixed together with 100 mL of 1.0 x 10~> mol
L~ (C,) RhB solution in a beaker by ultrasonic dispersion for
10 min. The mixture was stirred for ca. 30 min till reached the
surface-adsorption equilibrium on the particles of compounds.
Then the mixture was stirred continuously under ultraviolet
(UV) irradiation from a 125 W high pressure Hg lamp. At 0, 20,
40, 60, 90, 120 and 150 min, 3 mL of the sample was taken out
from the beaker respectively, followed by several centrifugations
to remove the title compound and a clear solution was obtained
for UV-vis analysis.

Results and discussion

Single-crystal X-ray diffraction analysis shows that compound 1
crystallizes in the trigonal space group P31m and shows a 3D
framework constructed by 2D [Ags(trz)s] net and 1D POM-Ag
inorganic chains. Compound 2 crystallizes in the triclinic space
group P1 and exhibits a 3D framework constructed by 3D
{Ags[Ags(trz)s][Ag(trz),]} framework and 2D POM-Ag inorganic
layer. All Mo atoms are in +VI oxidation state in 1 and 2, which
was confirmed by valence sum calculations.* To balance the
charge, some proton are added into the PMo,, polyanion, and
compounds are formulated as [Ags(trz)e][H4sPM0;,040] (1) and
{Ags[Ag(trz),][Ags(trz)s|{HPM01,04] (2). The networks of
compounds were analyzed by using the TOPOS40 program.*

RSC Adv., 2016, 6, 108328-108334 | 108329
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Fig.1 (a) Ball/stick representation of the [Age(trz)s] metallacycles and the 2D [Ags(trz)z],, net of compound 1. Only parts of atoms are labeled, and
all hydrogen atoms are omitted for clarity. (b) Combined ball and polyhedral representations of the 1D POM—Ag inorganic chains. (c) Combined
ball/stick and polyhedral representation of the connection mode of PMoy, clusters and metal—-organic sheets. (d) Combined ball/stick and
polyhedral and topology representation of the whole 3D structure constructed by PMo,, clusters (red), Agl (blue) Ag2 (yellow), trz ligand (blue).

The parallel experiments indicate that the use of NH,VO;
species is necessary and pH value plays a key role during the
formation of compounds 1 and 2.

Structure description of compound 1

Single crystal X-ray diffraction analysis reveals that 1 consists of
five Ag” ions, six trz molecules and one [PMo;,0,0]>~ polyanion

Fig. 2 (a) Ball/stick representation of the [Age(trz)s] metallacycles of
compound 2. Only parts of atoms are labeled, and all hydrogen atoms
are omitted for clarity. (b) Ball/stick representation representations of
the 2D metal-organic sheet. (c) Combined ball/stick and topology
representation of the whole 3D metal-organic framework with the
larger void (ca. 22.242 A x 22.242 A).

108330 | RSC Adv., 2016, 6, 108328108334

(abbreviate as PMo;,) in Fig. S1 (ESIt). There are one crystal-
lographically independent PMo;, polyanion and one disorder
trz molecule, and two crystallography independent Ag ions (Ag1
and Ag2). And their coordination modes are illustrated in
Fig. S2 (ESIT). The bond lengths around Ag ions are in range of
2.260-2.761 A for Ag-N bond and 2.931 A for Ag-O bond, while
the N-Ag-N angles are in the range of 117.5-166.5°. Without
regard to the PMo,, polyanions, Ag ions and trz molecules
fabricate the 2D honeycomb network [Ag,(trz);],, composed of
the hexanuclear [Age(trz)s] metallacycles with the dimensions of
14 A x 12 A, in which each Ag1 ions adopts triangular coordi-
nation mode completed by three N atoms from three trz
molecules (Fig. 1a). In turn, taking no account of organic
ligands, the PMo,, polyanions link with twelve Ag2 ions form-
ing the 1D inorganic chain (Fig. 1b). To the best of our knowl-
edge, the coordination number of PMo,, polyanions in 1
represents the highest coordination number of Keggin POMs up
to date. As a whole, the POM-Ag2 chains and 2D [Ag,(trz)s],
network fuse together fabricating 3D framework with graphite-
like structure via Ag2-N3 bonds (Fig. 1c and d), in which PMo,,
polyanions are sandwiched between the center of networks.
From the topological view, compound 1 exhibits an unique (3, 3,
3, 12)-connected 3D framework with an unprecedented {8°}
{4.8°}{8°H{4°-12°-14%} topology (Fig. 3d). In this simplifica-
tion, the 3-connected nodes are Agl, Ag2 ions and trz liginds,
and the 12-connected nodes are PMo,, polyanions.

Structure description of compound 2

Single crystal X-ray diffraction analysis reveals that compound 2
consists of ten Ag' ions, eight trz molecules and one

This journal is © The Royal Society of Chemistry 2016
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Fig.3 (a) Combined ball/stick and polyhedral representations of the 2D POM—-Ag inorganic layer constructed by the PMo, clusters and Ag ions.
(b) Combined space-filling and stick representation of the whole 3D structure in different orientation. (c) Topological representation of the whole
3D framework constructed by PMog, clusters (bule), [Agg(trz)s] metallacycles (gray), Agl (green) Ag4 (yellow), Ag6 (dull red).

[PM0,,04,]> polyanion (abbreviate as PMo;,) as shown in
Fig. S3 (ESIT). There are six crystallography independent Ag ions
(Ag1, Ag2, Ag3, Ag4, Ag5, Ag6) and four crystallography inde-
pendent trz ligands (trz-1, trz-2, trz-3, trz-4), and their coordi-
nation modes are illustrated in Fig. S4.f The bond lengths
around Ag ions are in range of 2.72-2.86 A for Ag-O bond, and
2.11-2.62 A for Ag-N bond, while the N-Ag-N angles are in the
range of 92.4-180.0°. Without regard to the PMo,, clusters, Ag
ions and trz ligands fabricate a new 3D {Ags[Ags(trz)s|[Ag (trz),]}
framework composed of the [Agy(trz)s] metallacycles (A), Ag4
and Ag6 ions (B) and linear [Ag(trz),] subunits (C). More
specifically, six Ag ions (Ag2, Ag3 and Ag5) linking with six trz
molecules give rise to a hexanuclear [Agy(trz)s] metallacycle (A)
via the route Ag2-trz-2-Ag3-trz-1-Ag5-trz-3-Ag2—-trz-2-Ag3-trz-
1-Ag5-trz-3 (Fig. 2a). Different from 1, the hexanuclear metal-
lacycle exhibits a small double crown-like shape due to the
different plane of six trz molecules under the action of Ag5-N11
bond. Then subunits A are connected together through Ag4 and
Ag6 ions forming the 2D {Ag;[Age(trz)s]}, sheet (Fig. 2b). Finally,
the 2D sheets are further extends to a 3D framework via the
subunit C [Ag(trz),] shown in Fig. 2c. Consequently, subunit A
as eight-connected nodes and B and C as two-connected node,
fabricate a new framework with {4”}{8*}{4*-8%°-12°} topology
(Fig. 2c below). Due to the tortuosity of subunit A, the 3D
framework possess a larger void with dimensions of ca. 22.242 A
x 22.242 A. Taking no account of organic ligands, PMo,, clus-
ters link with Ag1, Ag3, Ag4 and Agé6 ions forming the 2D
inorganic layer (Fig. 3a). Note that PMo,, clusters using eight

This journal is © The Royal Society of Chemistry 2016
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terminal oxygen atoms coordinate with ten Ag" ions, which
represents the highest terminal oxygen coordination number of
Keggin POMs up to date. As a result, the 2D inorganic layer
intersect with the 3D {Ag;[Ages(trz)s][Ag (trz),]} framework by
sharing ten Ag ions (two Agl, two Ag3, two Ag4 and four Ag6)
fabricating the whole structure, in which PMo,, clusters are
located in the center of channels (Fig. 3b). From the topological
view, compound 2 exhibits a unique (4, 4, 4, 10, 10)-connected
3D framework with an unprecedented {3-4°-5-6},{3% 4%-5%}
{3%-4%-5}{3%-4"%-5%-6"*.7"-8}{3%-4"*.5"%-6'%.7 -8} topology
(Fig. 3d). In this simplification, the four-connected nodes are
Ag1, Ag4 and Ag6, and ten-connected nodes are hexanuclear
[Age(trz)s] subunits and PMo,, clusters.

By the utilization of the same ingredients, two new silver-
triazole frameworks with Keggin POMs templates have been
fabricated and summarized shown in Scheme 1. It seems that
the coordination modes of trz ligand (pyrazole-like 1,3-coordi-
nation (named as A) and imidazole-like 1,2-coordination
(named as B)) and the template of PMo,, polyanions have an

View Article Online
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important influence on the structures of 1 and 2. In 1, each trz
ligand coordinates with Ag ions forming a bigger twist angle
(146.6°), which can reduce the interaction between adjacent
atoms. Then the larger hexanuclear metallacycle [Ag(trz)s] with
the dimension of 14 A x 12 A was successfully constructed, and
the similar result was observed in compound [Age(trz)e]
[PM0,,0,¢]»-6H,0.*> So the sphere PMo,, polyanions with the
dimension of 10.4 A x 10.4 A can be easily located in the hex-
anuclear macrocycle. Meanwhile, the PMo,, clusters as
templates induce the coordination between Ag2 and hex-
anuclear metallacycle, which results in a shrunken ten-nuclear
metallacycle [Ag;(trz)s] with the dimension of 9.4 A x 9.4 A due
to the conversion through mirror symmetry of the adjacent
hexanuclear metallacycle. As the results, PMo,, polyanions are
sandwiched in the interior of the ten-nuclear metallacycle.
Comparison with 1, trz molecules coordinate with Ag ions
forming a smaller twist angle (75.1°) in 2, which increases the
opportunities of the interaction among atoms, and the crown-
like hexanuclear metallacycle with the dimension of 7.6 A x

(b)z
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0.74  —a—Compound 2 ©) £ % min
—v— Compound 1 2 o4 150 min
~ 0.6 1 .
§ 2]
= 0.5-
-g 400 4;0 S{’W 5;0 64')0 650
« 0.4 - @ Wavelength/nm
N
E 12
S 0.3
8 1.0 C:m’:’?und 2
ahad @ | - .
£ % mi
0.1 - _g 120 min
< 0.4 150 min
0.0 - 02
T T T T T T T T sl
0 20 40 60 8 100 120 140 160 : , , ,
400 450 500 550 600 650
Time (min) Wavelength/nm
0.9 0.9
©) . S o Compound 1 oo Compound 2
0C  3rd  4th
0.7 Sth 0.7
g 1AL 2nd 3rd  4th s
< 0.6 2 06
£ £
8 951 £ 05-
E g
% 0.4 £ o4
8 03- g 03
g 03
0.2 02
0.1 it
= 0.0-
1 2 3 4 5 1 H 5 3 .
Times Times

Fig. 4 (a) Decolorization of RhB solution in different reaction systems. Compound 1 as catalyst (®), compound 2 as catalyst (@), (NBu)s[-
PMo01,040] 1 as catalyst (®) and no catalyst (®) under UV irradiation. (b) UV-vis adsorption spectra of the RhB solution under UV irradiation in the
presence of the compounds 1-2. (c) Recycling experiments using compounds as catalyst for the photocatalytic degradation of RhB under UV

irradiation.
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3.2 A is constructed (Ag2---Ag3 = 3.26 A, Ag3---Ag5 = 3.19 A). So
the PMo;, polyanions with lager size (ca. 10.4 A x 10.4 A) were
rejected outside the window of crown-like macrocycle as
templates forming the open sandwich structure, which provides
more space to coordinate with Ag ions (Ag1, Ag4 and Agé6). As
a result, a 3D {Ags[Ags(trz)s][Ag (trz),]} framework with 2D
channels with dimensions of ca. 22.242 A x 22.242 A are
perfectly fabricated under the template of PMo,, polyanions, in
which PMo,, polyanions locate in the center of channels.

XRD pattern, IR spectra and optical energy gap

The XRD patterns for 1 and 2 are presented in Fig. S5 (ESIt). The
diffraction peaks of both simulated and experimental patterns
match well, except for a little difference about reflection inten-
sities, thus indicating that the new compounds are the purity
phase. In addition, XRPD of 1 and 2 have exactly similarity of
peak position and intensity before and after photo-degradation
of RhB, which confirms the stability of compounds as photo-
catalyst. IR spectra of 1 and 2 are presented in Fig. S6 (ESIT).
Characteristic peaks at 1057, 956, 887 and 796 cm ' for
compound 1, and 1057, 967, 897 and 795 cm ' for 2, are
assigned to v,5(P-0), v,5(0O-Mo), v,5(M0-Op-Mo) and v,4(Mo-O.-
Mo) vibrations. Vibration peaks in the region of 140-1156 cm ~*
are regarded as to that of trz molecules. The diffuse reflectivity
of 1 and 2 was measured in order to determine the band gaps
(Eg), which is defined as reverse extension point between energy
axis and linear Kubelka-Munk absorption intensity.*>** As
shown in Fig. S7 (ESIf), according to the corresponding
absorption intensity, E, values of 1 and 2 are assessed as 2.04 eV
and 1.78 eV, respectively. The result indicates that 1 and 2 have
semiconductor properties and can be used as potential
photocatalyst.

Photocatalysis properties

POMs and their derivatives have been proven to be an excellent
kind of green and cheap photocatalysts for the degradation of
the organic dyes, because the ultraviolet light can induce POM
to produce oxygen-to-metal charge transfer (OMCT), promoting
electron from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO).*>*¢ Then
the charge transfer excited state (POM¥*) with strong oxidizing
properties can not only directly oxidize the target pollutant, but
also react with water or other electron donors to generate an
-OH radical. Herein, by selecting RhB as a model organic dye,
the photocatalytic performances of compounds 1 and 2 under
UV irradiation were tested, and the decomposition rates of RhB
solution were calculated by the following formula:
C—-C Ay— A

x 100% =

D=
Coy Ay

x 100%

where D is decomposition rate, Coy, Ao and C, A are the
concentration and absorbency of RhB solution in absorption
equilibrium before and irradiation, respectively.

As shown in Fig. 4a and b, after irradiation for 150 min, the
photocatalytic decomposition rates are 73.9% for 1 and 67.1%
for compound 2 as catalyst. In contrast, the photocatalytic

This journal is © The Royal Society of Chemistry 2016
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decomposition rate is 35.2% using insoluble (NBuy)3[PMo0;,0,]
as catalyst and 10.2% without catalyst after 150 min UV light
irradiation, which illustrates that the formation of hybrid
compound could improve the photocatalytic performance of the
(NBuy)3[PMo0;,04]. According to the photocatalytical mecha-
nism of POMs, the enhanced photocatalytic property can be
deduced that the cleavage of the whole chromophore structure
of RhB occurs preferentially over the surface of compounds 1
and 2, meanwhile the Ag-trz framework acts as photosensitizer
and promotes transition of electrons to POMs. The minor
difference between 1 and 2 may be caused by the different Ag-
trz frameworks (2D honeycomb net for 1 and 3D porous
framework for 2) and the coordination number of Keggin POM
(12 for 1 and 8 for 2), which can affect the transition of electrons
to POMs.

Further studies show that 1 and 2 are very stable and easily
removed from the mixture solution, and the catalytic activity for
subsequent run falls but little changes shown in Fig. 4c (73.9%
for 1, and 67.1% for 2 for the first cycles, 72.1% for 1 and 65.2%
for 2 for the second cycles, 71.2% for 1 and 65.1% for 2 for the
third cycles, 70.0% for 1 and 63.8% for the fourth cycles, 67.9%
for 1 and 63.4% for 2 for the fifth cycles). The result indicates
that 1 and 2 possess better degradation activity and may be an
excellent potential photocatalyst to decompose some organic
dye.

Conclusions

In summary, two new Ag-trz hybrid compounds with
[PMo0,,0,,]° templates have been successfully synthesized and
structurally characterized. The cooperative assembly of the
diverse coordination mode of 1,2,4-triazole and the template
induction of the oxygen-rich Keggin POMs gave rise to two
different Ag-trz framework, which results in two new POMs-
based hybrid compounds. Also, compounds 1 and 2 are effi-
cient molecular photocatalyst for the degradation of RhB. This
work may supply a new strategy for constructing new framework
by employing POMs as templates, and encourage us to further
explore the other POM template framework.
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