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Abstract—The reaction of Cu(NOj3), - 3H,0O with rigid ligand 4'-(1H-tetrazol-5-yl)-[1,1'-biphenyl]-3,5-
dicarboxylic acid (H;L) gave a new metal-organic framework of [Cu,(u;-OH)(L)(H,0),], (I) (CIF file

CCDC no. 1533273). Complex I has a truncated cuboctahedra that was connected by trigonal C
trimers using each tetrazolate (N,CR) moiety and shows a overall 3D nnt net with (6.82)4(8%),(6

O(N,CR),

u
2384)3 topol-

ogy. The properties of gas adsorption and the degradation of the methyl violet have been examined.
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INTRODUCTION

Designed MOFs that are based on metal-organic
polyhedra might provide very efficient ways for the
construction of porous MOFs, because metal-organic
polyhedra themselves have cavities, and the excellent
properties of the MOFs could be modulated at the
level of the metal-organic polyhedral [1]. Very com-
mon among the polyhedra is the cuboctahedron,
which is often constructed with 12 dimetal paddle-
wheel clustersand 24 isophthalate structural moieties
[2, 3]. These polyhedra can be linked to form three-
dimensional (3D) MOFs via either coordination
bonds or covalent bonds, as demonstrated in [4—21].
Most recently, a (3,24)-connected network has been
reported [22]; it was achieved by connecting the
24 edges of a cuboctahedron (or the 24 corners of a
rhombicuboctahedron) with a linker having C; sym-
metry. Accordingly, from a pure topological analysis
perspective, the rht-MOF can be alternatively
described as a (3,3,4)-c net based on its basic building
blocks (recently dubbed ntt). Recently, we have fabri-
cated an uncommon (3,3,5)-c net by using a function-
alized ligand strategy, which shows a high H, uptake
exhibits a good selective adsorption of CO, over N,
and CH, [23].

Following the supermolecular building blocks
strategy, we selected and designed a new organic linker
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of  4'-(1H-tetrazol-5-yl)-[1,1'-biphenyl]-3,5-dicar-
boxylic acid (H;L), which has more soft-base and
hard-base coordination sites [24, 25]. It has ability to
generate two types of binding moieties (carboxylate
and pyrazole functionalities). Compared to common
5-tetrazolylisophthalic acid [8], it also contains larger
size and easily forms pore feature when binds to metal
centers. Herein, combining Cu?* ions as the metal
source and H;L, we obtained a novel 3D porous MOF,
[Cu,y(u;-OH)(L)(H,0),], (I), constructed from the
pyrazole-bridged cyclic trinuclear units. The proper-
ties of gas adsorption and the degradation of the
methyl violet (MV) have been examined.

EXPERIMENTAL

Materials and methods. All chemicals were pur-
chased from Jinan Henghua Sci. and Tec. Co. Ltd.
without further purification. Powder X-ray diffraction
(PXRD) data was collected on a Rigaku D/max-2550
diffractometer with Cuk,, radiation (A = 1.5418 A).
Elemental analyses (C, H, and N) were achieved by
vario MICRO (Elementar, Germany). The thermo-
gravimetric (TG) analyses were performed on TGA
Q500 thermogravimetric analyzer used in air with a
heating rate of 10°C min—".

Synthesis of I. Single crystal of I was obtained by sol-
vothermal reaction of Cu(NOs;), - 3H,0 (0.15 mmol)
and H;L (0.005 mmol) in DMF (2 mL) with HNO;
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Table 1. Crystallographic data and structure refinement information for I

Parameter Value
Crystal system Cubic
Crystal size 0.22 x 0.18 x 0.10
Space group Fm3m
Crystal color Blue
V,A3 161505(30)
Z 18
Pealcas &/cm’ 0.450
u 0.641
F(000) 21664
0 Range, deg 1.94-27.49
Index ranges —70<h<70,-70< k<58, -70</L52
Reflection collected 92646
Independent reflections (R;,;) 8677 (0.0354)
Numbers of paramrtes 615
GOOF 1.33

Ry, wR, (I > 26(D)*
R}, wR, (all data)**
AFmax/AFmin’ e A_S

0.2946, 0.6488
0.3672, 0.6014
3.948/—1.543

* R=Y(Fy — Fo)/S(F,), ** wRy = {S[W(F{ — F2)2/S(F2)2 2.

(0.35 mL) (2.2 mL HNO; in 10 mL DMF) at 105°C
for 72 h. The mixture was then cooled to room tem-

perature. Bright-blue block crystals were obtained and
air-dried (yield 35% based on Cu).

FT-IR (KBr; v, cm™"): 3350 w, 1623 m, 1582 s,
1456 m, 1358 s, 1240 m, 1104 w, 929 w, 880 w, 760 s,
721 m, 648 m.

The experimental PXRD pattern is in agreement
with the simulated one based on the single crystal
X-ray data, indicating the purity of the as-synthesized
product.

X-ray structure determination. Crystallographic
data for I was collected on a Bruker Apex II CCD dif-
fractometer using graphite-monochromated MoK,
(A= 0.71073 A) radiation at 295 K. All nonhydrogen
atoms were easily found from the difference Fourier
map. The structure was solved by direct methods and
refined by full-matrix least-squares on F? using ver-
sion 5.1. All nonhydrogen atoms were refined aniso-
tropically. Since the highly disordered guest molecules
were trapped in the channels of I and could not be
modeled properly, there are “Alert level A” about
“Check Reported Molecular Weight” and “VERY
LARGE Solvent Accessible VOID(S) in Structure” in
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the “check CIF/PLATON report” files for I. The final
formula of I was derived from crystallographic data
combined with elemental and TG analysis data.
The detailed crystallographic data for I are listed in
Table 1. Selected bond lengths and angles are listed in
Table 2. The highly R vales may be assigned to its weak
diffraction, which was caused by its larger cell and
porous channel, although we have measured the data
several times.

Crystallographic data for I have been deposited
with Cambridge Crystallographic Data Centre
(CCDC no. 1533273; www.ccdc.cam.ac.uk/data_re-

quest/cif).

Photocatalytic method. The photocatalytic reac-
tions were performed as follows: 50 mg of I were dis-
persed in 50 mL aqueous solution of MV or RhB
(10 mg/L) under stirring in the dark for 30 min to
ensure the establishment of an adsorption—desorption
equilibrium. Then the mixed solution was exposed to
UV irradiation from an Hg lamp (250 W) and kept
under continuous stirring during irradiation for
100 min. Samples of 5 mL were taken out every 10 min
and collected by centrifugation for analysis by UV-Vis
spectrometer. By contrast, the simple control experi-
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Table 2. Selected bond distances (A) and angles (deg) of structure I*

Bond d, A Bond d,A
Cu(1)—0(1)*! 1.970(7) Cu(1)-0(4) 2.131(16)
Cu(1)—Cu(2) 2.663(3) Cu(2)—0(2)"! 1.963(7)
Cu(2)-0(3) 2.190(14) Cu(3)-0(12) 1.859(9)
Cu(3)—N(1) 1.911(17)

Angle o, deg Angle o, deg
O(1)Cu(1)O(1)*! 167.6(4) O(1)Cu(1)0(4) 96.2(2)
O(1)Cu(1)Cu(2) 83.8(2) 0(2)Cu(2)0(2)*! 166.8(4)
0(2)Cu(2)0(3) 96.6(2) O(12)Cu(3)N(1) 91.1(4)
N(1)Cu(3)N(1)*? 166.8(9) Cu(3)0(12)Cu(3)*? 116.0(9)
* Symmetry codes: “1 1 —x,y, 2,721 —x, 1 —y, 2.

ment was also performed under the same condition
without adding any catalysts.

The nitrogen adsorption—desorption measure-
ments were carried out at liquid nitrogen temperature
(77 K) by using an automatic volumetric adsorption
equipment (Micromeritics, ASAP2020). Low pressure
(<800 torr) gas sorption isotherms were performed
using a Micromeritics ASAP 2020 surface area and
pore size analyzer. Pore size distribution data were
obtained from the N, sorption isotherms based on the
DFT model in the Micromeritics ASAP 2020 software
package (assuming slit pore geometry). An ultra-high
purity (UHP, 99.999% purity) grade of N,, H,, CH,,
and CO, gases was used throughout the adsorption
experiments. Prior to the measurements, all the sam-
ples were degassed at 80°C for 10 h to remove the
adsorbed impurities.

RESULTS AND DISCUSSIONS

The structure of I contains L ligands coordinated to
two types of copper cluster secondary building units
(SBUs). The ligands, all of which are related by symme-
try, coordinate to Cu;(OH)(Tz); clusters via the tetra-
zole functional group; each Cu;(OH)(Tz); SBU coor-
dinates to three ligands in this way. Each ligand also
coordinates via its carboxylate groups to two different
(but symmetry related) copper carboxylate dimer
SBUs. In other words, each inorganic paddlewheel uni-
tis dinuclear and consists of two copper ions with a
square pyramidal geometry, directing by four oxygen
atoms of four carboxylates and one axial water mole-
cule, CuOs (Fig. 1a). Both carboxylate moieties of the
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triply deprotonated L ligand coordinate in a bidentate
bridging fashion to two copper atoms to form the
Cu,(0O,CR), subunit, which combine in a cis fashion to
form the finite truncated cuboctahedron. Each tetra-
zolate moiety also coordinates to two copper atoms of
the Cu;O(N,CR); trimer (Fig. 1b). It was very similar
with the structure of [CucO(TZI);(H,0)4(NO3)], -
(H,0),5 (TZI = 5-tetrazolylisophthalicacid) [26].

From the topology view, complex I can also be
interpreted topologically as a novel three-dimensional
(3,3,4)-C connected ternary net, based on the assem-
bly of three different basic SBUs. The ligand acts as a
3-c node, coordinating to two Cu,(O,CR), and one
Cu;(OH)(Tz); SBUs. In turn, the Cu,(0O,CR), SBU
acts as a 4-c node and the Cu;(OH)(Tz); SBU acts as
a 3-c node. This generates an overall 3D nnt net,
which is a 3,3,4-c net with (6.8%)4(8°),(62.8%); topol-
ogy, as shown in Fig. 1b.

The permanent porosity of I was confirmed by the
nitrogen adsorption studies at 77 K (Fig. 2a). The
nitrogen adsorption of I exhibits a reversible isotherm
and reaches saturation at 69.2 cm?3 g~! at 1 bar, indicat-
ing the microporous nature of the sample. Meanwhile,
we also study its gas uptake capacity, especially for
hydrogen, carbon dioxide and methane. We investi-
gated the gravimetric H, uptake in I at 77 and 87 K
(Figs. 2b, 2c). Both the H, isotherms show good
reversibility without hysteresis, indicating that
the interaction is physisorption. The H, uptake capac-

ity reaches 85.03 cm?® g=! at 77 K and 1.0 bar, and

64.8 cm? g~! at 87 K and 1.0 bar, respectively. Its value
of H, capacity is less than that of

No.3 2018
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Cu(3)
N(D)

Fig. 1. View of the coordination environments of metal centers (a); the full 3D network with pore (b); and the underlying 3,3,4-c nnt

net in the structure of I (¢).

[CugO(TZI)3(H,0)9(NO3)], - (H,0),5 [26]. Besides,
single component low pressure gas adsorption of CO,
and CH, were also measured at 295 K (Figs. 2d, 2e),
the maximum adsorbed amount of CO, and CH, on I
is up to 27.4, 7.8 cm3 g~! at 295 K and 1 bar, respec-
tively. From the lower gas uptake capacity, we found
that the crystallized integrity was broken, which can be
confirmed by PXRD patterns. Thus, the larger pore in
this MOF is especially damaging for the gas uptake
capacity. This phenomenon was also found in most
reported MOFs [27, 28].

Based on the above structural feature, we tried to
explore the photocatalytic activities of I. As shown in
Fig. 3a, the absorption peaks of MV decrease obvi-
ously with the increasing of reaction time in the pres-
ence of I. The calculation results show that the degra-
dation rate of MV is 64.2%. In addition, the control
experiments on the degradation of organic pollutants
were examined in the same reaction condition just
without catalyst. The degradation rate of MV is just
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17.8% within 100 min under UV irradiation without
catalyst. The repeated photocatalytic degradation of a
constant MV concentration was discussed. The degra-
dation rates of I showed no significant reduction when
the photocatalysts were used five times in the same
procedures (Fig. 3b), which suggests that the photo-
catalytic activities have well reproducibility. After pho-
tocatalysis, the PXRD patterns of I has not more
changed, implying that I maintains its structural inter-
linkage after the photocatalysis reaction. Herein, these
facts indicate that I demonstrates excellent catalytic
activity for the photodegradation of MV dye in water
[29, 30].

TG analysis for I shows a weight loss of 16.6%
between 35 and 138°C, which corresponding to the
loss of DMF and coordinated H,O molecules (calcd.
16.2%). Upon further heating, a weight loss of 58.6%
should correspond to the release of the organic L
ligands, and then the collapse of the framework (calcd.
58.0%) (Fig. 4).

No. 3 2018
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Fig. 2. N, adsorption isotherm of I at 77 K and 1 atm (a); H, adsorption isotherm of I at 77 and 87 K (b, c), respectively; CO,,
CH, adsorption isotherms at 295 K (d, e), respectively.
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Fig. 3. UV-Vis absorption spectra of the MV solution during the decomposition reaction in the presence of I (a), recycling tests
of I towards MV photodegradation (b).

In conclusion, a new 3D porous Cu(lII) coordina- activities in the photodecomposition of the methyl
tion polymers based on 4'-(1H-tetrazol-5-yl)-[1,1'-  violet dye.
biphenyl]-3,5-dicarboxylic acid have been success-

fully synthesized and characterized. The results
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Fig. 4. TG curve for as-synthesized samples in 1.
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