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During the past few decades, extensive endeavors have
been focused on the rational design and controllable syn-
thesis of metal-organic frameworks (MOFs) owing to their
intriguing topologies and potential applications in gas
storage, nonlinear optics, and catalysis."* From the view-
point of synthetic strategy of crystal engineering, the suitable
selection of organic ligands and metal ions plays a dominat-
ing role on the construction of coordination polymers. In
particular, the using polynuclear metal clusters as secondary
building units (SBUs) are vital in constituting certain func-
tional MOFs with seven-, eight-connected or highly con-
nected topologies.* In other hand, organic carboxylate groups
can tightly aggregate two or more metal ions into a small
molecular entity by its various coordination modes in the
construction of coordination polymers, thus combining two
rigid carboxylate ligands in which one is the pyridyl-
containing ligand will be a useful strategy for the abundant
and novel polymer architectures.®!" In continuation of our
exploratory research toward developing a new family of
MOFs based on polynuclear metal-clusters,'? we presented
the synthesis, crystal structure and catalytic properties of a
3D coordination framework [Cu,(OH)(ina)(nip):], (nip = 5-
nitroisophthalate, ina = isonicotinate), which shows a bi-
modal 3,8-connected tfz-d topology based on [Cus(ps-
OH);], clusters.

Experimental Section

Materials and Characterization Methods. All the solv-
ents and reagents for synthesis were of analytical reagent
grade and commercially available. Elemental analysis was
performed on a Perkin-Elmer 240C analyzer. The IR spec-
trum was recorded in the 4000-400 cm ™' range using a FT-IR
spectra with KBr pellets. Powder X-ray diffraction measure-
ment was performed on a Rigaku D/Max-2500 diffracto-
meter at 40 kV, 100 mA using Cu-Ka radiation (A = 0.1542
nm) in the 26 range of 5-50° with a step size of 0.02° and a
scanning rate of 10°/min. Thermogravimetric analysis (TGA)
was collected on a NETZSCH TG 209 thermal analyzer
from room temperature to 800 °C with a heating rate of 10
°C/min under nitrogen. The concentration of congo red
solution was measured with a SHANGHAI JINGKE 722N
spectrophotometer at maximum wavelength 496 nm.

Synthesis of [Cu(OH)(ina)(nip)],.. A mixture of
CuCl,6H>0 (0.2 mmol, 34 mg), Honip (0.15 mmol, 32 mg),
Hina (0.1 mmol, 12 mg), NaOH (0.24 mmol, 10 mg) and
H>O (16 mL) was placed in a Teflon-lined stainless steel
vessel. The mixture was sealed and heated at 140 °C for 3
days under autogenous pressure. When the sample was
cooled to room temperature at a rate of 5 °C/h, blue block-
shaped crystals were collected in 24.7% yield (based on Cu).
Anal. caled for Ci4HsCuN>Og (M, = 475.32): C, 35.38; H,
1.70; N, 5.89. Found: C, 35.12; H, 1.55; N, 5.62. IR (KBr
pellet, viem™) v 3470s, 3097m, 1617s, 1550s, 1513m,
1442s, 1280m, 1060s, 913w, 727s, 469m.

Catalytic Experiments. The catalytic degradation of azo
dye was operated in a 250 mL three-necked flask reactor
with magnetic stirring. The reaction temperature was con-
trolled by circulating constant at 30 °C. The complex (20
mg) firstly was mixed with 200 mg/L congo red solution in
the reactor. When the temperature was stable, the reaction
was initiated by adding 0.5 mL 30% (w/w) HxO» to the
above mixture. At given time intervals, 3.0 mL solution was
taken out and centrifuged to remove the residual catalyst,
then analyzed with a UV-Vis spectrophotometer at an absorp-
tion wavelength of 496 nm. This procedure was also repeat-
ed in the absence of catalyst as a control experiment under
the same condition. The degradation efficiency of congo red
is defined as follows:'?

Degradation efficiency = (Co—C)/Cy x 100% 1)

Where Cj (mg/L) is the initial concentration of congo red,
and C (mg/L) is the concentration of congo red at reaction
time, ¢ (min).

Crystallography. X-ray single-crystal diffraction data of
the complex was collected on a Bruker Smart 1000 CCD
diffractometer using graphite-monochromated Mo-Ka radia-
tion (A = 0.71073 A) at room temperature with ©-20 scan
mode. A semi-empirical absorption correction was applied
using the SADABS program.'* The structure was solved
using direct methods and refined by full-matrix least-squares
by SHELXTL program package.'” The Cu atom in the
complex was located from the E-maps, and other non-hydro-
gen atoms were located in successive difference Fourier
syntheses and refined with anisotropic displacement para-
meters on F”. The hydrogen atoms of the organic ligands
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were generated theoretically onto the specific atoms and
refined isotropically. CCDC-941799 contains the supple-
mentary crystallographic data. The crystallographic data for
the complex is summarized in Table S1, and the selected
bond lengths and angles are listed in Table S2 (Supporting
Information).

Results and Discussion

The complex crystallizes in the triclinic system with PT
space group. The asymmetric unit of the complex consists of
two crystallographically independent copper atoms, one pi3-
OH group, one ina and one nip ligands. As shown in Figure
1, the coordination geometry of two copper centers can be
considered as a square pyramidal due to the 15 value being
0.17 for Cul atom, 0.11 for Cu2 atom.'® The Cul atom is
five-coordinated by two oxygen atoms from two different
nip ligands, one p3-OH group, one pyridyl nitrogen atom
and one oxygen atom from two distinct ina ligands; the Cu2
atom is surrounded by two oxygen atoms from two nip
ligands, two p3-OH groups and one oxygen atom from one
ina ligand. All the bond lengths and angles around copper
centers are in the range of reported values,'” and the selected
bonds and angles are listed in Table S2. The nip ligand
displays a pu-n',m'm'm' coordination mode and the ina
anion adopts a tridentate bridging ps;-n',m'm! coordination
fashion. It is interesting to note that the complex contains
[Cus(s-OH),] tetranuclear clusters. Its center of inversion is
situated in the middle of the two p3-OH groups, and four
neighboring Cu atoms lie on an absolute plane to form a
approximate parallelogram, in which the Cul---CulB and
Cu2---Cu2B (symmetry codes: B =—x+1, -, —z+1) distances
are 5.8746(2) and 2.9564(2) A, respectively. The two sides
of the parallelogram are unequal with the Cul---Cu2B and
Cul---Cu2 separations of 3.3848(13) and 3.1889(13) A,
respectively. In the crystal structure complex, [Cus(u3-OH):]
clusters are linked by neighbor six ina ligand to form a an
infinite 2D sheet parallel to ac plane, then these adjacent
layers are further pillared by accessorial nip ligands with its
carboxylate groups to generate a 3D coordination frame-
work. Topologically, each [Cus(ps-OH),] SBU is linked by
eight neighbour ones and can be act as a 8-connected node
(Figure 2), each ina™ ligand is connected to three equivalent
[Cus(ps-OH),] SBUs to act as a 3-connected node, and nip
ligands are viewed as ditopic linkers. The succeeding topology
analysis by TOPOS 4.0 program suggests the coordination
framework can be simplified as a bimodal (3,8)-connected
nets with tfz-d topology,'® a point symbol of (4°),(4°.6'%.8%)
(Figure 3)."” Compared with the other reported tfz-d frame-
works,? this bimodal 3D network represents the first ex-
ample of a metal-organic framework with tfz-d topology
based on tetranuclear copper clusters. The net in this
complex provides a novel example and demonstrates that the
tetranuclear [Cus(u3-OH),] SBU is effective in the con-
struction of bimodal highly-connected network. The driving
force of the topology-construction may be from strict
requirements on ligand functionalities and more complicated
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Figure 1. The coordination environments of Cu centers and tetra-
nuclear clusters in the complex. Symmetry codes: A =x, y—1,z; B
=—x+l, -y, —=z+1; C=—x+1, -y, —z; D=x, y+1,z; E=x, , z+1; F
=—x+1, y+1, —z+1; G=—=x+1,y,z+1; H = 2—x, -, —z.

Figure 2. View of the 8-connected [Cus(p3-OH),] SBU in the
complex, depicting the connections to eight neighbour ones.
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Figure 3. The tfz-d topology network of the complex. The red
and black spheres represent the tetranuclear copper clusters and
ina ligand, respectively.

geometry principles.''

In the FT-IR spectrum of the complex, the asymmetric and
symmetric stretching vibrations of the carboxylate groups
are observed at 1610-1389 ¢cm™' for nip and ina ligands.
There is a broad band at 3470 cm™' may be assigned to the
stretching vibrations v(OH) of OH group. The characteristic
band at 1550 cm™ is related to the nitro group of nip anions.

Simulated and experimental powder X-ray diffraction
(PXRD) patterns of the compound are shown in Figure S1
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(Supporting Information). All the peak positions of the
simulated and experimental PXRD patterns are in agreement
with each other, demonstrating clearly the good phase purity
of the as-prepared products.

The thermogravimetric analysis (TGA) of powder sample
was carried out from 20 to 800 °C under nitrogen atmosphere
at the heating rate of 10 °C/min, as shown in Figure S2. The
3D framework is stable up to 330 °C, and then an abrupt
weight loss occurs. The TGA data analysis indicates this
complex keeps a relatively high thermal stability.

Congo red (sodium salt of benzidinediazo-bis-1-naphtyl-
amine-4 sulfonic acid) is one of the important azo dyes, used
for coloring of paper products and unaffected by conven-
tional treatment systems for degradation. Recently, much
attention has been focused on the heterogeneous Fenton and
Fenton-like reactions to oxidize contaminants of concern
such as azo dyes, which largely depend on transition metal-
based catalysts. In particular, the development of metal-
organic frameworks into catalysts could yield several signi-
ficant advantages, such as enhancing catalyst stability due to
the spatial separation of individual catalytic sites in the
framework, high catalytic activity, better selectivity, and
ease of separability.”! In addition, hydrogen peroxide (H,0,)
is a precursor of hydroxyl radicals, which can degrade and
mineralization azo dye molecules in water.”>*

The degradation experiments of congo red by hydrogen
peroxide activated with the complex were investigated. As
shown in Figure 4, the degradation efficiencies of congo red
are fast within 5 min and achieved 88.72% with the complex
as catalyst. The rate of the catalytic reaction increased
quickly in 5 min, there after congo red oxidation proceeded
in a gradual manner, in which degradation efficiencies were
up to 97.93% after 110 min. However, without catalyst, the
degradation efficiency of a control experiment was very low
with only 9.70% after 110 min. In contrast with similar
catalyst,* the complex has a remarkable achievement on
degradation of congo red. The catalytic activities may be due
to their distinct polynuclear metal clusters structures.

Based on the experimental observations, the mode of
action of the catalysis was suggested utilizing the redox
properties of H,O, in Fenton process.”® (Scheme 1):

In summary, we have synthesized and characterized a new
three-dimensional coordination framework with bimodal
3,8-connected tfz-d topology based on tetranuclear copper
clusters. Furthermore, the complex exhibits high activity in
the Fenton-like reaction for the degradation of congo red.

Congo red oxidation

-OH Cu'-MOF H20,

H,0, Cu-MOF HO,:

Scheme 1. Schematic representation of catalysis reaction of the
complex.
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Figure 4. The experiment results of the catalytic degradation of
congo red.

Supplementary Material. CCDC number: 941799 for
the complex. The data can be obtained free of charge via
https://services.ccdc.cam.ac.uk/structure_deposit (or from
the Cambridge Cryst allographic Data Centre, 12, Union
Road, Cambridge CB21EZ, UK fax: (44)1223-336-033(44);
or deposit@ccde .cam.ac.uk).
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