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Presented here is a trinuclear cluster-based Cd(II) compound, namely, {[(CH3)2NH2][Cd6K(bdc)6(btz)3(H2O)6]}n (1 H2bdc =
terephthalic acid, Hbtz = 1H-benzotriazole), has been solvothermally prepared and structurally determined by the single crystal
X-ray diffraction analysis, elemental analysis, powder X-ray diffraction analysis, and thermogravimetric analysis. Notably,
compound 1 shows excellent photocatalytic activity for degradation of MV irradiated by UV light. In addition to this, the
biological activity of the new compound on bacterial infection was evaluated, and the corresponding mechanism was also
studied. The ELISA assay was used to evaluate the TNF-α and IL-1β released into plasma after compound treatment. Then,
the relative expression levels of the bacterial survival gene were measured with real-time RT-PCR.

1. Introduction

A hospital is a place with intensive patients, and the hospital
environment is most likely to be contaminated by patho-
genic microorganisms, which provides external conditions
for the spread of diseases and promotes the occurrence of
nosocomial infections [1]. Nosocomial infections bring seri-
ous harm to society and individuals. In the past two decades,
the incidence of methicillin-resistant Staphylococcus aureus
infection in hospitals has been increasing year by year, and
it can cause outbreaks of nosocomial infections, with a mor-
tality rate as high as 50% [2, 3]. The Cd-based coordination
complex has various of bioactivity, such as anticancer and
anti-inflammatory activity [4]. Thus, we further evaluate
the antibacterial activity of the new compound.

Metal-organic frameworks (MOFs) with charming topo-
logical architectures, high surface areas and porosities, and
tunable pore structures can find huge potential applications
in luminescent sensors, ion exchange, heterogeneous cataly-
sis, gas storage, separation, etc. [5–9]. Currently, MOF-
based photocatalysts are of current research interest owing
to their high catalytic efficiencies and eco-friendly economic

for the photocatalytic degradation of organic dye contami-
nants existing in the wastewater discharge [10–13]. There-
fore, how to rationally design and synthesize MOFs that
can effectively adsorb UV/UV-Vis/visible light has become
a puzzle to synthetic chemists. Such property of MOFs for
the absorption of adsorb UV/UV-Vis/visible light is inti-
mately related with the organic ligands with appropriate
functional group and rigidity as well as the symmetry.
According to the reports, mixed-ligand strategy is considered
to be one of the most effective methods for the construction
of target MOFs that can serve as photocatalysts for the water
purification [14]. For this method, the organic building
blocks are the combination of two function-different ligands
that also termed as acid-base mixed-ligand system. In the
past few years, the combination of N-donor ligand and poly-
carboxylate ligand is often used as the acid-base mixed-
ligand system for the construction of MOFs with promising
potential functions [15–18].

Based on the aforementioned considerations, in this
work, we selected 1H-benzotriazole and terephthalic acid
as the organic building skeletons in that the synergistic
action of 1H-benzotriazole and terephthalic acid with metal
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ions may result in polynuclear cluster-based building sub-
units [19]. Under the solvothermal conditions, the self-
assembly of 1H-benzotriazole and terephthalic acid as well
as Cd(II) ions successfully afforded a new trinuclear [Cd3
(btz)(COO)4] cluster-based compound, namely, {[(CH3)2
NH2][Cd6K(bdc)6(btz)3(H2O)6]}n (1 H2bdc = terephthalic
acid, Hbtz = 1H-benzotriazole, Scheme 1). X-ray structural
analysis revealed that compound 1 has a 3D framework with
6-connected pcu topology. In the following, the synthetic
method, crystal structure, and photocatalytic property of 1
will be described in detail. In the biological section, the
application values of the compound on Staphylococcus
aureus bacterial infection were assessed, followed by the
mechanism exploration. The results of the ELISA assay indi-
cated that the compound could significantly reduce the
content of TNF-α and IL-1β released into plasma. Besides,
the data of real-time RT-PCR indicated that the bacterial
survival gene expression was also exhibited by the new
compound.

2. Experimental

2.1. Materials and Equipment. The starting chemical regents
were purchased commercially and used without further
purification. C, H, and N elemental were determined by a
Perkin-Elmer 240 elemental analyzer. Power X-ray diffrac-
tion was recorded with a Bruker AXS D8 advanced auto-
mated diffractometer with Cu/Ka radiation (λ = 1:5406Å)
at room temperature. Thermogravimetric analysis was car-
ried out on a NetzschSTA499C integration thermal analyzer
under N2 atmosphere from 30 to 800°C at a heating rate of
10°C/min. Single crystal X-ray diffraction analysis was
performed using a computer-controlled Oxford Xcalibur E
diffractometer with graphite-monochromated Mo/Kα radia-
tion (λ = 0:71073Å).

2.2. Synthesis of {[(CH3)2NH2][Cd6K(bdc)6(btz)3(H2O)6]}n. A
mixture of Cd(NO3)2·4H2O (0.2mmol, 0.062 g), KNO3
(0.05mmol), H2bdc (0.2mmol, 0.036 g), Hbtz (0.2mmol,

0.024), DMF (3mL), and concentrated nitric acid (1 drops)
was placed in a 20mL small glass vial, which was heated at
110°C for 36h and then cooled to room temperature at a rate
of 2°C/min. Colorless block crystals yield in 35% based on
Cd(NO3)2·4H2O. Anal. Calcd. (%) for 1 C62H52Cd6KN7O30
(2088.65) are as follows: C, 35.62; H, 2.49; and N, 4.69%.
Found (%) are as follows: C, 35.64; H, 2.47; and N, 4.71%.

2.3. Structure Determination. The single crystal structure of
1 was solved using the dual direct methods and refined by
the full-matrix least squares technique based on F2 using
the SHELXL-2014 program [20]. All the H atoms were
generated at their ideal locations, and all nonhydrogen
atoms in the structure were refined anistropically. The
detailed crystallographic data and structural refinements of
1 are summarized in Table 1. Selected bond lengths (Å)
and angles (°) of 1 are listed in Table S1.

2.4. Photocatalytic Experiments. 50mg powder samples of 1
were added into 100mL of 10mg·L-1 MV aqueous solution.
Then, the suspension was magnetically stirred in the dark
for about 2 h to establish the adsorption-desorption equilib-
rium. After that, the photocatalytic experiment was carried
out using XPA-7 type photochemical reactor equipped with
a 125W Hg (365 nm) lamp. 5mL reaction mixture was
taken out every 15 minutes and further separated through
centrifugation. Then, subsequently, the characteristic elec-
tronic absorption band of MV was measured using UV-Vis
spectrophotometer. The obtained solution was analyzed by
the UV-Vis absorption spectrometer.

2.5. ELISA Assay. The ELISA detection kit was conducted in
this present research to measure the content of TNF-α and
IL-1β released into plasma after compound treatment. This
conduction was accomplished fully on the basis of instruc-
tions with a little modification. In short, 50 BALB/c mice
used in the study were purchased from the Zhongshan Uni-
versity Experimental Animal Center (ZSXK 2020-0017). The
108 CFU Staphylococcus aureus bacterial cells were injected
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Scheme 1: The synthetic route for 1 in this work.
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into the mice to induce the Staphylococcus aureus bacterial
infection model. Next, the compound was given for treat-
ment at 1mg/kg, 2mg/kg, and 5mg/kg concentration,
respectively. In the last, the plasma of different animal was
harvested and the TNF-α and IL-1β content released into
plasma was measured via the ELISA detection kit.

2.6. Real-Time RT-PCR. After the infection model construc-
tion and the compound treatment, the real-time RT-PCR
was further conducted and the Staphylococcus aureus bacte-
rial survival gene relative expression levels were determined.
This conduction was finished strictly in accordance with the
instructions with minor change. In short, the 108 CFU
Staphylococcus aureus bacterial cells were collected and
seeded into 6-well cell culture plates; next, the compound
was given for treatment at the concentration of 10ng/mL,
20 ng/mL, and 50ng/mL. Subsequently, the bacterial cells
were collected, and the entire RNA in the bacterial cells
was extracted via the reagent of TRIZOL. After measuring
the entire RNA concentration, this concentration was then
reverse transcripted into the cDNA. In the end, the Staphy-
lococcus aureus bacterial survival gene relative expression
levels were detected by real-time RT-PCR, with gapdh used
as the internal control gene.

3. Results and Discussions

3.1. Crystal Structure. X-ray diffraction analysis for 1
revealed that it crystallizes in the monoclinic P21/c space
group and displays a 3D framework with the asymmetric
unit including three Cd(II) ions, a half K+ ion, three bdc2-

ligands, one btz- ligand, three coordinated water molecules,

and a half disordered NH2(CH3)
+ cation that has not been

well modeled. As shown in Figure 1(a), Cd1 displays a pen-
tagonal bipyramidal geometry with four carboxylate oxygen
atoms and one nitrogen atom in the equatorial plane and
one carboxylate oxygen atom and one terminal water mole-
cule in the axial position. Cd2 and Cd3 are six-coordinated
with distorted octahedral coordination geometries. For
Cd2, the distorted octahedron is defined by three carboxyl-
ate oxygen atoms and one nitrogen atom in the equatorial
plane and another carboxylate oxygen atom and one water
ligand in the axial sites. For Cd3, the distorted octahedron
is defined by three carboxylate oxygen atoms and one nitro-
gen atom in the equatorial plane and another two carboxyl-
ate oxygen atoms in the axial sites. The K1 ion is six-
coordinated by four water ligands in the equatorial plane
and two carboxylate oxygen atoms in the axial sites, afford-
ing an octahedron. The Cd-O, Cd-N, and K-O distances
are in the range of 2.244(5)-2.611(7) Å, 2.263(6)-2.279(6)
Å, and 2.239(13)-2.828(9) Å, respectively, which are in
the normal range based on previously related Cd-based
MOFs [21]. The bdc2- ligand displays two different coordi-
nation modes that are shown in Fig. S1. Crystallographi-
cally independent three Cd(II) ions are bridged by one
btz- ligand and four carboxylate groups, forming a trinuclear
[Cd3(btz)(COO)4] cluster with the average Cd…Cd distance
of 3.65Å (Figure 2(b)). Such trinuclear cluster-based build-
ing subunits are further bridged together by the pdc2- ligands
and the [KO6] octahedrons, leading to the formation of a 3D
framework (Figure 2(c)). In this 3D framework, each trinuc-
lear cluster is bonded to six neighboring identical ones via the
six pdc2- ligands. Topologically speaking, this 3D framework
of 1 can be reduced into a 6-connected pcu topological
network with the point symbol of {412.63} by viewing trinuc-
lear [Cd3(btz)(COO)4] clusters as 6-connected node and
pdc2- ligands as linear connectors (Figure 2(d)).

3.2. Powder X-Ray Diffraction (PXRD) Pattern and
Thermogravimetric Analysis (TGA). Via the result of the
PXRD experiment shown in Figure 1(a), it can be observed
that the experiment pattern based on the as-synthesized bulk
samples shows a good match with that of the simulated
pattern based on the single crystal diffraction data, which
is indicative of good phase purity. In addition, we also inves-
tigated the thermal behavior of 1 under nitrogen atmosphere
ranging from 30 to 800°C. As shown in Figure 1(b), the
release of the coordinated water molecules from the skeleton
of 1 occurred in temperature range of 96-125°C with a
weight loss of 5.19% (Calcd: 5.17%), and further, the
solvent-free compound shows a good stability until 302°C.
Finally, the significant weight loss from 302 to 439°C corre-
sponds to the decomposition of the organic ligands.

3.3. Photocatalytic Property. According to the reports of
Cd(II)-based MOFs, we found that most of them show
excellent photocatalytic activities for the degradation of
organic dyes upon exposure to UV or visible light [22, 23].
Herein, the photocatalytic property of 1 was estimated by
the selection of methyl violet (MV) as a model contaminant.
The characteristic absorption peak at 580 nm for MV was

Table 1: Crystal data and structure refinements for compound 1.

Formula C62H52Cd6KN7O30

Fw 2088.65

Crystal system Monoclinic

Space group P21/c

a (Å) 25.7641(11)

b (Å) 11.2486(5)

c (Å) 18.8369(12)

Α (°) 90.00

β (°) 92.937(4)

γ (°) 90.00

V (Å3) 5452.0(5)

Z 4

Density (calculated) 1.244

Abs. coeff. (mm-1) 1.245

Total reflections 24355

Unique reflections 12326

Goodness of fit on F2 0.975

Final R indices I > 2sigma I2
� �� �

R = 0:0735, wR2 = 0:2094
R (all data) R = 0:1046, wR2 = 0:2372
CCDC 2055973
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selected to monitor the photocatalytic process. The control
experiment without 1 as photocatalyst was also conducted
under the same conditions. In the presence of 1, the absorp-
tion intensities at 580nm weakened gradually with the time
increase of the UV light irradiation (Figure 3(a)). According
to the plots of Ct/C0 versus irradiation time (t) (Figure 3(b)),
it can be calculated that about 90.6% MV in solution
underwent photodegradation in the presence of 1, and
only 13.3% MV in solution was photodegraded in absence
of 1, indicating the good photocatalytic activity of 1 for
the degradation of MV under UV light irradiation. Such
photocatalytic reaction of MV is in line with the first-
order kinetic equation of ln ðC0/CtÞ = −kt + b (C0 and Ct
represent the initial concentration of MV solution and
the concentration of MV solution at the irradiation time
of t, k is the rate constant, and b is a constant), and the rate
constant of k obtained from the linear fitting of ln ðCt/C0Þ
versus irradiation time (t) is 0.03273min-1 (Figure 2(c)).
The PXRD patterns before and after the photocatalytic reac-
tion show no significant difference, demonstrating the good

structural stability of 1 during the photocatalytic process
(Figure 1(a)). Furthermore, we also performed four succes-
sive experiments at the same conditions, and the degradation
efficiency of MV remains above 90% after the fourth experi-
ment (Figure 3(d)), indicating that the photocatalytic activity
of 1 is stable for the degradation of MV.

3.4. Significantly Reduced the TNF-α and IL-1β Releasing
into Plasma after Treating via Compound. After the synthe-
sis of the new compound with novel structure, its biologi-
cal activity was assessed and the mechanism was explored
as well. Thus, the ELISA detection kit was carried out in
this experiment for the detection of the inhibitory activity
of the compound on the IL-1β and TNF-α level released
into plasma. As the results illustrated in Figure 4, we can
see that model group has a significantly enhanced IL-1β
level and the TNF-α level released into plasma, in contrast
to control group, with P < 0:005. However, after the treat-
ment of the new compound, the IL-1β and the TNF-α con-
tent released into plasma was significantly inhibited. The
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Figure 1: (a) Powder X-ray diffraction patterns for 1. (b) The TGA curve for 1.
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Figure 3: (a) The UV-Vis absorption spectra of MV in the presence of 1 with the increase of irradiation time. (b) Percentage of MV
remaining in the solution monitored with time. (c) Photocatalytic degradation kinetic of 1 for MV using first-order kinetic equation of
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of 1, 2, and 5mg/kg. After the treatment, the plasma was harvested and the IL-1β and TNF-α content released into plasma was
measured through the ELISA detection kit.
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inhibition of the new compound showed a dose-dependent
manner.

3.5. Significantly Inhibited the Staphylococcus aureus
Bacterial Survival Gene Relative Expression after Treated
with the Compound. In the above experiment, we have con-
firmed that this compound has excellent inhibitory activity
on the releasing of IL-1β and TNF-α into the plasma in a
dose-dependent manner. Furthermore, the compound’s
inhibitory activity against the Staphylococcus aureus bacte-
rial survival gene relative expression was further determined
with real-time RT-PCR. The results in Figure 5 inhibited
that compared with the control group, this complex could
evidently downregulate the Staphylococcus aureus bacterial
survival gene relative expression. This inhibition suggested
the dose-dependent manner.

4. Conclusions

In conclusion, a new Cd(II) compound has been solvother-
mally synthesized based on the organic ligands of H2bdc
and Hbtz. X-ray structural analysis revealed that it features
a 3D framework with trinuclear [Cd3(btz)(COO)4] cluster-
based subunits and can be simplified into a 6-connected
pcu topological network by looking the trinuclear clusters
as 6-connected nodes and the bdc2- ligands as the linear con-
nectors. Under UV light irradiation, this compound exhibits
good photocatalytic activity for the degradation of MV, and
after four cycles, the degradation efficiency of MV remains
above 90%. The results of the ELISA assay indicated that
the compound could significantly reduce the content of
TNF-α and IL-1β released into plasma. Besides, the data of
real-time RT-PCR indicated that the bacterial survival gene
expression was also exhibited by the new compound. In
the end, it can be concluded that this compound possesses
potential to be an outstanding candidate for the Staphylococ-
cus aureus bacterial infection treatment by inhibiting the IL-
1β and TNF-α releasing.

Data Availability

The table showing the bond lengths and angles for complex
1 (Table S1) could be found in the supporting information
file.
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