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ABSTRACT: A Cd-based metal—organic framework (Cd-MOF),
named after {[Cd(ttc)(H,0)]-H,0}, (ttc = 1-imidazole-1-yl-2,4,6-
benzene-tricarboxylic acid), was synthesized using the solvothermal
reaction. The single-crystal structure was determined by single X-ray
diffraction analysis, and crystalline characteristics and composition
were confirmed by powder X-ray diffraction (PXRD) and
thermogravimetric analysis (TG), respectively. Structural analysis
showed that the Cd>" ion is in the seven-coordinated mode, in which
ttc>™ ion adopts the u,-n'-n'-n*n* coordination mode. It is worth
noting that the Cd?** jon is connected to ttc>~ to form a 2D network,
and the adjacent 2D network is expanded into a 3D supramolecular
network structure through weak hydrogen bonds. The fluorescence
sensing experiments indicated that Cd-MOF could not only be used
as a fluorescence sensor for Fe**, fluazinam (FLU), and 2,4,6-trinitrophenolol (TNP) but also for sulfasalazine detection in aqueous
solution. To verify the sensitivity of the fluorescent probe, we calculated its detection limit: 5.34 X 107 M (Fe**), 7.8 X 10°* M
(FLU), 1.21 X 107" M (TNP), and 2.67 X 1077 M (SECT). In addition, the quenching mechanism was thoroughly studied.
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1. INTRODUCTION

With rapid advancements in science and technology and the
growth of large enterprises, the number of sources of pollution
threatening human health and the environment has steadily
increased. Pollutants primarily include heavy metal ions, toxic
gases, pesticides, and explosives and highly toxic nitroaromatic
compounds.

Iron ions play a critical role in human health and the
ecological stability of the environment, and they are necessary
for certain enzyme reactions and physiological processes. Iron
is also a core component of hemoglobin and is involved in the
synthesis of myoglobin, cytochrome, and enzymes. It plays an
invaluable role in oxygen transport and participates in
metabolic activities in the body. However, excessive amounts
of iron ions cannot be metabolized in the body and affect the
absorption of other trace elements in the body.” Meanwhile,
nitroaromatic compounds (NACs) are the most widely used
explosives, exhibiting excellent destructive, toxic, and carcino-
genic properties. Consequently, they have emerged as a serious
source of groundwater and soil pollution.” >

Over the past few decades, anti-inflammatory drugs and
pesticides have been widely utilized, with the former to combat
human and animal diseases and the latter to prevent foreign
invasion in agriculture.6 However, the overuse and misuse of
these chemicals have resulted in high levels of residues in
animals and plants, resulting in irreparable damage to the body
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and environment.” For example, FLU may cause irreversible
damage to the human body if accidently ingested or exposed to
the skin and eyes.” Moreover, it is an environmental pollutant.
The common symptoms of ulcerative colitis are diarrhea with
mucus, pus, bloody stool, and abdominal pain, among several
others. Although sulfasalazine enteric-coated tablets (SECTs)
are effective drugs for treating ulcerative colitis,” excessive use
of SECTs can cause severe side effects, such as abnormal red
blood cells, dizziness, and tinnitus.*’

Luminescent metal—organic frameworks (LMOFs) are
hybrid materials with porous structures assembled by organic
connectors and metal cations through coordination bonds.
LMOFs have been widely implemented in various fields such
as gas absorption and separation,''™'* fluorescence detection,
biological imaging, and photocatalytic degradation of organic
pollutants.'* Sheldrick et al. reported Eu-MOFs that can
selectively sense Fe* through fluorescence quenching.'
Alhaddad et al. described a two-dimensional Cd-MOF for
selective identification of 4-NP in aqueous environments.'®
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Figure 1. (a) Coordination environment around the Cd*'in Cd-MOF. [Symmetry codes: A (1 +X,Y,Z); B(X,Y,-1+Z); C(1-X,1-Y, 1 —
Z)]; (b) coordination forms of ttc in Cd-MOF; (c) 2D framework of Cd-MOF; (d) 3D supramolecular structures linked by hydrogen bonds
[symmetry codes: D (1 +X,05—-Y,1.5+Z; E(1+X, -1 -Y, 1+ 2Z)].

Present detection devices, such as metal detectors, and
techniques, such as gas chromatography, prove costly and
inconvenient. Thus, to develop a method for simultaneous and
rapid detection of multiple targets in aqueous environments,
we synthesized a Cd-MOF that can quickly respond to Fe*,
fluridone (FLU), 2,4,6-trinitrophenol (TNP), and sulfasalazine
in water.'” LMOFs have been previously used to detect
cations, nitro explosives, pesticides, and small organic
molecules. Therefore, they are the first choice for fluorescence
detection.'®

In the present study, a novel 3D microporous Cd-MOF
{[Cd(ttc)(H,0)]-H,0}, has been constructed based on the
nitrogen-containing tricarboxylic acid ligand, 1-imidazole-1-yl-
2,4,6-benzene-tricarboxylic acid, under solvothermal condi-
tions. The crystal structure and luminescence properties of the
prepared Cd-MOF were investigated. The prepared Cd-MOF
exhibited high sensitivity and selectivity to Fe*', FLU, TNP,
and sulfasalazine through luminescence quenching. In addition,
we elucidated the mechanism of the fluorescence quenching of
Cd-MOF.

2. EXPERIMENTAL SECTION

2.1. Materials and Instrumentation. The chemicals used
in this text are all commercially available and can be used
without further purification. PXRD was carried out on a Bruker
D8 ADVANCE X-ray diffractometer. Fluorescence experi-
ments were carried out on the Hitachi F-7100 Fluorescence
Spectrophotometer. Thermogravimetric analysis (TGA) was
performed on a NETZSCH STA 449F5 thermal analyzer.
Infrared spectra were obtained on a Shimadzu Affinity-1S
spectrophotometer with KBr pellets in the range of 500—4000
cm™'. The UV—vis absorption spectra were measured on a
Shimadzu UV-2700 spectrophotometer.

2.2. Synthesis of {[Cd(ttc)(H,0)]-H,03},. A solid mixture
of Cd (NO;), (0.1 mmol) and ttc (0.05 mmol) was dissolved
in a mixed solvent of DMF (4 mL), H,O (3 mL), and HNO,
(100 uL). The mixed solution was placed in a 15 mL inner
glass bottle and reacted at 95 °C for three days. Finally,
colorless crystals are obtained with a yield of 53%. Elemental
analysis Calcd for C;,H,;N,04Cd (%): C, 34.15; H, 2.13; N,
6.64. Found (%): C, 34.13; H, 2.11; N, 6.61. IR (KBr, cm™):
1930 (w), 1802 (w), 1679 (w), 1608 (s), 1582 (m), 1515 (s),
1400 (s), 1299 (m), 1154 (m), 1105 (m), 1012 (m), 983 (w).

2.3. Crystal Structure Determination. Single crystal data
of Cd-MOF were collected on a Bruker SMART APEX-II
diffractometer (Mo Ka radiation and A = 0.71073 A). The
crystal structures were solved using direct methods and then
refined by full-matrix least-squares techniques on F* using
SHELXL. All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were obtained by geometric calculation.
All calculations are performed using the SHELXTL program.
Table S1 contains crystal data for Cd-MOEF. Table S2 contains
selected bond lengths and angles. Data deposition number
CCDC no: 2213445.

2.4. Fluorescence Sensing Experiments. A mixed
solution of 3 mg of ground sample and 10 mL of water was
formed and sonicated for 30 min. Then, the solution was left to
stand for three days. Finally, the supernatant was used for the
fluorescence sensing experiment. In order to ensure the
stability of the Cd-MOF material after soaking, we filtered
and dried the sample soaked in water for 3 days and performed
PXRD characterization (Figure S1). The experiment proves
that the structure of the material remains intact after soaking,
indicating that the material has good stability in aqueous
solutions.
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3. RESULTS AND DISCUSSION

3.1. Structural Analysis. According to the results of X-ray
single crystal diffraction analysis, the prepared Cd-MOF is a
monoclinic crystal of the P2,/c space group. The asymmetric
structure unit consists of one Cd*" ion, one ttc’~ ligands, one
coordination water molecule, and one free water molecule. In
complex Cd-MOF, ttc*~ ligands are completely deprotonated
and coordinated in the p,-n'-n'-#*-n* mode, whereas the N
atom in the pyridine ring is protonated (Figure 1b). Each Cd**
ion is seven-coordinated in the twisted pentagonal bipyramidal
geometry with six oxygen atoms (O6A, OSA, O3B, 04B, 04C,
and O1) from four ttc*~ ligands and one oxygen atom (O7)
from a coordinated water molecule (Figure la). Cd—O
distances are in the range of 2.2380(15)—2.6106(16) A, and
the corresponding angles (O—Cd—O) changed from 53.13(5)
to 173.60(5)°, which are dependent on oxygen atoms located
on differently symmetric units from the ttc ligand. Cd** ions
are connected horizontally to carboxylic acid ligands, forming a
2D network (Figure 1c). The hydrogen bonds between layers
further expand the 2D network into a 3D supramolecular
network (Figure 1d).

3.2. PXRD and TGA of Cd-MOF. The simulated PXRD
spectra of Cd-MOF were in good agreement with the
experimental spectra (Figure S1), which proves the high
purity and crystallinity of the product. The PXRD patterns of
the complex after the addition of Fe**, FLU, and TNP are also
shown. The experimental peak coincided well with the initial
simulated peak of the complex, indicating that the skeleton of
the complex after the fluorescence experiment is complete and
exhibits good stability.

The thermal stability of Cd-MOF was studied through TGA
(Figure S2). The first weight loss peak (3.64%; Calcd 4.29%)
was observed at 179 °C, possibly due to the loss of water
molecules. At 305 °C, the skeleton began to decompose and
collapse, and the remaining 32% may be CdO (Calcd 32.42%).

3.3. Photoluminescence Properties of Cd-MOF. MOFs
with d'® metal ions possess excellent luminescence properties.
Therefore, we obtained the solid-state fluorescence excitation—
emission spectra of the ligands ttc and Cd-MOF at room
temperature (Figure 2). The maximum emission peak of ttc is
observed at 445 nm (], = 378 nm), whereas Cd-MOF exhibits
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Figure 2. Solid-state fluorescence excitation emission spectra of
ligands ttc and Cd-MOF at room temperature.

an emission peak at 423 nm (4., = 328 nm), with a slight blue
shift (A4 = 22 nm) attributed to the metal perturbation
emission of the ligand. The emission peak of Cd-MOF is
stronger than that of the ligand due to coordination
interactions. This was attributed to the meta-ligand charge
transfer or ligand—metal charge transfer.'””>* Owing to the
excellent fluorescence characteristics of solid-state Cd-MOF,
we have studied its fluorescence sensing performance under an
excitation of 328 nm.

3.3.1. Fluorescence Detection of Cd-MOF for Different
Cations. We prepared solutions (S mmol/L) of the following
13 cations: Ag*, Ba’*, Ca®*, Cd**, Co™, Fe*', K*, La*, Mg,
Ni?*, Pb*', Bi**, and Zn®>* for fluorescence sensing testing.
First, 3 mg of ground Cd-MOF was dispersed in 10 mL of
distilled water, sonicated for 30 min, and left to stand at room
temperature for 3 days before taking the supernatant for
fluorescence experiments. Second, qualitative experiments
were conducted on Cd-MOF,which was dispersed in a cationic
solution. The fluorescence of Cd-MOF was considerably
quenched after the addition of Fe®* (Figure 3a). The
fluorescence intensity does not show a remarkable variation
with the addition of other cations. Therefore, Fe>* caused the
most extensive quenching effect, demonstrating that Cd-MOF
can be used as a sensor for detecting Fe’* in water. To
investigate the effect of Fe’* concentration on the fluorescence
intensity of Cd-MOF, a quantitative experiment was
conducted. The fluorescence intensity of Cd-MOF gradually
decreased as the concentration of Fe*" increased from 0 to 20
uL (Figure 3b). At the Fe’* concentration of 20 uL, the
fluorescence intensity of the complex reached the minimum,
exhibiting linearity at low concentrations (5 X 10°to 3 X 10
M) (Figure S3). To further evaluate the effect of luminescent
titration, the Stern—Volmer (S—V) equation (I,/I = 1 +
Kgy[M]) was employed to calculate the quenching efficiency,
where I, is the initial luminescence intensity,”* " I is the
luminescence intensity after the addition of Fe*, [M] is the
concentration of Fe**, and Kgy is the quenching constant at the
concentration of 100 yM. The calculated Kgy; and LOD values
are 3.327 X 10> M and 0.053 pmol/L. Finally, an interference
experiment was conducted (Figure S4). We found that the
fluorescence intensity did not remarkably decrease with the
addition of other cations. However, the addition of equimolar
Fe’! resulted in almost complete quenching, indicating that the
quenching by Fe®" is not affected by competition with other
cations. These results demonstrate that Cd-MOF is a
promising fluorescent sensor for Fe’* with high sensitivity
and selectivity.

3.3.2. Fluorescence Detection of Cd-MOF for Different
Pesticides. The following nine pesticide solutions (10 mmol/
L) were prepared for fluorescence sensing tests: pyrazolsteride
(Pst), pyrimethanil (Pth), apromazole (Ima), amamectin
benzoate (EmB), neutromycin (myc), 2,4-epibrassinolide
(2,4-EPI), trizodone (Pro), imidylamine (Tdi), and FLU.
First, 3 mg of ground Cd-MOF was dispersed in 10 mL of
distilled water, sonicated for 30 min, and left to stand at room
temperature for 3 days before taking the supernatant for
fluorescence experiments. Second, qualitative experiments
were conducted on Cd-MOF, which was dispersed in the
prepared pesticide aqueous solutions. The fluorescence of Cd-
MOF was remarkably quenched after the addition of FLU
(Figure 4a). The fluorescence intensity after the addition of
other pesticides does not vary substantially. Therefore, FLU
caused the most considerable quenching effect, demonstrating
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Figure 3. (a) Fluorescence intensity changes of Cd-MOF dispersed in different cationic solutions; (b) change of the luminescence spectrum of Cd-

MOF with the concentration of Fe*" solutions.
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Figure 4. (a) Fluorescence intensity changes of Cd-MOF dispersed in different pesticides solutions; (b) luminescent emission spectra of Cd-MOF
dispersed in an aqueous solution upon incremental addition of FLU.
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that Cd-MOF can be used as a sensor for detecting FLU in
aqueous media. To investigate the effect of FLU concentration
on the fluorescence intensity of Cd-MOF, a quantitative
experiment was conducted. The fluorescence intensity of Cd-
MOF gradually decreased as the concentration of FLU
increased from 0 to 12 uL (Figure 4b). At the FLU
concentration of 12 uL, the fluorescence intensity of the
complex reached the minimum, exhibiting linearity at low
concentrations (5 X 107 to 3 x 107> M) (Figure S5). To
further evaluate the effect of luminescent titration, the S—V
equation was employed to calculate the quenching efficiency,
with Kg, determined at a concentration of 120 uM. The
calculated Kgy and LOD values are 2.269 X 107> M and 0.078
pmol/L.

Finally, an interference experiment was conducted (Figure
S6). We added equal amounts of FLU solution to the Cd-
MOF suspension containing other pesticides and studied the
interference of other pesticides on the Cd-MOF system.”® It
was observed that the fluorescence intensity did not
considerably decrease with the addition of other pesticides,
but the fluorescence was almost completely quenched after the
addition of equimolar amounts of FLU.*”~** This suggests that
the presence of other pesticides does not affect the quenching
effect of FLU on the Cd-MOF system, indicating that Cd-
MOF can selectively detect FLU with high sensitivity even in
the presence of other pesticides.

3.3.3. Fluorescence Detection of Cd-MOF for Different
NAGs. Solutions (10 mmol/L) of the following nine NACs
were prepared for fluorescence sensing tests: p-nitrophenol (4-
NP), 2,4-dinitrophenylhydrazine (DNP), nitrobenzene (NB),
3-nitroaniline (3-NT), p-nitrobenzoic acid (PNBA), 2,4,6-
tritrophenylhydrazine (TRI), p-nitrophenylhydrazine (4-
NPH), o-nitroaniline (O-NT), and TNP. First, 3 mg of
ground Cd-MOF was dispersed in 10 mL of distilled water,
sonicated for 30 min, and left to stand at room temperature for
3 days before taking the supernatant for fluorescence
experiments. Second, qualitative experiments were conducted
on Cd-MOF, which was dispersed in different NAC solutions.
The fluorescence of Cd-MOF was remarkably quenched after
the addition of TNP (Figure Sa). The fluorescence intensity
after the addition of other NACs does not substantially vary.
Therefore, TNP caused the most pronounced quenching
effect, demonstrating that Cd-MOF can be used as a sensor for
detecting TNP in aqueous media. To investigate the effect of
TNP concentration on the fluorescence intensity of Cd-MOF,
a quantitative experiment was conducted. The fluorescence
intensity of Cd-MOF gradually decreased as the concentration
of TNP increased from 0 to 10 yL (Figure Sb). At the TNP
concentration of 10 uL, the fluorescence intensity is at its
lowest point, exhibiting linearity at low concentrations (1 X
107 to 5 X 107> M) (Figure S7). To further evaluate the effect
of luminescent titration, the S—V equation was employed to
calculate the quenching efficiency, with Ky determined at a
concentration of 100 yM. The calculated Kgy and LOD values
were 1.470 X 107> M and 0.12 ymol/L. Finally, an interference
experiment was conducted (Figure S8). The fluorescence
intensity did not experience a remarkable decrease with the
addition of other NACs but was almost completely quenched
after the addition of equimolar amounts of TNP, indicating
that the addition of TNP is not affected by the presence of
other NACs. These results demonstrate that Cd-MOF is a
promising fluorescence sensor for TNP with high sensitivity
and selectivity.

3.4. Applications: Drug Testing. SECTs are effective
drugs for the treatment of ulcerative colitis. However, their
excessive use can cause severe side effects, such as red blood
cell abnormalities, dizziness, and tinnitus. Thus, the dosage of
sulfasalazine must be accurately controlled, necessitating a
precise and reliable detection method. Sulfasalazine is
chemically denoted as S-[p-(2-pyridylsulfonyl) benzene]
azosalicylic acid®*™** and its structural formula is presented
in Figure 6. For the experiment, SECTs were ground into a

CJ
™ COOH
N \TH
e S
o}

Figure 6. Chemical formulas for the main components of the drug.

powder and used to prepare an aqueous solution with a
concentration of 1 mmol/L. Cd-MOF powder (3 mg) was
then weighed and dispersed in 10 mL of distilled water. After
ultrasonication for 30 min, it was allowed to stand for 3 days to
form a stable suspension. We conducted qualitative experi-
ments on the drug and found that Cd-MOF exhibited a
remarkable quenching effect after the addition of SECTs
(Figure 7a). To explore the specific relationship between the
concentration of SECT and the fluorescence intensity of Cd-
MOF, we conducted a quantitative experiment. The
fluorescence intensity of Cd-MOF gradually decreased with
the increase in SECT solution dosage from 0 to 120 uL
(Figure 7b). At the SECT dosage of 120 yL, the fluorescence
intensity of the complex reached the minimum, exhibiting
linearity at low concentrations (2 X 1076 to 1 X 10™° M)
(Figure S9). To further evaluate the effect of luminescent
titration, the S—V equation (I,/I = 1 + Kgy[M]) was employed
to calculate the quenching efficiency, where I is the initial
luminescent intensity, I is the luminescent intensity after the
addition of SECT, [M] is the concentration of SECT, and Kgy
is the quenching constant when the concentration is increased
to 120 uM. The calculated Kgy and LOD values are 6.651 X
107* M and 0.26 umol/L.

To alleviate the pain of medicated patients and facilitate
swallowing, certain excipients, such as sucrose, glucose, starch,
and lactose, are added to commercial SECTs. Therefore, the
drug properties may be affected by these added excipients. In
addition, large amounts of K*, Na*, Mg*", Fe**, and Ca’" are
present in the human body, which may also affect drug
properties. To confirm whether these factors affect the
obtained results, we conducted anti-interference experi-
ments,””~** which demonstrated no remarkable decreases in
fluorescent intensity with the addition of sucrose, glucose,
starch, lactose, K*, Na*, Mg®", Fe*", and Ca*" ion solutions. At
the same time, luminescence is almost completely quenched
after the addition of equimolar amounts of sulfasalazine,
indicating that the detection of sulfasalazine is not affected by
the presence of these ions and compounds (Figure S10). Thus,
anti-interference experiments showed that Cd-MOF demon-
strates excellent selectivity for sulfasalazine.

3.5. Fluorescence Quenching Mechanism. Elucidating
the mechanism of fluorescence quenching is crucial for
understanding the properties of fluorescence analyses and
probes. Therefore, we investigated the mechanism of
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fluorescence quenching of Cd-MOF caused by the above
analytes. The mechanism of luminescence quenching can
generally be explained by the following points: (1) the collapse
of the MOF skeleton; (2) resonance energy transfer and
competitive absorption; (3) solidification effect: the organic
ligands in MOF can solidify during adsorption, which restricts
the free movement of fluorescent molecules and weakens the
fluorescence signal; (4) solvent effect: the solvent molecules

24640

surrounding the fluorescent molecules in MOF can affect the
fluorescence signal intensity.**** In some cases, solvent
molecules can cause static quenching of fluorescent molecules,
leading to the weakening of the fluorescence signal. Several
experiments were conducted to determine the possible
fluorescence mechanism.*’™>* The PXRD spectra of the
sample and the simulated PXRD spectra remain nearly
unchanged after the fluorescence test (Figure S1), indicating
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that skeleton collapse is not the cause of fluorescence
quenching.

Another method is to compare the overlapping regions of
the UV—vis absorption spectrum of the analyte with the
excitation or emission spectrum of Cd-MOF.>® This method
can explain whether the fluorescence quenching of Cd-MOF is
caused bgf resonance energy transfer or competitive absorp-
tion.”*™° When the absorption spectrum of the UV—vis
analyte and the emission spectrum of Cd-MOF overlap,
luminescence quenching of Cd-MOF may occur; this is known
as resonance energy transfer quenching. In contrast, when the
UV—vis absorption spectrum of the responder and the
excitation spectrum of Cd-MOF overlap, competitive absorp-
tion may cause Cd-MOF fluorescence quenching via the
analyte. In the study of cations, we found that the UV—vis
absorption spectrum of Fe** almost completely overlaps with
the emission spectrum of Cd-MOF (Figure 8a), suggesting
that the quenching mechanism is resonance energy transfer. In
the study of pesticides and nitro explosives, the UV—vis
absorption spectra of FLU and TNP almost completely overlap
with the excitation spectra of Cd-MOF, suggesting that the
quenching mechanism of Cd-MOF is competitive absorption
for both FLU and TNP (Figure 8b,c).

According to the above quenching mechanism, the UV—vis
absorption spectrum of sulfasalazine almost completely
overlaps with the emission spectrum of Cd-MOF, indicating
that the fluorescence quenching mechanism of sulfasalazine is
resonance energy transfer (Figure 8d).

4. CONCLUSIONS

In this paper, a Cd-MOF with a 2D network structure
constructed from Cd** crosslinked by (ttc)*~ ligands was
synthesized via a solvothermal method. The prepared Cd-
MOF showed excellent fluorescence performance and is a
highly sensitive and selective luminescence sensor for Fe®,
FLU, TNP, and sulfasalazine. The excellent quenching
behaviors of Fe** (LOD = 5.34 X 107 M) and SECT
(LOD = 2.67 x 1077 M) were attributed to energy transfer.
The remarkable quenching behavior of FLU (LOD = 7.8 X
1078 M) and TNP (LOD = 1.21 X 107 M) is attributed to the
results of resonance competitive absorption. Notably, the
highly sensitive detection of sulfasalazine was realized in
aqueous solutions, which is expected to play an important role
in medical detection.
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