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ABSTRACT: Two cadmium coordination polymers (CPs), {[Cd-
(zgt)(2,2′-bipy)(H2O)]·H2O}n (1) and {[Cd(zgt)(BPP)(H2O)]·
H2O}n (2) (H2zgt = 5-methoxyresorcinic acid, 2,2′-bipy = 2,2′-
bipyridine, and BPP = 1,3-bis(4-pyridyl)propane), were prepared by
the hydrothermal method. The structures of CPs 1−2 were
characterized by IR, TGA, X-ray powder diffraction, and elemental
analysis. The single-crystal structure analysis shows that CP 1 is a
typical 1D chain structure and CP 2 belongs to a 2D layered structure.
Based on the excellent luminescence properties of CP 1 and 2,
fluorescence sensing experiments were carried out for explosives and
pesticides. The results of the explosion sensing experiment showed that
CP 1 and 2 had an excellent fluorescence quenching effect on PNBA
(p-nitrobenzoic acid) and TNP (2,4,6-trinitrophenol), respectively, and
the detection limits were 3.28 and 11.4 nM, respectively. Interestingly, both CP 1 and 2 showed good fluorescence quenching
against the pesticide fluridine (Flu), and CP 1 had a lower detection limit and was more sensitive. In addition, the fluorescence
quenching mechanism was discussed in detail by the UV absorption spectrum and density functional theory. In order to explore its
practical application, the content of Flu in water samples was detected by a labeling recovery method.

1. INTRODUCTION
With the progress of modern society and the rapid development
of industry, the common pollutants in water such as heavy metal
ions,1−3 organic matter,4−6 pesticides,7−9 and antibiotics10−12

pose a certain threat to human health. Water pollution has
gradually become an intractable problem faced by people in
today’s society, so the detection of pollutants in water is
particularly necessary. Researchers have tried a variety of
detection methods, such as electrochemical methods, induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES), high-performance liquid chromatography (HPLC),
atomic absorption spectrometry (AAS), or mass spectrometry
(MS). However, these methods have shortcomings such as
complex instrument operation, high cost, long time, and
insensitivity, so researchers are urgently looking for a simple
and responsive detection technology, and the photochemical
method is regarded as an effective detection method because of
its low cost, high sensitivity, and selectivity.

There are pesticide residues on crops, and there are many
ways in which pesticides can be present in our food and drinking
water and threaten our health, so pesticide detection is tricky.
Nitrocellulose explosive,13−15 a common chemical raw material,
is an explosive and toxic substance, which can pollute
groundwater and soil and harm people’s health. The
fluorescence method16−20 can detect explosives quickly and
efficiently. Therefore, it is very necessary to establish a kind of

fluorescence sensor that can detect both pesticides and nitro
explosives.

Luminescent sensing materials are attractive for environ-
mental analysis due to their high selectivity, excellent sensitivity,
and potential for rapid (even instantaneous) response to target
analytes in different sample matrices.21 Many types of analytes
have been detected in wastewater samples used for environ-
mental protection, reagents and products used in pharmaceut-
ical and pesticide industrial production, and biomarkers in blood
and urine used for early diagnosis. However, developing suitable
materials with the best sensing function for the target analyte
remains challenging.22,23 Coordination polymers (CPs)24−26

are a class of porous materials formed by the coordination of
metal and organic ligands. They have the characteristics of rich
and varied structure, large specific surface area, adjustable
aperture, and good luminescence performance. Due to their
unique and excellent luminescence characteristics, they are often
widely used as luminous sensors in the field of fluorescence
analysis.27 It is still a challenge to design and synthesize
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luminous CP materials with high sensitivity and selectivity for
the detection of pollutants in water. Therefore, the establish-
ment of convenient and efficient complex fluorescence sensors
for water pollution has become a research hotspot.

Liu et al.28 synthesized a light-emitting 3D supramolecular
Cd-CP that can selectively detect TNP in 13 electron-deficient
explosives with a detection limit of 0.27 μM. Fluorescence
quenching can be explained by a combination of fluorescence
resonance energy transfer (FRET) and photoinduced electron
transfer (PET). Chen et al.29 synthesized six kinds of Cd-
coordination polymers by the hydrothermal method, and their
fluorescence responses to Fe3+, anions, aspartic acid, and bovine
serum albumin were studied. The research results indicate that
the complex has a low detection limit for the responsive
compound, indicating that Cd-MOFs have great potential in
fluorescence detection. Bairy et al.30 and Liu et al.31 also
synthesized some Cd-MOFs and conducted experiments to
study their properties, achieving good results, indicating that
Cd-MOFs have good application prospects in the future. This
also proves the correctness of our work direction. Li et al.32

synthesized a novel 3D Eu-CP by the solvothermal method. Eu-
CP shows chemical stability and tolerance in water and organic
solvents, and its intense fluorescence is not affected by pH (pH=
3−12). Eu-CP can rapidly detect antibiotics like metronidazole
(MDZ) and dimethylimidazole (DMZ) and pesticides like 2, 6-
dichloro-4-nitroaniline (DCN) in water, with good recyclability
and a low detection limit. MDZ, DMZ, and DCN have been
successfully detected in calf serum and lake water. Liu’s team33

synthesized one Zn-CP and three Cd-CPs to study the
fluorescence properties of CPs 1−4 against explosives. The
experiment showed that increasing the concentration of
explosives would reduce the fluorescence intensity of CPs 1−
4, especially the CPs containing TNP solution; the fluorescence
intensity decreased most obviously. Through comparison, the
quenching efficiency decreased in the following order: 2,4,6-
trinitrophenol > p-nitrophenol > 4-nitrotoluene > nitrobenzene,
which is consistent with the polarity order of the four explosives.
It can be concluded that the greater the polarity of the
explosives, the better the fluorescence quenching effect of the
CPs.

Wang et al.34 synthesized a series of highly luminous
complexes based on H2zgt: [Ln2(mip)3(H2O)8·4H2O]n (Ln =
Sm, Eu, Gd, Tb, Dy). The experimental results show that weak
intermetallic energy transfer can be used to predict the color
modulation of heteronuclear families by adding color strategies.
We synthesized complexes CP 1 and CP 2 under hydrothermal
conditions using Cd metal with excellent luminescence
properties, H2zgt, and nitrogen-containing ligands.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. All reagents were commer-

cially available and of analytical grade and used without any
purification treatment. Thermogravimetric analysis (TGA) was
performed using a NETZSCHSTA 449C thermogravimetric
analyzer in a nitrogen atmosphere with temperature increased
from room temperature to 900 °C at a heating rate of 10 °C·
min−1. The IR spectra of KBr particles in the region of 4000−
400 cm−1 were recorded on a Bruker EQUINOX55
spectrophotometer. X-ray diffraction (XRD) was carried out
on a Rigaku D/Max 3III diffractometer with Cu Kα radiation (λ
= 0.15418 nm) from 5 to 50°. The UV−vis spectra were
measured using a UV-2700 spectrophotometer. The fluores-

cence spectrum was determined by a F-7100 spectrometer made
by Hitachi of Japan.
2.2. Synthesis of {[Cd(zgt)(2,2′-bipy)(H2O)]·H2O}n (1).

Accurately weighed Cd(NO3)2·4H2O (0.075 mmol, 23.1 mg),
H2zgt (0.065 mmol, 12.7 mg), and 2,2′-bipy (0.05 mmol, 7.8
mg), dissolved in N,N-dimethylformamide (DMF) (2 mL) and
H2O (5 mL), were transferred to 10 mL transparent glass
bottles, placed in an oven at 95 °C, and the reaction was carried
out at constant temperature for 5 days to obtain a final colorless
transparent massive crystal, in calculated yield of 58% based on
Cd. Anal. calculated for C19H18CdN2O7 (%): C, 45.71; H, 3.61;
N, 5.61; Measured (%): C, 45.73; H, 3.62; N, 5.59. FT-IR (KBr,
cm−1): 3534 (w), 3526 (m), 3117 (w), 3085 (w), 3005 (w),
2356 (w), 1803 (w), 1555 (s), 1443 (s), 1394 (s), 1363 (s),
1266 (m), 1138 (m), 1058 (s), 1018 (w), 914 (m), 777 (s), 722
(s), 649 (m), 409 (m).
2.3. Synthesis of {[Cd(zgt)(1,3-bis)(H2O)]·H2O}n (2).

Accurately weighed Cd(NO3)2·4H2O (0.075 mmol, 23.1 mg),
H2zgt (0.065 mmol, 12.7 mg), and 1,3-bis (0.05 mmol, 9.8 mg),
dissolved in N,N-dimethylacetamide (DMA) (1 mL) and H2O
(5 mL), were taken. The mixture was stirred evenly and
transferred to a 10mL transparent glass bottle, placed in a hot air
drying oven at 95 °C, and the reaction was carried out at
constant temperature for 5 days to obtain a final colorless
transparent massive crystal, in calculated yield of 55% based on
Cd. Anal. calculated for C22H24CdN2O7 (%): C, 48.81; H, 4.44;
N, 5.18; Measured (%): C, 48.80; H, 4.42; N, 5.19. FT-IR (KBr,
cm−1): 3670 (w), 3374 (s), 2973 (s), 2901 (s), 1627 (s), 1562
(s), 1458 (m), 1378 (s), 1250 (m), 1058 (s), 881 (m), 802 (m),
737 (m), 609 (w), 569 (w), 504 (m), 432 (w).
2.4. X-ray Crystallography. Crystals of CPs 1−2 without

cracks were selected at room temperature, X-ray diffraction was
carried out using graphite-monochromatized Mo Kα radiation
(λ = 0.071073 nm) on a Bruker APEX-II single-crystal
diffractometer at 298 K, and the diffraction intensity data were
collected. The diffraction intensity data were corrected using the
SADABS program by semiempirical absorption. The structure
was solved by direct methods using the SHELXTL-2018
program, and full matrix least-squares optimization was
performed based on F2. The coordinates of all of the hydrogen
atoms were obtained through theoretical hydrogenation. All
non-hydrogen atoms were refined by anisotropic displacement
parameters. The riding model was used to refine the hydrogen
atom isotropic in the computational position, and its Uiso value
was limited to 1.2 times the parent atomic Ueq. The disordered
solvent molecules in the structure were removed by the
PLATON/SQUEEZE program. The crystal parameters of
CPs 1−2 are shown in Table 1, the main bond lengths and
angles of CPs 1−2 are shown in Tables S1 and S3, and the
hydrogen bond angles (deg) and bond distances (nm) of CP 1
are listed in Table S2. CCDC: 2219473 (1) and 2220218 (2).
2.5. Luminescence Sensing Experiments. The fluores-

cence induction experiments were performed at room temper-
ature. First, 30 mg of CP 1 or CP 2 powder was finely dispersed
in 100 mL of distilled water, sonicated for 1 h, and left for 24 h,
and the supernatant was taken for use. Then, 20 μL of the
prepared series of nitroaromatic compounds (10 mmol/L) and
pesticides (10 mmol/L) were used. Nitroaromatic compounds
(NACs) included 2,4-dinitrophenylhydrazine (DNPH), ortho-
nitroaniline (O-NT), 2,4,6-trinitrophenylhydrazine (TRI),
nitrobenzene (NB), 3-nitroaniline (3-NT), para-nitrophenylhy-
drazine (4-NPH), p-nitrophenol (4-NP), p-nitrobenzoic acid
(PNBA), O-nitrophenol (O-NP), and 2,4,6-trinitrophenol
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(TNP). Pesticides included imazalil (Ima), pyrimethanil (Pth),
emamectin benzoate (Em-B), zhongshengmycin (Myc), 2,4-
epibrassinolate (24-epi), pyraclostrobin (Pst), prochloraz (Pro),
triadimefon (Tdi), and fluazinam (Flu).

3. RESULTS AND DISCUSSION
3.1. Crystal Structures. According to the results of X-ray

single crystal diffraction analysis, CP 1 is a monoclinic system
belonging to the P21/c space group. Each unit contains a
crystallographically independent CdII ion, a zgt2− ligand, a 2,2′-
bipy ligand, a coordinated water molecule, and a lattice water
molecule. The central CdII ion adopts a seven-coordination
mode in a twisted pentagonal dipyramidal configuration. Among
the seven atoms directly coordinated with Cd1, there are five
oxygen atoms (O1, O2, O3#1, O4#1, and O6) and two nitrogen
atoms (N1 and N2), as shown in Figure 1a. O1, O2, O3#1, and
O4#1 all come from the zgt2−ion, and O6 comes from the
coordination water molecule. The bond length of the Cd−O
bond ranges from 2.278 (2) to 2.625 (2) Å. Both N1 and N2 are
derived from 2,2′-bipy molecules, and the bond length of the
Cd−N bond ranges from 2.3350 (19) to 2.344 (2) Å, which is
similar to that of Cd-CP reported in the literature.

In the coordination process of H2zgt, two protic hydrogens
are removed to form zgt2−. zgt2− adopts the coordination mode

Table 1. Crystallography Data of CP 1 and CP 2

identification code 1 2

empirical formula C19H18CdN2O7 C22H24CdN2O7

formula weight 498.75 540.83
temperature/K 296.15 296.15
crystal system monoclinic monoclinic
space group P21/c C2/c
a/Å 9.029(5) 16.463(5)
b/Å 17.450(9) 17.105(5)
c/Å 12.646(7) 18.809(6)
α/° 90 90
β/° 96.337(8) 109.226(5)
γ/° 90 90
V/Å3 1980.1(18) 5001(3)
Z 4 8
ρcalc (g/cm3) 1.673 1.437
μ (mm−1) 1.147 0.914
F (000) 1000.0 2192.0
reflections collected 9718 16166
S on F2 1.112 1.084
R1, wR2

a [I > 2σ(I)] 0.0260, 0.0603 0.0432, 0.1285
R1, wR2

a (all data) 0.0315;, 0.0627 0.0543, 0.1421
aR1 = ∑||F0| − |Fc||/∑|F0|, wR2 = [∑w(F0

2 − Fc
2)2/∑w(F0

2)2]1/2

Figure 1. (a) Coordination pattern of CdII in CP 1; (b) coordination pattern of zgt2− in CP 1; (c) one-dimensional chain of CP 1; (d) two-dimensional
structure of CP 1, the dotted line is hydrogen bonding; and (e) three-dimensional supramolecular structure of CP 1, the dotted line is π−π packing.
(Symmetry Codes: #11 − x,1/2 + y,1/2 − z).
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of μ2-η1-η1, and both carboxylic acids are attached to the metal
CdII ion by chelating bicentals, as shown in Figure 1b. Based on
this coordination pattern, adjacent metals form 1D chains
through zgt2− ion connections (Figure 1c). The adjacent chains
are linked into the 2D supramolecular network under the
directions of the hydrogen bonding interaction between the
lattice water molecule oxygen atom and the carboxylate group
oxygen atom of [O6−H6A···O7, 2.640 (3) Å, O6−H6B···O1,
2.727 (3) Å, O7−H7A···O2, 2.889 (3) Å, O7−H7B···O3#1,
2.736 (3) Å] (Figure 1d). Then, the adjacent 2D network forms
3D supramolecular structures through π−π stacking (3.880 (3)
Å), as shown in Figure 1e.

CP 2 is a monoclinic system belonging to the C2/c space
group. Each misformation unit contains a crystallographically
independent CdII ion, a zgt2− ligand, a BPP ligand, and a
coordination and a free water molecule (Figure 2a). The central
metal CdII ion adopts a seven-coordination pattern, in which

four coordination oxygen atoms (O1, O2, O3, and O4) are
derived from the zgt2− ligand, another coordination oxygen
atom (O6) is derived from coordination water, and two nitrogen
atoms (N1 and N2) are derived from the BPP ligand. The bond
length of the Cd−O bond is 2.299(3)−2.562(3) Å, and the
bond length of the Cd−N bond is 2.311(3)−2.340(3) Å, which
is similar to the reported value.34

The zgt2− ligand uses the coordination mode of μ2-η1-η1, and
the two carboxyl groups are chelated with two CdII ions
bidentately (Figure 2b). According to this coordination pattern,
two adjacent metal CdII ions are connected via the zgt2− ligand
to form a one-dimensional chain (Figure 2c). The adjacent one-
dimensional chains form a two-dimensional network structure
through the connection of the BPP ligand in different directions
(Figure 2d). Interestingly, the three-dimensional structure of CP
2 (Figure 2f) is formed by the interpenetration of two-

Figure 2. (a) Coordination pattern of CdII in CP 2 (symmetry codes: #1 x, 1 − y, 1/2 + z; #2 1/2 + x, 1/2 + y, + z); (b) coordination pattern of zgt2− in
CP 2; (c) one-dimensional chain of CP 2; (d) two-dimensional structure of CP 2; (e) single three-dimensional supramolecular structure of CP 2; and
(f) three-dimensional supramolecular interpenetrating structure of CP 2.
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dimensional network structures with the same structure and
different angles (Figure 2e).
3.2. Thermogravimetric Analyses. In order to be better

applied in practice, the stability tests of CP 1-2 become
extremely important. The thermal stabilities of CP 1-2 are tested
under nitrogen protection at a heating rate of 10 °C per minute,
according to TGA spectral analysis (Figure S1). For CP 1,
solvent water molecules are lost at 140 °C; the weight loss rate is
8% (calcd. 7.2%). At 230 °C, the skeleton begins to collapse. For
CP 2, solvent water molecules are lost at 120 °C; the weight loss
rate is 7% (calcd. 6.7%). Its skeleton begins to collapse at 210 °C.
Both ultimately exist in the form of CdO. The test results
indicate that all CPs have good thermal stability.
3.3. PXRD Analysis. In order to verify the purity of the

synthesized complex, powder X-ray diffraction experiments were
conducted on CPs 1-2, as shown in Figure S2. The experimental
results show that the position and intensity of the diffraction
peaks are roughly the same as the simulated data, which
indicates that CPs 1-2 have good phase purity and integrity.
3.4. Solid-State Fluorescence of CPs 1−2. It has been

reported that Cd-CP has excellent fluorescence properties and is
often used as a fluorescence sensor to detect pollutants.
Therefore, we tested the solid-state fluorescence of CPs 1−2

in order to determine whether to conduct further fluorescence
sensing performance tests. The test results are known at room
temperature at the same voltage and slit: CPs 1−2 (λex 380, 356
nm), CPs 1−2 (emission peaks λem position 471 nm, 465 nm),
respectively. The solid-state fluorescence of H2zgt (λex = 385
nm) was also detected. The position of the emission peak λem is
448 nm, as shown in Figure S3.

Compared with H2zgt, the fluorescence intensity of CPs 1−2
was significantly enhanced, and the range was large. The
emission peak position of the complex was red-shifted compared
with H2zgt, which was probably due to the charge transfer
between H2zgt and CdII ion.35 In short, CPs 1−2 showed
enhanced fluorescence intensity compared to ligands.
3.5. NAC Sensing. As shown in Figure 3a, fluorescence

intensities of emission spectra (λem = 328 nm) of different nitro
explosives (10 μL, 10 mmol/L) under excitation spectra (λex =
304 nm) were recorded, and the fluorescence intensities of
different analytes weremade as bar charts, which could be clearly
seen. CP 1 has different quenching effects on different nitro
explosives, but the quenching effect on p-nitrobenzoic acid
(PNBA) is the most obvious. In addition, it is necessary to
explore whether CP 1 can still selectively detect PNBA in the
presence of other nitro explosives. PNBA (10 μL, 10 mmol/L)

Figure 3. (a) Fluorescence intensity of CP 1 dispersed in different nitroaromatic compounds; (b) anti-interference experiment; (c) fluorescence
emission spectrum of CP 1 with different concentrations of PNBA; and (d) linear fitting curve.
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was added into a CP 1 suspension containing other nitro
explosives (10 μL, 10 mmol/L). The fluorescence intensity did
not decrease sharply after the addition of other nitro explosives,
but the fluorescence was almost completely quenched after the
addition of equimolar amounts of PNBA, as shown in Figure 3b.
The results of the anti-interference experiment show that the
addition of PNBA is not interfered with by other nitro
explosives, which proves that CP 1 has good selectivity to
PNBA, and CP 1 has better anti-interference performance.

Based on the good quenching response of CP 1 to PNBA, a
quantitative experiment was conducted to test CP 1 at room
temperature, and the change rule of fluorescence intensity of CP
1 was explored by quantitatively increasing the concentration of
PNBA. As the concentration of PNBA increased from 0 to 70
μmol/L, the fluorescence intensity of CP 1 decreased gradually,
and CP 1 was almost completely quenched when the
concentration of PNBA increased to 70 μmol/L, as shown in
Figure 3c. In order to more accurately study the relationship
between PNBA concentration and fluorescence intensity, linear
fitting was carried out according to the S−V equation. When the
concentration increased to 70 μmol/L, the linear relationship
was shown in the low concentration range (3 × 10−5 to 7 ×
10−5): Y = 1.671 × 106X− 57.69 (R2 = 0.9921) (Figure 3d). The
detection limit (LOD) can be obtained by using the equation

LOD = 3σ/K. The final detection limit reaches the nM level, and
the accurate detection limit of PNBA is 3.28 nM, which is lower
than the reported value36,37 and shows that CP 1 can detect
PNBA sensitively.

The specific operation of CP 2 detection of explosives is the
same as above. The emission spectra of different objects to be
measured under excitation spectra (λex = 310 nm) are recorded
respectively, and the emission peak position is at the wavelength
336 nm. Fluorescence intensity was quenched for different
substances to be tested but at the same time showed different
degrees of quenching; especially, the quenching effect of 2,4,6-
trinitrophenol (TNP) was the most obvious (Figure 4a). In
order to explore the antijamming ability of CP 2, the
antijamming experiment was carried out. The experimental
results are listed in Figure 4b. CP 2 is not interfered with by
other tested substances and TNP, and it still has a significant
quenching effect without interference from other tested
substances.

Based on the above experimental results, we conducted a
quantitative experiment to detect TNP with CP 2 at room
temperature and studied the change rule of fluorescence
intensity of CP 2 with the increase of TNP concentration. As
shown in Figure 4c, the fluorescence intensity of CP 2 decreased
with the increasing concentration of TNP. The fluorescence was

Figure 4. (a) Fluorescence intensity of CP 2 dispersed in different nitroaromatic compounds; (b) anti-interference experiment; (c) fluorescence
emission spectrum of CP 2 with different concentrations of TNP; and (d) linear fitting curve.
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almost completely quenched when the concentration of TNP
increased from 0 to 70 μmol/L. The results showed that CP 2
was almost completely quenched when the concentration of
TNP was increased to 70 μmol/L. In order to further study the
precise relationship between the concentration of TNP and the
fluorescence intensity of CP 2, linear fitting was conducted
according to the S−V equation, as shown in Figure 4d. In the low
concentration range, the linear relationship was good: Y =
1.6306 × 106X − 51.96 (R2 = 0.9968), and the detection limit
was 11.4 nM. The detection limit is lower than the reported
value.38

3.6. Pesticide Sensing. Due to the excellent luminescence
performance and water stability of CPs, we evaluated their
potential detection for pesticides. This measure has long-term
significance for both environmental protection and human
health.39

When the excitation spectrum of CP 1 is 304 nm, the emission
spectrum of CP 1 is 328 nm. Due to the pore structure and
excellent fluorescence properties of CP 1, the potential of CP 1
as a pesticide luminous sensor is further explored. As shown in
Figure 5a, the photoluminescence spectra of different pesticides
(λex = 304 nm) were recorded separately. The quenching effect

of CP 1 on most pesticides was not obvious, and the quenching
effect on Flu was the most obvious. In addition, Flu can be
selectively tested under the interference of other pesticides. The
fluorescence intensity did not decrease significantly when other
pesticides were added, but the fluorescence was obviously
quenched after the addition of Flu, as shown in Figure 5b. The
experiment showed that CP 1 had a good selectivity to Flu.

To investigate the quenching effect of different concen-
trations of Flu (10 mmol/L) on CP 1 fluorescence at room
temperature, quantitative experiments were conducted. The
fluorescence intensity decreased gradually with the gradual
increase in Flu concentration (10 mmol/L, 0 μmol/L to 65
μmol/L). The fluorescence was almost completely quenched
when the concentration was increased to 65 μmol/L, as shown
in Figure 5c. In order to study the relationship between Flu
concentration and fluorescence intensity more accurately, the
linear curve was fitted according to the S−V equation. When the
concentration increased to 65 μM, the linear relationship was
good in the low concentration range of 2.0 × 10−5 to 5.5 × 10−5:
Y = 3.9894 × 105X− 7.0826 (R2 = 0.9941). It was calculated that
the detection limit reached 13.8 nM (Figure 5d).

Figure 5. (a) Fluorescence intensity of CP 1 dispersed in different pesticides; (b) anti-interference experiment; (c) fluorescence emission spectrum of
CP 1 with different concentrations of Flu; and (d) linear fitting curve.
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When the excitation spectrum is 310 nm, the emission
spectrum of CP 2 is 336 nm. The photoluminescence spectra of
different pesticides (λex = 310 nm) are recorded, respectively.
The test results showed that CP 2 had different quenching
effects on different pesticides, among which Flu had the most
obvious quenching effect, as shown in Figure 6a. Flu can be
selectively tested under the interference of other pesticides. The
fluorescence intensity did not decrease significantly when other
pesticides were added, but the fluorescence was obviously
quenched after the addition of Flu, as shown in Figure 6b. The
anti-interference experiment showed that CP 2 had a good anti-
interference ability to Flu without the influence of other selected
pesticides after adding Flu.

To investigate the quenching effect of different concen-
trations of Flu (10 mmol/L) on CP 2 fluorescence at room
temperature, the fluorescence intensity decreased gradually with
the gradual increase in Flu concentration (10 mmol/L, 0−70
μmol/L). The fluorescence was almost completely quenched
when the concentration increased to 70 μmol/L, as shown in
Figure 6c. When the concentration increases to 70 μM, there is a
good linear relationship in the low concentration range of 1.5 ×
10−5 to 5.5 × 10−5: Y = 1.5280 × 106X − 45.96 (R2 = 0.9937);

the detection limit of Flu was estimated to be 52.7 nM (Figure
6d). The detection limit is lower than the reported value.40

3.7. Discussion on theQuenchingMechanism.Detailed
research was conducted on the sensing mechanisms of CP 1 on
PNBA, Flu, and CP 2 on TNP and Flu. It is believed that the
luminescence changes of metal organic complexes are mediated
by the following factors: structural collapse, energy competitive
absorption, resonance energy transfer, central metal ion
exchange, and photoluminescence electron transfer (PET).41

The PXRD spectra generated by CP 1 dispersed in PNBA and
Flu aqueous solutions are highly similar to the main peaks of the
simulated spectra. The PXRD spectra generated by CP 2
dispersed in TNP and Flu aqueous solutions also showed good
agreement with the simulated spectra, ruling out the possibility
of skeleton collapse as the cause (Figure S2). Because CPs 1−2
detect nitro explosives and pesticides, they indicate that there is
no metal ion exchange during fluorescence quenching. In
addition, the overlapping area between the excitation emission
spectra of the complex and the UV absorption spectra of the
responsive compound was studied.42,43 The results indicate that
the absorption spectra of nitro explosive PNBA and pesticide Flu
overlap with the excitation spectra of CP 1 (Figure S4),

Figure 6. (a) Fluorescence intensity of CP 2 dispersed in different pesticides; (b) anti-interference experiment; (c) fluorescence emission spectrum of
CP 2 with different concentrations of Flu; and (d) linear fitting curve.
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suggesting that the quenching mechanism of both is energy
competitive absorption. The emission spectrum of CP 2
overlaps significantly with the absorption spectrum of TNP
(Figure S5a), and its quenching mechanism is resonance energy
transfer. The absorption spectrum of Flu overlaps with the
excitation spectrum of CP 2 (Figure S5b), suggesting that the
quenching mechanism is energy competitive absorption.
Therefore, the energy resonance transfer mechanism and energy
competitive absorption mechanism are the factors that lead to
fluorescence quenching.

On the other hand, density functional theory (DFT)
calculations show that the LUMO energy level (−2.28 eV) of
CP 1 is higher than those of PNBA (−3.39 eV) (Figure 7a) and
Flu (−4.10 eV) (Figure 8), and the LUMO energy level (−1.33

eV) of CP 2 is higher than those of TNP (−4.52 eV) (Figure 7b)
and Flu (−4.10 eV) (Figure 8). Therefore, during excitation,
electrons are induced to transfer from the LUMO orbitals of CP
1 and CP 2 to the LUMO orbitals of the analyte. This leads to a
fluorescence quenching effect.44−47 Therefore, we infer that the
PET mechanism is also the cause of fluorescence quenching.
3.8. Detection of Flu in Yan River. Based on the results of

the above fluorescence sensing experiment, it is concluded that
CP 1 is most sensitive to the detection of Flu and the detection
limit is the lowest. CP 1 is selected for the actual sample
determination. With Yan River as the actual sample, Flu in the
water sample was detected by the adding and recovering
methods, and CP 1 was placed in the water sample for reaction,

and then its fluorescence was measured. Three concentrations of
Flu (30, 40, 50 μM) were added to the water samples, and each
group was repeated 5 times. The results are shown in Table 2,

with recoveries ranging from 96.8 to 102.0%. The results show
that CP 1 is one of the few complexes that can be used for the
quantitative detection of Flu in actual samples and has certain
feasibility for the quantitative detection of pesticides in water
samples.

4. CONCLUSIONS
Two cadmium complexes with excellent fluorescence properties,
CP 1 and CP 2, were synthesized by using the dicarboxylic acid
ligandH2zgt and different nitrogen-containing ligands. CP 1 had
a quenching response to p-nitrobenzoic acid (PNBA) with a
detection limit of 3.28 nM, while CP 2 had a quenching response
to 2,4,6-trinitrophenol (TNP) with a detection limit of 11.4 nM.
Both CP 1 and CP 2 were responsive to the pesticide fluridine
(Flu). The detection limits were 13.8 and 52.7 nM. CP 1 has the
lowest detection limit of Flu, and it is selected for the detection
of actual water samples. The results show that CP 1 has a certain
application prospect for the quantitative detection of Flu in
actual water samples. Finally, the sensing mechanism is
discussed in detail. The cause of PNBA/TNP and Flu quenching
might be competitive absorption/energy resonance transfer or
electron transfer.
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Figure 7. (a) HOMO and LUMO energies of CP 1 and nitro explosives. (b) HOMO and LUMO energies of CP 2 and nitro explosives.

Figure 8. HOMO and LUMO energies of CP 1, CP 2, and pesticides.

Table 2. Recovery Results of Determination of CP 1-Flu in
Real Samples (n = 5)

sample
content
(μM)

added
(μM)

detected
(μM)

recovery
(%)

RSD
(%)

river 1 0 30.00 29.04 96.8 0.8
river 2 40.00 40.80 102.0 2.5
river 3 50.00 49.35 98.7 2.7
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