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As one of the most widely used organophosphorus pesticides, chlorpyrifos (CPF) is toxic to humans.
However, the rapid, effective and sensitive detection of CPF is still a challenge. In this paper, a novel
molecularly imprinted phosphorescent sensor with a core—shell structure (Mn:ZnS QDs@ZIF-8@MIP)
using Mn:ZnS quantum dots (QDs) as phosphorescent emitters was prepared for the highly sensitive and
selective detection of CPF, and a simple and rapid room-temperature phosphorescence (RTP) detection
method for CPF was proposed. For the prepared Mn:ZnS QDs@ZIF-8@MIP, Mn:ZnS QDs had good
phosphorescence emission characteristics, ZIF-8 as support materials was used to improve the
dispersibility of Mn:ZnS QDs, and molecularly imprinted polymer (MIP) on the surface of ZIF-8 was used
to improve the selectivity of Mn:ZnS QDs for CPF. Under the optimal response conditions, the RTP
intensity of Mn:ZnS QDs@ZIF-8@MIP showed a rapid response to CPF (less than 5 min), the RTP intensity
ratio of Po/P had a good linear relationship with the concentration of CPF in the range of 0-80 uM, and
the detection limit of this method was 0.89 uM with the correlation coefficient of 0.99. Moreover, this
simple and rapid method has been successfully used to detect CPF in real water samples with
satisfactory results, and the recoveries ranged from 92% to 105% with a relative standard deviation of less
than 1%. This method combines the advantages of phosphorescence emission and molecular imprinting,
and greatly reduces the potential interferences of competitive substances, background fluorescence and
scattered light, which opens up a broad prospect for the highly sensitive and selective detection of
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rsc.li/rsc-advances pollutants in water based on molecularly imprinted phosphorescent sensors.

1. Introduction rate of pesticides is usually low, the large-scale use of CPF has led
to the enormous presence of CPF residues or their derivatives in
As one of the most widely used organophosphorus insecticides, aquatic ecosystems. The sanitary standard for drinking water and
chlorpyrifos (CPF) has a positive impact and gives an essential the environmental quality standard for surface water set the limit
guarantee for the healthy growth and yield of crops. However, CPF  for CPF not to exceed 1.0 uM, in order to ensure the safety of water
can effectively inhibit acetylcholinesterase and prevent the trans- quality and human health, it is of great practical significance to
mission of signals between nerve cells, which will lead to the develop rapid, highly sensitive, and highly selective detection
dysfunction of the human central nervous system, and pose methods for CPF in water environment.
a serious threat to human health." In addition, since the utilization So far, a variety of application technologies for the detection
of CPF have been developed, such as gas chromatography (GC),*
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In recent years, quantum dots (QDs), as a kind of light-
emitting nanomaterials, have attracted widespread attention
in the environmental and biological fields. Different from
traditional organic fluorophores, QDs have the advantages of
wide excitation spectrum, narrow emission spectrum, good
symmetry, no tailing, high luminescence quantum yield, good
light stability, and tunable luminescence.®? These unique char-
acteristics make QDs as ideal fluorescent probes widely used in
biological macromolecule detection,” small molecule recogni-
tion,' metal ion recognition,'* cell imaging** and other fields.
For example, in the detection of organophosphorus pesticides
in water, Zheng et al.** integrated CdTe QDs with acetylcholin-
esterase enzyme (AChE) for the detection of organophosphorus
pesticides such as paraoxon and parathion; Ren et al'*
synthesized acrylamide-based Mn(u)-doped ZnS QDs and used
it as a fluorescent probe for the sensitive detection of CPF.
However, the real pollutants in water are complex and diverse,
and fluorescence analysis of target pollutants is easily interfered
by the autofluorescence and scattered light of other substances
in the water (such as humic acid, etc.), which reduces the
accuracy and sensitivity of the fluorescence analysis methods
based on QDs fluorescent probes.

Compared with fluorescence, phosphorescence is a rarer
luminescence phenomenon. Because the lifetime of phospho-
rescence is longer than fluorescence, the phosphorescence
analysis method of pollutants that uses phosphorescence as the
analysis signal can effectively avoid the interferences of matrix
autofluorescence and scattered light, so the sensitivity and
accuracy will be improved compared with fluorescence analysis
methods. These advantages make phosphorescent QDs for
detecting target molecules in complex environmental samples
more feasible than fluorescent QDs. Therefore, in recent years,
Mn:ZnS QDs with phosphorescent emission characteristics
have become a research hotspot, and have been successfully
used as phosphorescent probes to develop various sensors for
pollutants in water environment.'>'® However, the ligand coated
on the surface of the Mn:ZnS QDs can usually be combined with
variety of substances, which will affect the selectivity of the
phosphorescent probes in the application.

Molecular Imprinting Technology (MIT) is a technology for
preparing Molecularly Imprinted Polymers (MIPs) with high
affinity and selectivity for target compounds (template mole-
cules). The prepared MIPs contains three-dimensional holes,
which are highly matched with the template molecule in terms
of spatial structure and functional group arrangement. So this
makes MIPs have high recognition performance for the
template molecule, non-molecularly imprinted polymers (NIPs)
cannot recognize template molecules. Due to its unique char-
acteristics such as predictability of structure, specificity of
recognition and versatility of application, the MIPs have been
widely used in many fields such as chromatographic separa-
tion,"” solid phase extraction' and chemical sensors.' There-
fore, combining MIPs and QDs to prepare phosphorescent
sensors can effectively improve the selectivity of QDs in
response to target analytes. But there are still several problems
for the combination of MIPs and QDs, which may affect the
sensitivity for the detection of target substance. For example,
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QDs usually agglomerate during the imprinting process, which
will affect the stability of phosphorescence measurement in
practical applications; if the molecularly imprinted layer on the
surface of the quantum dot is too thick, it will prevent the
elution of the template molecule in the molecularly imprinted
polymer and its recombination with the template molecule,
thus reducing the sensitivity of target recognition.

Metal-organic frameworks (MOFs) are one-dimensional,
two-dimensional or three-dimensional infinite network porous
materials composed of metal ions and organic ligands. They are
widely used in catalysis,* drug delivery** and sensing.>* The
MOFs have a large specific surface area, tunable pore size and
tunable inner surface properties. Therefore, encapsulating
nanoparticles into MOFs can effectively prevent the agglomer-
ation of guest nanoparticles, thereby improving the perfor-
mance of nanoparticles in application.”* As a typical imidazole-
based MOFs material, zeolitic imidazolate framework-8 (ZIF-8)
not only has a high specific surface area and large pores, but
also has excellent chemical and thermal stability, so it can be
used as an excellent molecular imprinting support material.>
Therefore in this study, we used ZIF-8 as a perfect support
material and Mn:ZnS QDs as phosphorescent emitters, and
prepared a novel molecularly imprinted phosphorescent sensor
with a core-shell structure (Mn:ZnS QDs@ZIF-8@MIP), which
has highly sensitive and selective recognition performance for
CPF. Based on the phosphorescence “off” behavior of Mn:ZnS
QDs@ZIF-8@MIP phosphorescent sensor, a simple, rapid,
highly selective and sensitive RTP detection method for CPF was
developed and successfully applied to detect CPF in real water
samples.

2. Experimental
2.1 Reagents

Ultrapure water (18.25 MQ cm) was used throughout in our
experiment and it was obtained from a Millipore Milli-Q Puri-
fication System (Molecular Corporation, Shanghai, China).
ZnS0,-7H,0, Zn (NO;),-6H,0, Na,HPO,-12H,0, NaH,PO,-
-2H,0 and ammonia solution were purchased from Shanghai
Su Yi chemical reagent Co., Ltd. (Shanghai, China). MnCl,-
-4H,0 was purchased from Guoyao Chemical Reagent
Company (Shanghai, China). Na,S-9H,0, (3-mercaptopropyl)
trimethoxysilane (MPTs), 2-methylimidazole (2-Hmin), tetrae-
thoxysilane (TEOs), (3-aminopropyl)triethoxysilane (APTEs),
ethanol, and methanol were purchased from Aladdin Chemistry
Co., Ltd. (Shanghai, China). All the reagents used in our
experiment were of analytical grade.

2.2 Instruments

The measurements of RTP were performed using a F-7000
fluorescence spectrophotometer (Hitachi, Tokyo, Japan) equip-
ped with a four-way quartz sample cuvette (1.0 cm x 1.0 cm)
under ambient conditions. UV-vis absorption spectra were
measured on a UV-2550 UV-vis spectrophotometer (Shimadzu,
Tokyo, Japan) with a pair of quartz sample cuvettes (1.0 cm x
1.0 cm). The morphology and microstructure images of the
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prepared samples were recorded by a SU8010 field emission
scanning electron microscope (SEM; Hitachi, Tokyo, Japan) and
a FEI F20 transmission electron microscopy (TEM; FEI, USA),
respectively. The phase compositions were characterized by X-
ray diffraction (XRD) patterns measured by a Bruker D8
advance X-ray diffractometer (Bruker, Germany). Fourier-
transform infrared (FT-IR) spectra (4000-400 cm ') were ob-
tained by KBr disks on a Nicolet IS5 FTIR apparatus (Thermo
Fisher, USA).

2.3 Synthesis of MPTs modified Mn:ZnS QDs and ZIF-8

Mn:ZnS QDs were synthesized according to the reported
procedures in literature with little modifications.>® First, in
a 250 mL three-necked flask, 12.5 mmol ZnSO,, 1 mmol MnCl,,
and 80 mL ultrapure water were sequentially added, the mixed
solution was magnetically stirred for 20 min under nitrogen at
room temperature. Then, 20 mL Na,S (6.25 mmol) solution was
injected slowly into the mixture under the protection of
nitrogen gas. After stirring for 30 min, the 10 mL of
0.0625 mol L™' MPTs ethanol solution was added, and the
mixture was continuously stirred for 20 h. Finally, the obtained
Mn:ZnS QDs were centrifuged repeatedly, then washed with
ultrapure water and ethanol for three times and dried in
a vacuum.

ZIF-8 was synthesized in a typical experiment according to
previous report with some modifications.”® 1.974 mmol Zn
(NO3),-6H,0 and 15.808 mmol 2-Hmin were dispersed into
a 40 mL methanol, respectively. Then, the above two methanol
solutions were mixed uniformly by a magnetic stirrer at ambient
conditions. Until the mixture turned turbid, the mixture was
continuously stirred for 1 h, and then the white precipitate was
obtained by centrifugal separation, washed with absolute
methanol for several times, and dried in a vacuum.

2.4 Synthesis of Mn:ZnS QDs@ZIF-8@MIP

The Mn:ZnS QDs@ZIF-8@MIP was prepared by the sol-gel
method with some modifications.” Firstly, 100 mg Mn:ZnS QDs
and 50 mg ZIF-8 were dispersed in a 40 mL ethanol with
ultrasonic for 1.0 h. Then, 200 pL APTEs as functional monomer
and 50 mg the template of CPF were added to the above mixture
and the mixture was stirred for 1.0 h in the dark. Then 600 pL
TEOs were added drop by drop to the mixture, after 30 min, 800
uL NH;-H,O was added, then the mixture was continuously
stirred for 20 h in the dark. Finally, the products were centri-
fuged and washed repeatedly with a mixed solvent of methanol
and ethanol (8: 2, v/v) until no template molecule CPF was
detected in the eluate. The entire synthesis process of Mn:ZnS
QDs@ZIF-8@MIP was presented in Scheme 1. And Mn:ZnS
QDs@ZIF-8@NIP was prepared in the same way except that the
template molecule CPF was not added.

2.5 RTP detection of CPF

Firstly, 1 mg mL~' Mn:ZnS QDs@ZIF-8@MIP uniformly
dispersed aqueous solution and 1 mmol L' CPF ethanol
solution were prepared, respectively. Then, 500 pL of
0.2 mol L™ Na,HPO,-NaH, PO, buffer solution (pH 6.5), 120 uL
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of 1 mg mL ™' Mn:ZnS QDs@ZIF-8@MIP solution and different
volumes of the 1 mmol L™" CPF solution were successively
added to a series of 10 mL colorimetric tubes. All the mixtures
were diluted to 10 mL with ultrapure water and mixed thor-
oughly. After reacting for 5 min, the RTP spectra of the solutions
were measured with the excitation wavelength of 275 nm and
emission wavelength range of 500-700 nm. For the measure-
ment of RTP spectrum, the slit widths of excitation and emis-
sion were 10 nm and 20 nm, respectively; the scan speed was set
at 240 nm min~'; and the photomultiplier tube (PMT) voltage
was set at 700 V. The RTP spectra of Mn:ZnS QDs@ZIF-8@NIP
and the reaction solution of Mn:ZnS QDs@ZIF-8@NIP with
CPF were measured under the same conditions.

2.6 Analysis of real water samples

In order to verify whether Mn:ZnS QDs@ZIF-8@MIP can be
applied to the detection of CPF in real water samples, real water
samples from tap water and local Dongpu reservoir were
collected, respectively. The tap water and lake water were
filtered through 0.45 pm filters for 2 times to remove the
insoluble solids. A recovery test was carried out by adding
a certain amount of CPF solution to the water sample to eval-
uate the reliability of the developed method.

3. Results and discussion

3.1 Morphological characterization of ZIF-8, Mn:ZnS
QDs@ZIF-8@MIP and Mn:ZnS QDs@ZIF-8@NIP

The surface morphologies of ZIF-8, Mn:ZnS QDs@ZIF-8@MIP
and Mn:ZnS QDs@ZIF-8@NIP were observed by SEM and
TEM, and the SEM images and TEM images are shown in Fig. 1.
We can see from Fig. 1(a) and (d) that ZIF-8 has excellent dis-
persibility, and has a characteristic structure of rhombohedral
dodecahedron with a smooth surface. The morphologies of
Mn:ZnS QDs@ZIF-8@MIP (as shown in Fig. 1(b) and (e)) and
Mn:ZnS QDs@ZIF-8@NIP (as shown in Fig. 1(c) and (f)) are
similar to ZIF-8. Moreover, from Fig. 1(d) and (e) we can observe
that for the Mn:ZnS QDs@ZIF-8@MIP, ZIF-8 is used as
a support material, and a layer of molecularly imprinted poly-
mer is covered on the surface of ZIF-8 embedded with Mn:ZnS
QDs by polymerization reaction. So Mn:ZnS QDs@ZIF-8@MIP
shows a typical core-shell structure.

3.2 FT-IR spectra and XRD characterization of Mn:ZnS QDs,
ZIF-8 and Mn:ZnS QDs@ZIF-8@MIP

The measured FT-IR spectra of Mn:ZnS QDs, ZIF-8, Mn:ZnS
QDs@ZIF-8@MIP and Mn:ZnS QDs@ZIF-8@NIP shown in
Fig. 2. From Fig. 2 we can see that for the FT-IR spectrum of
Mn:ZnS QDs, the strong and broad peak around 1110 cm™*
indicates the Si-O-Si asymmetric stretching, other observed
bands around 617 cm ™" also show the Si-O vibrations. For the
FT-IR spectra of ZIF-8, Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS
QDs@ZIF-8@NIP, the peaks at 3200 cm ™' and 1590 cm ™' are
corresponding to the C-N stretching vibration and C=N
stretching of imidazole rings, respectively. The absorption
peaks around 1310 cm™ " and 1430 cm ™" could be identified the
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Scheme 1 Schematic illustration of synthesis process of Mn:ZnS QDs@ZIF-8@MIP.

C-H bending vibrations, while the peaks at 1150 cm™ ' may be
caused by the bending of the inner plane of the ring. The peak
around 760 cm™ " corresponds to the olefin bending vibration,
and the typical peak at 472 cm ' is determined to be the
stretching vibration of the Zn-N bond. There are bands around
2940 cm ™' (C-H stretching band), 3420 cm ' and 1620 cm™*
(N-H band), indicating the presence of aminopropyl group. All
these same peaks indicate that the Mn:ZnS QDs@ZIF-8@MIP
was successfully prepared by the sol-gel condensation of
APTEs and TEOs. After CPF was eluted by eluent, the spectra of
Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS QDs@ZIF-8@NIP have
similar typical peaks, which indicates that Mn:ZnS QDs@ZIF-
8@MIP and Mn:ZnS QDs@ZIF-8@NIP have been successfully
prepared.

The crystal structures of the synthesized Mn:ZnS QDs, ZIF-8,
Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS QDs@ZIF-8@NIP were
characterized by XRD and the XRD patterns are shown in Fig. 3.
We can see from Fig. 3 that the diffraction peaks of Mn:ZnS

QDs@ZIF-8@MIP and Mn:ZnS QDs@ZIF-8@NIP are similar to
those of Mn:ZnS QDs and ZIF-8. This result indicates that the
crystal structure of Mn:ZnS QDs and ZIF-8 did not be changed
after being coated with a molecularly imprinted layer, which
further shows that Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS
QDs@ZIF-8@NIP was successfully prepared.

3.3 Optimization of response conditions

In order to study the phosphorescence response performance of
the prepared Mn:ZnS QDs@ZIF-8@MIP to CPF, the optimal
response conditions including the response time and the pH
value of the reaction solution were first explored.

Before and after adding CPF, the changes of RTP intensity of
Mn:ZnS QDs@ZIF-8@MIP with time are shown in Fig. 4. From
Fig. 4(a) we can see that within 90 min, the RTP intensity of pure
Mn:ZnS QDs@ZIF-8@MIP without adding CPF is basically
maintained at about 1.0, which indicates that the RTP phos-
phorescence emission characteristics of the Mn:ZnS QDs@ZIF-

Fig. 1 SEM images of (a) ZIF-8, (b) Mn:ZnS QDs@ZIF-8@MIP and (c) Mn:ZnS QDs@ZIF-8@NIP; TEM images of (d) ZIF-8, (e) Mn:ZnS QDs@ZIF-

8@MIP and (f) Mn:ZnS QDs@ZIF-8@NIP.
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Fig. 2 FT-IR spectra of Mn:ZnS QDs, ZIF-8, Mn:ZnS QDs@ZIF-
8@MIPand Mn:ZnS QDs@ZIF-8@NIP.

8@MIP has good stability within 90 min. However, after adding
CPF, we can see from Fig. 4(b) that the RTP intensity of Mn:ZnS
QDs@ZIF-8@MIP shows a rapid decrease trend within 5 min,
then after 5 min, it remains basically stable. This result indi-
cates that due to the large surface area of ZIF-8 and the thin
layer of imprinted polymer on the surface of Mn:ZnS QDs@ZIF-
8, Mn:ZnS QDs@ZIF-8@MIP could quickly identify and
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phosphorescent response to CPF. And this response and iden-
tification process can be completed in 5 min. Based on the
above analysis, 5 min is considered to be the best response time
in the subsequent experimental research.

Many published articles have reported that the pH value has
an important influence on the luminescence intensity of QDs-
based fluorescence or phosphorescence sensors and the
response characteristics of them to the analytes. Therefore, we
studied the influence of pH on the RTP intensity of the prepared
Mn:ZnS QDs@ZIF-8@MIP and the response characteristics of it
to CPF. Considering that when the pH value is too low, the
solution is a strong acid environment, so the S in Mn:ZnS
QDs@ZIF-8@MIP will interact with H" in the solution to
generate H,S, which will lead to the RTP intensity of Mn:ZnS
QDs@ZIF-8@MIP to be unstable. However, when the pH value
is too high, the RTP intensity of Mn:ZnS QDs@ZIF-8@MIP in
the strong alkaline solution decrease rapidly, thereby reducing
the response sensitivity of Mn:ZnS QDs@ZIF-8@MIP to CPF. So
we have studied in detail the influence of pH on the RTP
intensity of Mn:ZnS QDs@ZIF-8@MIP to CPF before and after
the adding of CPF when the pH is in the range of 6-8, and the
results are shown in Fig. 5. From Fig. 5 we can see that when the
pH value increased from 6 to 8, the RTP intensities of Mn:ZnS
QDs@ZIF-8@MIP before and after adding CPF have the same
change with pH, and when the pH is 6.5, the RTP intensities of
them are the maximum. Therefore, the optimal pH value of the
reaction solution is 6.5, and all subsequent experiments are
carried out in the reaction solution with pH 6.5.
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Fig. 3 XRD patterns for (a) Mn:ZnS QDs, (b) ZIF-8, (c) Mn:ZnS QDs@ZIF-8@MIP and (d) Mn:ZnS QDs@ZIF-8@NIP.
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3.4 RTP responses of Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS
QDs@ZIF-S@NIP to CPF

Under optimal conditions, the RTP response characteristics of
Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS QDs@ZIF-8@NIP to
different concentrations of CPF were evaluated. After adding
different concentrations of CPF, the RTP spectra of Mn:ZnS
QDs@ZIF-8@MIP and Mn:ZnS QDs@ZIF-8@NIP are shown in
Fig. 6 when the response time is 5 min. As can been seen from
Fig. 6 that in the CPF concentration range of 0-80 uM, the RTP
intensity of both Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS
QDs@ZIF-8@NIP decreases with the increase of CPF concen-
tration, but the reduction degree of RTP intensity of Mn:ZnS
QDs@ZIF-8@MIP is significantly greater than that of Mn:ZnS
QDs@ZIF-8@NIP. Because the quenching degree of RTP
intensity of Mn:ZnS QDs@ZIF-8@MIP or Mn:ZnS QDs@ZIF-
8@NIP depended on the concentration of CPF, so the rela-
tionship between the RTP intensity ratio value of Py/P of Mn:ZnS
QDs@ZIF-8S@MIP or Mn:ZnS QDs@ZIF-S@NIP and the
concentration of CPF was studied. As shown in Fig. 7, in the
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(a) Stability of the RTP intensity of Mn:ZnS QDs@ZIF-8@MIP; (b) effects of time on P/Py of Mn:ZnS QDs@ZIF-8@MIP in the presence of

concentration range from 0-80 uM, for both Mn:ZnS QDs@ZIF-
8@MIP and Mn:ZnS QDs@ZIF-8@NIP, before and after adding
CPF, the RTP intensity ratio value of Py/P has a very good linear
relationship with the concentration of CPF, which is well
expressed by the Stern-Volmer RTP quenching equation:*

Py
V_K 1
o = Ksv[C] +

where P, and P represent the RTP intensity of Mn:ZnS
QDs@ZIF-8@MIP or Mn:ZnS QDs@ZIF-8@NIP in the absence
and presence of CPF, respectively; C represents the concentra-
tion of CPF; Ksy represents the Stern-Volmer quencher
constant. As shown in Fig. 7, for the RTP quenching effect of
CPF on Mn:ZnS QDs@ZIF-8@MIP, the Kgy is 1.69 x 107> (R =
0.99), but for the RTP quenching effect of CPF on Mn:ZnS
QDs@ZIF-8@NIP, the Kgy is 3.3 x 107> (R = 0.998). Based on
the linear relationship between the ratio of RTP intensity and
the concentration of CPF, the quenching effect of CPF on the
RTP of Mn:ZnS QDs@ZIF-8@MIP can be used to develop
a detection method of CPF based on Mn:ZnS QDs@ZIF-8@MIP
as a phosphorescence sensors. And the limit of detection (LOD)
of this method for detecting CPF was 0.89 uM according to the
calculation formula LOD = 30/s, where ¢ is signified as the
standard deviation of multiple measurements (n = 11) for blank
sample, s is the slope of the calibration curve. Because drinking
water hygiene standards and surface water environmental
quality standards stipulate that the CPF limit does not exceed
1.0 uM, the LOD of Mn:ZnS QDs@ZIF-8@MIP for CPF is 0.89
uM, which is within its detection limit. So the LOD of Mn:ZnS
QDs@ZIF-8@MIP shows that sensitivity can be used to detect
the safety value of CPF in water. Imprinting factor (IF) is defined
as IF = Kgy vip/Ksv,nip, Which is one of the key parameters to
evaluate the specific recognition ability of phosphorescent
sensors. In this study, the calculated value of IF is 5, which
indicates that Mn:ZnS QDs@ZIF-8@MIP has higher sensitivity
and selectivity than Mn:ZnS QDs@ZIF-8@NIP in terms of room
temperature phosphorescence response to CPF. Because
Mn:ZnS QDs@ZIF-8@MIP contains a large number of specific
recognition sites to quickly and accurately match CPF, so it is
reason that Mn:ZnS QDs@ZIF-8@MIP more pronounced

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 RTP response of (a) Mn:ZnS QDs@ZIF-8@MIP and (b) Mn:ZnS QDs@ZIF-8@NIP to different concentrations of CPF.
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Fig. 7 Relationship between Py/P and CPF concentration.

quenching over the Mn:ZnS QDs@ZIF-8@NIP by CPF. More-
over, the detection performance of this phosphorescence
detection method developed in this study was compared with
other detection methods for CPF. As shown in Table 1,
compared with chromatography, this phosphorescence method
has a lower detection limit. At the same time, because it avoids
complicated pre-processing, this

and cumbersome

phosphorescence method is fast, simple, and more suitable for
field applications. Moreover, compared with other sensor-based
methods, the detection limit of this phosphorescence method is
the same order of magnitude as other methods, but this phos-
phorescence method has a wider detection range. The above
results indicate that the phosphorescence method based on the
constructed phosphorescent sensor of Mn:ZnS QDs@ZIF-
8@MIP has obvious advantages in the field and rapid detec-
tion of CPF.

3.5 Selectivity of Mn:ZnS QDs@ZIF-8@MIP to CPF

The responses of Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS
QDs@ZIF-8@NIP to structural analogs of CPF (other organo-
phosphorus pesticides such as dimethoate (DEA), trichlorfon
(TLP) and acephate (APA)) with the same concentration (80 uM)
were investigated. As shown in Fig. 8, when the four organo-
phosphorus pesticides are present separately, only CPF has
a significant effect on the RTP intensity of Mn:ZnS QDs@ZIF-
8@MIP, and the ratio Py/P of RTP intensity can reach 3.1.
However, DEA, TLP and APA have almost no effect on the RTP
intensity of Mn:ZnS QDs@ZIF-8@MIP, and the ratio Py/P of RTP
intensity is only in the range of 0.9-1.02, which is close to 1. In
contrast, these four organophosphorus pesticides have a weaker
effect on the RTP intensity of Mn:ZnS QDs@ZIF-8@NIP, and the
degree of impact is relatively close, and the ratios Py/P of RTP
intensity are all in the range of 1.02-1.35. Therefore, the IF of
this Mn:ZnS QDs@ZIF-8@MIP response to CPF is the largest,

Table 1 Comparison of this method with other methods for the detection of CPF

Methods Linear range (uM) LOD (uM) Reference
Solid phase extraction-HPLC-UV 1x10*to 1 x 107 2.9 28
Graphene nanocomposites (rGO) electrochemical 0.71-71.13 0.23 29

sensor

Fluorescence detector 0.3-60 0.17 30
Fluorescence, molecularly imprinted 10-60 0.80 31
Mn:ZnQDs@ZIF-8@MIP RTP sensor 0-80 0.89 This work

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 RTP quenching of Mn:ZnS QDs@ZIF-8@MIP and Mn:ZnS
QDs@ZIF-8@NIP by different substances.

which is much higher than that of Mn:ZnS QDs@ZIF-8@MIP
response to the other three organophosphorus pesticides.
When the three competing substances are present at the same
time with the same concentration of CPF, the RTP quenching
effect of Mn:ZnS QDs@ZIF-8@MIP in each system is similar to
that in the system where only CPF existed. This indicates that
the presence of competing substances with similar structures
will not affect the RTP response of Mn:ZnS QDs@ZIF-8@MIP to
CPF. The above results indicate that the successful coating of
the molecularly imprinted layer on the surface of Mn:ZnS
QDs@ZIF-8@MIP enables the phosphorescent sensor to have
three-dimensionality and binding sites that are highly matched
with CPF, which makes this phosphorescent sensor have better
recognition performance for CPF, but for other organophos-
phorus pesticides, this recognition performance is poor.
Therefore, the phosphorescent probe of Mn:ZnS QDs@ZIF-
8@MIP is highly selective for CPF and can be used to selec-
tively detect CPF based on the RTP quenching effect.

3.6 RTP response mechanism of Mn:ZnS QDs@ZIF-8@MIP
to CPF

According to most literature reports on the study of fluores-
cence and phosphorescence quenching mechanism, the
quenching effect between the quencher and the fluorescence or
phosphorescent substance is mainly through photoinduced
electron transfer (PIET) or energy resonance transfer.*” In order
to explore the phosphorescence quenching mechanism of
Mn:ZnS QDs@ZIF-8@MIP by CPF, the UV absorption spectra of
CPF and Mn:ZnS QDs@ZIF-8@MIP, and the RTP spectrum of
Mn:ZnS QDs@ZIF-8@MIP are shown in Fig. 9. From Fig. 9, we
can see that the phosphorescence emission spectrum of
Mn:ZnS QDs@ZIF-8@MIP in this experiment is in the range of
500-700 nm, which does not overlap with the absorption
spectrum of CPF. This result indicates that there is no reso-
nance energy transfer between Mn:ZnS QDs@ZIF-8@MIP and
CPF. Therefore, the quenching process between Mn:ZnS
QDs@ZIF-8@MIP and CPF can be attributed to PIET. The UV
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Fig. 9 Mechanism showing how CPF quenches the RTP of Mn:ZnS
QDs@ZIF-8@MIP: (a) UV absorption spectrum of CPF; (b) UV
absorption spectrum of Mn:ZnS QDs@ZIF-8@MIP; (c) RTP spectrum of
Mn:ZnS QDs@ZIF-8@MIP.

Table 2 Effect of different metal ions on the RTP intensity of Mn:ZnS
QDs@ZIF-8@MIP

[Co-existing The change of

Metal ion substance]/CPF RTP intensity (%)
K'(cl) 2000 0.72
ca*(cl) 2000 5.93
Mg (Cl") 2000 1.68
Na'(Cl) 2000 4.41
Ba*(Cl") 200 1.53
NH,"(CI) 200 —-0.15
Zn**(S0,>") 200 3.08
Fe**(Cl7) 10 —5.57

absorption of CPF is very close to the conduction band of
Mn:ZnS QDs@ZIF-8@MIP. Excited electrons from Mn:ZnS
QDs@ZIF-8@MIP to the conduction band can be directly
transmitted to the lowest vacant molecular orbital ultraviolet
energy level of CPF, and the excited state electrons return to the
ground state, which explains how RTP of Mn:ZnS QDs@ZIF-
8@MIP is quenched by CPF. As the concentration of CPF
increases, the hydrogen bond between CPF and the binding
sites of Mn:ZnS QDs@ZIF-8@MIP gradually increases, thereby
increasing the PIET between Mn:ZnS QDs@ZIF-8@MIP and
CPF. Therefore, due to the intermolecular interaction, the
electron transfer between Mn:ZnS QDs@ZIF-8@MIP and CPF
results in a quenching effect on the phosphorescence intensity
of Mn:ZnS QDs@ZIF-8@MIP.

3.7 Interference of potentially interfering ions

Usually real water contain a variety of metal ions. In order to
explore whether these metal ions will affect the phosphores-
cence response of Mn:ZnS QDs@ZIF-8@MIP to CPF, under the
optimal response conditions, the change of the RTP intensity of
the Mn:ZnS QDs@ZIF-8@MIP and CPF detection system was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Quantitative determination of CPF in real water samples

Added Found RSD (%) Recovery
Sample (M) (M) (n=3) (%)
Tap water 0 0 — —

10 10.03 0.23 100.3

50 51.99 0.48 103.98
River water 0 0 — —

10 9.25 0.39 92.5

50 47.81 0.41 95.62

studied when a variety of common ions coexist in the water
body. As shown in Table 2, with the presence of 1 uM CPF,
adding 2000 times K*, 2000 times Ca®", 2000 times Mg>*, 2000
times Na*, 200 times Ba**, 200 times NH,", 200 times Zn*" and
10 times Fe®* to the detection system, there is no significant
impact on the RTP intensity of Mn:ZnS QDs@ZIF-8@MIP-CPF
and CPF detection system, and the degree of RTP intensity
change of the system is in the range from —5.57% to 5.93%.
This results show that Mn:ZnS QDs@ZIF-8@MIP can well resist
the interference of the common ions on the detection of CPF.

3.8 Real water sample analysis

In order to further evaluate the practical application of the
developed method for CPF detection based on Mn:ZnS
QDs@ZIF-8@MIP as a phosphorescence sensor, river water and
tap water were collected as different analysis samples of CPF.
Since CPF was not found in these real water samples by the
developed method, a standard addition method was adopted to
carry out the recovery experiment. As shown in Table 3, when 10
uM and 50 puM CPF was spiked into the real water samples,
respectively, the recoveries range from 92% to 105% with
a relative standard deviation of less than 1%. The above results
fully demonstrate that the developed method has high preci-
sion and reliability for the detection of CPF in real water
samples.

4. Conclusion

Aiming at the problems of QDs agglomeration and easy to
obtain thicker molecular imprinting layer during the prepara-
tion of target sensors by the combination of QDs and MIPs
which affects the measurement precision and the sensitivity of
detecting target analyte, using ZIF-8 as the imprinting support
material and Mn:ZnS QDs as the phosphorescent emitter, we
successfully prepared a phosphorescence sensor (Mn:ZnS
QDs@ZIF-8@MIP) with high selectivity to CPF. The sensor has
a sensitive phosphorescence quenching response to CPF in
a wide range of CPF concentration. The developed RTP detec-
tion method of CPF based on the phosphorescence sensor
(Mn:ZnS QDs@ZIF-8@MIP) can effectively avoid the interfer-
ence of matrix auto-fluorescence and scattered light, and will
not be affected by the common coexisting metal ions in the
water, which has been successfully applied to the detection of
CPF in real water samples. Moreover, the RTP detection method

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of CPF has the characteristics of simplicity, rapidity, high
selection and high sensitivity. In brief, this research provides an
important basis for the development of new molecularly
imprinted phosphorescence probes for water pollutants and the
establishment of new phosphorescence detection methods.
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