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Highly dispersive PEI-modified CDs@ZIF-L dual-
emitting fluorescent sensor for detecting metal
ionsT

Xiaoyun Liu,® Chunyan Sun,® Mingxia Chai® and Weijun Song (2 *@

The leaf-like zeolitic imidazolate framework (ZIF-L) is a promising porous nanomaterial that has attracted
increasing attention as an ideal host material to encapsulate functional fluorescent nanoparticles for
designing fluorescent sensors. However, owing to the large particle size, gravity readily facilitates the
precipitation of the ZIF-L from the aqueous solution, and thus lead to imperfect experimental results.
Herein, we report a simple and rapid synthetic method which uses the polyethyleneimine (PEIl)-modified
ZIF-L as a host to solve the precipitation problem and construct a dual-emitting system that combines
its fluorescence with carbon dots (CDs). Furthermore, CDs@ZIF-L/PEI with dual-emitting centres could
be utilised as a ratio fluorescence sensor to detect Hg?' ions. The sensor exhibited excellent
dispersibility and good selectivity for sensing ng+ ions, with a limit of detection (LOD) of 14.5 nM.
Furthermore, experimental results reveal that the CDs@ZIF-L/PEI fluorescent sensor could be effectively
dispersed into agarose and less polar organic solvents such as DMF, MeOH, EtOH and CHzCN,

rsc.li/rsc-advances

Introduction

There has been extensive interest in the recognition and sensing of
metal ions owing to their essential roles in biological and envi-
ronmental systems. Because of its excellent characteristics of
simple equipment, user friendliness, high analysis speed and high
sensitivity, fluorescence detection has made substantial progress
in sensing metal ions. Simple and effective types of sensing prac-
tices have been designed based on the response of fluorescence
materials to metal ions. The first essential requirement for the
sensor to function as a useful fluorescence sensor is to recognise
the target metal ions over competing species and register the
recognition event in a quantifiable manner. Different types of
fluorescent sensing approaches have been developed for detecting
metal ions. In particular, the ratio metric fluorescence sensor has
been widely acclaimed for achieving accurate detection. Specifi-
cally, this sensor quantifies the target by the fluorescence intensity
ratio of the different emission wavelengths; one of the fluorescence
signals is selectively suppressed or enhanced and the other refer-
ence signal is not affected by the target metal ions." Hence, it can
be self-calibrated through dual-channel detection to eliminate
environmental and instrumental inferences.>® Generally, a ratio
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expanding the application scope of the fluorescent sensor.

metric fluorescence sensor comprises fluorescent substances and
the host. Zeolitic imidazolate frameworks (ZIFs) are an emerging
class of porous materials formed by self-assembling metal ions
and organic ligands through coordination interactions.* ZIFs have
attracted considerable interest as an ideal host material to encap-
sulate functional nano fluorescent substances, such as carbon dots
(CDs),’® oligonucleotides,® proteins’ and DNAzyme,® owing to the
particular nanometre-confined space of porous materials.

Most ratio fluorescence sensors consider ZIFs as the hosts,
which are always loaded with two different fluorescent
substances. Because of the weak fluorescence of ZIFs, it is very
rare to simultaneously consider ZIFs as the fluorescence
substance and the host. However, based on our previous find-
ings, compared with ZIF-8, the leaf-like ZIF (ZIF-L) has a larger
loading capacity and exhibits greater improvement in fluores-
cence performance, indicating that the ZIF-L can probably be
used both as a host and a desirable ratio fluorescent substance,
which only needs an extra fluorescent substance. Another
problem with using ZIF-L as a host is its poor dispersion. Because
of the larger particle size, gravity results in easy precipitation of
ZIF-L from the solution, making the detection result imperfect.
Although the surface-exposed metal sites of ZIF make it possess
some level of hydrophilic property, the ZIF-L tends to distribute
only in high polarity solvents, limiting its potential applications
to less polar environments. Thus, surface chemistry that can
enhance particle-solvent interactions is critical.’

In the existing studies, there are usually two ways to solve the
dispersibility problem of ZIF materials. One is to use a shell ligand
exchange reaction to change the surface of layered ZIF from
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Fig. 1 Schematic illustration of the synthetic process of CDs@ZIF-L/PEl and the ratiometric detection of Hg®*

hydrophobic to hydrophilic.’®" The other is a seeding method that
achieves oil-repellent performance by coating the surface, such as
ZIF-8 film-coated stainless steel meshes (ZFCMs).”> In a ZIF-8-
based sensor, polyethylene glycol (PEG), polyethyleneimine (PEI),
or other polymer compounds can be used owing to their high
hydrophilicity. When PEG and PEI are modified on the ZIF-8
surface, the dispersion of ZIF-8 can be effectively improved.*™*

CDs are popular in fluorescence sensing due to their excellent
water solubility, fluorescence stability, low cytotoxicity and envi-
ronmental friendliness. ZIF materials have been attested as an
ideal host material to encapsulate functional nano CDs."*"® Espe-
cially ZIF-8 is popular for encapsulating nanoparticles because of
its simple synthesis conditions and adjustable pore.>® It has been
reported in the literature, rhodamine B, CdZnS quantum dots and
GaN had been encapsulated into ZIF-8 to improve the detection
selectivity and sensitivity."** However, they are all based on single-
peak detection and are easily affected by external factors. Solid-
state aggregation-caused quenching (ACQ) is a troublesome
problem in developing potential applications for CDs.

In this work, CDs, Zn(NOs),6H,0 and H-mim were mixed
and stirred to prepare CD@ZIF-L using an effective and simple
one-pot synthesis method, as shown in Fig. 1. Further, PEI was
modified on the CDs@ZIF-L surface. The CDs@ZIF-L/PEI
sensor showed dual-emission peaks at 370 and 440 nm, which
could detect Hg** as a ratiometric fluorescent sensor. Adding
the hydrophilic polymer PEI enhanced the dispersion perfor-
mance of the ZIF material in water. This approach solved the
instability problem of ZIF materials and made the sensor

perform better at detecting Hg>" in water.

Experimental

Materials

Urea (CH4N,0, 99.0%) and trisodium citrate dihydrate (Na;Cs-
H;0,-2H,0, 99.0%) were purchased from Aladdin Chemical,
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Shanghai, China. Zinc nitrate hexahydrate (Zn(NOj),-6H,0,
>99%) was purchased from Shuangchuan Chemical Reagent
Factory, Tianjin, China. In addition, 2-methylimidazole
(C4HgN,, >99%), MgCl,, NaCl, RbCl, HgCl,, SrCl,, CdCl,, KCl,
NiCl,, FeCl; and CaCl, were purchased from Aladdin Co., Ltd
Shanghai, China. All chemicals of analytical grade reagents
were used without further purification. The deionised water
used in the test was obtained using the AXLK1820-2 ultra-pure
water system (Chongqing, China).

Apparatus

Ultraviolet/visible (UV/Vis) absorption and fluorescence spectra
were measured on an Agilent T6 spectrophotometer and
a Hitachi FL-7100 spectrofluorometer (Tokyo, Japan), respec-
tively. Fourier-transform infrared spectroscopy (FT-IR) spectra
were recorded on a PerkinElmer Paragon 1000. The structure
and morphology were characterised using ZEISS Sigma 300
scanning electron microscopy (SEM) (Tokyo, Japan). X-ray
powder diffraction (XRD) patterns were obtained using an X-
ray diffractometer (Rigaku, Kyoto, Japan). X-ray photoelectron
spectroscopy (XPS) was conducted on a TMESCALABTM 250Xi
X-ray photoelectron spectrometer (Thermo Scientific, Waltham,
MA, USA). Photographs were obtained in a dark box quadruple
UV analyser (WFH-203C, Shanghai Jingke Industrial Co., Ltd,
China). The N, adsorption experiment was performed by
a specific surface and pore size analyser (BeiShiDe Instrument
Co., Ltd, China). Roman tests were performed with Raman
spectroscopy (HORIBA Scientific LabRAM HR Evolution, Japan).

Synthesis of CDs solution

The CDs was synthesised using the solid phase method.” Typi-
cally, 0.06 mol of urea and 0.01 mol of citric acid were thoroughly
powdered in an agate mortar for 45 min and then transferred into
a crucible. Further the powder was put into a muffle furnace for
2 h at 180 °C. 100 mL of deionised water was added to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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carbonised solid and stirred to dissolve sufficiently. Next, it was
centrifuged at 9000 rpm for 5 min; the precipitation was dis-
carded, and the supernatant was retained. The supernatant was
quadrupled diluted to obtain the CDs solution.

Synthesis of CDs@ZIF-L

In a typical synthesis, 3.95 mmol of Zn(NOj;),-6H,O and
27.65 mmol of 2-methylimidazole were dispersed into 100 mL of
the CDs solution synthesised in the previous steps. The mixed
solution was then vigorously stirred at 25 °C for 0.5 h after
ultrasonic dispersion uniformly. The brown solution was
vacuum-filtered with a polytetrafluoroethylene (PTFE)
membrane with a 0.22 um pore size. The obtained faint yellow
filter cake was put into a vacuum oven and kept at 40 °C for 8 h
after being washed three times with deionised water. Finally,
the final faint yellow powders were obtained.

Synthesis of CDs@ZIF-L/PEI

The synthesis method of CDs@ZIF-L/PEI was almost the same
as CDs@ZIF-L. The only difference was that 20 mL of PEI was
added to the mixed solution after being vigorously stirred for
0.5 h, and the stirring continued for 10 min. With the
completion of separation and drying operations, the final faint
yellow powders were obtained.

Determination of Hg”"

A stock solution of Hg”" in deionised water was initially
prepared. A Hg”" concentration of 0.2 mM was prepared by
pipetting aliquots of the stock solution of Hg>* (0.0-100.0 pL)

Fig. 2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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into the CDs@ZIF-L/PEI (1.0 mg mL ') solution, diluted to
2.0 mL with phosphate buffer solution (PBS) (pH = 7.0, 10 mM)
and then transferred to a quartz cell for detection. After 3 min,
fluorescence spectra were recorded at an excitation wavelength
of 330 nm; the scan rate was 2400 nm min *; the photo-
multiplier tube voltage was 500 volts; the slit widths of excita-
tion and emission were set at 10 nm. All experiments were
performed in triplicate under the same experimental condi-
tions. The effect of pH on the FL properties of CDs@ZIF-L/PEI
was investigated, phosphate buffer solution (PBS) (pH = 7.0,
10 mM) was added to CDs@ZIF-L/PEI to minimize the impact of
pH fluctuations. Selectivity studies were conducted under the
same experimental conditions using other metal ions,
including Mg>*, Na*, Rb*, Hg**, sr**, cd**, K*, Ni*" and Ca>".
During the experiment, 5 puL of other metal ions (0.1 M) were
added to the 2 mL CDs@ZIF-L/PEI (1.0 mg mL ") solution. As
a comparison, the anti-interference ability of CDs@ZIF-L/PEI
was further investigated by mixing 10 uL Hg”>* with the afore-
mentioned various interfering ions.

Results and discussion

Characterisation

The morphological structure of CDs@ZIF-L/PEI was observed
using SEM and transmission electron microscopy (TEM). The
SEM images shown in Fig. 2a and b indicate single leaf-like
structures with a relatively uniform size and length of about 3
um, demonstrating that the ZIF-L was successfully prepared.
Moreover, the addition of CDs and PEI did not change the
crystal shape of the ZIF-L. In addition, in the HRTEM image
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(@ and b) SEM images of CDs@ZIF-L/PEI; (c) TEM images of CDs@ZIF-L/PEIl; (d—g) elemental mapping; (h) EDS of CDs@ZIF-L/PEI.
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shown in Fig. 2c, uniform CDs are clearly seen. Moreover, the
elemental mapping images shown in Fig. 2d-g and the energy-
dispersive X-ray spectroscopy (EDS) results shown in Fig. 2h
demonstrated that the CDs@ZIF-L/PEI comprised four
elements: C, N, O and Zn, indicating that the corresponding
elements were uniformly distributed in the composites. The
above results indicate that CDs is successfully doped into the
ZIF-L using the encapsulation strategy.

Fig. 3a is the characterization of the XRD pattern of H-mim,
ZIF-L, CDs@ZIF-L and CDs@ZIF-L/PEI respectively. All peaks in
the XRD pattern of powder samples were sharp and consistent
with the simulative patterns (CCDC: 1509273) and ZIF-L patterns
in previous literature,” confirming that the ZIF-L host was
effectively synthesized. And the dimethylimidazole diffraction
peaks further proved that ZIF-L was synthesized successfully. By
comparison with the simulative patterns for ZIF-L, it was found
that the as-synthesized samples had a relatively weak peak at 26
= 7.34° of the (011) plane and no significant changes and typical
diffraction peaks of PEI species in the XRD pattern of CDs@ZIF-L
and CDs@ZIF-L/PEI were observed due to the low amount of PEI
in the hybrid, indicating that doping of CDs does not affect the
crystal structure of ZIF-L. After doping by CDs, compared with
pure ZIF-L, we found an apparent increase of the peak at 26 =
7.76° illustrates the preferential growth through this lattice
plane, which should be result in the change of the particles
shape. Thus, speculate addition of CDs could affect the diffrac-
tion peaks and the structure of ZIF-L.

The FT-IR spectra of ZIF-L, CDs@ZIF-L and CDs@ZIF-L/PEI
are shown in Fig. 3b, indicating that the characteristic adsorp-
tion peaks of the synthesised CDs@ZIF-L and CDs@ZIF-L/PEI
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were similar to those of the ZIF-L. The absorption peaks at
3420 cm™' are attributed to O-H bonds;*® the peaks at
2930 cm ™' represents C-H bonds in the methyl and imidazole
rings®* and the peaks at 692 and 754 cm ™" represent Zn-N and
Zn-0,* respectively. Moreover, the absorption peaks at
1148 cm ™' are attributed to the stretching vibration peaks of
C-N bonds in imidazole rings, while those at 1566 cm™ ' are
attributed to C=N.”® In CDs@ZIF-L, framed in purple, the
peaks at 1393 and 1580 cm™ ' occur due to C-N and C=0/C=C
from CDs,*® indicating that CDs are introduced into the ZIF-L
cavity. In CDs@ZIF-L/PEI, the peaks of C-N and C=N were
stronger owing to the presence of amino groups on the PEI
surface. The -NH bond at 1600 cm ™", close to the absorption
peak of C=N. After PEI doping, the characteristic absorption
peak at 692 cm ™' became more obvious, might due to the N-H
of PEI could coordinate with Zn>" to form -N-Zn. The charac-
teristic absorption peaks of CDs@ZIF-L/PEI, framed in green,
were sharper and stronger. In previous studies,” those
absorption peaks approaching 1458 and 1585 cm ™' were also
associated with the N-H vibration of primary and secondary
amino groups, respectively. Meanwhile, these groups could
interact with the hydroxyl and carbonyl groups of CDs. The
formation of hydrogen bonds could facilitate interfacial
compatibility, which indicates excellent stability in water of
CDs@ZIF-L/PEL. These analyses confirmed that PEI was
successfully linked on the CDs@ZIF-L surface.

The surface composition and elemental states of powder
materials were identified using XPS analysis. Fig. 4a displays the
full-scale XPS spectra of CDs@ZIF-L/PEI and CDs@ZIF-L, indi-
cating the same representative peaks at specific positions for Zn
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(a) XRD and (b) FT-IR of ZIF-L, CDs@ZIF-L and CDs@ZIF-L/PEl and H-mim.
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Fig. 4 XPS spectrum of CDs@ZIF-L/PElI and CDs@ZIF-L: (a) full XPS spectra, (b) Zn 2p, (c) C 1s, (d) N 1s and (e) O 1s. (f) Roman spectrum of

CDs@ZIF-L/PEl and ZIF-L.

2p, O 1s,N1s and C 1s. Fig. 4b displays the XPS spectra of Zn 2p,
with Zn 2p;/, and Zn 2p,, distinct peaks appearing at 1021 and
1045 eV, respectively. The PEI addition did not affect the
binding energy of Zn 2p. For CDs@ZIF-L, as shown in Fig. 4c,
the spectrum of C 1s could be deconvoluted into three peaks at
284.8, 286.3 and 287.5 eV, corresponding to C-C/C=C,” C=0*
and O-C=0/N-C=0, respectively. After modification by PEI,
peaks of O-C=0/N-C=0O0 shifted to high binding energies at

© 2023 The Author(s). Published by the Royal Society of Chemistry

288.5 eV, indicating that O-C=0/C-NO; groups participated
in the surface modification. The N 1s spectrum of CDs@ZIF-L
could be split into two peaks, as shown in Fig. 4d, with the
centre of binding energies at 399.1 and 400.9 eV, while the
binding energies for CDs@ZIF-L/PEI shifted to 398.6 and
400 eV, which are assigned to nitrogen atoms of amine groups
in PEI, C=N,*” and C(O)NH. As shown in Fig. 4e, after modifi-
cation by PEI, a new peak appeared at 534.1 eV, which could be

RSC Adv, 2023, 13, 31353-31364 | 31357
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attributed to the C-O bond of PEL*® Further proves that PEI was

efficient linked on the surface of CDs@ZIF-L.

The Roman spectrum in Fig. 4f, the relative intensity of the
D-band (amorphous) at 1375 ecm ™' and G-band (crystalline) at
1580 cm ™ '. Which also proves that the presence of CDs in

CDs@ZIF-L/PEL*

Fig. 5a—c presents the N, adsorption-desorption isotherms
on the pure ZIF-L and composite materials at 77 K. It can be
seen that the isotherm of the ZIF-L was higher than those of
CDs@ZIF-L and CDs@ZIF-L/PEL. The specific surface area of

3

Nj Adsorbed (ml/g)
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CDs@ZIF-L was 37.551 m® g ', which decreased slightly
compared with the pure ZIF-L. Fig. 5d shows the pore width and
pore volume distribution of three materials. It was obvious that
doping CDs increased the pore size and volume of the ZIF-L; the
average pore width of ZIF-L was 11.611 nm, while the average
pore width of CDs@ZIF-L was 17.117 nm. It is revealed that CDs
are successfully encapsulated in the ZIF-L channel. This
phenomenon may be due to the combination of unsaturated
sites on the secondary structural units of the CDs and ZIF-L
during the encapsulation, making the crystals slightly larger.*
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For CDs@ZIFL/PEI, the BET surface area, average pore volume
and average pore size decreased owing to the impregnation of
PEI in ZIFs,* which were 14.594 m”> g~', 10.868 nm, and
0.036 mL g ', respectively. The PEI was successfully linked on
the CDs@ZIF-L. Identically, zeta-potential testing can verify the
CDs doping process of the ZIF-L channel and the modification
role of PEI in the ZIF-L surface. As shown in Fig. 5e, the surface
of the ZIF-L was positively charged; according to the literature,**
the average zeta potentials of CDs are usually negative. Thus,
the zeta potential of CDs@ZIF-L changed to —55 mV, implying
that the electrostatic interaction led to the formation of
CDs@ZIF-L.** After PEI was linked on its surface, the potential
was positively charged again. This can be attributed to the
extensive protonation of amine in PEI molecules.

Thermogravimetric analysis (TGA) measurements for the
ZIF-L, CDs@ZIF-L and CDs@ZIF-L/PEI were performed in the
temperature range from 25 °C to 800 °C in the N2 atmosphere.
As shown in Fig. 5f, there was a slight loss at 150 -250 °C,
indicating the removal of residual H,0O molecules and the high
water content (PEI, MW = 10 000, 50% H,O) of three powder
samples. For ZIF-L and CDs@ZIF-L, the second stage began at
250 -370 °C, which can be attributed to the removal of residual
solvent and the decomposition of the amide groups in CDs. In
the case of CDs@ZIF-L and CDs@ZIF-L/PEI, the next weight loss
stage was observed up to 560 °C, ascribed to the thermal
decomposition of PEI polymer chains.** The mass loss phase
end at 600 °C can be attributed to the collapse of the framework.
The specific surface area and aperture of samples can also
affirm whether CDs and PEI are successfully encapsulated in
the channel of ZIF-L. In addition, a heat stability test was per-
formed as shown in the appended figure of Fig. 5f. After the
treatment of CDs@ZIF-L/PEI at 200 °C, 400 °C and 600 °C, the
XRD test was performed. According to the XRD results,
CDs@ZIF-L/PEI treated at 200 °C exhibited characteristic peaks
of ZIF-L. However, at 400 °C, the characteristic peaks of ZIF-L
decreased observably. At 600 °C, ZIF-L characteristic peaks
disappear completely. Thus it could be concluded that ZIF-L
could exhibited good heat stability under 200 °C.

Luminescence properties

The powder and dispersion samples were photographed under
natural and ultraviolet lamps in a dark box type of quadruple UV
analyser. As displayed in the digital photos, the colour of the
ZIF-L powder was white and the colours of CDs@ZIF-L and
CDs@ZIF-L/PEI powders were slightly yellow in natural light, as
shown in Fig. S1a-c.f The fluorescent colour of the ZIF-L was
purple and the CDs@ZIF-L was blue, while the CDs@ZIF-L/PEI
powders were brighter blue under ultraviolet light (365 nm), as
shown in Fig. S1d-f.t Moreover, the powder samples were
distributed in the deionised water. As shown in Fig. S2, the
colour of the dispersion samples was milk white in natural
light. The fluorescent colour of the ZIF-L was light purple.
CDs@ZIF-L and CDs@ZIF-L/PEI were blue under ultraviolet
light (365 nm). It is confirmed that CDs@ZIF-L/PEI dispersion
had excellent fluorescence properties and water solubility,
which could be further studied as a fluorescent sensor.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The as-synthesised composites were homogeneously
dispersed in an aqueous solution and the optical properties of
CDs@ZIF-L/PEI were investigated to investigate the fluores-
cence properties of CDs@ZIF-L/PEI in detail. As shown in
Fig. 6a, the emission spectra at 380 nm of the ZIF-L were
measured at a 290 nm excitation wavelength (EX), and the
fluorescence emission peak (EM) of CDs was about 450 nm at
a 360 nm excitation wavelength. Notably, the ZIF-L and CDs
could emit corresponding peaks when EX = 330 nm owing to
the excitation wavelength dependence. Hence, the dual-emitter
material could be obtained by the reorganisation of the ZIF-L
and CDs. Moreover, to find the optimal excitation wavelength
of the composite, the emission spectra were explored at 310, 330
and 350 nm excitation wavelengths, as shown in Fig. 6b, indi-
cating that two relatively complete peaks of the ZIF-L (EM = 370
nm) and CDs (EM = 440 nm) appeared simultaneously at EX =
330 nm. Therefore, 330 nm was selected as the optimal excita-
tion wavelength of the composite for subsequent experiments.

Selectivity investigation

To evaluate the selective response of CDs@ZIF-L/PEI as a dual-
emission sensor, the fluorescence response of CDs@ZIF-L/PEI
has been investigated for different metal cation solutions,
including Mg>*, Na*, Rb*, Hg*', Sr**, cd*', K, Ni**, Fe** and
Ca®*, as shown in Fig. 6¢ and d. It could be found that Hg>" was
the only metal ion that caused a positive change in I.1/Icps of
CDs@ZIF-L/PEI. Additionally, no evident fluorescent responses
could be found in the presence of the other ions except for Fe*".
To validate the detection accuracy of CDs@ZIF-L/PEI for Hg”",
the anti-interference ability was further investigated by mixing
Hg”* with various metal ion solutions. As depicted in Fig. 6e and
f, whatever metal ion was mixed up with the Hg>" solution, the
I;p1/Icps of CDs@ZIF-L/PEI remained equable and nearly
constant, except for Fe**. The reason for the negative change of
Izip1/Icps on Fe’* is that the CDs and ZIF-L exhibit quenching
properties on Fe*". In addition, the H,0, solution could reduce
Fe® to Fe*". This confirms that CDs@ZIF-L/PEI exhibited a high
selectivity as a ratiometric fluorescent sensor for luminescent
Hg”" sensing.

Sensitivity evaluation

The feasibility of the detection process was explored under
optimal experimental conditions. As displayed in Fig. 6g and h,
the CDs fluorescence intensity of CDs@ZIF-L/PEI gradually
decreased at 440 nm after adding Hg>". In contrast, the fluo-
rescence intensity of the ZIF-L at 370 nm changed a little. Thus,
Hg>* in the range of 0.1-1.8 uM could be quantified by
CDs@ZIF-L/PEI, indicating a good linear relationship with
concentration (R*> = 0.988). In addition, the detection limit for
Hg>" was calculated to be 14.5 nM, which could be calculated
using the equation LOD = 30/k (where, o is the standard error
for 11 replicate determinations of the blank CDs@ZIF-L/PEI
solution and k is the slope of the calibration curve).*
Comparing the CDs@ZIF-L/PEI with other composite material
sensors of Hg>" (Table 1), the CDs@ZIF-L/PEI exhibited a low
detection limit. The detection limit of pure CDs was
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Fig. 6 (a) The fluorescence emission spectra of ZIF-L, CDs and CDs@ZIF-L/PEI at the excitation wavelengths of 290, 360 and 330 nm; (b) the
fluorescence emission spectrum of CDs@ZIF-L/PEl under 310, 330 and 350 nm excitation wavelengths; (c and d) the fluorescence intensity ratio
of CDs@ZIF-L/PEl in different metal cations solution; (e and f) the anti-interference study of CDs@ZIF-L/PE| based Hg?* sensors on other metal
cations; (g) relationship between the FL intensity ratio of the CDs@ZIF-L/PEI at different concentrations of Hg®* (0~1.8 uM) and (h) the linear
equation for the FL quenching ratio in various concentrations of Hg?*.
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Table 1 Comparison of MOF fluorescent sensors for the detection of Hg>*

No. Sensor Detection limit Ref.

1 4-((3-(Octadecylthio)-1,4-dioxo-1,4-dihydronaphthalen-2-yl) amino)benzenesulfonamide (4DBS) 0.451 uM 36

2 Nitrogen doped carbon dots (NCDs) 0.15 pM 37

3 Novel rhodamine-based fluorescence cellulose nanocrystals (RhB-CNCs) 237 nM 38

4 Dual-emissive carbon dots (BYCDs) 0.27 uM 39

5 Zirconium-based MOF [PCN-221] 0.12 uM 40

6 7-Nitrobenzo-2-oxa-1,3-diazolyl (NBDP) 19.2 nM 41

7 CDs@ZIF-L/PEI 14.5 nM This work

experimentally studied, and Fig. S3a and bf show that the
detection limit was 0.22 pM. Therefore, the detection limit of
the CDs@ZIF-L/PEI dual-emitting sensor was lower (14.5 nM) in
Fig. S3c and d,t indicating the superiority of the dual emitting-
fluorescent sensor.

Fluorescence stability

Fig. 7a shows the fluorescence intensity changes of CDs@ZIF-L
and CDs@ZIF-L/PEI within 1 h to verify the stability of
composite materials in water before and after modified by PEIL.
The inset displays the solution states of CDs@ZIF-L and
CDs@ZIF-L/PEI after standing for 1 h to facilitate observation.
The result shows that the dispersibility of CDs@ZIF-L without

0.8

PEI modification was poor, and the Iz p1/Icps fluctuated
considerably. After 1 h, the precipitation of CDs@ZIF-L
occurred obviously while the CDs@ZIF-L/PEI dispersion
remains stable. Moreover, the fluorescence intensity of
CDs@ZIF-L/PEI dispersion barely changed within 1 h. Thus, it
can be concluded that the surface modification by PEI could
improve the fluorescence stability of the composite attributed to
the outstanding hydrophilicity of PEIL. The fluorescence inten-
sity changes of CDs@ZIF-L/PEI under 60 min of UV light
exposure (365 nm) are shown in Fig. 7b. The Iypy/Icps of
CDs@ZIF-L/PEI slightly changed from 0 to 60 min. This exper-
imental result indicates that CDs@ZIF-L/PEI exhibit excellent
UV lamp resistance.
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(a) Fluorescence stability of CDs@ZIF-L and CDs@ZIF-L/PEl within 1 h (inset shows the solution state of CDs@ZIF-L and CDs@ZIF-L/PEl

after standing for 1 h); (b) UV lamp exposure time on the fluorescence spectra acquired by Izr- /Icps at an excitation wavelength of 330 nm; (c)
fluorescence emission and (d) /7. /lcps variation of CDs@ZIF-L/PEI (1.0 mg mL~1) in different pH aqueous solution.
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Because the fluorescence intensity changes with the pH
value, it is required to verify the influence of pH values on the
detection result. Hydrochloric acid and sodium hydroxide
were used to prepare aqueous solutions with 1-12 pH values
and then 1 g L' CDs@ZIF-L/PEI dispersion was prepared
with these aqueous solutions. The pH response of the
CDs@ZIF-L/PEI fluorescence dual-emission sensor is dis-
played in Fig. 7c and d. With the change in pH from 1 to 6, the
CDs fluorescence intensity of CDs@ZIF-L/PEI changed
considerably, the dual-emission was indistinct and the I/
Icps value was close to 0.1. When the pH value of the solution
is 7, the dual-emission became apparent and the I 1/Icps
value was 0.5. However, under alkaline conditions, the fluo-
rescence intensity of the CDs and ZIF-L was approximately
similar and Ir.1/Icps Was higher, close to 0.8. It is speculated
that under alkaline conditions, CDs and ZIF-L both could
exhibit higher fluorescence intensity so can forming
a proportional relationship easily.

Application in real samples

The practicability and accuracy of the CDs@ZIF-L/PEI dual-
emission sensor for Hg”" detection in water and foundation

Table 2 Determination of Hg?" in real samples

Spiked amounts ~ CDs@ZIF-L/PEI

(mM) found (mM) Recovery (%)
Tap water 0 0.018

0.2 0.216 99

0.5 0.726 102

1 1.646 92
Beichuan Lake 0 0.086

0.2 0.283 98.5

0.5 0.785 100.4

1 1.714 92.9
Foundation 0 0.111

0.2 0.208 98.5

0.5 0.724 103.2

1 1.077 96.2
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solution were evaluated. Tap water, Beichuan Lake water and
cosmetics were determined using the standard method and the
results are presented in Table 2. The spiked recoveries ranged
from 92% to 102%, 92.9% to 100.4% and 98.5% to 103.2% for
tap water, Beichuan Lake water and cosmetics, respectively,
indicating that the compound could be successfully applied to
Hg>" detection in actual water samples and cosmetics without
significant interference. These results demonstrate that
CDs@ZIF-L/PEI exhibit high accuracy and precision as a dual-
emission sensor for determining Hg?".

Fluorescence detection mechanisms

The inner filter effect (IFE) phenomenon occurs when the fluores-
cence excitation or emission spectra of fluorescent material overlap
the absorption spectrum of the quencher. It is believed that the
fluorescence of the excitation or emission of the fluorescent
compound is absorbed by the quencher. As shown in Fig. S4a,T the
UV absorption wavelength range of Hg>* could absorb most of the
excitation and emission spectra, leading to the fluorescence
quenching of CDs@ZIF-L/PEI, indicating that the possible fluores-
cence quenching mechanism between Hg”* and CDs@ZIF-L/PEI is
attributed to IFE. Multiple UV spectra were obtained to further
understand the quenching mechanism and verify the fluorescence
resonance energy transfer. As shown in Fig. S4b,{ curve 4 is the UV
spectra of CDs@ZIF-L/PEI, 1-3 are different concentrations of Hg2+
and 5 to 7 are CDs@ZIF-L/PEI with different concentrations of Hg>".
However, the 5-1, 6-2, and 7-3 curves did not overlap with 4, indi-
cating that the fluorescence resonance energy transfer phenom-
enon probably occurred between CDs@ZIF-L/PEI and Hg*".

Dispersibility test and application

The dispersibility of the CDs@ZIF-L/PEI composite in different
solvents was also studied. We chose the solvents with varying
polarities: water, DMF, MeOH, CH;CN and EtOH, as shown in
Fig. 8a. It can be seen that CDsS@ZIF-L/PEI dissolved well in
solvents with polarity, which appeared uniformly blue under
ultraviolet light. This experiment presumably enabled the Hg*"

1800

CDs@ZIF-L/PEI+HG

HG

0
360

380 400 420 440 460 480 500 520 540 560
Wavelength (nm)

Fig. 8 (a) Photographs under natural and UV lamps in different solvents (1 = 365 nm, CDs@ZIF-L/PEI concentration = 1.0 mg mL™); (b) fluorescent
emission spectra of CDs@ZIF-L/PEl + HG and HG (insets are the photographs of CDs@ZIF-L/PEl + HG and HG under natural and UV lamps).
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detection by CDs@ZIF-L/PEI to be applied to different solvents.
To apply the CDs@ZIF-L/PEI in solid phase sensors, agarose
was chosen as the base to synthesise the composite hydrogel
(HG) CDs@ZIF-L/PEI + HG. As shown in Fig. 8b, the blank
hydrogel had no fluorescence under a UV lamp. However,
CDs@ZI-L/PEI + HG had fluorescence and double peaks. This
result provides the basis for applying CDs@ZIF-L/PEI in the
solid phase. The aforementioned experiments broaden the
application range of CDs@ZIF-L/PEI and prove that they will
have good applicability in the future.

Conclusions

In summary, we presented a simple strategy to synthesise a dual-
emission CDs@ZIF-L/PEI sensor that doped CDs into ZIF-L and
modified the surface using PEI. The composite exhibited great
fluorescence properties and water stability. By doping CDs in the
ZIF-L, the composite exhibited dual emissions at 370 and 440 nm
for a more sensitive detection of Hg”". Moreover, compared to
CDs@ZIF-L, CDs@ZIF-L/PEI process better solubility and
stability. The composite, CDs@ZIF-L/PEI, produced high sensi-
tivity (LOD = 14.5 nM), high stability (no precipitate within 60
min) and great selectivity. The dual wavelength ratiometry-based
approach was successfully used for detecting Hg”" in tap water,
Beichuan Lake, and foundation with satisfactory recoveries of
92-102%, 92.9-100.4% and 96.2-103.2%, respectively, indicating
CDs@ZIF-L/PEI was applicable and exhibited considerable
potential for application in the different environment. In addi-
tion, we dissolved it in different solvents and used it to prepare
hydrogels, confirming that CDs@ZIF-L/PEI will have a wide
range of applications in the future.
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