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With the rapid development of economy, industrial and agricultural pollutants have caused great dam-
age to the ecological environment and the normal development of organisms, posing a serious threat
to global public health. Therefore, rapid and sensitive detection of pollutants is very important for en-
vironmental safety and people’s health. A stable multi-response fluorescence sensor (RhB@1) with dual
emission characteristics was constructed by embedding RhB guest molecules in Zn-MOF using a simple
one-pot method. XRD, IR, XPS, Raman and other characterization methods were used to demonstrate the
formation of composite materials. The sensor has two fluorescence emission peaks at 415 nm and 575
nm under the excitation of 316 nm. It has high sensitivity and low detection limit (7.94 and 7.82 nmol/L,
respectively) in the detection of fluazinam (FLU) and Fe3*. The mechanism of fluorescence quenching
may be due to the synergistic effect of IFE and PET. Outstandingly, when ascorbate acid (AA) was added
to the quenching system of Fe3* and RhB@1, its fluorescence gradually recovered, forming the unique
“on-off-on” sensor. Therefore, RhB@1 has a fast fluorescence response and good stability, making it po-
tentially useful in practical application and biosensors. More significantly, using Fe3* and AA as chemical
input signals, a binary intelligent logic gate device has been developed based on the “on-off-on” response
mode of RhB@1, which extends the application of logic gate switching devices in the chemical field. In
addition, a visual portable test paper with good selectivity and high sensitivity was developed, which can
be used for rapid detection of FLU, showing its broad application prospect.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

At present, the research of luminesent materials is one of the
host spots in the field of chemistry, especially quantum dots, per-
ovskites and metal-organic framework (MOF) [1-3]. MOFs, have
attracted great attention in the field of luminescence sensing [4-
8], dye degradation [9,10], catalysis [11] and biomedicine [12,13]
due to their diverse structure and adjustable size of micropores.
However, many structurally stable MOF properties are too simple,
which greatly limits its application. Therefore, many researchers
try to explore ways to expand its application without affecting its
structural integrity. By means of adsorption, ion exchange, post-
synthetic modification and in-situ encapsulation, researchers intro-
duced guest molecules with good luminescence properties into the
MOF structure to enhance their luminescence properties [14,15].
The fluorescence sensor based on MOF has been applied in many
fields [16-18].

The fluorescence emission peak of most luminescent MOFs is
single peak, so it is easy to be enhanced or quenched by environ-

* Corresponding author.
E-mail address: chenxiaoli003@163.com (X.-L. Chen).

https://doi.org/10.1016/j.cclet.2023.108411

mental or experimental errors in the process of analyte sensing. In
addition, in the process of sensing two or more analytes with sim-
ilar chemical structures and properties, it is difficult to distinguish
them by single peaks. The detection of analytes by two peaks will
make the fluorescence signal more stable and the sensing result
more accurate [19-21]. Dye molecules achieve luminescence prop-
erties by conjugation of chromogenic and resonant group. When
the dye molecules present a monodisperse state, their photoactiv-
ity is better. Even at a small concentration, the dye molecules in
the solution will agglomerate [22]. Due to the influence of exci-
tation, the energy of the agglomerated dye molecules is easily re-
leased through thermal relaxation, thus reducing the photoactiv-
ity. Therefore, we try to assemble dye with materials with regular
pore structure, so as to avoid the aggregation of dye molecules, let
them disperse effectively, and make them exhibit good photoactiv-
ity, such as photoluminescence and fluorescence relaxation [23,24].
Using MOF as a carrier to encapsulate dye is a meaningful means
of dual-emission fluorescence sensors [25,26]. Guo et al. designed a
RhB@MOF-5 composite material with PNPG as a substrate to detect
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B-GCU under the synergistic effect of IFE and SQE, which enriched
the inspiration for achieving unique properties [27].

With the rapid growth of population and economic develop-
ment, environmental problems have become increasingly promi-
nent. In particular, industrial and agricultural pollutants cause
harm to our environment and human health [28-31]. Therefore,
rapid and effective detection of pollutants has become an urgent
problem. As a chemical for the prevention and control of pests and
diseases, pesticides play a role in regulating plant growth [32,33]
and are widely used in agriculture, forestry, animal husbandry pro-
duction and other fields. However, the abuse of pesticides will pol-
lute groundwater and soil, which will not only seriously destroy
the ecological environment, but also affect the sustainable develop-
ment of agriculture and even directly affect human health. There-
fore, in order to improve the ecological environment and health
level, it is urgent to establish an efficient and sensitive method
for pesticide detection. Shi et al. proposed a new approach to de-
termine pesticide residue categories and concentrations in a two-
stage framework, using gas sensors and using electronic nose tech-
nology to detect pesticide residue problems in soil in real time
[34]. Yu et al. prepared a AuNPs@ CDA SERS substrate using AuNPs
and biomass-based cellulose diacetate (CDA), which was able to
detect pesticides and had a good linear relationship in the range
of 10~7 g/mL to 10-% g/mL, with a detection limit of 10~7 g/mL in
water [35].

With the increasing environmental protection, the rapid detec-
tion of trace inorganic ions in water has attracted extensive at-
tention. When the human body ingested excessive iron ions, may
lead to poisoning, low immunity, easy to induce epilepsy [36,37].
Consuming excess copper ions can damage the kidneys and dis-
rupt the gastrointestinal tract [38]. Excessive intake of aluminum
ions can damage the central system and increase the risk of dis-
eases such as Parkinson’s [39,40]. Chromium ions can accumulate
in the body’s organs and have a long biological halflife [41,42]. At
present, the rapid and sensitive detection of inorganic ions is still a
challenging task. Fluorescence detection technology is widely used
due to its advantages of less time, low cost, sensitive and high effi-
ciency. Xu et al. synthesized a novel Mg-MOF that can detect Fe3+
efficiently and sensitively, as well as pesticides and antibiotics [43].
Gao et al. synthesized a bifunctional 3D porous MOF, it can detect
Fe3* in water with a detection limit of 0.09716 pmol/L. Further-
more, it has a good adsorption function for Congo red and Methyl
orange dyes [44].

Ascorbate acid (AA) is an essential vitamin for humans and ani-
mal, which is found in the central nervous system and serum, plays
an important role in many biochemical processes [45]. But insuf-
ficient amount of AA and a lack of will produce adverse effect to
human body. Therefore, ascorbate detection has attracted extensive
attention in the medical and clinical fields. Researchers have de-
veloped a number of assays for AA, but these tests still have many
limitations. The detection of AA based on MOF as a fluorescence
probe is simple, rapid and sensitive. As far as we know, most of
the current fluorescence sensors for AA are “fluorescence off” type.
So the experimenters tried to develop a fluorescence-switched
MOF to detect ascorbate. Xiao et al. synthesized CrO,%~@Cd-
MOFs, which can be used as a fluorescence switch sensor for
the determination of AA with a detection limit of 7.27 ppm [46].
Guo et al. designed an RhB@MOF nanocomposite-based “on-off-
on” probe capable of detecting Fe3* and ascorbate with high
selectivity [47].

To the best of our knowledge, although there are many MOFs
based on 1,2,3,5-benzene tetracarboxylic acid (Hgbta), no modi-
fication of MOFs synthesized by this ligand using RhB has been
reported [48-50]. Post-synthesis modification of MOF is a new
method to synthesize functional MOFs, which can further opti-
mize its physical and chemical properties and broaden its applica-
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tion range. Therefore, it is of great significance to study the post-
synthetic modification and its properties.

In this study, RhB molecule was embedded in MOF 1, and
the composite material (RhB@1) was synthesized by the solvent
thermal method, and the structure, composition and fluorescence
characteristics were characterized. RhB@1 was used as a fluores-
cence sensor to detect pesticides and metal cations. Interestingly,
the composite can double detect Fe3* and ascorbate by “on-off-
on” fluorescence response, and the corresponding sensing detec-
tion mechanism is proposed. In addition, a logical manipulation
of the necessary molecular devices was developed to monitor the
changes in Fe3* and AA levels in a simple way, using Fe3* and
AA as a chemical input signal, and the fluorescence intensity ratio
(Ig15/1575) of RhB@1 as output. It is significant that we have also
successfully prepared portable test paper for FLU.

We conducted a luminescence sensing experiment for pesti-
cides like emamectin benzoate (EMB), triadimefon (TRI), prochloraz
(PRO), Pyrimethanil (PTH), 24-epibrassinolide (24-EPI), pyraclostr-
onbin (PST), fluazinam (FLU), Zhongsheng-mycin (MYC), and
imazalil (IMA). As shown in Fig. 1a, the luminescence of RhB@1
was completely quenched in FLU, while the quenching effect of
other pesticides was not good, which could indicate that the detec-
tion performance of RhB@1 for FLU was better than that of other
pesticides. Concentration titration experiment was subsequently
performed to discuss the responsiveness of RhB@1 to FLU. When
the concentration of FLU increased gradually, the fluorescence in-
tensity gradually decreased, and when added to 20 pL, the fluores-
cence of RhB@1 was almost completely quenched (Fig. 1b). In addi-
tion, the Stern-Volmer (SV) equation (Iy/I=1 + Ksy[M]) can be used
to further study the relationship between FLU concentration and
fluorescence intensity. In particular, a good liner relationship was
observed at low concentration of FLU (RZ =0.99147), the Ky value
is 4.02 x 10° L/mol, but at high concentrations, deviations from lin-
earity could be explained by self-absorption or energy transfer (Fig.
1¢). Based on the slope of the fitting line and the standard devia-
tion of the blank sample, the detection limit was calculated to be
7.94 nmol/L (at the 30 level).

The anti-interference ability of FLU was then investigated in the
presence of other pesticides. As shown in Fig. 1d, good specificity
for FLU was still present in the presence of other pesticides. To
delve deeper into the time dependence of RhB@1, we added 20 nL
of FLU and measured the data at 20 s intervals. The results showed
that after 20 s, the fluorescence intensity decreased significantly
and remained stable, indicating that RhB@1 is a highly sensitive
sensor for FLU (Fig. S12a in Supporting information).

In order to explain the fluorescence quenching mechanism of
FLU, ultraviolet spectrum experiments were carried out. The ab-
sorption spectrum of FLU overlaps effectively with the excitation
peak of RhB@1, while the ultraviolet absorption position of other
pesticides overlaps with the excitation peak of RhB@1 can be ig-
nored. Thus, the fluorescence quenching of FLU is mainly due to
energy competition between RhB@1 and FLU (Fig. S12b in Sup-
porting information). In addition, the orbital energies of Hybta
and FLU calculated by density functional theory at the B3LYP/6-
31+G(d) level of theory. The LUMO energy level (—0.44 eV) of FLU
is lower than that of Hybta (—0.105 eV), indicating that the fluo-
rescence quenching may be caused by electron transfer (Fig. S12¢
in Supporting information). The results showed that the fluores-
cence quenching of FLU might be caused by energy competition
and electron transfer.

First, we conducted fluorescence sensing experiments of RhB@1
to 21 metal ions (Ag*, Ba%t, Bi2t, Ca2*, Cd?*, Co?t, Cu?t, Dy3t,
EI'3+, Fe3+, EU.3+, K+_ La3+, Mg2+, Nd3+' Ni2+, pb2+' pr3+' Tb3+_
Y3+ and Zn?*). Fig. 2a shows that RhB@1 is almost completely
quenched in Fe3*, while the fluorescence intensity of other ions
is enhanced or quenched to different degrees. Subsequently, the



L. Liu, X.-L. Chen, M. Cai et al.

3500
3000 4

3 2500

2000

1500

Intensity (a

g

5004

Chinese Chemical Letters 34 (2023) 108411

T T T T T
400 450 500 550 600

20

T T T T T T
350 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

4000
- ¥ ( d) I Other pesticide
C) - 3500 Bl Other pesticide + FLU

Y= 402036.2959X - 047111
R =099147

LSO L0000* 30510° 40a10° SAs1® 6ein®
Cpyy (molilgy
-

&

T

Cyyy (mol/L)

50x10°  1.0x10%  1.5x10°  2.0x10°

3000 4

~
b
S
S

ity (a.u.)

" 2000

Intens

1500

1000

500

0
S, S ©
FITON VIV oIV

& GG LIRS
& & ¥ U PG

Fig. 1. (a) Fluorescence spectra of RhB@1 with various pesticides. (b) Fluorescence spectrum of RhB@1 in water with different concentrations of FLU. (c) Fluorescence
Stern-Volmer equation and the linear relationship of Iy/I - 1 with FLU concentration. (d) Comparison of the luminescence intensity of RhB@1 in presence of others pesticides.
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Fig. 2. (a) Fluorescence spectra of RhB@1 with various metal ions. (b) Fluorescence spectrum of RhB@1 in water with different concentrations of Fe3*. (c) Fluorescence
Stern-Volmer equation and the linear relationship of Iy/I - 1 with Fe3* concentration. (d) Comparison of the luminescence intensity of RhB@1 in presence of others metal

ions.

concentration experiment was conducted to explore the recogni-
tion ability of RhB@1 to Fe3*+. As shown in Fig. 2b, with the in-
crease of Fe3+ concentration, the luminescence intensity of RhB@1
gradually decreased until it was completely quenched. In addition,
the Stern-Volmer (SV) equation (Ip/I=1+Ks[M]) can be used to
further study the relationship between Fe3*+ concentration and flu-
orescence intensity. In particular, a good liner relationship was ob-
served at low concentration of Fe3* (R?=0.98616), the Ks, value
is 2.3 x 10> L/mol (Fig. 2c), but at high concentrations, deviations
from linearity could be explained by self-absorption or energy
transfer. Based on the slope of the fitting line and the standard
deviation of the blank sample, the detection limit was calculated
to be 7.82 nmol/L (at the 30 level).

The anti-interference ability of Fe3* was then investigated in
the presence of other metal ions (Fig. 2d). Good specificity for

Fe3+ was still present in the presence of other metal ions. In order
to further study the quenching effect of anion on Fe3*, 13 differ-
ent anions were selected for verification. In the presence of other
anions, the fluorescence quenching of Fe3*+ was still obvious (Fig.
S13a in Supporting information). Therefore, it is confirmed that
RhB@1 has high selectivity and anti-interference effect on Fe3+.
To delve deeper into the time dependence of RhB@1, we added
50 pL of Fe3* and measured the data at 20 s intervals. The results
showed that after 20 s, the fluorescence intensity decreased sig-
nificantly and remained stable, indicating that RhB@1 is a highly
sensitive sensor for Fe3* (Fig. S13b in Supporting information).
When AA was added to the quenching system of RhB@1 and
Fe3*, the quenched fluorescence was gradually recovered. Our
guess is that AA reduces Fe3* iron to Fe* iron. As can be seen
from the equation (Fig. S14 in Supporting information), the result-
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Fig. 3. (a) Corresponding photos of RhB@1 at Fe3* and AA under 365 nm UV light. (b) Fluorescence emission spectra of RhB@1/Fe3+-system for different concentrations of

AA. (c) Linear plot of AA concentration versus fluorescence intensity.

ing reduction product Fe2t has no significant effect on the fluores-
cence of the system. Interestingly, the addition of Fe3* quenched
the fluorescence of RhB@1, while the addition of AA restored its
fluorescence (Fig. 3a). Therefore, we designed a “Turn-on” fluores-
cence sensor on the system of RhB@1 and Fe3+ to detect AA. First,
we added AA to system RhB@1 without Fe3t, and observed the
fluorescence changes of the system. Only adding AA has no effect
on the fluorescence of the system (Fig. S15 in Supporting informa-
tion). So it is verified that the redox reaction between Fe3* and AA
in the system restores the fluorescence. We also studied the effect
of time on fluorescence recovery, and it can be seen that after 40
min, fluorescence intensity was basically stable and fluorescence
was basically recovered (Fig. S16 in Supporting information). Then
we found that in the system of RhB@1 and Fe3+, the fluorescence
intensity gradually increased and the fluorescence gradually recov-
ered by increasing the concentration of AA (Fig. 3b). The concen-
tration of AA is linearly related to the fluorescence intensity at low
concentration (Fig. 3c), and the detection limit of AA is calculated
to be 0.06 pmol/L, which is lower than the concentration of AA
in biological samples. It has potential application value in practical
life. In addition, we also compared MOF or composite material sen-
sors reported in other literatures to detect Fe3*+ and AA, and found
that our developed RhB@1 was superior to other sensors (Table S2
in Supporting information).

In order to further explore the quenching mechanism of Fe3+
ions, we firstly confirmed by XRD that the skeleton structure of
the sample did not collapse before and after Fe3* ion detection
(Fig. S17 in Supporting information). After a cycle, it was found
that RhB@1 still maintained a good morphology after adding Fe3+
and AA, indicating its considerable stability (Fig. S18 in Supporting
information). The absorption spectra of Fe3* and the fluorescence
spectra of RhB@1 effectively overlap, resulting in an IFE mecha-
nism between RhB@1 and Fe3+ (Fig. 4a). The band gap of RhB@1
is 2.96 eV (Fig. 4b). Fig. 4c shows the VB-XPS results, which in-
dicate that the valence band maximum of RhB@1 is 1.79 V. Us-
ing the empirical, Eyg =Ecg +Eg, the conduction band minimum
of RhB@1 is —1.17 V. Since the electrode potential of Fe3*/Fe2* is
0.77 V, it is between the range of CB and VB of RhB@1. There-
fore, when RhB@1 is irradiated by light, the electrons in the va-
lence band (VB) are excited to the conduction band (CB) and then
transferred to the d orbital of Fe, which quenches the fluorescence
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Fig. 4. (a) The excitation spectra of RhB@1 and UV-vis absorption of Fe3* and other
metal ions in aqueous solution. (b) Corresponding Tauc plots of the RhB@1, and the
dotted line is the linear fitting. (c) VB-XPS spectra of RhB@1. (d) Principle scheme
of PET mechanism between Fe3*+ and RhB@1 composites.

of RhB@1 by the PET mechanism (Fig. 4d). Fluorescence attenua-
tion experiments showed that the fluorescence lifetime remained
unchanged after adding Fe3*, indicating that the quenching mech-
anism may also follow the static quenching effect (SQE) (Fig. S19
in Supporting information). We speculated that the possible mech-
anisms leading to fluorescence quenching are that firstly, energy
transfer from MOF to the analyte reduces the fluorescence emis-
sion intensity of RhB@1 at 415 nm, and secondly, in the presence
of Flu/Fe3*, energy transfer from MOF to Flu/Fe3* inhibits or blocks
energy transfer from MOF to RhB, thus quenching the fluorescence
emission peak at RhB@1 at 575 nm (Fig. S20 in Supporting infor-
mation) [51].

In summary, a unique fluorescence dual emission sensor was
successfully fabricated by in situ synthesis. It can not only ob-
serve the change of luminescence color through the naked eye,
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but also be well quenched by quench FLU and Fe3+ with low de-
tection limits. It is worth mentioning that after quenching Fe3*
and adding AA, the fluorescence of the sensor gradually recovered,
forming a rare “on-off-on” sensor. In addition, RhB@1 as a novel
logic gate device, enriches the component modules of the logic
gate switchgear and provides a prospect for the practical applica-
tion of dye@MOF luminescent composites in biochemical detection.
Interestingly, a visual portable test paper with good selectivity and
high sensitivity was developed, which can be used for rapid detec-
tion of FLU, showing its broad application prospect.
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