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The misuse and improper handling of norfloxacin (NOR) can cause serious harm; therefore, the sensitive
and visual detection of NOR is of great significance. However, it is still a huge challenge to establish the
multiplex fluorescence detection of NOR. Herein, four hydrazone-linked covalent organic frameworks
(COFs) with different luminescence were prepared using 2,5-bis(2-methoxyethoxy)terephthalohydrazide
as the nucleus and aldehyde monomers containing methoxy and different numbers of hydroxyl groups
as linkers, respectively, and the precise modulation of the emission of hydrazone-linked COFs was
achieved. The intrinsic blue emission of NOR was combined with hydrazone-linked COFs to construct
ratiometric fluorescence sensors to monitor NOR. Among them, a two-signal change ratiometric
fluorescence sensor based on COFgmtH-pe Showed the highest sensitivity, the lowest detection limit (51
ng mL™Y) and the widest linear range (153 ng mL™* to 48 pug mL™Y, originating from the lowest
background fluorescence and the largest output signal. Based on the obvious color changes in the
detection process, a novel test paper was also proposed with simultaneous multi-chroma and was
combined with a smartphone App as a real-time detection tool to successfully monitor NOR in real fish
samples. This portable paper-based sensor provides support for rapid and simple NOR visual detection.

Received 10th August 2023 In addition, a two-dimensional code with multiple information encryption was developed by taking
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advantage of the obvious color changes as well as the excitation dependence of COFgmtH-ng during the

detection of NOR, which further broadens the application of two-dimensional codes in the field of anti-
counterfeiting.
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Fluorescence sensing has been widely used to detect NOR
because of its simple operation, high sensitivity, rapid response

1. Introduction

The prevalence of the coronavirus (COVID-19) mutant strain
Omicron XBB series has led to widespread concern about drugs,
such as norfloxacin (NOR)."* NOR is a broad-spectrum fluo-
roquinolone antibiotic used widely to treat urinary, respiratory,
and gastrointestinal infections in humans and animals.’”®
However, NOR can enter the body through the food chain,
causing adverse effects, such as drowsiness, anorexia, dizziness
and nausea, and the long-term ingestion of NOR might cause
central nervous system disorders and induce antibiotic
resistance.*® In addition, the presence of NOR in wastewater
and surface water can lead to the propagation of drug-resistant
bacteria.>* Thus, it is of great significance to develop a rapid
and accurate method to monitor NOR.
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and easy visualization analysis."'™® For example, Li et al
established a novel fluorescence “on-off-on” NOR detection
strategy based on S QDs-Co®".** Cui et al. designed a zinc(m)-
based fluorescence sensor to achieve the ultra-sensitive detec-
tion of NOR in water.*> However, the above examples all relied
on the enhancement of a single fluorescence signal. Therefore,
it was difficult to distinguish different concentrations of NOR by
the naked eye, which would affect its visual analysis. Fortu-
nately, compared with single-emission fluorescent sensors,
ratiometric fluorescent sensors are favoured because of their
built-in self-calibration, strong immunity to interference, and
ability to achieve color output.’®*® Given these advantages,
several ratiometric fluorescence strategies have been designed
for the visual analysis of antibiotics in food and ecology.
Recently, Chen et al designed a UiO-66-NH,@TpTGCl
composite by combining the metal-organic framework UiO-66-
NH, with the ionic covalent organic framework (iCOF) TpTGCl
for the ratiometric fluorescence detection of NOR (I540/I450),
achieving a transition from dark blue to light blue." Our group
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screened COFgprroragu by adjusting the number, charge and
length of amine monomers with different amino groups for
visual field determination of enrofloxacin (I451/540) to achieve
the transition from green to blue.”* However, these ratiometric
fluorescence sensors have a limited range of color changes due
to the insufficient difference between the two emission peaks,
which greatly limits the field visual detection of antibiotics. In
addition, a ratiometric fluorescence sensor increases the range
of dynamic response by varying the ratio of fluorescence
intensities. The larger the change in the intensity ratio, the
larger the output signal of the dual-emission probe.?** There-
fore, it is necessary to explore fluorescent materials with large
emission wavelength differences that can be regulated to detect
NOR with multiple fluorescence changes.

Covalent organic frameworks (COFs) are a class of porous
crystalline polymers with periodic ordered units and extensive
chemical adjustability.”**” COFs have shown great potential
applications in various fields, such as photoelectrocatalysis,***®
anti-counterfeiting,*® sensing® and energy storage.** In partic-
ular, they have become a promising fluorescence sensing
material,*® because specific recognition sites can be easily
integrated and extended to the entire skeleton of COFs.**
Ordered pore channels are conducive to the enrichment of
analytes and increase the probability of contact with analytes to
amplify signals, thus improving the sensitivity of fluorescence
detection.***” Therefore, COFs have great potential for fluores-
cence sensing.’®*’ In addition, COFs not only have adjustable
structure, pore size and functional groups,*** but also have
adjustable fluorescence properties. For example, Li et al. ach-
ieved the adjustable emission colors of COFs from blue to
yellow or even white by changing the size of conjugated
connectives and side chains.* Jiang et al. introduced the mono-
chlorine, methyl, methoxy and hydroxyl sites on the pore wall to
trigger resonance, hyperconjugation and tautomerism effects,
and realized RGB emission through small perturbations on the
wall.** Therefore, COFs have broad prospects in regulating
emission wavelength and constructing ratiometric fluorescence
sensors and visual detection.*>*® At the same time, the lumi-
nescence controllable multicolor COFs also have important
application value in the field of information storage encryption.
Traditional information encryption materials are limited by
single-stimulus encryption, which is easy to crack. Multi-
stimulus synergistic encryption technology is conducive to
improving the security of information encryption but there are
still great challenges.**®* Multiple stimulus-response informa-
tion can be provided by designing a system with multicolor
fluorescence changes in the sensing process and with excitation
dependence, which provides a new idea for constructing
multiple information encryption.

Herein, four hydrazone-linked COFs with different lumi-
nescence colors were synthesized by using 2,5-bis(2-
methoxyethoxy)terephthalohydrazide as the nucleus and alde-
hyde monomers with hydrogen, methoxy and different
numbers of hydroxyl groups as linkers through amine-aldehyde
condensation reactions (Scheme 1). Emissions ranging from
blue to red were achieved due to different m-electron effects
triggered by the methoxy and hydroxyl groups. Combined with

23830 | J Mater. Chem. A, 2023, 11, 23829-23836

View Article Online

Paper

NH,
i go
o~
0™~O
o>

Xy

BMTH
VisoneVatoioinc=2:1 | 6M ACOH, 120 °C 3d

Scheme 1 Synthesis procedures and the structures of COFgmTH-TFB.
COFgmtH-T8. COFMTH-TBT and COFgMTH-HB-

the intrinsic blue fluorescence emission of NOR, the ratiometric
fluorescence detection of NOR can be achieved using these
hydrazone-linked COFs. Among them, COFgyrypg has the
widest dynamic response range to NOR, and the lowest detec-
tion limit. In addition, COFgyre.e €an produce abundant and
obvious fluorescence color differences visible to the naked eye
when it is used to detect NOR. More excitingly, this smartphone-
based portable sensor successfully achieved the monitoring of
NOR in real fish samples with satisfactory results, providing
a promising approach for achieving accurate in situ determi-
nation of NOR residues. In addition, combined with the exci-
tation dependence of the COFgpyrups + NOR system, two-
dimensional codes with multiple information encryption have
been proposed, which provide enlightening significance for the
design of materials for information encryption.

2. Experimental section

2.1. Synthesis of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs

To synthesize COFgpiyrrs, 51.4 mg BMTH (0.15 mmol) and
16.2 mg TFB (0.1 mmol) were dissolved in 1.5 mL of mixed
solution (Vi 4-dioxane : Vmesitylene = 2 : 1) and sonicated for 15 min.
After being dissolved completely, the solution was transferred
into a 25 mL Pyrex tube and sonication was continued for 5 min.
Then, 300 puL of 6 M AcOH was added. Next, the Pyrex tubes were
frozen at 77 K (liquid N, bath) and degassed through three
freeze-pump-thaw cycles. After that, the tube was sealed and
then heated at 120 °C for 3 days. The obtained product was
centrifuged at 10000 rpm for 5 min, the precipitate was
collected and washed with DMF and THF at least three times
until the supernatant was clear and transparent. Finally, a white
solid was obtained, which was dried in an oven at 60 °C to
obtain COFgpry.tre iN 67.8% yield. To obtain COFgyr-rre With
good dispersion, COFpyrurre Was ground. The synthesis
method of COFgyrare, COFpmrarer @and COFpnvraus 1S
consistent with that of COFgyr1re. Only the aldehyde mono-
mers need to be replaced with 25.2 mg TB (0.1 mmol), 21.0 mg
TBT (0.1 mmol) and 17.8 mg HB (0.1 mmol), respectively.
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Finally, yellow, orange and bright yellow solids were obtained
with yields of 52.3%, 82.2% and 81.7%, respectively.

3. Results and discussion

3.1. Structural characterization of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs

The morphology of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs was characterized by SEM.
COFgpymra-rre has a microsphere structure with a diameter of
about 2 pm, which is composited of nanofibers (Fig. 1a).
COFgpypra-te (Fig. 1b) and COFpyryyrer (Fig. 1c) showed some
nanosheets, and COFgpri-pp 1S made up of mainly nanofibers
(Fig. 1d). The 2,5-bis(2-methoxyethoxy)terephthalohydrazide-
based COFs were further -characterized by FTIR, N,
adsorption/desorption isotherms and PXRD. Fig. le-h show
characteristic peaks of -NH and -NH, for monomer BMTH
(3327 em ™! and 3392 ecm™ ') and C=0 bonds for monomers
TFPB, TB, TBT and HB at 1690 cm ™%, 1679 cm ™}, 1638 cm ™ * and
1677 cm ™', respectively. For COFgyyrerrrs and COFpyriis, NEW
imine bond peaks appeared at 1652 cm ' and 1653 cm ',
respectively. In the FTIR spectrum of COFpyrarpr, C=0
(1624 em™") and C-N (1223 em™ ") stretching vibration peaks
from the tautomerism of the enolimine to keto-enamine were
observed. In the FTIR spectrum of COFgyri-ps, the tautom-
erism of the enolimine to keto-enamine produced a C=0 peak
(1665 cm ™), the imine peak appeared at 1624 cm ™" and the
C-N stretching vibration peak appeared at 1228 cm ™. All these
data prove the successful preparation of the 2,5-bis(2-
methoxyethoxy) terephthalohydrazide-based COFs. The
specific surface area and permanent porosity of 2,5-bis(2-
methoxyethoxy) terephthalohydrazide-based COFs were tested
by N, adsorption/desorption isotherms at 77 K. As shown in
Fig. 1i-1, COFpyvri-rre; COFpymrh-teT, aNd COFp)rh-1p €Xhibited
type II isotherms, while COFpyrurp exhibited a type III
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Fig. 1 SEM images (a—d), FTIR spectra (e—h), N, adsorption/desorp-
tion isotherms (i—-l) and the pore size distribution (m—-p) of COFgmtH-
TFB (a, e,iand m), COFBMTH-TB (b, f,J and n), COFBMTH-TBT (c, g, kand o)
and COFgmTH-HB (d, h, Land p), respectively.
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isotherm.**** The corresponding Brunauer-Emmett-Teller
(BET) surface areas are 114.783 m> g~ ', 39.806 m”> g~ ', 254.784
m® ¢, and 305.212 m” g~ ', respectively. The pore sizes ob-
tained by BJH calculation are approximately 1.54 nm, 1.54 nm,
1.61 nm, and 1.61 nm, respectively (Table S17).

Next, the obtained PXRD experimental data were analyzed by
combining the Pawley refinement and theoretical simulation.
In Fig. 2, the PXRD patterns of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs showed strong peaks at 26
= 3.43° and 6.80°, which correspond to the (100) and (200)
crystal planes, respectively. In addition, COFgyrirer Showed
weak peaks at 26 = 5.81° and 8.81°, corresponding to the (110)
and (210) crystal planes, respectively. COFgyra-pg Showed
a weak peak at 9.01°, corresponding to the (210) crystal plane.
The experimental PXRD patterns of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs (red line) agree well with
the simulated PXRD patterns (black line), with a slight differ-
ence (blue line) and Rwp of 5.52%, 4.28%, 4.75%, and 4.40%,
respectively. The AA stacking models generated by Materials
Studio 7.0 matched well with the experimental results (green
line), which demonstrates that 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs are stacked in AA with
space group P3. The cell parameters are shown in Table S2.f
The 2,5-bis(2-methoxyethoxy)terephthalohydrazide-based COFs
showed good chemical stability in different solvents including
THF, DMF, H,0, 1 M HCl and 1 M NaOH (Fig. S1%), and also
showed superior thermal stability (Fig. S27).

3.2. Optical properties of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs
The fluorescence excitation and emission spectra of 2,5-bis(2-

methoxyethoxy)terephthalohydrazide-based COFs were ob-
tained. As shown in Fig. S3,t the excitation spectra of the 2,5-
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Flg 2 PXRD analysis of (a) COFBMTH—TFBr (b) COFBMTH*TBr (c) COFBMTH—
187 and (d) COFgmtH-HB: €xperimental data (red line), structural simu-
lation (green line), Pawley refinement data (black line) and the differ-
ences between them (blue line). Insets show their corresponding
models and interlayer distances.
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bis(2-methoxyethoxy)terephthalohydrazide-based COFs show
a maximum peak at 370 nm, and the emission spectra were
obtained at this excitation wavelength. As shown in Fig. S3b-d,
COFpymri-trs,  COFpmrare, COFpvrurer and  COFpyraines
showed emission peaks at 450 nm, 520 nm, 564 nm, and
613 nm, respectively. Therefore, further experiments were per-
formed at the excitation wavelength of 370 nm.

Next, the fluorescence emission spectra of 2,5-bis(2-
methoxyethoxy)terephthalohydrazide-based COFs were ob-
tained at the same concentrations. As shown in Fig. 3a, the
fluorescence emission intensity of COFgprir-rrs Was the highest
and the fluorescence emission intensity gradually decreased
from COFgpvrr-ts t0 COFgvrins t0 COFgyvrrer- The normal-
ized fluorescence spectra of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs show that the fluorescence
emission peaks of COFgyiritrB, COFMrH-TBy COFpMTH-TRT and
COFgppraup Were gradually red-shifted (Fig. 3b). They emitted
blue light, yellow-green light, yellow light, and orange-red light,
respectively (inset in Fig. 3c). Their corresponding CIE coordi-
nates were (0.17, 0.17), (0.29, 0.40), (0.41, 0.50) and (0.53, 0.43),
respectively (Fig. 3c). The fluorescence emission spectra of
solid-state  2,5-bis(2-methoxyethoxy) terephthalohydrazide-
based COFs were also measured. As shown in Fig. 3d-f, the
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Fig. 3 (a) Fluorescence emission spectra and (b) normalized fluores-
cence emission Spectra of COFBMTH-TFB: COFBMTH-TB: COFBMTH-TBT
and COFgmtH-HBe at the same concentration (Aex = 370 nm). (c) CIE
chromaticity diagram. Inset: photos of COFgmtH-1rs. COFgmTH-TB.
COFgmrH-TeT and COFgmTH-ne Under UV lamp of 365 nm. (d) Fluo-
rescence emission spectra and (e) normalized fluorescence emission
spectra of solid-state COFBMTH*TFBr COFBMTH*TBV COFBMTH—TBT and
COFgmTH-HB (dex = 370 nm). (f) CIE chromaticity diagram. Inset: photos
of solid-state COFBMTH—TFB: COFBMTH—TB! COFBMTH—TBT and COFBMTH—
ne under UV lamp of 365 nm. (g) Energy level diagrams of COFgmTH-
1r8, COFpmTH-TB, COFBMTH-TBT and COFgMTH-HB, rEspectively.
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fluorescence emission intensity and emission color of the solid-
state  2,5-bis(2-methoxyethoxy) terephthalohydrazide-based
COFs are consistent with those in a solution. This might be
due to the formation of intramolecular hydrogen bonds
between the BMTH side chain and -NH- in COFs, which
enhances the rigidity of the backbone structure and limits the
relaxation of BMTH molecules, resulting in good emission of
COFs in the solid state.

Next, the relationship between the luminescent colors and
structure of  2,5-bis(2-methoxyethoxy)terephthalohydrazide-
based COFs was explored. In two-dimensional COFs, the type
of connecting bonds between chromophores strongly influ-
ences their fluorescence.*® The non-radiative decay of the
excited state can be induced by the bond rotation. Therefore, it
is crucial to limit the bond rotation in two-dimensional COFs to
induce solid-state luminescence. As shown in Fig. S4a,f
COFppmra-Tre €Mits strong blue fluorescence due to the addition
of side chains to form intramolecular hydrogen bonds which
limit the rotation of the benzene ring in the BMTH monomer,
thus reducing the non-radiative decay. Due to the p-m conju-
gation of the lone pair of electrons on the oxygen atom in the
methoxy group with the benzene ring, a red-shift of the emis-
sion peak occurs (Fig. S4bt). For COFgyrrirer and COFpyra-pp,
the resonance effect of the oxygen atoms and the hydrogen
bonding between the hydroxyl unit and the hydrazone bond
enhance the planarization of the connecting unit, resulting in
further red-shifting of the fluorescence emission (Fig. S4c and
dt). However, COFgyppp.rer 1S less redshifted than COFgyrypp
due to the lack of imines, which prevents the self-repair during
the formation of COFs and limits the long-range order of the
system.*®

Solid-state UV-vis diffuse reflectance spectra show a gradual
redshift for COFgmrures, COFpmrars, COFpyvrorsr and
COFgyrune (Fig. S5at). The corresponding band gaps of
COFgymra-trey COFpvmra-t; COFpMrH-reT and COFpyri.HB WETE
calculated to be 2.31 eV, 2.07 eV, 1.91 eV and 1.53 eV, respec-
tively (Fig. S5bt). The gradual decrease in the band gap is
consistent with the emission color change. In addition, the
molecular orbitals of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs were calculated by using
density functional theory (DFT). As shown in Fig. 3g, the energy
level differences between the lowest unoccupied molecular
orbital (LUMO) energy and the highest occupied molecular
orbital (HOMO) energy for COFgpnrir-mre, COFyvra B, COFMTH-
et and COFgyvrp Were 3.40 eV, 3.20 eV, 2.57 eV and 2.41 €V,
respectively. Although the theoretical values are larger than
their experimental values due to the limitations of the DFT
method, the results show that they have a consistent trend.**
The change in the HOMO-LUMO energy gap also indicates that
the electronic  structure of  2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs can be adjusted by wall
perturbation,® thus the wavelength of luminescence can be
regulated precisely. The quantum yields and fluorescence life-
times of 2,5-bis(2-methoxyethoxy)terephthalohydrazide-based
COFs in the solid state were also determined (Fig. S61). The
quantum yields of COFgyri-mre, COFpMTH-TB, COFRMTH-TRT and
COFpymraug Were 1.54%, 1.20%, 0.20% and 0.62%, and the

This journal is © The Royal Society of Chemistry 2023
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fluorescence lifetimes were 3.02 ns, 1.48 ns, 0.77 ns and 0.93 ns,
respectively (Table S3t). These are consistent with the above
fluorescence test results, where the higher the quantum yield,
the higher the fluorescence intensity.

3.3. Optimizing conditions

The solvent, COF concentration and pH were optimized before
2,5-bis(2-methoxyethoxy)terephthalohydrazide-based COFs
were applied in NOR detection. As shown in Fig. S7,f the four
hydrazine-linked COFs all showed better fluorescence emission
in DMA, DMF, DMSO, water, acetone and methanol. The
COFpmr-trey COFpvmriTe; COFpMrH-reT and COFpyvrays have
the strongest fluorescence emission in DMF, methanol, DMSO
and water, respectively. This might be due to the best dispersion
of COFgpra-tre, COFpMTH-TB; COFpMTH-TBT and COFRMTH.HE 1N
DMF, methanol, DMSO and water, respectively. Therefore,
DMF, methanol, DMSO and water were chosen as solvents for
COFgmruars; COFpmrars, COFpyrurer and COFpvry s,
respectively. Then, the concentrations of 2,5-bis(2-
methoxyethoxy) terephthalohydrazide-based COFs were opti-
mized. As shown in Fig. S8,7 the fluorescence intensity of the
four hydrazine-linked COFs gradually increased with the
increase in concentration. The fluorescence intensities of
COFpymri-tre; COFpMmratey COFpMrr-reT and COFpyripp Were
almost stable at 180 pg mL ™", 160 pg mL ', 140 ug mL ' and
160 pg mL ™', respectively. Therefore, in the follow-up experi-
ment, we chose these four concentrations as the optimal
concentrations. The pH value of the solution also affects the
detection of NOR. As shown in Fig. S9,t the fluorescence
intensities of COFgyr.mrs and COFgyvri-rs Femained stable in
the range of pH 2-7, while the fluorescence intensities of
COFgyprr-rer and COFpyri-pp remained relatively stable in the
range of pH 2-6. To reduce errors, pH with stable fluorescence
intensity and close to neutral were selected for subsequent
experiments. Therefore, pH = 6, 6, 5 and 5 were selected as the
optimal pH values for COFgyrii-mr; COFpymrr-TB, COFBMTH-TBT
and COFgyra-us, Tespectively.

3.4. Sensing NOR

The possibility of detecting NOR with 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs under the optimized condi-
tions were investigated. First, the fluorescence emission inten-
sity of NOR in PBS with different pH was tested. As shown in
Fig. S10a,t the fluorescence emission intensity of NOR
decreased with the increase in solution acidity. As can be seen
from Fig. S10b,T NOR in PBS emits blue fluorescence but does
not emit light in water under a UV lamp. This is due to the
protonation of nitrogen and oxygen atoms of NOR in an acid
solution. Therefore, the ratiometric fluorescence sensing of
NOR can be constructed by combining the blue emission of
NOR with the emission of hydrazine-linked COFs.

As shown in Fig. 4a, the fluorescence emission peak of
COFgmrr-trs at 450 nm overlaps completely with that of NOR.
When (I450 nm — lo)/Io is used as the detection signal, there is
greater background fluorescence. The fluorescence emission
peak of COFgprare at 520 nm is closer to that of NOR, also

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Plots of fluorescence emission spectra after the addition of
NOR with different concentrations to COFgmtH-Trs (Aex = 370 nm) (the
inset shows the fluorescence color change of the COFgmtH-Trs SOlU-
tion). (b) A linear plot between the NOR concentration and (/450 nm —
1o)/lo. (c) Fluorescence emission spectra after the addition of NOR with
different concentrations to COFgmtH-18 (Aex = 370 nm) (the inset
shows the fluorescence color change of COFgmry-T SOlution). (d)
Linear plot between NOR concentration and (l450 nm — /0)/I520 nm- (€)
Fluorescence emission spectra after the addition of NOR with different
concentrations to COFgmtH-TaT (dex = 370 NmM) (the inset shows the
fluorescence color change of the COFgmrh-taT Solution). (f) A linear
plot between the NOR concentration and (l450 nm — lo)/Is64 nm- (Q)
Fluorescence emission spectra after the addition of NOR with different
concentrations to COFgmtH-HB (Aex = 370 nm) (the inset shows the
fluorescence color change of the COFgmtH-Hs Solution). (h) The linear
plot between the NOR concentration and (1450 nm — /0)/1613 nm-

showing a large background fluorescence (Fig. 4c). The fluo-
rescence emission peak of COFpyrirpr at 564 nm separates
completely from that of NOR, with small background fluores-
cence (Fig. 4e). With the addition of NOR, the fluorescence
intensities of COFgpra-rg and COFgyrurpr Were unchanged
and the fluorescence emission peak of NOR at 450 nm was
gradually enhanced. Therefore, the fluorescence emission peak
of COFgpmrirs and COFpyrarer €an be used as an internal
reference to construct a single-signal change ratiometric fluo-
rescence sensor. More excitingly, the fluorescence emission
peak of COFgyra-ps at 613 nm has a larger wavelength differ-
ence from that of NOR with the lowest background fluorescence
(Fig. 4g). As the fluorescence emission peak at 450 nm was
enhanced gradually, the fluorescence emission intensity at
613 nm decreased slightly. This indicates that a two-signal
change ratiometric fluorescence sensor can be constructed by
using COFpyru-pp With the largest output signal. The fluores-
cence quenching effect of NOR on COFgpri-pp might result
from the internal filtering effect (IFE) because the excitation
spectrum of COFgyru-ps and UV-vis absorption spectrum of
NOR partially overlapped (Fig. S111). Similarly, the excitation
spectra of COFgyrrs and COFgyrrer also overlapped
slightly with the UV-vis absorption spectrum of NOR, but the
emission intensity of 520 nm and 564 nm remained unchanged
due to the increase of the baseline.

The detection limits of fluorescence sensors based on
COFgMmtH-TFB (Fig- 4b)7 COFgmra-TB (Fig- 4d), COFgMmrH-TET
(Fig. 4f) and COFpyprirns (Fig. 4h) for the quantitative detection
of NOR were 78 ng mL™", 61 ng mL ™', 55 ng mL ™' and 51 ng
mL~" (S/N = 3), respectively. The linear ranges were 234 ng
mL " to 33 ng mL ™", 183 ng mL™ " to 24 pg mL ', 165 ng mL ™"
to 36 ug mL " and 153 ng mL ™" to 48 pg mL ", respectively. The
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results indicate that the two-signal change ratiometric fluores-
cence sensor showed the highest sensitivity, the lowest detec-
tion limit and the widest linear range (Table S4t). The good
detection results might be ascribed to the lowest background
fluorescence and the largest output signal. Next, the selectivity
of NOR  detection wusing  2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs was studied. As shown in
Fig. S12a-d,} antibiotics, such as pyrogallic acid (PA), dime-
tridazole (DT), amoxicillin (AMX), florfenicol (FF), ribavirin
(RBV), sulfamethoxazole (SO), metringamycin (MG), aprovir
(AW), furfural hydrochloride (FH), albendazole (ABZ), and fur-
antoin (AHD), do not interfere with the detection of NOR. This
is because these antibiotics do not emit fluorescence under
such excitation.

Under the irradiation of a 365 nm UV lamp, with the increase
in NOR concentration, the color of the COFgyri.rrs SOlution
gradually changed from dark blue to light blue, and only the
change in the color shade was difficult to distinguish (inset in
Fig. 4a). The color of the COFgyryrs solution gradually
changed from green to blue, but the color change was relatively
simple (inset in Fig. 4c). The color of the COFpyrirrar Solution
gradually changed from yellow to blue (inset in Fig. 4e), while
the color of the COFppri-p Solution changed from orange to
purple, and the rich and obvious color difference is visible to the
naked eye (inset in Fig. 4g). Therefore, 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs can be used for the visual
detection of NOR.

A novel fluorescence test paper based on the color change of
2,5-bis(2-methoxyethoxy)terephthalohydrazide-based COFs was
developed for the visual detection of NOR. As shown in Fig. 5a
and S13, obvious color changes occurred simultaneously when
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Fig. 5 (a) Photographs of color changes of four aliquots of COFgmTH-
TFB, COFBMTH-TB: COFBMTH-TBT and COFBMTH—HB test Strips after the
addition of 4 uL NOR solution with different concentrations (0, 0.05,
0.1,0.15,0.3, 0.6 and 1 mg mL™" from left to right, respectively). Fitted
curves based on (b) COFgmrh- 7B, (€) COFgmrH-TB, (d) COFgMTH-TEBT
and (e) COFgmTH-nB USING @ smartphone to detect the NOR concen-
tration via color change. Test paper based on (i) COFgmtH-Tre. (9)
COFBMTH»TB: (h) COFBMTH-TBT and (f) COFBMTH—HB to detect fish scales
before (top) and after (bottom) the addition of NOR.
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NOR was dropped on the test paper, which not only made the
visualization more colorful but also increased the accuracy of
the visual detection results. With the increase in NOR concen-
tration, under the irradiation of a 365 nm UV lamp, the color of
the test paper based on COFgyri-trB, COFpMTH-TB; COFBMTH-TBT
and COFgpyru-pp Sections varied from dark blue to light blue,
yellow-green to blue, yellow to blue and orange-red to purple,
respectively. Based on the above phenomenon, the “ColorColl”
APP can convert the color signal of the photo into color infor-
mation (RGB value). As shown in Fig. 5b-e, the appropriate two
channels from among the three channels (red channel (R),
green channel (G) and blue channel (B)) were used to calculate
the concentration of NOR. The detection limit and detection
range of the COFpyry.rrs Section were 5.3 pg mL ™" and 15.9 pg
mL ™" to 0.3 mg mL™", respectively (Fig. 5b). The detection limit
and detection range of the COFgyriy.78 S€Ction were 10 pg mL ™!
and 30 pg mL "' to 0.3 mg mL ", respectively (Fig. 5c). The
detection limit and detection range of the COFgysrirrrr SECtion
were 3.7 pig mL™ ' and 11.1 pg mL™" to 0.3 mg mL ™", respectively
(Fig. 5d). The detection limit and detection range of the
COFpyrinp Section were 5.7 pg mL ™' and 17.3 ug mL ™" to
0.3 mg mL™', respectively (Fig. 5e) (Table S51). Fish were
cultured in water containing NOR. Since NOR would remain on
the fish scales, when four kinds of test paper were pasted on the
backs of the fish, the changes in the test paper from dark blue to
light blue, yellow-green to blue, yellow to blue and orange-red to
purple were observed, respectively (Fig. 5f-i). This method is
simple and rapid and has broad application prospects in the
field of real sample safety of fish food.

3.5. Multiple information encryption program

Multicolor fluorescent materials with controlled luminescence
have potential application value in the fields of biological
imaging, information storage and encryption.**>* A two-
dimensional code with multiple information encryption was
developed by taking advantage of the obvious color change as
well as the excitation dependence of COFgpyry-pp during the
detection of NOR. These codes carry information that is only
visible in UV light but shows similar colors under daylight
conditions (the first encryption). The information is dynamic
with NOR concentration and can only be read at a specific
concentration (the second encryption). To obtain the complete
information, it is necessary to input the correct excitation under
the specific concentration (the third encryption). Finally, the
hidden correct information and the correct RGB value can be
obtained by scanning the smartphone.

The specific operation was as follows. Firstly, the “(COFgprs-
us + 9 pg mL~" NOR, Ex = 370 nm)” was converted into a two-
dimensional code, and the COFgyri-r SOlution was applied on
the corresponding position, and the encrypted information
could not be read under daylight conditions due to the colorless
nature of the COFgpri.p Solution (Fig. 6a). As the concentra-
tion of NOR increased (0, 3, 6,9, 15, 30 ug mL "), different color
changes were displayed under 365 nm UV light irradiation.
According to the pre-set concentration, only the information
with 9 pg mL™" NOR added could be output (Fig. 6b). Since

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Schematic diagram of the multiple information encryption
program. (@) QR codes were encrypted under fluorescent lights. (b)
The encryption system with different concentrations of NOR added
under a 365 nm UV lamp. (c) The encryption system with different
excitation wavelengths under specific concentrations of NOR.

COFpvraae + NOR constitutes a dual-emission system exhib-
iting different emission colors under different excitations, the
excitation wavelengths were taken as the third encrypted signal.
With the increase of the excitation wavelength from 340 nm to
390 nm, the emission intensity at 450 nm gradually decreased,
while that at 613 nm gradually increased, and the emission
color changed from dark blue to light purple and then gradually
transitioned to orange-red. For the correct excitation output of
370 nm, the final correct information was “(COFppri-up + 9 1
mL " NOR, Ex = 370 nm)”, and the correct RGB values were 254,
186, and 169, respectively (Fig. 6¢). Other NOR concentrations
and excitation wavelengths were error information, which
effectively improved the information security. Therefore, this
system can be used for multiple information encryption.

4. Conclusions

Four hydrazine-linked COFs with different emissions were
synthesized by integrating the methoxy group and different
numbers of hydroxyl groups into the pore wall. These sites can
trigger various m-electron effects, including resonance, hyper-
conjugation, and tautomerism, to change the conjugation of the
framework and thus precisely regulate the emission wave-
length. In addition, the fluorescence of NOR itself was
combined with the fluorescence of 2,5-bis(2-methoxyethoxy)
terephthalohydrazide-based COFs to achieve the ratiometric
fluorescence detection of NOR. With the increase in NOR
concentration, the color of these solutions changed from dark
blue to light blue, from yellow-green to blue, from yellow to
blue, and from orange-red to purple, respectively. A novel test
paper was further designed as a real-time detection tool in
combination with a smartphone APP. Four hydrazine-linked
COFs responded simultaneously to NOR to achieve multiple
chrominance changes, and the detection limits were 5.3 pg
mL ™", 10.0 pg mL ", 3.7 pg mL " and 5.7 pg mL ™, respectively.

This journal is © The Royal Society of Chemistry 2023
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This portable paper-based sensor combined with a smartphone
visual NOR detection platform provides a viable approach for
rapid and simple visual NOR detection. In addition, by adjust-
ing the ratio of COFpyi-up and NOR, as well as the excitation
wavelength, unique and rich luminescence behaviors can be
achieved for the construction of multi-information encrypted
quick response codes. This work reveals the precise modulation
of the emission wavelength of hydrazine-linked COFs and
realizes its different applications.
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