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ctional fluorescent probe with
ESIPT and AIE effects for the detection of Co2+ and
HClO†

Chenxiang Lu,a Jiawei Xu,a Zhe Song,*b Guoqin Zhu*c and Zhenya Dai *a

We developed a novel fluorescent probe featuring excited-state intramolecular proton transfer (ESIPT) and

aggregation-induced emission (AIE) effects, which displayed dual-channel fluorescence emission. The

probe detected both Co2+ and HClO with naked eye under daylight as well as through a fluorescence

spectrophotometer. The probe exhibited a low detection limit for Co2+ at 2.823 mM, while the detection

limit for HClO was 11.55 mM. When the probe (10 mM) was mixed with Co2+, the fluorescence intensity at

556 nm rapidly decreased within 10 minutes and stabilized after 40 minutes, while for HClO, it took

960 min to observe the same decrease in intensity within 960 min. The probe (10 mM) achieved naked-

eye detection of Co2+ recognition under daylight; however, achieving naked-eye detection of HClO

under daylight necessitated higher concentrations (500 mM). Thus, this probe shows promising potential

for environmental monitoring and water quality detection.
1. Introduction

HClO is prevalent in food preservation and sanitation practices,
serving as a potent oxidizing agent, and effective in neutralizing
harmful microorganisms, including bacteria. For living organ-
isms, HClO is a dual-edged tool. It is indispensable in the ght
against invading pathogens1 and the maintenance of redox
balance.2–4 However, excessive HClO could become hazardous
when reacted with biological macromolecules, such as proteins,
DNA, RNA, amino acids, and cholesterol.5,6 These reactions
could lead to oxidative stress, Alzheimer's disease,7,8 cardio-
vascular disease,9,10 inammatory bowel disease,11 and organ
transplant rejection.12

Co2+ is naturally present in the Earth's crust, water bodies,
ora, and fauna, and is ubiquitous within essential organs,
such as the liver, bones, and kidneys, where it participates in
complex signaling processes.13 Furthermore, Co2+ serves as
a vital component of vitamin B12 and other cobalamins, playing
crucial roles in iron metabolism and the synthesis of hemo-
globin.14,15 However, both excessive accumulation and de-
ciency of Co2+ could lead to adverse health outcomes, including
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growth retardation, anemia, decreased appetite, reduced lacta-
tion,16 cardiovascular diseases,17–19 and pulmonary damage.20,21

Therefore, there is an urgent need to develop reliable
methods to monitor HClO and Co2+ concentrations. Unlike
traditional analytical techniques, such as electroanalysis,
potentiometry, chemiluminescence, bioanalytical methods and
chromatography,22–28 uorescence probes offer several advan-
tages, including high selectivity and sensitivity, rapid response
rates, and the capability for real-time detection.29–36

Fluorescent probes designed for Co2+ commonly engage in
chelation reactions, resulting in alterations to the probe's
uorescent characteristics. This chelation might lead to
a decrease in the uorescence intensity. However, in certain
cases, that could trigger chelation-enhanced uorescence
(CHEF) or aggregation-induced emission enhancement (AIEE),
resulting in an enhancement of uorescence intensity. For
instance, probe 1, which was designed by Ghazali et al.,37

complexed with Co2+ at a chelation ratio of 2 : 3. In the presence
of Co2+, CHEF was activated, which increased the molecular
rigidity and subsequently intensied the uorescence intensity.
In contrast, in probe 2, which was developed by Kim et al.,38 the
uorescence emission underwent a redshi following chelation
with Co2+ (Fig. 1). The design strategy for HClO probes primarily
involve a set of unique reaction, resulting in a change in the
probe's uorescence intensity. As shown in Fig. 2, leveraging the
oxidizing nature of HClO, Shi et al.39 exploited the reductive
properties of sulfur atoms to design a uorescent probe for the
detection of HClO, designated as Probe 3. The principle behind
the probe 4 synthesized by Xia et al.40 for the recognition of
HClO was similar to that of probe 3. Fluorescent probes
designed based on the oxidizing nature of HClO are prone to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Probes that chelate with Co2+.
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View Article Online
interference in complex environments, while those relying on
specic reactions for HClO recognition demonstrate enhanced
specicity and interference resistance. As shown in Fig. 3, Zhu
et al.41 utilized rhodamine as the uorophore. In the presence of
HClO, the 1,3,4-oxadiazole ring opened, which triggered the
probe uorescence emission. Xu et al.42 introduced an electron-
decient carbon–carbon double bond into probe 6, which
reacted with HClO under mild conditions, causing the double
bond to break. Yang et al.43 designed a Schiff base probe 7 that
decomposed in the presence of HClO, leading to a change in the
uorescence peak and thus achieving the detection of HClO.
Chen et al.44 synthesized probe 8 with diaminomalononitrile as
the recognition site, which hydrolyzed in the presence of HClO
to activate uorescence. Wu et al.45 reported that N,N-dime-
thylthioformamide reacted with HClO, leading to its removal
and exposure of the phenolic hydroxyl group. This activation of
the ESIPT effect resulted in strong uorescence emission.

In the 1950s, Weller et al.46 rst highlighted the benets of
the ESIPT (Excited-State Intramolecular Proton Transfer) effect,
such as dual-channel uorescence emission and large Stokes
Fig. 2 Probes that utilize the oxidizing property of hypochlorous acid fo

© 2025 The Author(s). Published by the Royal Society of Chemistry
shis, attracting signicant interest. The ESIPT effect involved
proton transfer from a donor (e.g., amino or hydroxyl groups) to
an acceptor (e.g., nitrogen or oxygen atoms), exemplied by
keto–enol tautomerism. This process followed a four-level cycle:
a uorescent molecule absorbs energy and transitions from the
ground state (E) to the excited state (E*). Some excited mole-
cules (E*) released enol uorescence and returned to the
ground state (E), while others transferred a proton to form
a keto structure (K*), released keto uorescence, fell back to the
ground state (K), and then reverted to the enol form (E) via
reverse proton transfer (RPT)47–50 (Fig. 6). ESIPT probes are
highly valued in elds such as uorescence,51 bioimaging,52,53

and luminescent materials54,55 due to their dual-channel emis-
sion, large Stokes shi, and extended uorescence lifetime.
However, their sensitivity to solvent microenvironments, espe-
cially protic solvents, severely constrains their practical utility.56

In 2001, Tang Benzhong's group rst reported the AIE
(Aggregation-Induced Emission) effect.57 AIE uorescent mole-
cules were non-emissive in the solution but emitted strong
uorescence when aggregated or in the solid state, offering
a new platform for developing uorescent probes.

The emergence of the AIE effect has provided new avenues
for the development of ESIPT effects. Fluorescent probes,
beneting from the synergistic interplay of ESIPT and AIE
effects, not only inherited the uorescence advantages of these
effects but also mutually enhanced each other, thereby
improving the uorescence performance of the probes. The AIE
and ESIPT effects endowed probes with various advantages; for
instance, large Stokes shis could prevent self-absorption
phenomena, multi-channel uorescence emission could
provide greater exibility and operability for practical probe
applications, and the ability for aggregate uorescence emis-
sion could minimize the solvent's impact.

2. Experimental section
2.1 Materials and instrumentation

All chemicals were purchased directly through commercial
channels and used without further purication. The specic
product information sources are shown in the ESI.† The
r its detection.

RSC Adv., 2025, 15, 4000–4013 | 4001
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Fig. 3 Probes that recognize hypochlorous acid through specific reactions.
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instruments used in the experiment included a spectropho-
tometer, ESI-MS, nuclear magnetic resonance (NMR) and Mal-
vern Zetasizer. The details about the manufacturer and model
of the instrument are shown in the ESI.†
2.2 General procedure for analysis

The synthesis of the probe is shown in Fig. 4. Benzophenone
and 4-hydroxybenzophenone were combined to form the TPE
core through a McMurry coupling reaction. Subsequently,
aldehyde groups were introduced at the ortho position of the
phenolic hydroxyl through a Duff reaction, which was combined
with 2-hydrazinobenzimidazole to construct the recognition
site for HClO, thus completing the synthesis of the probe. The
probe was rich in heteroatoms, endowing it with the ability to
chelate metal ions.

2.2.1 Synthesis of compound AE-1. Under a nitrogen
atmosphere and ice bath, zinc powder (7 g, 107.69 mmol, 4 eq.)
4002 | RSC Adv., 2025, 15, 4000–4013
was scattered in anhydrous tetrahydrofuran (THF) (60 mL).
Titanium tetrachloride (6 mL, 54.59 mmol, 2 eq.) was then
added dropwise to the reaction system, resulting in a gray
turbid mixture. The mixture was kept in the ice bath for 30 min.
Then, the reaction mixture was stirred for 30 minutes at 70 °C.
Subsequently, dibenzyl ketone (5 g, 27.44 mmol, 1 eq.) and 4-
hydroxydibenzyl ketone (5.44 g, 27.44 mmol, 1 eq.) were dis-
solved in 20 mL of anhydrous THF and added dropwise to the
reaction mixture, which was then reuxed at 70 °C for 14 hours.
Aer completion of the reaction, the solvent was removed under
reduced pressure. The residue was quenched with saturated
sodium bicarbonate solution, followed by extraction with
diethyl ether. The organic phases were then combined and
evaporated under reduced pressure. The crude product was
puried by column chromatography on silica gel, affording
a yellow solid AE-1 (4.3 g, 45% yield). 1H NMR (300 MHz, DMSO)
d 9.35 (s, 1H), 7.46–7.34 (m, 1H), 7.14–7.03 (m, 8H), 6.99–6.92
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Synthesis process for the compound AE-3.
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(m, 6H), 6.78–6.70 (m, 2H), 6.50 (d, J= 8.5 Hz, 2H). ESI-m:m/z=
347.14 [M]−.

2.2.2 Synthesis of compound AE-2. A mixture of AE-1 (3 g,
8.62 mmol, 1 eq.) and scopolamine (6.03 g, 43.01 mmol, 5 eq.)
was dissolved in 50mL of triuoroacetic acid (TFA). Themixture
was heated at 70 °C for 4 hours. Aer completion of the reac-
tion, 50 mL of ice water was added, followed by the addition of
sodium bicarbonate to adjust the pH to neutral. The mixture
was then extracted with EA and the organic phases were
combined and evaporated under reduced pressure. The crude
product was puried by column chromatography on silica gel,
affording a yellow solid AE-2 (1.78 g, 51.13% yield). 1H NMR
(300 MHz, DMSO) d 10.75 (s, 1H), 10.11 (s, 1H), 9.88 (d, J =
4.5 Hz, 1H), 7.67 (dd, J = 8.1, 6.1 Hz, 2H), 7.16 (dddd, J = 21.6,
14.3, 8.3, 2.5 Hz, 10H), 7.05–6.93 (m, 4H), 6.76 (dd, J = 8.6,
3.1 Hz, 1H). ESI-m: m/z = 403.13 [M]−.

2.2.3 Synthesis of compound AE-3. The mixture of AE-2
(200 mg, 0.495 mmol, 1 eq.) and 2-hydrazinobenzothiazole
(189 mg, 1.144 mmol, 2.3 eq.) was dissolved in 3 mL of ethanol.
The reaction mixture was reuxed at 80 °C for 22 hours. Aer
completion of the reaction, the mixture was ltered, and the
lter cake was rinsed with ethanol and afforded yellow-green
solid AE-3 (197 mg, 57.02% yield). 1H NMR (300 MHz, DMSO)
d 12.17 (s, 2H), 8.25 (s, 1H), 8.06 (d, J = 5.7 Hz, 1H), 7.76 (d, J =
7.7 Hz, 2H), 7.47 (q, J = 7.2, 6.1 Hz, 3H), 7.29 (t, J = 3.7 Hz, 3H),
7.12 (dq, J= 34.5, 8.7, 8.0 Hz, 16H), 6.85 (dd, J= 8.5, 2.3 Hz, 1H),
6.71 (d, J = 8.4 Hz, 1H). 13C NMR (75 MHz, DMSO) d 167.07,
166.49, 155.44, 144.79, 143.18, 143.04, 140.62, 139.48, 134.32,
133.44, 132.31, 131.28, 130.79, 127.98, 126.83, 126.62, 126.01,
121.87, 121.57, 119.05, 115.72. ESI-m: m/z = 697.18 [M]−.
2.3 Optical studies

2.3.1 General process. A stock solution of probe 1 (100 mM)
was prepared in the reagent THF. A phosphate buffer solution
was prepared in pure water. A stock solution of the metal ions
(100 mM) including Fe3+, Al3+, Cd2+, Mg2+, Cu2+, Co2+, Ba2+,
Mn2+, Ca2+, Cr3+, Ni2+, Zn2+ and Fe2+ were prepared in phos-
phate buffer solution. A stock solution of other analytes (1 mM)
including SCN−, NO2

−, NO3
−, SO4

2−, SO3
2−, HClO, Cl−,

CH3COO
− and H2O2 was prepared in the phosphate buffer

solution. For a typical optical study, a solution containing probe
1 (10 mM) in THF/phosphate buffer solution was prepared.
Then, 3.0 mL of that solution was placed in a quartz cuvette.
Aer the addition of the analyte of interest (the total volume
change of the solution in the cuvette was less than 2%), the
© 2025 The Author(s). Published by the Royal Society of Chemistry
uorescent spectra were recorded. Fluorescence spectroscopy
analysis, unless otherwise stated, was operated at lex = 360 nm.
The detailed operation steps are shown in the ESI.†

2.3.2 The calculation for the limit of detection (LOD) and
Benesi–Hildebrand association constant (Ka). The limit of
detection (LOD) of probe to target analyte was calculated by the
formula:

LOD = 3s/k

where s (standard deviation) was the standard deviation of the
detection signal of the blank sample of the uorescence probe
tested several times; k is the slope of the linear relationship
between the detection signal of the uorescence probe and the
concentration of the target analyte. For Co2+ and HClO, we used
the uorescence intensity (F = 556 nm) as the detection signal.

The determination of the association constant was accom-
plished by employing the canonical Benesi–Hildebrand
method.

1/(F − Fmin) = 1/Ka(Fmax − Fmin)/[M] + 1/(Fmax − Fmin)

F represents the uorescence intensity of the probe in the
presence of varying concentrations of the target analyte. Fmin

denoted the uorescence intensity of the probe in the absence
of any interfering substances. Fmax signied the uorescence
intensity when the probe reached equilibrium with the target
analyte through chelation. M represents the concentration of
the target analyte. Ka is the association constant.

3. Results and discussion
3.1 Design and synthesis

To design a novel AIE and ESIPT probe for the detection of HClO
and Co2+, we used TPE units to afford the AIE effect, the proton
transfer of 2-(2-benzothiazolyl) hydrazone and phenol hydroxyl
to provide ESIPT effect.

The electron-rich groups of the Schiff base and phenolic
hydroxyl group have the potential to chelate with metal ions.
Attaching two Schiff base units adjacent to the phenolic
hydroxyl group enhanced the formation of a stable multi-
dentate chelation structure with metal ions. On one hand, the
probe detected by chelating metal ions with Schiff base struc-
tures or even phenolic hydroxyl groups, quenching keto-form
uorescence and even enol-form uorescence. On the other
hand, 2-(2-benzothiazolyl) hydrazone is a classic recognition
site for detecting HClO.58 In the presence of HClO, the
RSC Adv., 2025, 15, 4000–4013 | 4003
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Fig. 5 Dynamic light scattering (DLS) study of probe AE-3 (10 mM) with different percentages of H2O: (A) 0%, (B) 50%, (C) 90%.
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hydrazone and benzothiazole ring cyclized to form a triazole.
This particular reaction was used to detect HClO, as it converted
the 2-(2-benzothiazolyl) hydrazone into triazole, quenching
keto-form uorescence or altering enol-form uorescence.

3.2 AIE and ESIPT effect

With AE-3 in hand, we discovered that it exhibited two-channel
emission (Fig. 6) through uorescence spectroscopy analyses,
showing a typical ESIPT phenomenon. To demonstrate the AIE
effect of AE-3, we incubated it in THF solutions with water
content ranging from 0% to 99%. As shown in Fig. 7, the probe
exhibited uorescence emission peaks at 474 nm and 556 nm,
corresponding to the enol-form and keto-form uorescence,
respectively. When the water content in the solvent increased
from 60% to 95%, the intensity of the two emission peaks was
signicantly enhanced (Fig. S1–S2†).
4004 | RSC Adv., 2025, 15, 4000–4013
Uponmeticulous analysis of the UV absorption spectra of the
probe in the solution with varying water contents, we observed
signicant spectral alterations (Fig. S3†). Specically, within the
range of 10% to 70% water content, the probe exhibited distinct
UV absorption peaks at 231 nm and 252 nm, which might be
attributed to the benzothiazole. Additionally, the absorption
peak at 370 nm corresponded to the p–p* transitions of the
large conjugated benzene rings. As the water content increased,
the polarity of the solvent heightened, leading to a redshi of
the p–p* transition peaks of the benzene ring and the s–p*

transition peaks of benzothiazole displayed a blueshi. With
further enhancement of the water content, the aggregation of
the probe intensied, reducing the actual concentration of the
probe dissolved in the solution, which ultimately led to
a notable decrease in absorbance. Meanwhile, the probe
features Schiff base structures and large conjugated benzene
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 AIE and ESIPT effects of AE-3.
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rings, which contributed to the poor solubility of the probe.
These changes in the UV spectra also, to some extent, demon-
strated the aggregation characteristics of the probe in different
solvents.

In our investigation of the aggregation behavior of probes in
the solution with varying water content using dynamic light
scattering (DLS), we observed the following: when the solution
contained 10% water, no signicant particles were detected,
indicating that the probe was completely dissolved in THF/
© 2025 The Author(s). Published by the Royal Society of Chemistry
H2O (9 : 1). Upon increasing the solution water content to 50%,
DLS measurements revealed that the average size of the
aggregated probe was 159.5 nm, indicating a certain degree of
probe aggregation. Elevating the aqueous fraction of the
solution to 90% led to a signicant enlargement of the aggre-
gate dimensions, with the average size reaching 873.9 nm
(Fig. 5). This phenomenon indicated that as the water content
in the solvent increased, the probe gradually underwent
aggregation.
RSC Adv., 2025, 15, 4000–4013 | 4005
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Fig. 7 (A) Fluorescence spectra of AE-3 (10 mM) in a THF/phosphate buffer (50 mM, pH = 7.4) with water contents of 60%, 70% and 90%. (B)
Fluorescence intensity of AE-3 (10 mM) at 556 nm and 474 nm with the water content ranging from 0% to 99%.
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3.3 Fluorescence response of AE-3 to Co2+

The initial phase of our study involved conducting selective
uorescence assays on AE-3 (10 mM) in the presence of various
metal ions: Fe3+, Al3+, Cd3+, Mg2+, Cu2+, Co2+, Ba2+, Ca2+, Cr3+,
Mn2+, Ni2+, Zn2+ and Fe2+ each at a concentration of 10 mM.
Upon the addition of the above-mentioned metal ions to the AE-
3 solution, the uorescence spectrum remained largely unaf-
fected, with the exception of notable changes observed with
Co2+ and Cu2+ (Fig. S4†). The paramagnetic nature of Cu2+

resulted in quenching of the uorescence peaks at 474 nm and
556 nm (Fig. 8). Subsequently, the probe's anti-interference
ability during Co2+ recognition was evaluated (Fig. 8 and S5†).

The limit of detection (LOD) for Co2+ was determined by the
slope of the uorescence intensity at F556 nm from continuous
titration experiments with different equivalents of Co2+ and the
standard deviation of 10 blank samples of AE-3 (10 mM). The
absolute slope of the linear relationship between the uores-
cence intensity at F556 nm and Co2+ (0.1–0.9 eq.) was found to
Fig. 8 (A) Fluorescence spectra of AE-3 (10 mM) in a THF/phosphate buff
Cu2+, Co2+, Ba2+, Ca2+, Cr3+, Mn2+, Ni2+, Zn2+, and Fe2+. (B) Fluorescen

4006 | RSC Adv., 2025, 15, 4000–4013
be 31 716.07 (Fig. S6†). Additionally, the standard deviation of
the uorescence intensity at F556 nm for the 10 blank samples
was calculated as 29 846.30 (Fig. S7†). The calculated limit of
detection (LOD) using the formula 3s/k was 2.823 mM.

To investigate the binding mode of the probe and Co2+, the
Job's plot curve method was employed. As shown in Fig. 9, when
the total concentration of the probe and Co2+ was kept constant,
the uorescence intensity gradually decreased with an increase
in the proportion of Co2+. When the concentration ratio of Co2+

to the total concentration exceeded 0.5, the uorescence
intensity tended to stabilize, indicating a 1 : 1 binding ratio
between the probe and Co2+. By employing the Benesi–Hilde-
brand method, a linear regression equation was established,
where Fmax denotes the uorescence intensity of the probe at
a 1 : 1 concentration ratio with Co2+. The calculated association
constant (Ka) was determined to be 475 579.02.

To evaluate the sensitivity and stability of the probe in
detecting Co2+ ions, we conducted uorescence spectroscopy
analysis at various incubation durations (Fig. 10). The
er (1/9, v/v, 50 mM, pH = 7.4) in the presence of Fe3+, Al3+, Cd3+, Mg2+,
ce intensity of AE-3 (10 mM) at 556 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Job's plot. (B) Linear regression equation of Benesi–Hildebrand.

Fig. 10 Point-line plot of the fluorescence intensity at 556 nm versus
incubation time of the AE-3 (10 mM) with Co2+.

Fig. 11 (A) Fluorescence spectra of AE-3 (10 mM) in a THF/phosphate buff
SO4

2−, NO3
−, H2O2, NO2−, ClO− and SO3

2−. (B) Fluorescence intensity o

© 2025 The Author(s). Published by the Royal Society of Chemistry
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uorescence intensity of AE-3 at 556 nm exhibited a rapid
decline within the rst 10 minutes, followed by a gradual
leveling off, and stabilization aer 40 minutes.
3.4 Fluorescence response of AE-3 to HClO

Similarly, we rst conducted selective tests on AE-3 (10 mM)
using SCN−, NO2

−, NO3
−, SO4

2−, SO3
2−, Cl−, CH3COO

−, H2O2

and HClO (50 mM). Upon the addition of HClO, the uorescence
intensities at 474 nm and 556 nm both decreased, while a new
peak emerged at 594 nm. There were no signicant changes in
the uorescence spectra upon the addition of other analytes
(Fig. 11 and S8†). Then, the anti-interference ability of AE-3
recognition was evaluated (Fig. S9–S10†). AE-3 (10 mM)
demonstrated robust anti-interference capacity in HClO detec-
tion and exhibited exceptional selectivity and anti-interference
ability for HClO detection.

The absolute slope of the linear relationship between the
uorescence intensity at 556 nm of AE-3 (10 mM) and HClO (0–6
eq.), measured by the continuous titration method, was found
er (1/9, v/v, 50 mM, pH= 7.4) in the presence of SCN−, Cl−, CH3COO−,
f AE-3 (10 mM) at 556 nm.
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Fig. 12 (A) Fluorescence spectra of AE-3 (10 mM) and HClO (50 mM) incubated for different times (10 min–960min). (B) Fluorescence intensity at
556 nm versus the incubation time of the AE-3 (10 mM) with HClO.
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to be 7755.17 (Fig. S11†). The standard deviation of uorescence
intensity at 556 nm for the 10 blank specimens was calculated
as 29 846.30 (Fig. S7†). The calculated limit of detection (LOD)
using the formula 3s/k was 11.55 mM.

Similarly, to assess the sensitivity and stability of the probe
in HClO recognition, uorescence spectroscopy analysis was
conducted at different incubation times (Fig. 12). We noted
a gradual decrease in the uorescence intensity at 556 nm of AE-
3 (10 mM) over the 960 min incubation period, decreasing by
4-fold.
3.5 Naked-eye detection under daylight

Remarkably, the probe exhibited a distinct colorimetric
response to Co2+ and HClO under daylight, enabling naked eye
detection without the need for sophisticated instrumentation.
The solution of AE-3 (10 mM) remained colorless upon the
addition of the other eleven metal ions (10 mM) besides Co2+ but
it turned yellow in the presence of Co2+ (10 mM) aer incubating
for 10 min, as observed with the naked eye under daylight
(Fig. 13).

At a low concentration, AE-3 (10 mM) was distinctly recog-
nized Co2+ by the naked eye under daylight. When Co2+ and
HClO were separately mixed with the probe and incubated for
10 min, the solution with HClO showed no signicant change,
while the solution with Co2+ turned straw-colored. At higher
concentrations (500 mM), naked-eye differentiation between
Fig. 13 Solution of AE-3 (10 mM) with different metal ions (10 mM) in THF
observed in daylight. From left to right, the sequence is: Fe3+, Al3+, Cd2+

4008 | RSC Adv., 2025, 15, 4000–4013
HClO and Co2+ was achievable; the solution with HClO turned
grass green, while the solution with Co2+ turned yellow ochre
(Fig. 14).

The development of a functional uorescent probe capable
of identifying specic analytes within environmental contexts is
of paramount importance. The application necessitated a thor-
ough investigation into the performance of uorescent probes
within environmental samples. Leveraging probe AE-3's excel-
lent detective ability, to capitalize on the simplicity and time-
liness of uorescent probes, we selected natural water samples
from China Pharmaceutical University (CPU), encompassing
tap water (T-water), boiled water (B-water), and lake water (L-
water). These samples were analyzed without any amend-
ments. As shown in Fig. 15, the probe (10 mM) exhibited a straw-
colored transformation in T-water and L-water, whereas B-water
remained largely unchanged. This could be attributed to the low
concentration of Co2+ in B-water, which was insufficient to
induce visually perceptible alterations of the solution color. In
the case of higher concentrations of the probe solution (100
mM), characteristic color changes indicative of HClO were not
observed; the solution color alteration was overshadowed by the
straw-colored distinctive of Co2+. This outcome might also stem
from the insufficient concentration of HClO in the water to
induce a noticeable color change in the probe solution. In
summary, the probe exhibited higher sensitivity to Co2+

compared to HClO, as evidenced by the probe's lower detection
limit.
/phosphate buffer (1/9, v/v, 50 mM, pH = 7.4) incubated for 10 min and
, Mg2+, Cu2+, Co2+, Ba2+, Ca2+, Cr3+, Mn2+, Ni2+, and Zn2+.
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Fig. 14 (A) Solution of AE-3 (10 mM) with HClO and Co2+ (10 mM) in THF/phosphate buffer (1/9, v/v, 50 mM, pH = 7.4) incubated for 10 min and
observed in daylight. (B) Solution of AE-3 (500 mM) with HClO and Co2+ (100 mM) in THF/phosphate buffer (1/4, v/v, 50 mM, pH = 7.4) incubated
for 10 min and observed in daylight. From left to right, they are HClO, Co2+ and blank samples.

Fig. 15 (A) Mixture of probe AE-3 (10 mM) with Co2+ (10 mM) and AE-3 solutions (10 mM) supplemented with various practical water samples, THF/
phosphate buffer (1/9, v/v, 50 mM, pH= 7.4). (B) Mixture of probe AE-3 (100 mM) with HClO (500 mM) and AE-3 solutions (100 mM) supplemented
with various practical water samples, THF/phosphate buffer (1/4, v/v, 50 mM, pH= 7.4). From left to right, they are the target analyte, T-water, B-
water, L-water, and the blank probe samples.

Fig. 16 Recognition mechanism of the probe for HClO and CO2+.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 4000–4013 | 4009
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Fig. 17 (A) Fluorescence spectra of AE-3 (10 mM) with the addition of 0.1–1.2 eq. Co2+ in THF/phosphate buffer (1/9, v/v, 50 mM, pH = 7.4). (B)
Relationship of AE-3 (10 mM) fluorescence intensity at 556 nm and Co2+ equivalents in the THF/phosphate buffer (1/9, v/v, 50 mM, pH = 7.4).
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3.6 Recognition mechanism study

The proposed identication mechanism is shown in Fig. 16.
To further conrm the stoichiometry of AE-3 and Co2+, we
performed a continuous titration method. Using the THF/
phosphate buffer (1/9, v/v, 50 mM, pH = 7.4) as the solution,
a series of gradient volumes of Co2+ stock solutions (10 mM)
were added to the probe solution (10 mM). We observed that
with the increase in Co2+ concentration, the uorescence
intensity at 556 nm gradually decreased, eventually reaching
a plateau. When the Co2+ equivalent reached 1 eq., the uo-
rescence intensity remained essentially unchanged (Fig. 17).
The results showed that the binding stoichiometry between
the probe and Co2+ was 1 : 1. ESI/MS conrmed this, with
a peak at m/z 756.12 corresponding to [AE-3 + Co–H]+, indi-
cating Co2+ chelation with the phenolic hydroxyl group and
hydrogen atom replacement (Fig. 18). For HClO recognition,
aer incubating AE-3 with HClO for 12 hours, ESI/MS revealed
peaks at m/z 695.17 ([AE-HClO-1 – H]−) and m/z 693.15 ([AE-
HClO-2 – H]−), supporting the proposed recognition mecha-
nism (Fig. S17–S21†).
Fig. 18 (A) Bond length of the coordination bond. (B) Chelation of the p

4010 | RSC Adv., 2025, 15, 4000–4013
The uorescence response graphs of the probe to HClO and
Co2+ further corroborated the recognition mechanism of AE-3.
As shown in Fig. 19, HClO quenched the enol-form uores-
cence peak at 474 nm and keto-form uorescence peak at
556 nm, and induced a new uorescence peak at 597 nm, sug-
gesting that HClOmight react with the ESIPT uorophore of AE-
3. Co2+quenched the enol-form and keto-form uorescence
peaks at 474 nm and 556 nm, respectively, likely due to the
chelation of Co2+ with the probe, which blocked the ESIPT
effect.

In the presence of HClO and Co2+, the UV absorption spec-
trum of the probe exhibited signicant changes, which might
be related to variations in solubility (Fig. S12†). Upon chelation
with Co2+, the probe solubility in polar solvents increased,
manifesting as two UV absorption peaks at approximately
221 nm and 206 nm, akin to the benzothiazole structure's
original prole. Based on this, the decrease in uorescence
intensity of AE-3 aer chelation with Co2+ might not only be due
to the quenching effect of Co2+ but also because the increased
solubility reduced the aggregation degree of the probe, thereby
robe with Co2+.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Fluorescence spectra of AE-3 (10 mM) with the addition of Co2+ (10 mM), and HClO (50 mM) in THF/phosphate buffer (1/9, v/v, 50 mM, pH
= 7.4).
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turning off the AIE effect. Conversely, when the probe was
mixed with HClO, a single absorption peak was observed at
206 nm. This change might be attributed to the reaction
between the probe and HClO, which disrupted the carbon–
nitrogen double bond of the benzothiazole, leading to alter-
ations in the s–p* transitions. Additionally, the destruction of
the Schiff base structure might also contribute to an improve-
ment in the probe's solubility to some extent.
4. Conclusions

In conclusion, we successfully developed a novel uorescent
probe that offers combined ESIPT and AIE effects. This probe
exhibited dual-channel uorescence emission, which indicates
its versatile application potential in sensing.

The probe demonstrated high sensitivity and selectivity in
detecting Co2+ by indicating a change uorescence intensity at
556 nm. The detection limit for Co2+ was 2.823 mM, which was
signicantly lower than that for HClO, which was 11.55 mM. The
association constant of the probe with Co2+ was determined to
be 475 579.02. Notably, the probe allowed for naked-eye recog-
nition of Co2+ under daylight; however, higher concentrations
were required for HClO detection with naked eye. The detection
of HClO using the probe is interfered with by cobalt ions in
practical applications. Overall, this developed probe holds
a promising potential for applications in environmental moni-
toring and water quality detection.
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