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Abstract: The detection of toxic metals is indispensable for water safety. In this paper, a small molecule
of aggregation-induced emission (AIE) with barbiturate group was synthesized. It combined with
mercury ions to form a stable metal complex so as to enhance the color of the solution to achieve the
visualization of ion detection. The fluorescent molecule showed good selectivity and anti-interference
ability and had a low detection limit (DL = 22.27 nM) for mercury ion.

Keywords: aggregation-induced emission; fluorescence probe; detection of mercury ions; barbiturate
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1. Introduction

Mercury ion, as one of the most toxic heavy metal ions in the environment, is harmful
to the ecological environment and human health due to its bioamplification effect [1–4].
Since Hg2+ is difficult to remove from organisms, it can easily accumulate through the
food chain [5,6]. When mercury enters the body, not only are the central nervous system
and other systems in the body affected, but it can also lead to death due to high levels of
Hg2+. In addition, mercury ions are easily converted to the more toxic methylmercury in
the natural environment [7], where they are transported over long distances through the
atmosphere and rivers, causing transboundary pollution. Therefore, the Environmental
Protection Agency (EPA) had set the maximum permissible concentration of mercury ions
in drinking water as low as 10.0 nM [8]. Water is indispensable for any life and activities.
Therefore, a rapid detection method for mercury ions in water is very necessary.

In various methods, the fluorescence technology has the advantages [9] of high speed,
convenience, high sensitivity, good repeatability and multiple physical parameters (such
as excitation wavelength, emission wavelength, intensity of fluorescence, fluorescence
lifetime, making it widely used in chemical sensing [10], photoelectrics [11], molecular
detection [12] and biological in vivo imaging [13]. Therefore, fluorescence technology is an
efficient method for mercury ion detection [14]. However, most of the traditional fluorescent
probes have a large π-π conjugate rigid structure, which makes them prone to aggregation-
caused quenching (ACQ). In 2001, Tang discovered aggregation-induced emission (AIE)
in the process of studying Silole [15]. Organic luminescent materials exhibiting the AIE
phenomenon hardly emit light in dilute solution but have strong fluorescence in aggregate
state. This special luminescent material has great application prospects in ion detection.

Many such kinds of probes that are used to detect metal mercury ions have dithioacetal
units. For example, the dithioacetal unit in the probe of TBTS was hydrolyzed to an
aldehyde group with mercury ions [16]. Thus, the aggregation effect was achieved, and
the solution luminescence was enhanced, so that the ions detection was visualized. In
addition to this, another approach is to use mercury ions to react with probes to change their
structure and luminescence [17–19]. Ma et al. [20] used this property to synthesize a two-
channel probe AADT, which had the advantages of good selectivity and anti-interference
ability. Other molecules relied on the active groups in the molecules to form hydrogen
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bonds with mercury ions, so that molecular aggregates were formed for visualization of
ion detection [21,22]. Yuan et al. synthesized a hydrophilic probe [23]. It combined with
mercury ions in aqueous solution, so the water solubility of the molecules decreased and
resulted in molecular aggregation, thus showing an enhanced solution luminescence.

This work starts from another aspect, which is to prevent the probe from reacting with
water by bonding to mercury ions. This method not only greatly improves the selectivity
and anti-interference ability of the probe but also enables it to respond quickly in aqueous
solution. We designed and synthesized an AIE fluorescence probe BNEA based on a
barbiturate group. It reacts with water, which causes BNEA to lose its fluorescence in
aqueous solution. At the same time, we found that this probe would combine with mercury
ions in aqueous solution to enhance fluorescence (Scheme 1), so as to realize visual detection
of mercury ions in aqueous solution. BNEA can be used as a new probe for mercury ion
detection because of its good selectivity and anti-interference ability in aqueous solution.
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2. Materials and Methods
2.1. Materials

All the materials used were commercially available and used without any further pu-
rification unless otherwise mentioned. These materials, including 2-(N-ethyl(phenyl)amino)
ethanol (98%, Jiu Ding, Shanghai Xianding Biotechnology Co., Ltd., Shanghai, China), barbi-
turic acid (99%), Pyridine (99%), acrylic acid (AA), phosphorus oxychloride (POCl3), acetic
anhydride (98.5%), triethylamine, N,N-dimethylformamide (DMF) and methylene chlo-
ride, were dried according to the standard methods. The water used in the experimental
processes was distilled water except for special needs.

2.2. Instrumentation

The 1H NMR spectra were measured on an AV ANCZ II 400 spectrometer (Bruker,
Karlsruhe, Germany), and DMSO served as solvent. Chemical shifts were reported in part
per million (ppm) and were referenced to the residual solvent peak (DMSO:1H = 2.5 ppm
and H2O:1H = 3.4 ppm). UV-vis absorption spectra were measured on a TU-1810 UV-visible
spectrophotometer (Puxi General Instrument Co., Ltd., Beijing, China). Photoluminescence
emission spectra were measured in a HITACHI F-2710 fluorescence spectrometer (Hitachi
High-tech Science, Tokyo, Japan). HRMS (ESI) spectra were measured on a Thermo
Scientific Q Exactive modular quadrupole Orbitrap mass spectrometer (Bruker autoflex
maX MALDI-TOF(TOF), Karlsruhe, Germany).

2.3. Synthesis and Characterization of Compounds [24,25]

A mixture of 2-(N-ethylanilino) ethanol (5 g), acetic anhydride (16 g) and pyridine
(7 g) was stirred at 90 ◦C for 24 h. The resulting dark solution was cooled down to room
temperature and then washed with H2O (20 mL). The mixture was extracted with ethyl
acetate, and the organic phase was washed with water twice. The yellow solution was
dried on anhydrous MgSO4 overnight, and then the solvent was removed. The crude
product was collected as dark oil.

Then, 2-(Ethyl (phenyl) amino) ethyl acetate (5 g) was added into DMF (5 mL). POCl3
(4 g) was added dropwise into deep green oil under 0 ◦C with vigorous stirring; the resulted
deep green oil continued to be stirred for another 40 min under 0 ◦C.
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The temperature of the mixture was raised to indoor temperature slowly and kept
for 20 min, then the mixture was stirred for 3 h under 90 ◦C to get a deep green solution.
The mixture was placed in the air and cooled to 20 ◦C before ice water (20 mL) was added.
The pH value was adjusted to 6~8 using a 30% Na2CO3 solution. The green precipitate
was collected by removing solvent and drying in vacuum. 1H NMR (400 MHz, DMSO-d6)
δ 9.65 (s, 1H), 7.67 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 4.18 (t, J = 5.9 Hz, 2H), 3.65
(t, J = 5.9 Hz, 2H), 3.48 (q, J = 7.0 Hz, 2H), 1.98 (s, 3H) and 1.11 (t, J = 7.0 Hz, 3H).

A green mixture of 2-(ethyl (4-formylphenyl) amino) ethyl acetate (2 g) in ethanol
(20 mL) and NaOH (1.5 g) in water (10 mL) was stirred for 7 h at 25 ◦C, and then the pH
was adjusted to 8–9 using a diluted HCl solution. Ethanol and water were removed, and
the residue solid was dissolved in ethyl acetate (50 mL). The mixture was filtered and
the solvent of the filtrate was evaporated. Yellow viscous solution could be obtained and
collected by filtration and then dried in vacuum. 1H NMR (400 MHz, DMSO-d6) δ 9.63
(s, 1H), 7.65 (d, J = 8.5 Hz, 2H), 6.78 (d, J = 8.8 Hz, 2H), 4.83 (t, J = 5.4 Hz, 1H), 3.57 (q,
J = 5.9 Hz, 2H), 3.49–3.46 (m, 2H), 3.46–3.43 (m, 2H) and 1.10 (t, J = 7.0 Hz, 3H).

In dry dichloromethane (1.0 mL), 4-(Ethyl (2-hydroxyethyl) amino) benzaldehyde
(0.3 g) was dissolved. After addition of triethylamine (41.8 µL) to the solution, acryloyl
chloride (16.2 mL) was added dropwise at 0 ◦C. Then, the mixture was stirred at room
temperature for 3 h. The mixture was washed with water (20 mL) and extracted with
ethyl acetate (50 mL). The organic phase solvent was evaporated, and the yellow viscous
solution was purified on silica gel using column chromatography with a dichloromethane
and hexane (1:2) mixture as the eluent, yielding the desired product, namely yellow viscous
solution. 1H NMR (500 MHz, DMSO-d6) δ 9.66 (s, 1H), 7.70–7.65 (m, 2H), 6.90–6.84 (m,
2H), 6.31 (dd, J = 17.3, 1.5 Hz, 1H), 6.15 (dd, J = 17.3, 10.4 Hz, 1H), 5.95 (dd, J = 10.4,
1.5 Hz, 1H), 4.30 (t, J = 5.8 Hz, 2H), 3.72 (t, J = 5.8 Hz, 2H), 3.50 (q, J = 7.0 Hz, 2H) and 1.12
(t, J = 7.0 Hz, 3H).

In ethanol (20 mL), 2-(ethyl(4-formylphenyl)amino)ethyl acrylate (1 g) was added,
and then, barbituric acid (1 g) was added in a 100 mL three-necked flask. The flask was
stirred for 4 h at a constant temperature of 80 ◦C. After the end of the reaction, it was cooled
for a while and filtered under reduced pressure to yield a pale yellow product. 1H NMR
(500 MHz, DMSO-d6) δ 11.09 (d, J = 2.1 Hz, 1H), 10.96 (d, J = 2.0 Hz, 1H), 8.42 (d, J = 9.2 Hz,
2H), 8.15 (s, 1H), 6.87 (d, J = 9.0 Hz, 2H), 6.31 (dd, J = 17.3, 1.5 Hz, 1H), 6.15 (dd, J = 17.3,
10.4 Hz, 1H), 5.95 (dd, J = 10.4, 1.5 Hz, 1H), 4.33 (t, J = 5.7 Hz, 2H), 3.79 (d, J = 11.4 Hz, 2H),
3.56 (q, J = 7.0 Hz, 2H) and 1.15 (t, J = 7.0 Hz, 3H).

3. Results
3.1. Synthesis of Monomers

The synthesis route of BNEA is shown in Scheme 2. Firstly, the hydroxyl group on
2-(n-ethylanilino) ethanol was protected by acetic anhydride. Then, the intermediate M3
was obtained by Vilsmeier-Haack reaction and deprotecting reaction. Triethylamine was
used as an acid-binding agent, M3 was reacted with allyl chloride in dry DMF, and the
monomer M4 was synthesized. Finally, M4 and barbituric acid were condensed under
alkaline conditions, and the solid luminescent monomer BNEA was obtained.

3.2. Aggregation-Induced Emission Phenomenon

We used UV-vis absorption spectrometer and fluorescence spectrometer to analyze
the luminescence phenomenon of our fluorescent probe. Since it was almost insoluble in
water, we determined whether it exhibits AIE phenomenon by changing the proportion
of undesirable solvent in the mixed solution (THF-H2O). In Figure 1A, the absorption
peak at 450 nm decreased with the increase in the proportion of water in the mixed
solution, while an absorption peak at 350 nm began to appear and kept increasing. As
shown in Figure 2A,B, it can be found that the fluorescence intensity of the solution
increases first and then decreases with the increase in poor solvent, which is common in
AIE molecules, because with the increase in the proportion of poor solvent, the molecules
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are prone to aggregation and precipitate out of the solution, leading to the decrease in
luminescent molecules in the solution and the decrease in fluorescence [18]. However,
through observation, we found that the solution color of BNEA in the mixed solution
decreased continuously with time and finally disappeared. In this regard, we suggested
that BNEA binding to water alters the molecular structure, which leads to the decrease in
fluorescence in Figure 2B.
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In this regard, we used methylene chloride as a good solvent and petroleum ether as a
poor solvent to verify the AIE phenomenon of BNEA. It can be found that in Figure 2C,D, the
fluorescence intensity of BNEA decreased sometimes, but its overall trend was to increase
with the increase in the proportion of poor solvent, and there was no sharp decrease
in fluorescence intensity, as shown in Figure 2B. In addition, in the UV-vis absorption
spectrum shown in Figure 1B, no new absorption peak was found at 350 nm. This proved
that BNEA molecules reacted irreversibly with water in good solvents. Therefore, on this
basis, we studied the UV-vis spectrum of M4 in THF-H2O mixed solution. As shown in
Figure 1C, the UV-vis absorption peak of the M4 was around 350 nm. This was consistent
with the absorption peak that was found with the increase in water proportion in Figure 1A.
Therefore, we could confirm water binding to the BNEA molecules occurred, the D-π-A
structure of the molecule was destroyed, and the conjugate structure was reduced, which
led to the blue shift of the absorption peak.
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As shown in Figure 3, 1H NMR was used to further confirm that water reacted with
BNEA. First, BNEA was dissolved into DMSO-d6 solvent to determine the 1H NMR
spectrum (Figure 3A), and then D2O and BNEA were added to another DMSO-d6 solvent
to determine the 1H NMR spectrum (Figure 3B). It could be found that the absorption peak
representing N–H disappears with the addition of D2O, which proved that the decrease in
fluorescence in Figure 2B was caused by the reaction between water and the active N–H.
However, since the chemical shift of the hydrogen on the double bond did not change, we
believe that D2O only destroyed the plane structure of the barbiturate but did not make the
barbiturate group break away from the molecule.
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For the binding of BNEA to water, we used HRMS spectra for further confirmation.
Figure 4A shows the HRMS spectra of BNEA, and Figure 4B shows the HRMS spectra of
BNEA binding to water, which could further determine the binding of BNEA to water.
At the same time, the fluorescence stability of BNEA in two different solvents (water and
methanol) was measured. It can be seen from Figure 4 that the fluorescence intensity of
BNEA in aqueous solution was lower than that in methanol solution, and the fluorescence
intensity of BNEA in aqueous solution decreased slowly with time. This indicates that
it was not stable in aqueous solution, which might be due to the continuous reaction
between water molecules and BNEA molecules, and the barbituric acid group structure
was distorted, so that the fluorescence intensity decreased continuously at 450 nm.
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3.3. Response of BNEA to pH

Since BNEA solution reacted with water to make its solution color and fluorescence
disappear, we investigated its solution color and fluorescence change in 99% aqueous
solution (VH2O:VDMSO = 99:1) with different pH. In Figure 5A,B, it could be found that the
fluorescence intensity of 99% aqueous solution (VH2O:VDMSO = 99:1) under acid or base
conditions was lower than that in a neutral environment (5 < pH < 8). It can also be found
in Figure 6A that the absorption peak at 350 nm was higher in the acid or base environment.
This indicates that a large number of protons in an acidic environment could promote
the reaction between water and the N–H bond in BNEA. Meanwhile, we believed that
under alkaline conditions, the amide bond in BNEA could be hydrolyzed, which led to the
decrease in fluorescence and also led to a decrease in the conjugation of the molecule. Since
BNEA was stable in 99% methanol solution (VMethanol:VDMSO = 99:1), methanol was used
as the solvent, and 1% hydrochloric acid solution and NaOH solution were used to adjust
the acid–base property of methanol solution [26]. Under acidic conditions, the fluorescence
intensity of methanol solution did not change, but it decreased under alkaline conditions
(Figure 5C,D). At the same time, there was no new absorption peak at 350 nm in the UV-vis
absorption spectrum (Figure 6B). This indicates that BNEA in the good solvent was stable
in the acidic environment, which further proves that BNEA molecules were reacted with
water molecules in the acidic environment, and a large number of protons played a catalytic
role in the reaction. Under alkaline conditions, the molecular structure could be damaged
by strong alkali, resulting in the reduction in absorption and fluorescence intensity.
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3.4. Effect of Hg2+ on BNEA Fluorescence in 99% Aqueous Solution (VH2O:VDMSO = 99:1)

Due to the special phenomenon of BNEA in water and its special luminescence
mechanism, we carried out cationic detection experiments on BNEA and found that the
probe had a specific response only to mercury ion among the 17 common cations. In
Figure 7A, the solution with mercury ions retained its solution color in sunlight, while
the solution with other ions became colorless. This allowed us to observe the results of
ion detection with the naked eyes, which greatly improves its convenience. However, in
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Figure 7B, not only was the fluorescence intensity of the solution greater than the solution of
other ions, but the position of the maximum fluorescence peak showed a large red shift. We
believed that this was due to the hydrogen bond formed by the combination of the mercury
ion with the N–H bond in the BNEA molecule (Hg2+:BNEA = 1:1), which expanded the
conjugation degree of the molecule. This indicates that mercury ions in aqueous solution
played a “protective” role for BNEA molecules in a certain sense. The reaction between
water molecules and probe molecules were prevented, and therefore, the disappearance
of solution fluorescence did not happen. This also allowed the color of the solution to be
preserved so that the visual effect of mercury ion detection was achieved. This fluorescence
intensity was compared (Figure 7C), and the fluorescence intensity of the solution with
mercury ions increased by more than ten times compared with other solutions.
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Figure 7. (A) Color comparison of solutions under sunlight, (B) fluorescence spectra (λex = 450 nm)
and (C) bar graphs of maximum fluorescence intensity (a = blank, b = K+, c = Ca2+, d = NH4

+,
e = Mn2+, f = Cr3+, g = Cu2+, h = Cu+, i = Pb2+, j = Hg2+, k = Fe2+, l = Ni2+, m = Cd2+, n = Co2+,
o = Al3+, p = Ba2+, q = Na+, r = Ag+) in 99% aqueous solution (VH2O:VDMSO = 99:1) containing probe
([BNEA] = 10 µM) and different cations ([Ions] = 10 µM).

Above, we discussed the fluorescence of BNEA in mixed solutions in the presence
of water affected by pH. The solution was subjected to fluorescence analysis in order to
investigate whether the fluorescence of the solutions was affected by pH when mercury
ions were added. As can be seen from Figure 8A,B, their fluorescence spectra were red-
shifted at 6.0 < pH < 11.0, and their fluorescence intensities were enhanced. However, the
enhanced basicity would make the fluorescence intensities of the solutions decrease or even
disappear, because the amide bonds in BNEA molecules would be decomposed by strong
bases, resulting in mercury ions no longer binding to the molecules. However, within this
range, the tendency of BNEA molecules to combine with mercury ions was greater than
that of water molecules. Under acidic conditions (2.0 < pH < 6.0), BNEA molecules reacted
more easily with water molecules due to the large number of protons that the binding
of BNEA and water molecules promoted. It could also be found from its UV spectrum
(Figure 8C) that the UV absorption peaks became wider at 2.0 < pH < 6.0, which was also
caused by the combination of BNEA and mercury ions. In general, under the condition of
6.0 < pH < 11.0, the acidity and alkalinity of the solution will not affect the selectivity and
sensitivity of the probe too much.
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3.5. Anti-Interference Ability of BNEA for Cations in Water

Since there are various cations in real water samples, in order to ensure that the
detection of mercury ions would not be affected by other cations, we conducted an anti-
interference experiment with cations on the probe. In Figure 9A, the probes were added to
mercury ion solutions containing different metal cations that would make their fluorescence
peaks redshift, and some cations increased the fluorescence intensity of the solutions. As
can be seen from Figure 9B, common metal cations did not reduce the fluorescence intensity
of the solutions, and the color of the liquid would not disappear with time like the blank
solution. This shows that BNEA has a good anti-interference property against mercury
ions in aqueous solution.
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Figure 9. (A) Fluorescence spectrum and (B) bar graphs of maximum fluorescence intensity (a = blank,
b = K+, c = Ca2+, d = NH4

+, e = Mn2+, f = Cr3+, g = Cu2+, h = Cu+, i = Pb2+, j = Fe2+, k = Ni2+, l = Cd2+,
m = Co2+, n = Al3+, o = Ba2+, p = Na+, q = Ag+) of BNEA anti-interference experiment for mercury
ions response performance (λex = 450 nm, [BNEA] = 10 µM).

3.6. Complexation Mechanism of Hg2+ and BNEA

Figure 10A shows that with the increase in Hg2+ concentration, the fluorescence
intensity of the solution also increased, and the fluorescence intensity of the solution
reached the highest when [BNEA]:[Hg2+] = 1:1. Subsequently, the fluorescence intensity
of the solution decreased with the increase in mercury ion concentration, and then the
range of variation decreased. Therefore, mercury ions and BNEA might be 1:1 bound in
the mixed solution. At the same time, we also obtained its detection limit as 22.27 nM
according to Figure 10B. For further confirmation, we tested and obtained the Job’s plot
of BNEA and Hg2+, which showed that the stoichiometric ratio of BNEA to Hg2+ was 1:1
(Figure 11A). At the same time, we tested the methanol solution containing BNEA and
Hg2+ by HRMS spectra, and the results are shown in Figure 11B, which further confirm
that the stoichiometric ratio of BNEA to Hg2+ is 1:1.
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To confirm where the mercury ions bind to the BNEA molecule, we examined them by
1H NMR. Figure 12A shows the 1H NMR spectrum of BNEA in deuterated DMSO solution.
Figure 12B shows the spectrum was measured after BNEA was dissolved in DMSO-d6
solvent and CD4O solution containing mercury ions was added and mixed evenly. It could
be found that Figure 12B was similar to Figure 3B, in that two N–H peaks disappeared
around 11.0 ppm, while the positions of other peaks remained basically unchanged. This
was sufficient to indicate that water and mercury ions were at the same site of binding
to BNEA. However, through the comparison of fluorescence patterns, the blue shift of
fluorescence peaks was observed after adding water, while the red shift of fluorescence
peaks was observed after added mercury ion, which was most likely caused by their
different binding modes.

3.7. Detection of BNEA in Real Water Samples

In order to study the effect of probe BNEA in practical application, it was applied
in real water samples. Figure 13A shows that there were no fluorescence peak at 620 nm
in the four groups of water samples without mercury ions. Comparing the three real
water samples with pure water in Figure 13B, the fluorescence intensities of this solution
at 620 nm basically did not change. On the one hand, this indicates that the mercury ion
concentration in the three real water samples did not reach the detection limit of the probe.
On the other hand, it also shown that the ions in the three real water samples did not affect
the luminescence of probe BNEA. At the same time, the same concentration of mercury
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ions (10 µM) was added to the four water samples, and the fluorescence detection was
carried out under this condition with other conditions unchanged. From Figure 13A, we
could find that the four solutions have significantly enhanced fluorescence intensity at 620
nm, and the comparison of fluorescence intensity could be observed in Figure 13B. This
indicates that the detection results of probe BNEA for mercury ions were basically not
affected by other ions in real water samples, which also indicates that probe BNEA had
good selectivity for mercury ions in real water samples.
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3.8. Comparison with other AIE Probes Targeting Metal Ions

In Table 1, we listed several recently reported AIE fluorescence sensors, all of which
target metal cations. By comparison, our sensor has a low detection limit, high selectivity,
high sensitivity, strong anti-interference ability, and good visualization ability, which can
be used for real water samples detection. Therefore, as a fluorescence sensor for Hg2+

detection, BNEA has excellent detection performance and practicability and has great
application potential.
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Table 1. Comparison of the probe BNEA with previously reported probes.
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CN− 1.4 × 10−7 [30]

4. Conclusions

A novel fluorescence sensor BNEA with AIE phenomenon was designed and devel-
oped. Through the study of its fluorescence phenomenon, it was found that it had good
detection performance for mercury ion. The BNEA sensor had the advantages of fast
response speed, high selectivity, strong anti-interference ability and low detection limit
(22.27 nM) when detecting mercury ions in aqueous solution. The complex formed by the
combination of mercury ions and BNEA increases the degree of molecular conjugation,
which not only made the fluorescence peak red shift but also enhanced the fluorescence
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intensity, which could achieve the effect of mercury ion detection. The reaction mechanism
was confirmed by absorption and emission spectrum analysis, 1H NMR and HRMS. In ad-
dition, through the detection of real water samples, the BNEA sensor could detect mercury
ion in real water sensitively.
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