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A B S T R A C T

Despite being highly emissive in solution, aggregation of 4-(4,5-bis(4-methoxyphenyl)-1H- imidazole-2-yl)
benzaldehyde (BMI) molecules typically results in the quenching of fluorescence. To overcome the shortcomings
of aggregation-caused quenching (ACQ), the substituent of imidazole in the nitrogen atom of the BMI have been
found as a conformation function group (CFG) to turn the aggregation-induced emission (AIE) effect. The in-
troduction of CFG not only causes the restriction of intramolecular rotations (RIR) effect, but also attenuates the
coplanarity of the molecule. As a result, the BMI with ACQ effect is transformed into BMIs with AIE effect. As the
steric hindrance of the CFG increases, the AIE characteristic of the derivative also becomes apparent. With the
assistance of the thioacetal unit, BMIBD can act as an outstanding probe for the detection of Hg2+ with high
sensitivity and selectivity. A series of characterizations were implemented to prove the unique response me-
chanism of BMIBD toward mercury ions, including optical behavior investigation, mass analysis and 1H NMR
studies. Further, the detection limit is low up to 36 nM. Taking advantages of excellent optical properties of this
AIE probe BMIBD, point-of-care testing (POCT) for Hg2+ detection was further investigated. Meanwhile, BMIBD
presented the desirable analytical property for the real water samples. Additionally, cellular imaging experiment
revealed that the probe has an excellent biocompatibility that could be applied for tracking Hg2+ in living cells.

1. Introduction

Due to its simplicity, high sensitivity and capability of real-time and
non-invasive fluorescent imaging, fluorescence detection of small mo-
lecules and biomacromolecules has attracted widespread attention
[1,2]. It is well known that the detection of biomolecules or other
species in the cell are often performed in aquatic environment [3].
However, the conventional fluorophores (such as fluorescein, rhoda-
mine, and cyanine) are prone to aggregation in the water-soluble en-
vironment, resulting in fluorescence quenching [4–8]. The aggregation-
caused quenching (ACQ) greatly limits its practical application in
physiological environment [9–12]. Fortunately, with the discovery of
aggregation-induced emission (AIE), new opportunities to overcome
the ACQ effect have emerged [13–15]. In contrast to ACQ, fluorescent
molecules with AIE effect emit intensely in the aggregates while
showing barely no fluorescence in a dilute solution [16]. Up to now,
various mechanisms have been proposed to elucidate the mechanistic
causes for the AIE phenomena, including restriction of intramolecular
rotations (RIR), J-aggregate formation, conformational planarization,

twisted intramolecular charge transfer (TICT), E/Z isomerization, and
excited state intramolecular proton transfer (ESIPT) [17–19]. As one of
the main hypotheses, the RIR process inhibits the free vibration and
rotation of the molecule, reducing the energy consumed, thereby con-
suming energy through the path of radiation, ultimately resulting in
fluorescence emission [20,21]. Although a variety of strategies of
transforming fluorophores of ACQ into AIE groups have been illu-
strated, the role of RIR and coplanarity in the AIE characteristics is still
undetermined and its universality subjects to further verification
[22–24].

In our previous work, we successfully constructed a series of tetra-
aryl imidazole derivatives with AIE characteristics [25,26]. Compare to
tetra-aryl imidazole derivatives, the triaryl imidazole derivatives ex-
hibit typically ACQ effect. In consideration into the mechanism of RIR,
we hypothesized that introducing a branched chain or bulky ring to the
nitrogen on the imidazole ring could endow the triaryl imidazole with
AIE effect. Besides the RIR effect, the substitution at the N position may
also affect the molecular planarity, resulting in less possibility of π-π
stacking in the process of aggregates (see Scheme 1). Herein, a series of
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modified triaryl imidazole fluorophores were synthesized and exhibited
excellent AIE characteristics. This strategy may not only provide a solid
proof for the mechanism of RIR, but also offer a new avenue to design
novel AIE-based fluorophores. Besides, some probes for mercury de-
tection have been reported [27–29]. Among those modification for
molecular probe, 2-mercaptoethanol is a specific site for mercury ion
detection after its condensation with an aldehyde group, simulta-
neously increases the probe's water solubility. Here, after the detailed
screening, BMIB was selected and applied for the detection of mercury
ions.

As a highly toxic heavy metal and highly ubiquitous contaminant
[30–33], mercury in elemental and ionic form could be englobed from
the unpurified water [34–36]. It could also be assimilated through the
food chain when it is converted into methylmercury by the bacterial
transformation [37]. Excessive accumulation of mercury in the body
may seriously endanger human health, and do harm to extensive organs
and tissues, including heart, kidney, brain and nervous system [38–40].
Moreover, methylmercury and mercuric chloride are also considered
the possible carcinogen [41–43]. Therefore, it is necessary to develop
useful fluorescent probe to detect mercury in biological systems and
ecological environments [44–46].

As known, the presence of trace amount of mercury ions would
induce the umpolung reaction on the triaryl imidazole-based acyclic
thioacetals. As a result, BMIB having an aldehyde group is produced
and aggregated into nanoparticles in an aqueous solution. Which causes
the enhanced fluorescence emission via strengthening electronic push-
pull effect and aggregation from the dissolved state. A series of char-
acterizations were implemented to prove the unique response me-
chanism of BMIBD toward mercury ions, including optical behavior
investigation, mass analysis and 1H NMR studies. These experiments
have shown that BMIBD can act as a superior sensor for Hg2+ which
possesses high selectivity and sensitivity. Moreover, BMIBD was ap-
plied to the thin film and further used for Hg2+ detection. Meanwhile,
BMIBD showed desirable analytical properties in real water.
Additionally, cellular imaging experiment revealed that BMIBD could
be applied for tracking mercury ion in living cells with excellent bio-
compatibility.

2. Experimental section

2.1. Materials and instruments

All inorganic salts, NaCl, CaCl2, FeCl2, CoCl2, Cd(NO3)2, Al(NO3)3,
MnCl2, AgNO3, FeCl3, CrCl2, KCl, Mg(NO3)2, ZnCl2, and HgCl2, were
purchased from Sinopharm Chemical Reagent Co., Ltd. (China). p-Anisil
was purchased from Nine-Dinn Chemistry (Shanghai) Co., Ltd. 1,4-
Phthalaldehyde was purchased from Energy Chemical Co., Ltd (China).
Benzylamine was purchased from Sionpharm Chemical Reagent Co.,
Ltd. Iodomethane was purchased from Xiya Chemical Industry Co., Ltd

(Shandong). Bromoethane was purchased from Tianjin Guangfu Fine
Chemical Research Institute. Silica gel (200–300 mesh) was purchased
from Qingdao Ocean Chemicals (Qingdao, China). 2-Mercapto-ethanol
was purchased from Aladdin Company (Shanghai, China). 1H and 13C
NMR spectra were measured on a Bruker ARX 500 MHz NMR and
125 MHz respectively. The pH was validated employing a Lei Ci PHS-3C
pH meter. HPLC analysis was carried on by using Shimadzu LC-20AD.
Fluorescent spectra were recorded on a Shimadzu RF-5301.

2.2. Synthesis of BMI

Compound 2 was synthesized according to our method [22]. Com-
pound 2 (810 mg, 3 mmol) and 1,4-phthalaldehyde (402 mg, 3 mmol)
were dissolved in acetic acid (10 mL) followed stirring for 5 h at 120 °C.
The obtained reaction system was extracted with ethyl acetate and
purified by column chromatography. The final product BMI (645 mg,
56%) was obtained as a pale yellow solid. 1H NMR (500 MHz, CDCl3) δ
10.01 (s, 1H), 8.08 (d, J= 7.4 Hz, 2H), 7.91 (d, J= 7.6 Hz, 2H), 7.46
(d, J= 7.5 Hz, 4H), 6.88 (d, J= 8.0 Hz, 4H), 3.83 (s, 6H).13C NMR
(125 MHz, CDCl3) δ 191.92, 159.10, 144.02, 135.47, 135.30, 133.53,
130.28, 129.19, 125.47, 124.82, 114.01, 55.27. HRMS: calcd for [M
+H]+: 385.1507; found: 385.1571.

2.3. Synthesis of BMIM

BMI (384 mg, 1 mmol) and sodium hydride (48 mg, 2 mmol) were
dissolved in anhydrous DMF (5 mL) and stirred at 60 °C for 1 h under
the protection of nitrogen, then iodomethane (142 mg, 1 mmol) was
added and the reaction system was stirred for 3 h at 90 °C. The reaction
system was extracted with ethyl acetate, dried over anhydrous mag-
nesium sulfate, and dried by vacuum. The crude product was purified
by the chromatographic column to yield a yellow solid 4-(4,5-bis(4-
methoxyphenyl)-1-methyl-1H-imidazole-2-yl)benzaldehyde (BMIM)
(207 mg, 52%). 1H NMR (500 MHz, CDCl3) 10.08 (s, 1H), 7.99 (dd,
J= 19.1, 8.0 Hz, 4H), 7.50 (d, J= 8.4 Hz, 2H), 7.33 (d, J= 8.3 Hz,
2H), 7.03 (d, J= 8.3 Hz, 2H), 6.80 (d, J= 8.5 Hz, 2H), 3.89 (s, 3H),
3.78 (s, 3H), 3.56 (s, 3H).13C NMR (125 MHz, CDCl3) 191.42, 160.04,
158.12, 145.64, 138.10, 136.52, 135.67, 130.65, 129.91, 129.89,
129.17, 127.90, 126.79, 122.64, 114.25, 113.28, 54.96, 33.20, 29.25.
HRMS: calcd for [M+H]+: 399.1664; found: 399.1708.

2.4. Synthesis of BMIE and BMIB

4-(1-Ethyl-4,5-bis(4-methoxyphenyl)-1H-imidazole-2-yl)benzalde-
hyde (BMIE) and 4-(1-benzyl-4,5-bis(4-methoxyphenyl)-1H-imidazole-
2-yl)benzaldehyde (BMIB) were synthesized in the light of the general
procedure of BMIM. BMIE (Yellow solid, 54%) 1H NMR (500 MHz,
CDCl3) 10.10 (s, 1H), 8.01 (s, 2H), 7.94 (d, J= 7.6 Hz, 2H), 7.48 (d,
J= 7.7 Hz, 2H), 7.35 (d, J= 7.6 Hz, 2H), 7.05 (d, J= 7.6 Hz, 2H), 6.79

Scheme 1. Conversion strategy from ACQ fluorophores to AIE fluorophores by introducing a CFG.
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(d, J= 7.8 Hz, 2H), 4.00 (d, J= 7.1 Hz, 2H), 3.91 (s, 3H), 3.78 (s, 3H),
1.09 (t, J= 7.0 Hz, 3H). 13C NMR (125 MHz, CDCl3) 191.70, 160.00,
158.36, 145.25, 138.44, 137.11, 135.99, 132.33, 129.96, 129.47,
129.32, 127.92, 127.03, 123.12, 114.63, 113.60, 54.96, 39.47, 29.56,
16.06. HRMS: calcd for [M+H]+: 413.1820; found: 413.1883.

BMIB (Yellow solid, 49%) 1H NMR (500 MHz, CDCl3) 10.03 (s, 1H),
7.89 (dd, J= 17.1, 8.0 Hz, 4H), 7.54 (d, J= 8.4 Hz, 2H), 7.26 (d,
J= 7.1 Hz, 3H), 7.15 (d, J= 8.2 Hz, 2H), 6.88 (d, J= 7.6 Hz, 4H), 6.80
(d, J= 8.4 Hz, 2H), 5.15 (s, 2H), 3.83 (s, 3H), 3.79 (s, 3H). 13C NMR
(125 MHz, CDCl3) 191.64, 162.51, 160.00, 158.53, 145.91, 138.49,
137.75, 137.23, 135.99, 132.34, 130.18, 129.88, 129.19, 128.82,
128.01, 127.62, 125.82, 122.49, 114.42, 113.66, 55.25, 55.18, 48.43.
HRMS: calcd for [M+H]+: 475.1977; found: 475.2047.

2.5. Synthesis of CBMIB

Terephthalaldehyde (134 mg, 1 mmol) and 4-chloroaniline (127 mg,
1 mmol) were dissolved in ethanoic acid (15 mL) followed stirring for
1 h at 25 °C. Compound 2 (270 mg, 1 mmol) and ammonium acetate
(540 mg, 7 mmol) were added subsequently. The mixture was heated at
120 °C overnight. After quenching with water, the mixture was adjusted
to neutral, extracted with ethyl acetate, dried over anhydrous magne-
sium sulfate and dried in vacuo. Purify the crude product by column to
obtain 4-(1-(4-chlorophenyl)-4,5-bis(4-methoxyphenyl)-1H-imidazole-
2-yl)benzalde -hyde (CBMIB) as a pale yellow solid (207 mg, 42%). 1H
NMR (500 MHz, CDCl3) δ 9.98 (s, 1H), 7.79 (d, J= 8.3 Hz, 2H), 7.61
(d, J= 8.3 Hz, 2H), 7.56–7.52 (m, 2H), 7.29 (dd, J= 6.6, 2.0 Hz, 2H),
7.07–7.04 (m, 2H), 7.02–6.98 (m, 2H), 6.84–6.80 (m, 4H), 3.81 (s, 3H),
3.80 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 191.69, 159.52, 158.68,
144.91, 138.93, 135.89, 135.52, 135.49, 134.59, 132.34, 130.87,
129.64, 129.58, 129.55, 129.07, 128.43, 126.64, 122.06, 114.14,
113.73, 55.21, 55.18. HRMS: calcd for [M+H]+: 495.1431; found:
495.1491.

2.6. Synthesis of BMIBD

BMIB (237 mg, 0.5 mmol) was dissolved in 5 mL absolute ethanol,
p-toluene sulfonic acid and 2-mercaptoethanol (79 mg, 1 mmol) was
added followed stirring for 6 h under the protection of nitrogen at 80 °C.
Subsequently the solvent was removed and the mixture was separated
by the high-performance liquid chromatography to afford 2,2'-(((4-(1-
benzyl-4,5-bis(4-methoxyphenyl)-1H-imidazole-2-yl)phenyl)methy-
lene)bis(sulfanediyl))bis(ethan-1-ol) (BMIBD) as pale white solid
(187 mg, 61%). 1H NMR (500 MHz, DMSO‑d6) 7.78 (d, J= 7.7 Hz, 2H),
7.65 (d, J= 7.7 Hz, 2H), 7.39 (d, J= 7.9 Hz, 2H), 7.31 (d, J= 7.8 Hz,
2H), 7.20 (s, 3H), 7.03 (d, J= 7.8 Hz, 2H), 6.96 (d, J= 8.0 Hz, 2H),
6.83 (d, J= 4.1 Hz, 2H), 5.37 (s, 1H), 5.26 (s, 2H), 3.79 (s, 3H), 3.75 (s,
3H), 3.54 (t, J= 6.6 Hz, 4H), 2.71-2.66 (m, 2H), 2.57 (dd, J= 13.2,
6.6 Hz, 2H). 13C NMR (125 MHz, DMSO‑d6) 160.83, 160.01, 145.29,
144.70, 139.86, 135.52, 132.93, 131.52, 130.16, 130.09, 129.08,
128.66, 128.26, 126.75, 124.05, 119.19, 117.94, 115.21, 114.63,
60.85, 55.26, 51.97, 48.70, 34.85, 31.57. HRMS: calcd for [M+H]+:
613.2150; found: 613.2157.

2.7. General procedure for the spectra measurement

The stock solutions of Na+, Ca2+, Fe2+, Al3+, Mn2+, Ag+, Fe3+,
Cr3+, Cd2+, K+, Mg2+, Zn2+ and Co2+ were prepared in deionized
water and were first configured as a 10 mmol. First prepared 1 mM of
BMIBD solution in DMSO, then diluted to 10 μM using PBS (10 mM, pH
7.4). Then 10 μL of different ion solution, 980 μL of PBS and 10 μL of
BMIBD were configured as a 1 mL solution. The BMIBD solution
(1 mM) of 10 μL was taken from the pipette gun and added to the PBS
buffer containing different Hg2+ concentration at 990 μL. To study the
practical application of BMIBD for detecting mercury ions, a real water
sample from Xiangjiang River was collected. The water sample was

filtered through a 0.22 μM membrane and configured into samples of
different mercury ion concentrations. Later, 10 μL of BMIBD (1 mM)
was added to 990 μL of the samples individually. All samples were
measured after incubation at 37 °C for 30 min and then the fluorescence
spectra were recorded using 380 nm as the excitation wavelength.

2.8. Fluorescence imaging of Hg2+ in living cells

MDA-MB-231 cells were incubated at 37 °C in Dulbecco's modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 IU/mL penicillin and 100 μg/mL streptomycin in a humi-
dified incubator containing 5% CO2. Cells were treated with mercury
chloride (5 μM or 10 μM) in DMEM for 1 h at 37 °C, and then washed
several times with PBS in order to remove the free Hg2+ ions. BMIBD
was incubated in the cell medium for 30 min, then washed the media
with PBS. The fluorescence imaging of Hg2+ in living cells on the slide
was observed by confocal fluorescence microscope following addition
of 50% glycerol.

3. Results and discussion

3.1. Design and synthesis

With BMI in hand, we explored how the different substituents as
conformation functional groups to affect the AIE properties of BMIs.
The synthetic routes were shown in Scheme 2. All of these products
have been confirmed by 1HNMR, 13CNMR, and BMIBD has been further
confirmed by mass spectrum.

3.2. Photophysical properties of BMI derivatives

First, the optical properties of these derivatives were investigated. It
was observed that fluorescence emission of these compounds was red-
shifted with a decreased tendency in intensity if the polarity of the
solvent increased (Fig. S1). To further verify the ICT mechanism, den-
sity functional theory was implemented to calculate the electron cloud
distributions of these derivatives ((B3LYP level of theory, 6-31G (d3,
3p) basis set). As shown in Fig. 1, the electronic clouds in the HOMO
orbitals of these molecules were largely allocated on the electron do-
nating groups, while in the LUMO orbitals, the electron clouds were
mainly distributed in the electron withdrawing groups. These results
coincided with the characteristics of the ICT effect, thus further de-
monstrating that these molecules possess ICT effect. As a comparison,
the electronic cloud distribution of the probe BMIBD appeared to be
more dispersed, thus its ICT effect was weaker than other BMI deri-
vatives. Additionally, from their most stable conformation, it could be
observed that as the steric hindrance of imidazole group increased, the
coplanarity of the entire molecule gradually weakened.

Followed, the AIE effect of these derivatives were investigated. They
showed good solubility in DMSO, but not in water. Therefore, different
DMSO/water systems were selected as the measurement system of the
AIE effect. As can be seen from Fig. 2b, with the water ratio elevated
from 10% to 50%, the fluorescence intensity of BMI attenuated rapidly,
and the fluorescence was substantially quenched when the water ratio
was 50%. Obviously, BMI is a typical ACQ fluorophore. Similarly,
BMIM showed an obvious solvent effect. As the polarity of solvents
increased, fluorescence emission of BMIM red-shifted with a decreased
in intensity, as shown in Fig. S1f. Additionally, the AIE effect of BMIM
was also studied. The fluorescence intensity of BMIM decreased when
the water ratio was 10%–40% and remained unchanged between 40%
and 90%. However, when the water ratio reached 99%, the fluores-
cence intensity had no obvious change. It indicated that BMIM has a
weak AIE effect. On the other hand, we examined whether BMIE has
the AIE effect. When the water ratio was lower than 80%, the fluores-
cence intensity of BMIE was very weak (Fig. 2f). Upon the water ratio
was higher than 80%, the fluorescence intensity increased rapidly and
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reached the highest when the water ratio was increased to 99%.
In Fig. 2g, with the water contents increased from 10% to 20%, we

found the fluorescent intensity of BMIB decreased and the emission
wavelength appeared red-shift. This change was ascribed to the en-
hancement in the ICT effect owing to the increased water content led to
an increase in the polarity of the solution. Upon increasing the polarity
of the solvent, the fluorescent emission wavelength of BMIB red-
shifted, and the fluorescence quantum yield reduced, which was con-
sistent with the ICT effect [47]. With the increased water fractions from
20% to 50%, the fluorescent emission of BMIB was quenched gradually,
indicating that the fluorescence intensity of BMIB was decided by the
ICT effect, but not the RIR process. In a sharp contrast, when the water
contents were elevated from 50% to 99%, the intensity of fluorescence
enhanced (16-fold), while the fluorescence maximum emission blue-
shifted from 530 nm to 495 nm. The properties of CBMIB were depicted
as shown in Fig. 2i. CBMIB emitted nearly no fluorescence when the
water content in the solvent was less than 60%. While the water frac-
tion was in the extent of 60%–80%, the fluorescent emission of CBMIB
increased. Interesting, CBMIB showed an obvious AIE phenomenon
when the water content was between 80% and 99%. Furthermore, ac-
cording to our previous works [25], the nitrogen atom of the imidazole
ring substituted with a benzene ring have exhibited excellent AIE effect
(Fig. S2). Therefore, we speculated that substituent of imidazole in the
nitrogen atom of BMI may be as a conformation function group (CFG)
to turn the AIE effect.

Base on the above results, it suggested that the steric hindrance
plays a crucial role for their AIE characteristics. When the substituent in
BMI was hydrogen, the steric hindrance was too small to affect the
coplanarity. Thus, BMI showed an ACQ effect owing to the π-π
stacking. But concerning BMIM or BMIE whose CFG was methyl or
ethyl, the role of steric hindrance appears. These types of alkyl chains
not only affect the coplanarity of the molecules, but also could facilitate
the restriction of intramolecular rotation in the aggregates. Such a de-
vises greatly reduced the energy consumed by the vibration and rota-
tion of the molecule, thus strong fluorescence emission in aggregation
state, namely AIE Effect, is observed. Regrettably, due to the small
steric hindrance, methyl group has weak ability to limit intramolecular
rotation, resulting in BMIE showing weak AIE effect. On the contrary,

the larger CFG such as benzene ring and benzyl group not only re-
stricted the free rotation in the molecule, but also destroyed the co-
planarity of molecules. So, the AIE effect of BMIB and CBMIB presented
more obviously. Importantly, the different ability of the benzyl group
and benzene ring to modulate the AIE properties was examined as
shown in Fig. 2. The AIE effect of CBMIB started from the water content
of 70% while BMIB was from 50%. Due to its greater steric hindrance,
the benzyl group showed higher potency in AIE effect without the re-
quirement of a very concentrated state. These results further illustrated
the role of steric hindrance provided by CFG in the AIE effect.

From these comparative experiments depicted above, it was re-
vealed that BMIB exhibited excellent AIE characteristic. Next, we ex-
plored its application in chemical sensor and fluorescent imaging. It is
reported that 2-mercaptoethanol can not only be used as a specific
target for mercury ion detection after condensation with an aldehyde
group, but also increase the water solubility of the probe. Taking above
in mind, we designed and synthesized fluorescent probe BMIBD for
detection of mercury ion. BMIBD was obtained from the reaction of
BMIB with 2-mercaptoethanol (Scheme S1). After the response to the
mercury, the umpolung of the probe led to fluorescence emission,
meanwhile the fluorescence signal was further amplified by the AIE
effect due to the aggregation of BMIB with worse solubility.

3.3. Fluorescence response to Hg2+

The fluorescence responsive behaviour of BMIBD toward Hg2+

were explored in PBS buffer (10 mM, pH 7.4, containing 1% DMSO). As
shown in Fig. S3, the ultraviolet absorption peak of BMIBD (10 μM) was
a tail peak, which was typical of Mie scattering. The average aggregate
size of the probe BMIBD in PBS was 87 nm (Fig. S4). When Hg2+

(10 μM) was added, a new red shift peak appeared in the ultraviolet
absorption spectrum, and the average particle size was 220 nm (Fig.
S5). Otherwise BMIBD (10 μM) showed only faint fluorescence upon
excitation at 380 nm. Nevertheless, the fluorescence intensity of BMIBD
increased gradually and the maximum fluorescent emission wavelength
red-shifted from 475 nm to 495 nm after adding Hg2+ from 1 μM to
10 μM. (Fig. 3b). The change in spectroscopy was attributed to the re-
covery of aldehydes after the reaction of mercury ions with BMIBD.

Scheme 2. The synthetic route of BMI and derivatives.
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Fig. 1. Molecular orbital of the HOMO and LUMO and Most stable conformation for BMI, BMIM, BMIE, BMIB, CBMIB and BMIBD.

Fig. 2. (a, c, e, g, i) Fluorescence emission spectra of BMI, BMIM, BMIE, BMIB and CBMIB (10 μM) in DMSO/water mixtures with different water fractions (fw)), (b,
d, f, h, j) Fluorescence intensity versus the content of the DMSO/water mixture of BMI, BMIM, BMIE, BMIB and CBMIB (10 μM). Inset: images of compounds with
10% to 99% water fraction in DMSO/water mixture were taken under a 365 nm hand-held UV lamp.
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Furthermore, in the range of 1 μM–10 μM, the fluorescence intensity at
495 nm exhibited a good linear relationship (R2 = 0.991) with the
concentration of mercury ion (Fig. S6). The lowest detection limit of
compound BMIBD for Hg2+ was calculated to be 0.036 μM on basis of
3σ/k. The amplification of fluorescence emission signal was attributed
to the AIE effect thus giving the probe a relatively low detection limit
for mercury ions.

Furthermore, in order to explore the optimal conditions for detec-
tion, the responsive saturation time of probe BMIBD to mercury ions
was further studied (Fig. S7). Displayed as the result, the responsive
fluorescence intensity arrived the plateau after incubation for 15 min at

37 °C. Moreover, the fluorescence spectra changes of the probe BMIBD
under different pH conditions were also investigated. As shown in Fig.
S8, the fluorescence emission of probe BMIBD was almost stable over
the extensive pH range (pH = 1–11). Additionally, probe BMIBD with
Hg2+ behaved as an enhanced fluorescence emission when the pH was
5–9, indicating that BMIBD could trace Hg2+ over the extensive pH
range.

3.4. Selectivity of BMIBD

Selectivity is one of these crucial parameters for fluorescent probes
to evaluate their applicability. As showed in Fig. S9, the obvious en-
hancement of fluorescence emission appeared only in the presence of
Hg2+(10 μM), while the existing of several comparative cations Na+,
Ca2+, Fe2+, Al3+, Mn2+, Ag+, Fe3+, Cr3+, Cd2+, K+, Mg2+, Zn2+,
Co2+ (100 μM) exhibited a negligible response. Probe BMIBD showed a
4–5 folds more obvious response toward Hg2+ than other cations. The
results showed probe BMIBD exhibited superb selectivity for mercury
ions from other cations.

3.5. Recovery test of Hg2+ in real samples

Due to the excellent performance of the probe in terms of selectivity
and sensitivity, BMIBD was further applied for detecting Hg2+ in actual
environmental samples. As shown in Fig. S10, fluorescence emission
spectra and quantitative standard curves at different concentrations
were examined. Table S1 showed that the recovery of mercury ions in
the samples was between 94.5% and 101.8% while the RSD was also
less than 5%.

3.6. POCT for detecting Hg2+

After gaining these inspiring results in the above experiments, the
detection of Hg2+ ion was further carried out in the solid state. A so-
lution of 400 μM probe BMIBD in THF was adsorbed onto the poly-
amide film which showed nearly no emission. After the addition of
mercury ions in different concentration, the test paper became strongly
emissive (Fig. S11). Further, the emission was positively correlated to
the concentration of Hg2+ ions, the more Hg2+ ions, the higher fluor-
escent intensity. The result has shown that our probe BMIBD possessed
great potential in the test paper.

3.7. The mechanism for detecting Hg2+

To verify the mechanism of the fluorescent probe for detection of
mercury ions, 1H NMR titration experiment was implemented in the
absence and presence of Hg2+. As shown in Fig. 4d, after the addition of
1.0 eq. Hg2+ to the BMIBD in DMSO‑d6-D2O (5/1, v/v), a new alde-
hyde-based signal peak began to appear at a chemical shift of 10.1 ppm,
and a signal peak of the methylene group attached to the sulfhydryl
group in the mercaptoethanol also could be observed. At the same time,

Fig. 3. (a) Fluorescence spectra of BMIBD
(10 μM) without and with Hg2+ (10 μM) in PBS
buffer (λex = 380 nm). Inset picture: image of
solution BMIBD without and with Hg2+. (b)
Fluorescence response of the probe BMIBD
(10 μM) to Hg2+ at varying concentrations
(0–10 μM) in PBS buffer (λex = 380 nm). The
incubation time of the probe with mercury ions
was 20 minutes.

Fig. 4. (a) Proposed Hg2+-induced umpolung mechanism of BMIBD, (b, c, d)
1H NMR (500 MHz) spectra of BMIBD recorded upon addition of 0 equiv., 0.4
equiv. and 1.0 equiv. of Hg2+ in DMSO-d6−D2O mixture, and (e) 1H NMR
(500 MHz) spectra of BMIB.
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the intensity of the signal peak of the methine group attached to the
sulfur atom in BMIBD was reduced (Fig. S12). Furthermore, mass
spectrometry was used to verify the response mechanism of BMIBD to
Hg2+. As seen in Fig. S13, the peak of m/z [BMIB + H]+ appeared in
the MS spectrum after the addition of mercury ions. Based on these
results, we speculated the mechanism of the probe response in which
mercury ions induced the hydrolysis of BMIBD to produce BMIB ex-
hibiting the enhanced fluorescence emission via the enhanced ICT ef-
fect and the fluorescent signal amplification of AIE effect (Scheme S2).

3.8. Cytotoxicity examination

The cytotoxicity of BMIBD was evaluated by the MTT assay. As
shown in Fig. S14, even if the concentration of the probe BMIBD
reached 10 μΜ, the cell viability still maintained 90%, indicating that
the probe BMIBD had good biocompatibility even at high concentra-
tion.

3.9. Imaging of Hg2+ in living cells

Owing to the low cytotoxicity and excellent response to mercury ion
in aqueous condition, the imaging ability of BMIBD for mercury ion in
living cells was evaluated. As shown in Fig. 5b, in the absence of Hg2+,
no fluorescence was observed under the green channel. Once addition
of mercury ion (5 μM or 10 μM), the strong green fluorescence emission
in the living cells appeared. It's worth noting that as the concentration
of mercury ions increased, the fluorescence emission intensity was en-
hanced as well (Fig. 5e and h). It could be seen from the merged pic-
tures that the fluorescence emission was mainly distributed in the cy-
toplasm (Fig. 5f and i), which illustrated that BMIBD had a good ability
to pass through the cell membrane. These results suggested that the
fluorescent probe BMIBD allowed imaging of Hg2+ in living cells with
the superior characteristics of non-invasive and on-site.

4. Conclusions

Based on the steric effect of CFG on the imidazolium fluorophore,
we introduced various CFGs on the imidazole ring to investigate the

effect of different sterically hindered groups and developed a series of
AIE fluorophores. We have successfully synthesized and analysed a
series of imidazolium derivatives with a branched chain or a bulky ring
on the imidazole ring based on the triaryl imidazole. The experimental
results showed that CFG not only played a crucial role in the restriction
of intramolecular rotation in the aggregate state, but also affected the
coplanarity of molecules. Due to the influence of these factors, the
fluorophore originally with the ACQ effect was converted into a fluor-
ophore with the AIE effect. Accordingly, we elaborately selected BMIB
with excellent AIE property to develop a fluorescent molecular probe
BMIBD to detect mercury ion. The responsive mechanism of the probe
was proved by 1H NMR titration experiments and mass spectrometry.
The probe BMIBD exhibited favourable water solubility, high se-
lectivity and sensitivity, good linearity and superior stability over a
wide pH range of 4–9. Furthermore, BMIBD was applied for detecting
mercury ion in real water samples, POCT and imaging of mercury ion in
living cells. Owing to its favourable biocompatibility, non-invasive and
on-site imaging, BMIBD has great potential in the detection of mercury
ions in environmental and biological samples.
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