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ARTICLE INFO ABSTRACT

A new tetraphenylethylene derivative based fluorescenct probe (probe 2) was synthesized in a simple two-step
process for selectively switch on and reversible detection of Hg?* in aqueous solution based on aggregation-
induced emission phenomenon. Probe 2 exhibited weak emission in aqueous solution due to the fast non-ra-
diative decay of the excited singlet state facilitated by the free rotation of four phenyl rotors. While after co-
ordination with Hg®*, the Hg?*-promoted aggregation formation will occur and restrict the intramolecular
rotation, which blocks the non-radiative pathways and opens up the emission channel, resulting in the switch on
response of probe 2 toward Hg>*. Probe 2 exhibited high sensitivity and good selectivity toward Hg®* with a
detection limit of 45.4nM. Moreover, the detection can be reversible by subsequent addition of $* into the
detection system, which may be applied in the removal of toxic Hg®>* from water. Elsevier B.V. All rights
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1. Introduction

As a heavy and transition metal ion, mercury (Hg?") is considered
to be highly toxic and dangerous to human health and the environment
[1]. Environmental Hg?* can be easily converted by aerobic organisms
to more toxic methylmercury, which can readily enter biological
membranes due to their lipid solubility, leading to sever neurotoxicity
to many eukaryotes including fish, animals and finally humans through
food-chain accumulation [2]. Nowadays, Hg®>* has severely con-
taminated water, air, land and the food chain due to man-made activ-
ities [3]. And long expose to high levels of Hg>" may results in lasting
and highly harmful effects in biological systems, causing various dis-
eases including cognitive and motion disorders, language, hearing, vi-
sion and hair loss, prenatal neutron and brain damage, Minamata dis-
ease and even death [4,5]. Due to the high threat of Hg2+ to human
beings, the maximum allowed amount of Hg®* in drinking water
(2 ppb, ca. 10 nM) was set by the U.S. Environmental Protection Agency
(EPA) [6], which also manifested the great significance of developing
reliable methods for the highly sensitive and selective detection of
Hg?™" in aqueous solutions.

Traditional detection

methods for Hg®*, such as gas
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chromatography (GC), high performance liquid chromatography
(HPLC), inductively coupled plasma mass spectrometry (ICP MS), X-ray
fluorescence spectrophotometry, atomic absorption spectroscopy
(AAS), and neutron activation analysis [7-11], may greatly suffer from
costly and complicated equipments, long data acquisition time and/or
the involvement of skilled personnel. Fluorescent probes, featured with
the unique advantages of high specificity and sensitivity, simple op-
eration, non-invasiveness and applicability to real-time and online
bioimaging, have aroused great interest in the rapid and convenient
assay of various analytes, especially biologically relevant species
[12-21]. A large number of fluorescent probes have already been re-
ported in recent years to realize the easy and quick sensing of Hg?*
[22-27]. However, the OFF response could not be differentiated with
the false signal induced by quenching of Hg®*. Moreover, most fluor-
escent probes for Hg?" were fabricated based on traditional aggrega-
tion-caused quenching (ACQ) fluorophores, which may also bring about
interference from the quenching of emission in high concentration so-
lutions or after they accumulated in cells [28,29].

To prevail the ACQ effect, the concept of aggregation-induced
emission (AIE) was put forward by Tang et al., in 2001 [28,29]. The AIE
Luminogens (AlEgens) exhibit opposite emission behaviours compared
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Scheme 1. Schematic representation of switch on and reversible detection of
Hg?" by probe 2 in aqueous solutions.

to traditional ACQ fluorophores, that is, they are weakly or non-emis-
sive in solution but give bright emission in the aggregation and solid
state. The AIE mechanism has mainly been attributed to the restriction
of intramolecular motion (RIM), which blocks the non-radiative path-
ways and opens up the emission channel in the aggregation state
[30-34]. By now, numerous fascinating AIE probes for various biolo-
gical-relevant species such as, metal ions, proteins, DNA, enzymes, have
been fabricated through well tuning of the aggregation/disaggregation
conditions of AIEgens [30-34]. In fact, a number of fluorescent probes
for HgZJr have been developed based on AlEgens [35-45]. However,
most of the AIE sensors still exist some drawbacks such as low sensi-
tivity, switch off response and poor practicability which required a
much high content of organic solvents in aqueous solutions to afford
proper handling of the detection process [46-53]. Fluorescent probes
with the features of rapid, sensitive, highly selective and reversible
detection of Hg®* in aqueous solution through a switch on mode is still
in high demand.

Herein, we designed a new AIE fluorescent probe (probe 2 in
Scheme 1) for switch on and reversible detection of Hg®* in aqueous
solution. As shown in Scheme 1, we chose 2-(aminooxy)acetic acid as a
chelator for Hg2+. The reaction between 2-(aminooxy)acetic acid and
4-(1,2,2-triphenylvinyl)benzaldehyde (shown in Scheme 2) can easily
afford a Schiff base compound 2 with high yield (92%). Fortunately,
probe 2 was rendered some water solubility due to the presence of
carboxylic acid group, which is favorable for its application in biolo-
gical and environmental samples. Moreover, the emission of probe 2 in
aqueous solution was very weak due to the rotation of phenyl rings.
While after coordinated with Hg®*, the Hg>"-promoted aggregation
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formation will occur and restrict the intramolecular rotation, which
blocks the non-radiative pathways and opens up the emission channel,
resulting in the switch on response of probe 2 toward Hg?*. Probe 2
exhibited high sensitivity and good selectivity toward Hg®* with a
detection limit of 45.4 nM. What's more, the detection can be reversible
by subsequent addition of S* into the detection system, which may be
applied in the removal of toxic Hg?" from water.

2. Experimental
2.1. General information

All solvents were purified and dried following standard procedures
unless special statements. Other chemical reagents were commercial
available and used as received.

'H NMR spectra were obtained on a Brucker DMX-300MHz spec-
trophotometer. High resolution mass spectra were obtained on Brucker
APEX IV (7.0 T) FT_MS. UV-Vis absorption spectra and fluorescence
emission spectra were recorded on a Shimadzu UV-1601PC spectro-
photometer and a Hitachi F-4500 fluorescence spectrophotometer, re-
spectively. Dynamic light scattering (DLS) experiments were carried out
with Malvern Instrument (Nano Series). Confocal fluorescence imaging
experiments were performed with an Olympus FV-1000 laser scanning
microscopy system, based on an IX81 (Olympus, Japan) inverted mi-
croscope. The microscope was equipped with 375 nm (CW) laser lines
and UPLSAPO 60x/N.A 1.42 objective. Images were collected and
processed with Olympus FV10-ASW Ver.2.1b software.

2.2. Synthesis

2.2.1. Compound 2-b

To a THF solution (100 mL) of diphenylmethane (18.0 g, 107 mmol)
at 0 °C was added a solution of n-BuLi in hexane (2.5 M). The mixture
was stirred for 30 min to result in an orange solution of 2-a. To the
solution of 2-a, (4-bromophenyl) (phenyl)methanone (26.1g,
100 mmol) was added at 0 °C. After that, the mixture was continuously
stirred at room temperature for another 6h. Saturated NH,Cl was
added to quench the reaction. The reaction mixture was filtered under
reduced pressure and the resultant was dried to obtain compound 2-b.
Compound 2-b (36.0 g, 84 mmol) was dissolved in 10 mL of toluene and
p-toluenesulfonic acid was added as a catalyst. The reaction mixture
was refluxed overnight and purified by silica chromatography using
ethyl acetate and petroleum ether (1/100, v/v) as the eluent. Yield:

Br
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Scheme 2. Synthetic route of probe 2.
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96%.

To a solution of compound 2-¢ in 15 mL of THF at —78 °C, n-BulLi
(3mL, 1.6 M, 4.86 mmol) in hexane (3 mL) was added dropwise. The
mixture was stirred at —78 °C for 2 h before quickly adding anhydrous
DMF (1.1 mL, 14.56 mmol). The mixture was stirred at temperature for
another 6 h. The mixture was washed with brine and extracted with
dichloromethane twice. The organic layer was combined and dried over
anhydrous Na,SOy,, filtered and evaporated. The residue was subjected
to column chromatography with ethyl acetate/petroleum ether (95/5,
v/v) as eluent to obtain compound 2-d as a solid. Yield: 45%. 1H NMR
(300 MHz, CDCl3) 8 9.92 (s, 1H), 7.64 (d, J = 8.3Hz, 2H), 7.23 (d,
J = 8.2Hz, 2H), 7.17-7.10 (m, 9H), 7.09-7.02 (m, 6H). °C NMR
(75MHz, CDCl3) & 191.51, 150.22, 142.73, 142.68, 142.58, 139.46,
133.99, 131.62, 130.97, 130.95, 130.91, 128.83, 127.62, 127.61,
127.43, 126.73, 126.57, 126.54.

2.2.2. Compound 2

Compound 2-d (0.30g, 0.80 mmol) and 2-(aminooxy)acetic acid
(0.115g, 1.26 mmol) was added to 30 mL redistilled 1,4-dioxane in
order. The reaction mixture was refluxed for 2.5h. After cooling to
room temperature, the mixture was washed with brine and extracted
with ethyl acetate twice. The organic layer was combined and dried
over anhydrous Na,SO,, filtered and evaporated. The residue was
subjected to column chromatography with ethyl acetate/petroleum
ether (1/20-1/2, v/v) as eluent. Compound 2 was obtained as a light
yellow solid. Yield: 92%. 'HNMR (300 MHz, CDCls) 8 8.11 (s, 1H), 7.32
(d, J = 8.3 Hz, 2H), 7.15-7.08 (m, 9H), 7.07-6.98 (m, 8H), 4.73 (s, 2H);
13C NMR (75 MHz, DMSO) 8§ 174.87, 150.46, 146.02, 143.25, 143.18,
143.09, 141.76, 139.99, 131.55, 131.14, 131.10, 129.05, 127.66,
127.59, 127.50, 126.60, 126.45, 77.05. HRMS m/z calculated for
CaoHo4NOs*: [M+H] " 434.1751, found 434.1754.

2.3. Determination of the detection limit of probe 2 toward addition of

Hg**

Based on the linear fitting in Fig. 1B, the detection limit (C) is es-
timated as follows:

C = 30/B

Where o is the standard deviation obtained from three individual
fluorescence measurements (I47g nm) of probe 2 (25 uM) without Hg2+
and B is the slope obtained after linear fitting the titration curves within
certain ranges.
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3. Results and discussion
3.1. Synthesis and characterization

Probe 2 can be easily prepared and purified according to reported
method (Scheme 2) [54]. The chemical structures of probe 2 and in-
termediate compounds were confirmed by standard spectroscopy
methods with satisfactory results. Details of synthesis and character-
ization can be found in Figs. S4-S8 in the supplementary materials.

3.2. The AIE behavior of probe 2

The AIE properties of probe 2 was confirmed in ethanol/water
mixtures with different water volume fractions (f,,). Results from Fig. S1
in the supplementary materials showed that the emission of probe 2
was very weak in ethanol and increased slowly until f,, reached 70%.
Then the emission intensified swiftly, especially when f,, was beyond
80%. As water is a poor solvent for probe 2, the addition of water will
induce the formation of probe 2 aggregates, and thus turned on the
emission. As a result, probe 2 features the unique AIE characteristics.
Moreover, the behavior of probe 2 in high concentration solutions also
confirmed its AIE feature. As depicted in Fig. S2, the emission intensity
of probe 2 in pure water gradually enhanced as its concentration in-
creased. Again, with water as a poor solvent for probe 2, the con-
centration increase will induce the formation of more and more ag-
gregates, which blocked the non-radiative decay pathway, and turned
on the emission, similar to those of reported TPE derivatives [30-34].

3.3. The spectra response of probe 2 toward Hg?*

To validate our initial design concept for switch on detection of
Hg?*, the spectra response of probe 2 toward Hg®* were first recorded
in ethanol/water mixture (3/7, v/v). As depicted in Fig. 1A, probe 2
was weakly emissive in the absence of Hg?*. While after the addition of
Hg?*, the blue emission was greatly switched on with a peak centered
at 478nm, due to the Hg?*-promoted aggregation formation. The
emission intensity gradually enhanced with increasing aliquots of
Hg?*. Moreover, a good linearity was found between the emission in-
tensity of probe 2 and the concentration of Hg?>* with a range of
15-45uM (Fig. 1B). The limit of detection was thus calculated to be
45.4 nM, based on the 30/B rule (where o is the standard deviation of
blank measurements and B is the slop of the linear equation) [54]. The
detection mechanism was proposed as shown in Scheme 1. In the ab-
sence of Hg>*, probe 2 can be well dissolved in ethanol/water mixture
(3/7, v/v), without forming aggregates. While after addition of Hg?*,
the -CH=N and —-OH group can coordinate with Hg>*, resulting in
2 + Hg>' complex with poor water solubility. And as a result,

Fig. 1. (A) Fluorescent emission spectra of

>
w

PL intensity (au)
PL intensity (au)

probe 2 (25.0 uM in ethanol/water mixture,
3/7, v/v) before and after addition of dif-
ferent concentrations of Hg?*
o (0.0-52.0 uyM). Inset: fluorescent photo-
graphs of probe 2 before and after addition
of 50.0uM Hg?" taken under 365nm UV
irradiation. (B) The plot and linear fitting of
fluorescence intensity of probe 2 (25.0 pM)
at 478 nm as a function of the concentration
. of Hg?". Excitation wavelength
(Aex = 330 nm).
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Fig. 2. Fluorescence microscope images of probe 2 (25.0 pM) in H,O/EtOH mixture in the absence (A and B) and presence (C and D) of ngJr (50.0 uM). Scale bar

represents 20 um. Excitation was set at 405 nm.

Fig. 3. (A) DLS data of probe 2 before and

A B 200 after addition of 50.0uM Hg?*. (B)
—2 . 2 Fluorescence intensity at 478 nm of probe 2
— 2+ Hg2+ 160 WEE2+ Hg2+ (black bars) and probe 2 + ngJr (red bars)
at different pH value in buffered solution.
Aex = 330 nm. (For interpretation of the re-
§ 120 ferences to colour in this figure legend, the
5 2 reader is referred to the Web version of this
Qo [ article.)
S =
=) : 80
=z o
40

05 00 05 10 15 20 25
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aggregation will occur and turn on the emission. To confirm the pro-
posed detection mechanism, both fluorescence imaging and dynamic
light scattering (DLS) experiments were carried out. As illustrated in
Fig. 2, the solution of probe 2 exhibited negligible emission before the
addition of Hg>*. However, in the presence of Hg?", light blue emis-
sive dots can be clearly observed in the fluorescence imaging. DLS data
also indicated the formation of 20-200 nm aggregates for the mixed
solution of probe 2 and Hg®* (Fig. 3A). To ascertain the actual binding
stoichiometry of the probe 2-Hg>" conjugate, a Job's plot analysis was
conducted. As shown in Fig. S3, the emission intensity changes at
478 nm versus the mole fraction of Hg?>* was measured. The maximum
emission intensity change was observed at a mole fraction of about
0.33, which supported a 2:1 complex formed between probe 2 and
Hg?". According to these result, the detection mechanism was pro-
posed as shown in Scheme 1.

3.4. pH effect

The influence of pH on the properties of probe 2 and its response to

12345678 910111213

pH

Hg?* was also evaluated, as the pH values in different samples to be
tested may vary drastically. As shown in Fig. 3B, the fluorescence in-
tensity of probe 2 is stable within a wide pH range from 1.0 to 13.0.
However, the response of probe 2 toward Hg>* showed the highest
sensitivity in pH 3.0-9.0. More acidic or alkaline media would result in
poor fluorescence response, probably due to the poor coordination
ability of probe 2 with Hg?" in strong acidic conditions, or the for-
mation of Hg(OH), at basic pHs [41].

3.5. Selectivity

To check the specificity of probe 2 toward Hg?*, we then evaluated
the responses of probe 2 toward common metal ions in parallel under
the same conditions. As exhibited in Fig. 4, the addition of Hg?" in-
duced a prominent enhancement of the PL intensity, while other metal
ions including Ag*, Au®*, Ba®*, Ca®™", Cd**, Co?™*, Cr®*, Cu®™", Fe?™,
Fe**,K*,LiT,Mg?*, Mn?", Na*, Ni2*, Pd?*, Pt**, Rh®*, Zn?™", Zr*™*
caused no changes, except for Pb?>*, which lead to a small emission
enhancement. The high sensitivity of probe 2 toward Hg>* might be
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Fig. 4. (A) Fluorescent photographs of
probe 2 (25.0 uM, H,O/EtOH = 7/3) before
and after addition of various common metal

P Po* Ph" RN In

ions taken under 365 nm UV irradiation. (B)
The fluorescence spectra of probe 2 in the
presence of various common metal ions. (C)
The fluorescence intensity changes of probe

B C 2at 478nm in the presence of various
2+\ common metal ions. a: blank; b: Ag™; c:
Hg \ Au®t; d: Ba®t; e: Ca?t; f: Cd%*; g Co®ts he
=) \ =) cr®?; i Cut; j: Fe?*; ke Fe**; It Hg? ™ ; m:
8 / S K*; n: Li*; o: Mg?*; p: Mn®*; q: Na*; r:
2> /’ \ > Ni2*; s: Pb%*; t: PA?™; w Pt2F; v: Rh®H; we
i / \ B Zn?*; x: Zr**. The concentration of Hg?*
q:, // \ g and Pb2* is 50.0 uM, while concentrations
€ / \ = of other metal ions are 100uM,
: /’ \ — Aex = 330 nm.
o | blankand | \ 5
other |ons/ pp2* \
350 413 476 539 602 abcdefghijklmnopqgrs tuvwx
Wavelength (nm)
Table 1 4. Conclusion

Detection of Hg?* in tap water.

Method Added (uM) Detected (uM) Recovery (%) RSD (%)
ICP-MS 0 Not detected / /

30.00 30.17 100.6 2.6
Probe 2 0 Not detected / /

30.00 30.93 103.1 1.1

due to the fact that mercury ion has a higher binding affinity and faster
chelating kinetics with N and O functional groups in probe 2 than Pb®*
and other metal ions [27]. These results demonstrated a good se-
lectivity of probe 2 toward Hg>*.

3.6. Analysis of HZ* in real sample

The fluorescent probe 2 has been validated for practical application
in the determination of Hg?>* ion content in tap water. Control ex-
periments show that no Hg?* was detected in tap water. When Hg>"
was added, fluorescence spectra were recorded and the contents of
Hg?" ions were recovered using the linear equation obtained from Fig.
S4. Table 1 presents the results and good recoveries were obtained. In
order to demonstrate the accuracy of this method, the results were
compared to those obtained by ICP-MS. As shown in Table 1, results
obtained by probe 2 agrees well with those obtained by ICP-MS, in-
dicating that the proposed method can be used to analyze Hg?* accu-
rately.

3.7. Reversibility

The reversibility of the detection process was further investigated by
the addition of S* to the probe 2 + Hg>" complex. Owing to the much
stronger binding affinity of Hg?* to $%, S can deplete Hg?>* from
probe 2 + Hg>* complex, releasing free probe 2, which recovers its
weak emission (Fig. S5 in supplementary information). The reversibility
of probe 2 toward Hg?* detection may expand the application of probe
2 to the removal of toxic Hg>* from environmental samples.

We have successfully established a switch on and reversible fluor-
escent probe for the sensitive detection of Hg?" in aqueous solution
based on the unique AIE behaviour of a tetraphenylethylene derivative
(probe 2). Probe 2 exhibited high sensitivity and good selectivity to-
ward Hg?" with a detection limit of 45.4 nM. The reversibility of probe
2 toward Hg?* detection may also extend the application of probe 2 to
the removal of toxic Hg?>* from tap water or environmental samples.
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