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An aggregation-induced emission enhancement (AIEE)-active fluorescent based on

a tetraphenylethene (TPE) unit has been successfully designed and synthesized. Interestingly, the
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luminogen could detect ng+ with high selectivity in an acetonitrile solution without interference from

DOI 10.1039/c9ra02119a other competitive metal ions, and the detection limit was 7.46 x 107® mol L™'. Furthermore, the
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The design and synthesis of molecular sensors for the detection
of metal ions, especially transition-metal ions, has attracted
much attention." Among all transition-metal ions, mercury
(Hg*") is identified as one of the most dangerous and ubiqui-
tous heavy metals. Indeed, it is not biodegradable, and can
cause extreme injury to the environment as well as human
health.*® Additionally, it can be accumulated through the food
chain in the human body, consequently giving rise to several
deleterious effects such as central nervous system defects,
kidney damage, endocrine system disease and so on.”™*?
Although many governments around the world have adopted
strict regulations to limit Hg>" emission, the global Hg**
pollution caused by human activities is still serious.**** There-
fore, it is highly desirable to develop a new method for the
detection of Hg®" with high selectivity and sensitivity.'>*7
Most traditional fluorescent sensors suffer from a detrimental
phenomenon called aggregation-caused quenching (ACQ), which
usually results in a poor solid-state emission efficiency. Fortu-
nately, in 2001, Tang et al reported a fluorescent molecule
named 1-methyl-1,2,3,4,5-pentaphenylsilole. Interestingly, the
fluorescence emission of this luminogen was induced by aggre-
gation, a phenomenon referred to as aggregation-induced emis-
sion (AIE).** Subsequently, in 2002, Park et al reported an
interesting phenomenon named aggregation-induced emission
enhancement (AIEE).” In fact, both AIE and AIEE can achieve
highly efficient emission in the solid state or aggregated state.”*’
In the past years, AIE (or AIEE) phenomenon has attracted
considerable research interest owing to the potential applications
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luminogen also showed interesting solvatochromic behavior and superior cell imaging performance.

in a lot of fields, including bioimaging, fluorescence sensors,
organic lighting emitting diode (OLED) devices and organic
lasers.”*** Meanwhile, many stimuli-responsive materials have
been reported, including photochromism, mechanochromism,
and solvatochromism.*¢ At present, the solvatochromism
materials have been generally used in chemical and biological
systems.*” To date, many fluorescent chemosensors for Hg>* have
been reported. In contrast, the corresponding chemosensors
with AIE or AIEE effect are rare, not to mention solvatochromic
AIE or AIEE-active fluorescent sensors for Hg”" with good cell
imaging behavior. Indeed, preparing such multifunctional
sensors is challenging and significative. In this paper, we re-
ported an AIEE-active tetraphenylethene (TPE)-based fluorescent
sensor (Scheme 1) for the detection of Hg>". Furthermore, the
luminogen also showed remarkable solvatochromism and good
cell imaging characteristics.

p-toluenesulfonic

S e WA,
@ 2)Br toluene O @

B(OH),

®

1) n-BuLi THF

n-BuLi O
money_ PN L
Pd(PPhs),
THF 195k O KoCOj3 |
_>
wt [ e T

reflux f Ny S
7, 7,
N

Br\(\lENj 1 N
\N N/

b
Scheme 1 The synthetic route of luminogen 1.
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To investigate the AIEE phenomenon of luminogen 1, we
initially studied the UV-visible absorption spectra and photo-
luminescence (PL) spectra in acetonitrile-water mixtures with
different water fractions (f,,). The results indicated that the
absorption spectra exhibited level-off tails in the long wave-
length region as the water content increased (Fig. S17). It is well-
known that such tails are usually associated with the Mie scat-
tering effect, which is the key signal of nano-aggregate forma-
tion.*®*** As presented in Fig. 1, luminogen 1 showed weak
fluorescence and the luminescence quantum yield (@) was as
low as 1.35%. Interestingly, when the f,, in the acetonitrile
solution was increased to 80%, an obvious emission band was
formed, and a yellow-green fluorescence was observed. As the
water content was increased to 90%, the emission intensity was
further increased, and a bright yellow-green luminescence (¢ =
27.81%) with a Apay at 545 nm could be observed.

Clearly, water is a poor solvent of luminogen 1. As a result,
the generation of the yellow-green emission can be attributed to
the aggregate formation.>*>* Moreover, as shown in Fig. 2, the
nano-aggregates obtained were verified by dynamic light scat-
terings (DLS). Therefore, 1 is a typical AIEE-active fluorescent
molecule, and its AIEE behavior is caused by the restricted
intramolecular rotation. As shown in Fig. S2,f solid-state
compound 1 showed a strong green emission (@ = 14.50%)
with a Anax at 497 nm, and the corresponding fluorescence
lifetime is 2.66 ns (Fig. S31).

On the other hand, the luminogen 1 also displayed inter-
esting solvatochromism effect. As presented in Fig. 3, the
absorption spectra and fluorescence spectra of luminogen 1 in
different solvents were investigated, respectively. Obviously, the
absorption spectra was barely affected by the polarity of
solvents. However, the photoluminescence peaks were gradu-
ally red-shifted from 515 nm to 625 nm, and thus 1 exhibited
remarkable solvatochromism behavior. Obviously, the
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Fig. 1 (a) Fluorescence spectra of the dilute solutions of 1 (2.0 x
107 mol L™} in acetonitrile—water mixtures with different water
content (0-90%). Excitation wavelength = 380 nm. (b) Changes the
emission intensity of 1 at 545 nm in acetonitrile—water mixtures with
different volume fractions of water (0-90%). (c) PL images of 1 (2.0 x
107° mol L™} in acetonitrile—water mixtures with different f,, values
under 365 nm UV illumination.
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Fig. 2 Size distribution curve of luminogen 1 (2.0 x 107> mol L™} in
acetonitrile—water mixtures with f,, = 90%.

molecular structure of luminogen 1 is distorted due to the
presence of TPE unit, and the conjugation degree of molecule 1
is different in various solvents, and the intramolecular charge
transfer (ICT) effect is possibly responsible for the sol-
vatochromism behavior of 1.

Subsequently, the changes in the fluorescence of luminogen
1 induced by Hg>* were investigated in acetonitrile (2.0 x
10" mol L") at room temperature. In the fluorometric titration
experiments, as shown in Fig. 4, the emission intensity signif-
icantly decreased when the Hg”>* concentration increased from
0 to 7.0 equivalents in acetonitrile. Meanwhile, the fluorescent
color changed from orange-red to colorless, and followed by
a plateau upon further titration (Fig. 5). Remarkably, the
emission intensity of luminogen 1 was almost quenched
completely. Furthermore, based on the titration experiments,
the detection limit of luminogen 1 for Hg>" on the basis of LOD
= 3 x o/B (where ¢ is the standard deviation of blank sample
and B is the slope between the fluorescence intensity versus
Hg>" concentration) was 7.46 x 10~ ° M (Fig. S4). Moreover,
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Fig. 3 (a) UV-Vis absorption spectra and (b) normalized fluorescence
spectra (Excitation wavelength = 380 nm) of luminogen 1 in different
solvents (2.0 x 107> mol L™). (c) Photographs of 1 under 365 nm UV
illumination in different solvents: tol (toluene); THF (tetrahydrofuran);
EA (ethyl acetate); BT (acetone); MeCN (acetonitrile); DMSO (dimethyl
sulfoxide).
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Fig. 4 Fluorescence titration spectra of luminogen 1 (2.0 x
107° mol LY induced by Hg?* (0-7.0 equiv.) in an acetonitrile solu-
tion. Excitation wavelength = 380 nm.
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Fig. 5 The emission intensity changes of luminogen 1 at 625 nm with
different equivalents of Hg?*.

a good linear relationship could be obtained (R = —0.9933) and
the quenching constant of luminogen 1 with Hg*" was 1.9 x 10"
M (Fig. S5t). On the other hand, the binding ratio of lumi-
nogen 1 for Hg** was established through Job's plot and the
results showed 1:1 stoichiometric complexation (Fig. S67).
Next, the binding interactions between 1 and Hg>" were further
investigated by NMR in acetonitrile-d;. As presented in Fig. 6,
the signal of Ha from 9.42 ppm shifted to 9.62 ppm and the Hb
changed from 8.43 ppm to 9.24 ppm. Besides, the Hc or Hd was
slightly shifted for 0.04 ppm or 0.06 ppm, respectively. These
consequences revealed that the N on the pyridine and the N on
the pyrazine (near the N on the pyridine) are the most probable
binding with Hg®". Mass spectra were utilized to further
demonstrate the binding mode of luminogen 1 toward Hg>".
The peak located at m/z = 820.0 was coincided well with the
ensemble [1 + Hg>* +2NO;~ + Cl7]7, confirming the binding
ratio of luminogen 1 for Hg”" with 1 : 1 stoichiometry (Fig. S77).

Next, in order to study the selectivity behavior of luminogen
1 as a fluorescent sensor for Hg2+, other metal ions, such as
Zl’l2+, Cd2+, Ba2+, Sr”, Mn”, Mg2+’ Ca2+, Pb2+, Ni2+, C02+, Cu“,
APP", Fe’*, Cr**, Ag" and K" were also measured in acetonitrile

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 H NMR (acetonitrile-ds, 400 MHz) spectra changes of lumi-
nogen 1 in the presence of ng*.

under the same experimental conditions. The corresponding
UV-Vis absorption spectra were shown in Fig. S8.1 Furthermore,
as showed in Fig. 7, when these cations were added separately
into the solution containing luminogen 1, no obvious fluores-
cence changes were observed. Indeed, as noticed in Fig. S9, no
obvious interference was observed when Hg>" (7.0 equiv.) was
added with other ions (7.0 equiv.). These results indicated that
luminogen 1 could be served as a highly selective fluorescent
sensor for detection of Hg*".

Fluorescent probe is a powerful tool for optical imaging,
which allows direct visualization of biological analytes.®
Luminogen 1 was AIEE-active due to the restriction of intra-
molecular rotation in the aggregate state, which is beneficial for
cell imaging. Indeed, the viability of HeLa cells incubated with
luminogen 1 was evaluated by the standard MTT method
(Fig. 8), and the result indicated that compound 1 exhibited low
cytotoxicity. Next, cell imaging behavior of luminogen 1 was
investigated using a confocal laser scanning microscopy
(CLSM). HeLa cells were incubated with luminogen 1 (20 uM)
for 30 min at 37 °C and the fluorescence images were obtained
by CLSM.

As presented in Fig. 9, an intense yellow-green fluorescence,
which was consistent with the fluorescence of luminogen 1 in

blank and other ions
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Fig. 7 (a) Fluorescence spectra of luminogen 1 (2.0 x 107> mol L™
towards various cations including Zn?*, Cd?*, Hg®*, Ba*, Sr**, Mn®",
Mg?*, Ca*, Pb?*, Ni2*, Co?*, Cu?*, A®*, Fe®*, Cr¥*, Ag® and K*.
Excitation wavelength = 380 nm. (b) Fluorescence photographs of
luminogen 1 after addition of various metal ions (7.0 equiv.) under
365 nm light.
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Fig. 8 The MTT assay of compound 1 for measuring cell viability.

Fig.9 Fluorescence images of Hela cells incubated with luminogen 1
(20 uM) for 30 min at 37 °C: (a) bright field image; (b) fluorescence
image; (c) merge image (a and b).

acetonitrile-water mixture with high water content (80% or
90%), was displayed inside the cells. This result indicated that
luminogen 1 tended to aggregate inside the cells, and thus the
bright yellow-green luminescence was clearly observed.
Furthermore, the merged picture ¢ demonstrated that picture
a and picture b overlapped very well. These results indicated
that luminogen 1 showed superior cell imaging performance.

In summary, a TPE-based fluorescent molecule was designed
and synthesized. The luminogen exhibited obvious AIEE
phenomenon. Moreover, luminogen 1 could be used as a highly
selective fluorescence turn-off chemosensor for Hg?*, and the
detection limit was 7.46 x 10~° mol L™'. Furthermore, 1 also
displayed interesting solvatochromic behavior and superior cell
imaging performance. Further studies on the design of new AIE
or AIEE-active fluorescent chemosensors are in progress.
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