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Tetraphenylethene-capped
aminobenzopyranoxanthene hgdrazone probes for
colorimetric recognition of Hg“" and fluorescent
sensing of HCl gas+

Yang Yang, @ *3 Chang Pei,? Chao-Ying Gao? and Jinglin Liu*®®

Two sensing molecules, A-T1 and A-T2 with bichromophore were synthesized by linking different
numbers of TPE units to a xanthene platform (ABPX). There was a big difference in symmetry and sensing
features between the two molecules. The asymmetric molecule A-T1 has hydrazide and TPE-capped
hydrazone ligands, while the symmetric molecule A-T2 with two TPE units showed brighter AIE
fluorescence in solid state and aqueous solution. In heavy metal ion analysis, A-T1 showed obvious
absorption increase centered at 499 and 533 nm in the presence of Hg?", and the color changed to pink;
A-T2 showed weak response to Cu?* due to the steric hindrance of TPE. The Job's Plot and ESI-MS
results indicated that a 1:1 ligand-metal complex was formed between the A-T1 hydrazide site and Hg?*,
and Cu®* can coordinate with the TPE-capped hydrazone site. Furthermore, A-T1 powder could respond
to HCl gas via the spiro-opening process, and this can be restored by NHz. The *H NMR chemical shifts of
the xanthene at 6.16 to 6.56 ppm vanished and reappeared, demonstrating the protonation of
diethylamine groups by HCl gas. These probes could be applied as fluorescence indicators in vivo imaging

rsc.li/sensors with high resolution.

1. Introduction

Xanthene is a compound in which the middle carbon of
anthracene is replaced by an oxygen or nitrogen atom. Its
derivatives have exhibited excellent biological activities and
optical properties, and they are widely used in printing,
luminescent devices, photocatalysts and bio-markers.'”
Fluorescein and rhodamine are two classic dyes of the
xanthene family that can be prepared by condensation of
phthalic anhydride with phenolic derivatives. When their
structures are modified or conjugated with other aromatic or
heterocyclic rings, the planar structure will be expanded. This
strategy will induce the absorption and fluorescence of the
dye to effectively red-shift from the visible to infrared
region.*® If two xanthene molecules are fused together in the
transversal,”® the vertical,'® or the diagonal mode,'"'* three
aminobenzopyranoxanthene (ABPX) isomers are constructed
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with two spirolactone rings. Compared to a single
spirolactone molecule (rhodamine), they may have
multispectral ~ response  capability towards  external
stimuli."***

Unlike most traditional chromophores, the luminogens
with the aggregation-induced emission (AIE) feature can light
up when the water fraction of the organic solution
increases.'>'® This anomaly has drawn great attention and
been extensively researched. The development of AIE
materials is active, and they are crucial in light emitting
devices, biological diagnostics and therapies."”'® As one of
the classical and simplest AIE members, tetraphenylethene
(TPE) can be used as a fluorophore in designing AIE
chemosensors.'”?° Additionally, it can be easily introduced
into traditional dyes and fluorescent materials via cross-
coupling and condensation reactions.*>** A series of AIE-
based molecules were obtained by introducing TPE units into
the xanthene platform, and they were applied in the
chemosensing of metal ions, acid gas and amino acid or as
fluorescent switches.>* >

In the designing of bichromophore sensing materials, the
symmetric structure can effectively enhance the recognition
sensitivity and detection range, which is beneficial in the
separation of harmful analytes.>®>” When the molecules are
asymmetric, various functional groups can be assigned to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sensing platform, and this structure can realize the multi-
channel response to analytes in developing logic gates and
chemical encryption materials.*®** In this work, two novel
bichromophore molecules, A-T1 and A-T2, with AIE
properties were constructed by combination of ABPX and
TPE. Both of them have n-extended xanthene structures; the
two TPE-capped symmetric molecule A-T2 exhibited a higher
fluorescence quantum yield than the asymmetric molecule A-
T1, which enabled A-T2 to emit stronger fluorescence. The
discrepancy of spatial structure led to the change of their
sensing behaviors with different analytes. A-T1 exhibited
colorimetric and spectral response to Hg>" and HCI gas,
while A-T2 showed weak response to Cu’’. They can be
applied to in vivo imaging of plants and zebrafish.

2. Experimental section
2.1 Apparatus

"H and C NMR (CDCI;) spectra were recorded on Bruker
AV-500 spectrometers with tetramethylsilane (TMS) as the
internal standard. IR spectra were recorded with a
SHIMADZU IR Tracer-100 spectrophotometer. ESI-MS spectra
were recorded on a Thermo Fisher UHPLC-QE Focus orbitrap
mass spectrometer system. The fluorescence spectra were
recorded on a JASCO FP-6500 fluorescence
spectrophotometer. The UV-Vis spectra were recorded on a
PGeneral TU-1901 spectrophotometer. The nanoparticle size
was measured by a Nanobrook 90plus Zeta. The fluorescence
imaging experiments were conducted on an Olympus
IX73DP80 fluorescence microscope. The lab  water
purification system was purchased from Beijing Xiang Shun
Yuan Technology Co., LTD.

2.2 Reagents

All reagents were purchased from commercial suppliers and
used without further purification. Solvents for chemical
synthesis and analysis were purified according to standard
procedures. The solutions of metal ions were prepared from
their nitrate salts: Al(NO;);, Fe(NOj);, Co(NO3),, Ni(NOs),,
Cu(NO3),, Zn(NO;),, Cd(NO;),, Hg(NO;),, Pb(NO;),, and
AgNO;, and sulfate salts: Fe(NH,),(SO,),. And the solution of
sulfide ions was prepared from Na,S. Ultrapure water was
provided by a lab water purification system.

,eeeeeccsccccccccccscaa=

Scheme 1 The structure of chemosensors A-T1 and A-T2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.3 Synthesis of A-T

The intermediates aminobenzopyranoxanthene hydrazide
(ABPX-hy) and 4-(1,2,2-triphenylvinyl)benzaldehyde (TPE-
CHO) were prepared by previously described methods.?*!
The chemosensors ABPX-TPE1 (A-T1) and ABPX-TPE2 (A-T2)
shown in Scheme 1 were synthesized by condensation of
ABPX-hy and 4-(1,2,2-triphenylvinyl)benzaldehyde. The
synthesis steps were as follows:

A-T1. Two drops of HAc, ABPX-hy (0.191 g, 0.30 mmol)
and TPE-CHO (0.100 g, 0.30 mmol) were stirred and refluxed
for 24 h. After cooling, the light pink solution was poured
into distilled water and extracted with CH,Cl, three times.
The crude product was purified by column chromatography
(petroleum ether/ethyl acetate 1:1, v/v) to obtain a yellowish
solid. Yield: 46%; "H NMR (500 MHz, CDCl;) 6 8.72 (s, 1H),
7.80 (dd, J = 28.8, 7.0 Hz, 2H), 7.42 (s, 2H), 7.14 (d, J = 7.9 Hz,
3H), 7.12-6.89 (m, 18H), 6.85 (t, J = 7.4 Hz, 2H), 6.67 (d, J =
7.4 Hz, 1H), 6.56-6.38 (m, 3H), 6.38-6.15 (m, 3H), 5.98 (s,
1H), 3.48 (s, 2H), 3.32 (m, 8H), 1.23-1.05 (t, 12H); *C NMR
(125 MHz, CDCl;) J 166.24, 164.79, 153.59, 153.25, 152.87,
152.61, 150.49, 150.18, 149.81, 148.98, 145.62, 143.52, 141.56,
140.42, 133.28, 132.91, 131.25, 129.54, 128.78, 128.76, 127.53,
126.71, 123.98, 123.54, 123.04, 117.36, 108.41, 106.46, 104.51,
98.05, 65.86, 65.26, 44.38, 12.61; IR (KBr), v, cm™': 2968,
2922, 1702, 1619, 1570, 1494, 1428, 1305, 1219, 1080, 702;
ESI-MS: m/z = 1037.259.

A-T2. Two drops of HAc, ABPX-hy (0.191 g, 0.30 mmol)
and TPE-CHO (0.200 g, 0.60 mmol) were stirred and refluxed
for 24 h. The subsequent separation processes were the same
as those of A-T1. Yield: 50%; '"H NMR (500 MHz, CDCl;) §
8.83 (s, 2H), 7.79 (d, J = 7.6 Hz, 2H), 7.32 (t, J = 7.5 Hz, 2H),
7.18 (d, J = 8.3 Hz, 4H), 7.11-6.90 (m, 37H), 6.82 (d, J = 7.7
Hz, 2H), 6.43 (d, J = 9.0 Hz, 4H), 6.23 (dd, J = 8.9, 2.2 Hz, 2H),
5.98 (s, 1H), 3.31 (m, J = 8.7 Hz, 8H), 1.14 (t, J = 7.0 Hz, 12H);
3C NMR (125 MHz, CDCl) § 171.18, 164.54, 153.17, 149.72,
148.81, 145.51, 143.54, 143.50, 141.54, 140.43, 133.41, 131.30,
131.24, 129.45, 128.68, 128.27, 127.87, 127.75, 127.64, 126.82,
126.68, 126.54, 123.60, 108.25, 104.53, 98.00, 65.97, 60.43,
44.37, 12.62; IR (KBr), v, cm ': 3436, 2972, 1702, 1612, 1566,
1489, 1302, 1205, 1147, 1071, 697; ESI-MS: m/z = 1378.595.

2.4 Measurements

The stock solutions (0.1 mM, A-T1 and A-T2) were prepared
by dissolving the requisite amount in EtOH and diluted to
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10 uM EtOH solution for the test. Metal ion solutions (AI*,
Fe**, Fe**, Co™, Ni*', cu®', Zn*', Cd*', Hg*", Pb*", and Ag")
and $*” were prepared in water (10> M). The probe solution
was pipetted at 3.0 mL each time and 30 pL of the metal
ions was injected into the solution. The UV-Vis absorption
analysis was carried out after mixing the samples for 3
minutes.

The powder fluorescence analysis of A-T1 and A-T2 was
performed by pressing the powder onto quartz glass directly.
The prepared sample plates were laid flat at the bottom of a
150 mL beaker that was covered with a culture dish. The
sample was kept in 500 ppm HCI vapor for 2 h before the
fluorescence test. After that, NH; vapor (500 ppm) was
employed to neutralize the acid treated sample.

2.5 Mung bean sprout culture

At room temperature of 25-30 °C, mung beans were
successfully cultured in a humid environment for 48 h, and
then the sprouts were incubated with the two probe solutions
for 0.5 h. After that, the sprouts were washed with PBS twice
to remove the surface probe, and finally we performed
fluorescence imaging of the sliced cotyledons.

2.6 Live fish culture

Zebrafish embryos were cultivated in Ringer's solution (5 mL)
with A-T1 and A-T2 aqueous solutions (10 uM, 50 uL) for 48
h. After that, the zebrafish was washed with PBS twice to
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remove the surface probe and imaged using fluorescence
microscopy. All experiments were approved by the Animal
Experimentation Ethics Committee at the Inner Mongolia
University ~ for  Nationalities  (permission  number:
IMUN20190301).

3. Results and discussion
3.1 The AIE feature of A-T1 and A-T2 in EtOH

The bonding of the TPE group onto the ABPX structure may
endow these probes with a certain AIE behavior. The
fluorescence of A-T1 and A-T2 solutions was investigated in
EtOH with different water ratios (Fig. S1t). As shown in
Fig. 1a, A-T1 exhibited obvious fluorescence enhancement
when the water fraction (f,,) was more than 40%, and the
intensity reached its maximum when f;, was 90%. The relative
fluorescence intensity was 120 times that in the original
solution (500 nm), and the fluorescence quantum yield (@)
was calculated to be 0.29. Interestingly, when f,, was more
than 20%, the intensity of A-T2 increased rapidly and reached
its maximum at 40%, and it remained constant until 90%
(Fig. 1b). Under the same conditions, the fluorescence of
A-T2 was brighter than that of A-T1, and the @ was 0.33.
Such fluorescence enhancements for A-T1 and A-T2 may be
attributed to their hydrophobicity, which was caused by
nanoscale aggregation. The dynamic light scattering (DLS)
results confirmed that the average particle size of A-T1 and
A-T2 was 3556 nm and 1055 nm, respectively (Fig. 1c and d).
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Fig. 1 The relative emission intensity of A-T1 (a) and A-T2 (b) in EtOH with different water fractions (f,,) at 500 nm (Inset: photograph of A-T1
versus f,, = 0%, 90% and A-T2 versus f,, = 0%, 80% in EtOH under UV irradiation, respectively). Particle size distribution of A-T1 (c) and A-T2 (d).
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In the aggregation system, A-T2 has more luminous particles
per unit than A-T1, and the fluorescence is stronger. The
introduction of TPE into the xanthene structure is a feasible
option to increase the AIE properties of the sensing
molecules.

The structure and stereochemistry of A-T2 were
established by X-ray single-crystal analysis.** The crystal
structure of A-T2 is a highly symmetric molecule with two
TPE arms vertical to ABPX (Fig. S2t). The planar length of
ABPX is about 17 A, the distance between the two
trans-TPE arms is 26 A, and the shoulder width of the two
spirolactam units is 5 A. When the molecules are stacked,
the distance between two ABPX matrices is 4 A, the
distance between hydrazone arms is 10 A, and the parallel
distance between the two TPEs is 23 A. In the asymmetric
A-T1, the length of the extended arm decreased to 20 A. In
the aggregated state, there were more A-T1 molecules in
the nanoparticle, which may cause the particle size to grow
larger. As for A-T2, the molecules were arranged loosely,
and more luminous centers could be formed to contribute
brighter fluorescence.

3.2 UV-Vis spectral recognition of Hg”"

When adding transition-metal ions into the aqueous
solution, both probes displayed no significant spectral
changes, whereas they showed a distinct selectivity to metal
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ions in EtOH solution. In the presence of 10 equiv. Hg>" ions,
there was a noticeable double peak absorption at 499 and
533 nm, and the solution of A-T1 changed from colorless to
pink (Fig. 2a). Other metal ions, such as Fe**, Fe’', Co>,
Ni**, cu®, zn*', Cd*', Pb*, and Ag’, caused a negligible
spectral increase under the same conditions. In the A-T2
solution, the addition of Hg>" had no visible impact on the
absorption in the visible region; however, it showed
selectivity to Cu®>" with weak visible absorption and color
change (Fig. S3f). The time dependence of the selective
recognition of Hg”" was investigated to obtain the optimal
operating conditions. The absorbance intensity of the A-T1
solution at 533 nm accelerated within 120 s, and it gradually
became stable with prolonged response time.

Competition experiments were employed by adding Hg>*
and interfering ions into the A-T1 solution (Fig. 2b). Cu**
caused a medium decrease in absorbance at 533 nm, and the
other metal ions exhibited little influence on the detection of
Hg>". These results indicated that A-T1 displayed high anti-
interference ability towards Hg>" in complex samples. When
utilizing A-T2 to run the competition test for Cu®", it was
found to be susceptible to other metal ions, which implied
that A-T2 was not the best candidate for sensing Cu®' in
EtOH solution (Fig. S47).

The relationship between the volume of Hg>" and the
absorption intensity of A-T1 was analyzed, as shown in
Fig. 2c. With the volume of Hg*" titrated to 30.0 uL, there

I AT with Hg™
I A-T1 without He®

AP Fe?' K&’ Co™ Ni*° Cu™' Zn*' Cd® Hg™ Pb*' Ag’
Cations
0.35
(d) & @533 nm
0.30 1
0.25
]
£ 020 *
E
— 0.15 *
&=
<
0.104
0.05 -
0.0 0.2 0.4 0.6 0.8 1.0

[Hg™ [/([Hg™' [+{A-T1])

(a) Absorption spectra of A-T1 (10 uM) in EtOH in the presence of various cations (10 equiv.). (b) The absorption spectra of A-T1 in the

presence of competitive cations (10 equiv., black bars) and ng* (10 equiv., red bars) in EtOH. (c) Changes in the absorption spectra of A-T1 (10 pM)

with increasing amounts of Hg?* (0-30 equiv.) in EtOH solution (Inset: Plot of absorption spectral changes at 533 nm against the volume of Hg

2+ RZ

=0.9987). (d) Job's plots of the complexation between A-T1 and Hg?* in EtOH solution. The absorbance intensity was measured at 533 nm.
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was an exponential growth in absorbance value at 533 nm (R>
= 0.9987), and the maximum intensity was about 560-fold
higher than that of the initial state.

3.3 Hg”" sensing mechanism

To verify the response process of A-T1 towards Hg>', Na,S
was back titrated into the A-T1-Hg”" solution. As the volume
of $* reached 60.0 pL, the absorption at 499 and 533 nm
decreased and the pink color faded. This indicated that the
coordinated Hg>" with A-T1 can be captured by S*~ (Fig. S57).
The preferential binding sites of hydrazide and hydrazone
are carbonyl O and imide N, which can coordinate with Cu**
or Hg”" when the spatial structure is suitable.>® Due to the
larger steric hindrance effect of TPE, Hg®>" could not
coordinate with the TPE-capped hydrazone site of A-T1. The
steric hindrance effect of the hydrazide site of A-T1 was
relatively smaller than hydrazone, so Hg>" could chelate with
hydrazide ligands to initiate spirolactam ring opening. The
ion radius of Cu®" is smaller than that of Hg>", so it can bind
to the hydrazone part (Scheme 2). ESI-MS tests were
conducted by individually adding 30 uL of Hg>", Cu®*" or a
mixture of them into the A-T1 solution. When Hg”" was
injected, there was a strong MS peak at 1241.358,
corresponding to the isotope distribution of A-T1-Hg**, while
Cu”" was present, the MS peak at 1100.326 illustrated that
A-T1 reacted with a single Cu**. Under the same conditions,
when the mixture of Hg>* and Cu®>" was added, m/z =
1300.275 suggested formation of a mercury-copper bimetallic
complex. The coordination mode between A-T1 and Hg”* was
further ascertained by the Job's plot method (Fig. 2d).** The
maximum value was found at 0.5 ([Hg>'J/{[Hg>"] + [A-T1]}),
and the most likely binding mode was a 1:1 stoichiometry.
The electron density between the interacting species was
analyzed using density functional theory (DFT) calculations
(Fig. 3, S6 and S7t). They indicated that the LUMO of A-T1
was mainly distributed on the spirolactam hydrazone and
the benzene ring attached to the TPE unit, and the HOMO

View Article Online
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was mostly distributed on the diethylaniline group near the
hydrazide side (band gap: 3.47 eV). Once the TPE-capped
hydrazone arm captured Cu®’, the electron density of the
LUMO diffused to the spirolactam moiety, and the HOMO
of A-T1-Cu®" was mainly located on the diethylaniline
group closer to the hydrazone arm (energy gap: a = 3.24
eV, f = 1.13 eV). When the hydrazide site of A-T1 chelated
with Hg?', the LUMO electron density was uniformly
distributed throughout the molecule, whereas the HOMO of
A-T1-Hg>" was generally consistent with A-T1 (energy gap:
0.47 eV). When Cu®*' and Hg”" sequentially coordinated
with A-T1, the majority of electrons transferred to the TPE
moiety in the LUMO map, and the HOMO of A-T1-Hg>'-
Cu”" was identical to that of A-T1-Cu®" (energy gap: a =
0.99 eV, f = 1.16 eV). It also revealed that the complexes A-
T1-Hg®>" and A-T1-Hg>-Cu®" were stabilized due to the
lower energy gaps.

3.4 Solid state fluorescence

With strong AIE emission in aqueous solution, both probes
could emit obvious fluorescence in the solid state. The
color and emission spectral changes were observed after
grinding and fumigation with acid gas. As can be seen
from the CIE 1931 chromaticity diagram (Fig. 4), the
fluorescence of A-T1 powder was cyan (i), and the
coordinates were (0.1901, 0.3631); after grinding in a
mortar, the fluorescence of A-T1 became brighter than the
large particles (ii), and the coordinates were (0.2041,
0.3478). Furthermore, when fumigated with HCl gas, the
color of the ground powder turned to light pink with white
fluorescence emission (iii), and the coordinates moved to
the edge of the cyan color range (0.2479, 0.3166). Once
retreated with NH; gas (iv), the white emission could be
converted to a blue color, which was very close to the initial
state (0.1989, 0.3282). Different from the changes in A-T1,
there was no apparent variation for A-T2 in the presence of
external stimuli (Fig. S87).

Scheme 2 Proposed mechanism for the colorimetric changes of A-T1 upon the addition of Hg?*, Cu®* and $%".
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HOoMO {-5.7450 ev)
A-T1-Hg>*
Fig. 3 HOMO and LUMO of A-T1-Hg?* and A-T1-Cu?*.

"H NMR spectroscopy could reflect abundant molecular
information of A-T1 and A-T2 in the presence of different
stimuli (Fig. S9 and S107). After treating with HCI, the imine
proton at 8.7 ppm shifted to 9.3 ppm, due to the ring-opened
structure of the spirolactam hydrazone fragment. The aniline
proton bound with xanthene (6 = 6.16-6.56 ppm) disappeared
because of the protonation of diethylamine. Under basic
conditions, the protonated amine proton was neutralized by
NH;, and the spirolactam structure was rebuilt. From the
chemical shifts of these protons, it is clear that the acid
proton at 9.3 ppm gradually returned, and the vanished
signals (6.00, 6.16-6.56 ppm) reappeared, roughly consistent
with the initial shifts.

Alpha HOMO (-5.7783 eV)

Beta-HOMO (-5.7782 eV)’
A-T1-Cu?*

3.5 Fluorescence imaging in vivo

AIE probes have been widely used in vivo imaging. Mung
beans and zebrafish were selected as living samples to be
cultivated in A-T1 and A-T2 solutions (Fig. 5 and 6). Under
the excitation of green light, the cotyledon of sprouts
exhibited obvious fluorescence after incubation with the
probes for 0.5 h, while in the control sample, there was no
fluorescence observed from the cotyledon slices. The results
confirmed that these probes could be absorbed by plants
through their roots.

In vivo imaging of zebrafish, after incubation with A-T1
and A-T2 separately, its head, dorsal muscles and abdomen

(b)

Normalized FL Int.

450 500 550 600
Wavelength (nm)

400

650

700

05 06 07 08

Fig. 4 (a) Fluorescence comparison of A-T1 powder before and after treatment; (b) CIE chromaticity diagram with coordinates corresponding to
the surrounding environment of A-T1 powder (i) after grinding (ii) and after exposure to HCl vapor (iii) and after being treated with NH3z vapor again

(iv).
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Fig. 5 Fluorescence imaging of sprouts from mung bean (a): control (b) and in solutions of (c) A-T1 (10 uM) and (d) A-T2 (10 uM).

Fig. 6 Fluorescence imaging of a zebrafish (a): control (b) and treated
with (c) A-T1 (10 uM) and (d) A-T2 (10 pM).

appeared green in fluorescence microscopy. In comparison,
the autofluorescence of the control fish glowed softly in the
abdomen tissue and the back fin. The reasons for such
differences may be the digestive and circulatory processes
that transported these probes throughout the body and
enriched them in certain tissues. The imaging profiles
showed that A-T1 and A-T2 probes could be used as
fluorescent markers in vivo experiments.

4. Conclusion

In summary, we have synthesized two AIE probes, A-T1 and
A-T2, which were obtained by substituting various TPE
groups at the hydrazone sites. The AIE properties of these
molecules were verified by increasing the water fraction of
EtOH to form the aggregated particles. Their AIE emissions
were centered at 475 and 500 nm, and the fluorescence
quantum yields were 0.29 and 0.33, respectively. In the
aggregated state, due to the repulsion of the TPE arms, the
crystal of A-T2 has larger intermolecular spacing and is
arranged loosely, which created more luminous centers. In
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EtOH solution, A-T1 exhibited colorimetric recognition ability
and spectral response to Hg”', while A-T2 showed weak
response to Cu’" with poor anti-interference ability. The
hydrazide sites of A-T1 could chelate with Hg*" to induce
spirolactam ring opening, and this process was proven by
ESI-MS tests and DFT calculation. The Job's plot analysis
demonstrated that the binding mode between A-T1 and Hg>"
was 1:1. Cu** could bind with the TPE-capped hydrazone
arm due to its smaller ion radius, and this was verified in A-
T2-Cu*’. The emission of the two solid samples was cyan
and the grinding process could enhance their fluorescence.
When fumed in HCI gas, the color of A-T1 turned light pink
and it emitted white fluorescence, and this could be reversed
with NH; gas. the
fluorescence of A-T2 remained largely unchanged. The two
probes could be used as fluorescent markers in vivo imaging
of mung beans and zebrafish.

In contrast, under acid stimulus,
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