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1. Introduction

A novel triphenylamine based push—pull
fluorophore bearing a 2-thiohydantoin
unit for toxic Hg?* ion detection: exploring
its potential for live cell imagingf

Pratiksha P. Gawas, {22 Buthanapalli Ramakrishna,® Rajesh Pamaniji,
Joseph Selvin (¢ and Venkatramaiah Nutalapati (=) *®

A novel fluorescent chemosensor (TPA-2TH) containing triphenylamine (TPA) appended in conjugation
with 2-thiohydantoin (2TH) is developed and confirmed by various analytical techniques like FT-IR
spectroscopy, NMR spectroscopy, HR-MS and single crystal X-ray diffraction (SC-XRD). The crystal
structure analysis revealed a propeller-shaped TPA unit and a co-facial herringbone packing
arrangement stabilized by N-H--.S, N-H-.-O and C-H---O in the crystal lattice. TPA-2TH exhibited
a strong absorption band at ~431 nm and emitted a yellow-green fluorescence at Amax = 522 nm in
THF, attributed to an efficient charge-separated state resulting from ICT between TPA and 2TH.
A solvatochromic effect was observed with a red shift in the emission wavelength as the polarity of the
solvent increased. TPA-2TH showed unprecedented selectivity with turn-off fluorescence upon
complexation with diamagnetic Hg?* ions, attributed to an increase in the spin—orbit coupling and a
weakened ICT effect caused by Hg?* binding. The addition of Hg?* to TPA-2TH resulted in
the formation of a 2:1 complex (TPA-2TH-Hg?*), confirmed by the coordination of a sulphur atom of
TPA-2TH with Hg?" ions, as evidenced by H NMR spectroscopy and Job's plot analysis. A linear
relationship between the fluorescence intensity of TPA-2TH and the concentration of Hg?" ions is
observed with a LOD of 3.3 pM. Furthermore, the toxicological effect of TPA-2TH is explored in
zebrafish larvae and embryos to provide a sensitive bio-indicator for metal ion contamination and
fluorescence imaging. This comprehensive approach combining fluorescence quenching and
behavioural toxicity assessment offers a practical method for evaluating metal ion contamination and its
potential toxic effects on aquatic organisms with acute behavioural toxicity end points using adult
zebrafish.

on the development of novel organic molecules with interesting
properties like enhanced charge transfer (CT), tunable energy
levels, broad absorption and emission spectra, high charge

Donor-Acceptor (D-A) organic molecules with n-conjugated
structures possessing electron-rich donor (D) groups linked to
an acceptor (A) through an olefinic core have attracted interest
from academic and technological researchers for decades.
However, this is still a highly active area of research focused
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mobility, nonlinear optical properties, enhanced light-harvesting
efficiency, thermal stability and processing ability. These intri-
guing properties of D-A molecules make them highly sought-after
in the scientific community, driving on-going research and
exploration into their synthesis, characterization and application
in a wide range of fields like in developing solvatochromic
probes,”™ nonlinear optics,” chemosensors,®® electro-optics,”"°
photochromic'* and piezo-chromic materials' and as active layers
in photovoltaics."*"?

In a D-A system, the intramolecular charge transfer (ICT)
character depends on the HOMO-LUMO (highest occupied and
lowest unoccupied molecular orbital) gap, so that its optical
properties can be tailored in three ways, ie. (i) incorporating
different donor and acceptor units and assuring efficient

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interactions between them, (ii) extension and spatial arrange-
ment of the n-bridge and (iii) planarization of the entire
molecule.'* ™ Hence, modifying the structure of donors along
with the acceptor unit offers the possibility of tuning their
electronic and photophysical properties. D-A molecules have
been extensively used as chemical sensors due to their tunable
photophysical properties. In the excited states, D-A molecules
display the ICT phenomenon. Changes in the surrounding
microenvironment can quickly alter the CT properties.
In chemosensors, the acceptor/donor unit is the recognition
site that binds to metal ions resulting in the perturbation of
the ICT state. The subsequent electronic effects are reflected as
changes in the wavelength maxima of the absorption and
fluorescence spectra of the D-A system. Huang’s group devel-
oped a D-A-D system for visual Hg>* ion detection that consists
of an ethynyl unit connected to the center of a naphthyridine
molecule by two di(hydroxyethyl)aniline moieties at the
terminal."” Debdas et al. reported on a dimethyaminophenyl
and diazine-based D-A system for Ag* ion detection.'® Sreejith
and co-workers reported a D-A-D based fluorophore intercon-
nected through a vinylic bridge for ratiometric sensing and
imaging of Zn>" ions in biological media."® Thilagar et al.
designed and developed a fluorophore using triphenylamine
(TPA) as a donor connected to two different acceptor groups,
i.e., BODIPY and diaryl boryl, on either side, which exhibited
two characteristic ICT states showing the corresponding
absorption at different energy levels.”® Many potential colori-
metric and fluorescent Hg”" ion chemosensors have been
reported.”?' ™' However, developing a simple probe that can
monitor global contaminants like hazardous metal ions,>* > toxic
anions, biomolecules,”>™** etc. at permissible levels remains chal-
lenging. Generally, the Hg”" ion prefers to coordinate with ligands
that have nitrogen, oxygen or sulphur atoms. 2TH has the ability to
act as a chelator for cations, enabling the detection of various
anthropogenic molecules and ions. This capability is due to the
presence of sulphur and nitrogen atoms in the 2TH ring.*
It contains both amide and thioamide groups, which act as both
proton acceptors and donors. This structural feature allows for the
formation of diverse hydrogen bonding networks in its crystal
structure.”>"® As a result of our interest in designing and devel-
oping a new fluorescence sensor, we have developed a TPA and
2TH based chemosensor (TPA-2TH) with TPA as a donor and the
2TH unit acting as an Hg”* ion chelator and acceptor. In this
report, we aim to develop a novel TPA-2TH molecular probe
through Knovenagel condensation between TPA aldehyde and
2TH. The synthesized TPA-2TH is found to be highly fluorescent,
showing distinct quenching in fluorescence upon complexation
with diamagnetic Hg>" ions. Hg?* binding to TPA-2TH would
decrease the electron-donating ability of TPA, thus weakening
the ICT effect in the fluorophore. This fluorescent probe exhibited
excellent solvatochromic behaviour, high selectivity, high sensitivity
and fluorescence change response towards Hg®'. Furthermore,
toxicological studies of TPA-2TH are caried out to apply it as a
bio-indicator for metal ion contamination using zebrafish larvae
and embryos as a model system along with acute behavioural
toxicity end points using adult zebrafish.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental section
2.1 Chemicals and materials

All chemicals were purchased from Sigma Aldrich and the
solvents used were of AR grade. Double distilled water obtained
from a MilliQ system (> 18.2 MQ) was used in the spectroscopic
study. All experiments involving zebrafish for the purpose of
live cell imaging were conducted in compliance with relevant
laws and institutional guidelines (PU/IAEC/2023-24/314). The
experimental protocols were approved by Pondicherry Univer-
sity, which oversees and ensures the ethical treatment of
animals in research. Efforts were also made to minimize the
number of fish used during the course of the experiments.

2.2 Measurements

FT-IR (Fourier-transform infrared) spectra were recorded using
a Shimadzu IR Tracer-100 in the ATR mode. 'H and *C NMR
spectra were recorded on a Bruker 500 MHz spectrometer,
whereas the chemical shifts (6) and coupling constants (J) were
reported in parts per million (ppm) and Hz, respectively. ESI-
MS spectra were acquired using a 6230B Time of Flight (TOF)
system, Agilent technology. Single-crystal X-ray experiments
were performed on an Oxford Xcalibur (Mova) diffractometer
equipped with an EOS CCD detector and a microfocus sealed
tube using Mo Ko radiation (A = 0.71073 A). Data collection was
made at 100 K and the structure is solved using SHELXS,47 and
OLEX2 (version 1.2)***° was used to solve and refine the crystal
structures. All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms on heteroatoms were located from
difference electron density maps, and all C-H atoms were fixed
geometrically using the HFIX command. The WinGX package
was used for final refinement, production of CIFs and the
crystallographic table, and Oak Ridge Thermal Ellipsoid Plot-
3 (ORTEP-3) was used for structure visualization and making
the molecular representations. The packing diagram was ana-
lyzed using Mercury 2020.2.0. The Hirshfeld analysis was
performed using Crystal Explorer 21.5.°° Thermogravimetric
analysis (TGA) was carried out on an SDT Q600 thermal
analyzer under a nitrogen atmosphere at a heating rate of
10 °C min'. Differential scanning calorimetry (DSC) of the
compounds was carried out with a DSC 214 Polyma-NETZSCH
thermal analyser in the temperature range 35-600 °C with a
heating rate of 10 °C per minute under nitrogen gas flow.
Absorption spectra in solution and thin films were recorded
using a UV-Visible (Agilent Cary 60) spectrophotometer. Steady
state emission spectra were recorded using an Edinburgh
FLS1000 spectrofluorometer. Time-resolved fluorescence emis-
sion decay was obtained using the time-correlated single
photon counting (TCSPC) technique with a 450 nm nanosecond
LED as the excitation source.

2.3 Synthesis
(2)-5-(4-(Diphenylamino)benzylidene)-2-thioxoimidazolidin-
4-one (TPA-2TH). 2-TH (0.23 g, 2 mmol) and TPA (0.55 g,

2 mmol) in glacial acetic acid were added to a 100 mL round
bottom flask. To this solution, sodium acetate (0.67 g, 8 mmol)
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was added and the reaction mixture was kept for refluxing
at 120 °C under a nitrogen atmosphere. The progress of the
reaction was monitored using TLC chromatography. After
completion of the reaction (24 h), the mixture was poured into
ice-cold water. The residue obtained was filtered off to obtain
the crude product which was further purified using column
chromatography (ethyl acetate/hexane) to obtain an orange
coloured solid in 86% yield. Melting point: 250-252 °C.
"H-NMR (500 MHz, DMSO-ds) ¢ (ppm): 12.28 (s, 1H), 11.99
(s, 1H), 7.61-7.63 (d, J = 8.3 Hz, 2H), 7.33-7.36 (t, ] = 7.4 Hz, 4H),
7.08-7.13 (m, 6H), 6.82-6.86 (d, J = 10.1 Hz, 2H), 6.43 (s, 1H).
BC-NMR (75 MHz, CDCl; + DMSO-dg) 6 (ppm): 193.79 (-C=S),
165.47 (-C—=0), 125.07-151.33 (aromatic carbon), 141.77 (2TH
carbon), 116.97 (ethylene carbon); HR-MS: calculated for
Cy,H17N;0S (m/z): 371.1092; found: 372.1230 [M + H]".

2.4 Zebrafish studies

To determine the toxic effects of TPA-2TH on the development
of zebrafish, a range of 10, 20, 40, 60, 80, and 100 pg mL™*
concentrations were tested on 4 hpf (hours post fertilized)
zebrafish embryos in a 24 well plate by following OECD 236,
Fish embryo toxicity test guidelines (OECD236, 2013) for a
duration of 96 h, analysed for the % of mortality and % of
hatching rate during exposure tenure. In a separate set of
experiments, 72 hpf larvae were used to quantify the fluores-
cence quenching. On day one, larvae were treated with a
10 pg mL~" concentration of TPA-2TH along with the control
and solvent control. On the next day, 10 pg mL~" HgCl, and
CuCl, were added to the same plate and kept for incubation. On
the third day, the fluorescence images were collected using a
Nikon Eclipse Ti2, New York, USA and the fluorescence was
quantified using Image J software. Furthermore, the change in
fluorescence before and after the addition of HgCl, and CuCl,
was calculated. To study the effect of TPA-2TH on the beha-
viour, we conducted an acute behavioural toxicity assay by
using adult zebrafish. A small glass tank with a dimension of
15 x 12 x 9 cm filled with 1 L of water with a single healthy fish
and 10 mg L™ of TPA-2TH was used. The concentration was
selected based on the same concentration used to study the
fluorescence quenching in zebrafish larvae. The experiment was
repeated thrice and behavioural end points were recorded.

3. Results and discussion

TPA-2TH was synthesized via a one pot Knoevenagel condensation
reaction between 2TH and 4-(diphenylamino)benzaldehyde (TPA-
CHO) under acidic conditions as described in Scheme 1. The ensuing

o
@ CH,COOH @ MNH
HN
(H3(00N1 N h«s
N + s S
oo, j
24 hrs, \1 atm

TPA-CHO TH
Scheme 1 Synthetic route for TPA-2TH.

TPA-2TH
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compound TPA-2TH was purified by column chromatography
and characterized by FT-IR, 'H and "*C NMR, HR-MS and single-
crystal XRD (SC-XRD) studies. The detailed characterization is
provided in the ESIt (Fig. S1-S4). The functionality -C—0 and
-C=S of the 2TH ring was observed at ~1718 and ~1645 cm ™},
respectively in FT-IR spectra. The peak at ~3169 cm ' was
assigned to -NH of the 2TH unit (Fig. S1, ESIt). Two different
-NH protons in the "H NMR spectrum (Fig. S2, ESIT) of TPA-2TH
resonated at 6 12.28 and 11.99 ppm due to the different chemical
environments around them. The aromatic protons of the TPA
moiety appeared in the range ¢ 6.82-7.63 ppm. The peak at ¢
6.41 ppm corresponds to the ethylene proton conjugated
between TPA and the 2TH unit. ">*C NMR (Fig. S3, ESI{) and
HR-MS studies further substantiated the formation of TPA-2TH.
HR-MS spectra (Fig. S4, ESIT) of TPA-2TH showed the molecular
ion peak at m/z 372.1230 [M + H]" along with other fragmented
peaks, which are in excellent agreement with the respective
formulations.

The structure of TPA-2TH was further confirmed by SC-XRD
analysis. Plate-shaped orange-yellow coloured crystals were
obtained from a solvent mixture of toluene/acetonitrile (3:2, v/v)
using a slow solvent evaporation technique at ambient
temperature® (Fig. 1). TPA-2TH (CCDC 22780857) crystallizes
in the monoclinic crystal system with a P2,/n space group and
shows a co-facial herringbone molecular arrangement in the
crystal lattice. Oxygen, sulphur and -NH groups of TPA-2TH are
connected by strong dimeric N-H---S and N-H---O hydrogen
bonds on either side with bond lengths of 2.424 A and 1.926 A,
respectively, along with a C-H---O intermolecular interaction
distance of 2.575 A. The molecular arrangement is also stabi-
lized by ethane H---H-aromatic (2.336 A), C=0. - -H-aromatic
(2.575 A), N-H: - -C=0 (2.831 A) and C=S - -C-aromatic (3.397 A)
interactions. The n-r interaction distance between the aromatic
ring (connected to ethane) and the 2TH ring appears to be 4.765 A.
Furthermore, the intramolecular C-H:- -1 interaction distances
among three overcrowded phenyl rings of 3.053 A, 3.060 A and
3.148 A were also observed. The three phenyl rings enabled a more
twisted torsional angle of 140.46° among them and a twisted
torsional angle of 149.80° between the middle phenyl ring and the
2TH moiety. The detailed crystallographic data are summarized in
Table 1. Fig. S5 (ESIT) depicts the Hirshfeld surfaces of TPA-2TH
mapped across a dnporm range of 0.5 to 1.4. The prominent
interactions between -NH and -C—O oxygen atoms are shown
by the bright red spots on the d,m map. In contrast, the blue
patches represent all weaker intermolecular interactions with
more considerable distances (Fig. S5a, ESIt). Two prominent
sharp spikes in the 2D fingerprint plot represent the O---H
intermolecular interaction, while the intermolecular contact invol-
ving S- - -H is indicated by the two brief sideways spikes (Fig. S5b,
ESIt). Fig. S5c (ESIT) illustrates the contribution of individual
intermolecular interactions based on a 2D fingerprint plot of
Hirshfeld analysis which revealed that H---H (42.8%) and C---H
(26.1%) intermolecular interactions are primarily responsible for
the molecular packing. The contributions of S---H, N---H, and
O---H are found to be 12.2, 8.9 and 3.6%, respectively. Addition-
ally, 3.1% of the area accounts for & - -7 interactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Single crystal X-ray structure of TPA-2TH with 30% of the thermal ellipsoids. (b) Supramolecular arrangement of TPA-2TH in a crystal lattice.

(c) Depiction of the crystal packing of the dimeric hydrogen bonding with N-H---S, N-H---O and C-H---O hydrogen bonds followed by C-H---x

intramolecular interactions.

To examine the thermal characteristics of TPA-2TH, differ-
ential scanning colorimetric (DSC) and thermal gravimetric
analysis (TGA) measurements were performed. The DSC results
displayed high thermal stability of TPA-2TH up to 355 °C with a
melting point at 254 °C (Fig. S6a, ESI{). The decomposition of
TPA-2TH occurred in two stages, as represented in Fig. S6b
(ESI). The initial weight loss of ~6% started at 175 °C while a
significant decomposition of ~24% occurred at 323 °C attrib-
uted to the decomposition of the 2TH unit.

3.1 Photophysical properties

The photophysical properties of TPA-2TH were investigated
by UV-Visible and photoluminescence (PL) experiments in
solution and solid state methods at room temperature.
Fig. 2(a) represents the absorption and emission spectra of
TPA-2TH in THF. They show an intense absorption band at
~431 nm and other small absorption bands at ~217 and
~299 nm, respectively. The most intense absorption peak at
217 nm corresponds to the TPA core and the weak absorption
band at 299 nm is assigned to m — =©* transitions. The
absorption band at Ay, ~431 nm is ascribed to the efficient
charge separated state produced by ICT between the TPA donor
part of the molecule and the acceptor end group, i.e., 2TH.

© 2024 The Author(s). Published by the Royal Society of Chemistry

However, in the thin film, the absorption spectra exhibited two
broad red-shifted peaks at 323 and 460 nm. Upon excitation at
431 nm, TPA-2TH showed a strong bluish-green emission in
THF at 522 nm, predominantly due to ICT with a quantum yield
(®5) of 30%. Interestingly, the solid state emission spectra of
TPA-2TH showed a red shift of ~76 nm compared to its
emission in THF exhibiting an orange-red emission at
~598 nm (Fig. 2(b)).

It is very well known that on exciting a fluorophore with a
D-A interaction system, ICT takes place.”® Thus, to clearly
investigate ICT, the solvatochromic effect of TPA-2TH was
studied in different organic solvents of varying polarities, since
the fluorescence derived from ICT depends intensely on the
polarities of solvents. The absorption spectra of TPA-2TH in
different solvents did not show any significant changes in Apayx
(430 nm in THF to 436 nm in methanol). A slight positive
solvatochromism was observed in the absorption spectra (Fig. S7,
ESIT). Zmax Showed a red shift in polar solvents in comparison to
non-polar solvents. This observation reveals that the electronic
excitation increases the molecule’s dipole moment and the direc-
tions of the ground and excited state dipoles are similar.”*>*

Unlike the absorption spectrum with a negligible effect
(Fig. S7a, ESIt), varying solvent polarities exerted a dramatic

Mater. Adv., 2024, 5, 336-348 | 339
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Table 1 Summary of the crystallographic data

Compound identification code TPA-2TH
CCDC no. 2278085
Formula C,,H,,N;0S8
Formula weight 371.44
Temperature (K) 100.00(10)
Crystal system Monoclinic
Space group P24/n

a(A) 9.4332(7)

b (A) 20.7152(16)
c(A) 9.7429(7)
() 90.00

B () 109.03(8)

7 () 90.00
Volume (A%) 1799.8(2)
Z 4

Density, peale (& cm—7) 1.371

Abs. coeff., u (mm™) 0.197

F (000) 776

20 range for data collection (°)
Crystal size (mmj)

Radiation

Index ranges

Reflections collected
Independent reflections

3.269 to 24.998
0.25x 0.18 x 0.12
MoKu (4 = 0.71073)
—11 < h < 11, -24 <
k<24, -11<i<11
20673

2452 [Rine = 0.1208, Rsigma = 0.0971]

2452/0/244

1089

R; = 0.0673, WR, = 0.1104
R; = 0.1023, WR, = 0.1241

Data/restraints/parameters
Goodness-of-fir on F
Final R indexes [I > 20(1)]
Final R indexes [all data]

influence on the emission of TPA-2TH as depicted in Fig. 3.
On increasing the solvent polarity, a significant red shift in
emission maxima (l.,,) was observed. ., of TPA-2TH in
trimethylamine is 492 nm, whereas it is 573 nm in acetonitrile.
On increasing the polarity from trimethylamine to acetonitrile,
a bathochromic shift of ~81 nm was observed. Based on these
results, it was concluded that the effect of solvent polarities is
more pronounced on e, than on A, suggesting that the
molecule’s excited state is controlled by dipole-dipole interac-
tions and the dipole moments of excited states are higher than
those of the ground states.”>® Additionally, this insignificant
change in absorption maxima and a considerable variation in
fluorescence emission (Zen,) indicate the formation of a twisted
ICT (TICT) transition.”” Furthermore, the difference in the full-
width half-maximum or width of the peak confirms that polar

View Article Online
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solvent molecules stabilize the emission and the excited states
giving wider spectra.®® This broad emission pattern of TPA-2TH
due to the polar solvent proves the existence of the ICT
transition between donor TPA to acceptor 2TH.

Furthermore, to comprehend the solvent polarity influence
of TPA-2TH in different solvents, a Lippert-Mataga plot was
used, which shows that the Stokes shift (A7) of the compound
is solvent dependent and is governed by the change in the
dipole moment of the molecule upon excitation, refractive
index () and the dielectric constant (¢) of the solvent used.*®
Fig. 3b and Table S1 (ESI{) depict the Lippert-Mataga plot and
its parameter for TPA-2TH in different solvents. The plot shows
that two types of linearity, one for polar protic solvents like
AcOH and MeOH and the other for polar aprotic solvents such
as hexane, toluene, CCl;, DCM, CHCIl;, EtOAc, etc. In aprotic
solvents, TPA-2TH exhibited a general solvent effect; however,
in MeOH and ACOH, it deviated from the linearity due to
specific interactions, such as H-bonding.

With increasing solvent polarity, the Stoke’s shift increases,
but the fluorescence quantum yields were found to be decreased.
This is caused by increased solvent polarity, which facilitates the
non-radiative deactivation of the fluorescent state of the molecule.
Table S1, ESIL,¥ shows the results of the fluorescence quantum
yield measurement of TPA-2TH at room temperature with various
solvent polarities and hydrogen bonding capacities. In low polar-
ity solvents, TPA showed a high quantum yield, but in highly polar
solvents, it showed a relatively poor quantum yield. To identify the
different species present in the excited state, the fluorescence
lifetime of TPA-2TH in various solvents was measured (Fig. S8,
ESIY). Table S1, ESI, T represents the time-resolved data in terms of
average lifetime (7,,), regardless of the solvent polarity, for all
solvent profiles that are well fitted into mono and bi-exponential
decay. The lifetime decay processes of TPA are discovered to be
solvent dependent. The fluorescence lifetime was shown to
decrease with an increase in solvent polarity. For instance, the
lifetime in CCly is 3.56 ns, but AcOH, a polar solvent, shortened it
to 1.14 ns.

Furthermore, the pH-dependent properties of TPA-2TH were
investigated by recording its absorption and emission spectra
in an aqueous medium covering a pH range from 1 to 14

a) E olution b) 1.0 -

1.0 'Sl‘hlinlﬁlm E‘?“::Iil:l"l“:l.:n
,—: — -
5 08 508
£ 2
2 0.6 1 ; 0.6

w

s =
'E 0.4 1 2 0.4
° =
2 e
<« 0.21 & 0.2

0.0 1 0.0

200 300 400 500 600 700 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Fig. 2 Absorption (a) and emission spectra (b) of TPA-2TH in solution and in a thin film.
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Fig. 3 (a) Emission spectra of TPA-2TH (lex = 431 nm) in different solvents, (

(Fig. S7b and c, ESIt). The pH adjustments were achieved using
diluted HCI for acidic conditions and NaOH for basic condi-
tions. The initial weak intensity of the 265 nm peak in the
absorption spectra at pH = 1 suggests a suppressed 1 — n*
transition, likely due to acidic conditions affecting the electro-
nic structure. As the pH was increased to 10, the increased
intensity of the 265 nm peak indicates a more pronounced n —
n* transition, possibly due to reduced protonation effects on
the molecule. The subsequent decrease in intensity of the
265 nm peak as the pH increased from 10 to 14 may be
attributed to deprotonation events impacting the molecular
conformation or electronic interactions, leading to altered UV
absorption properties. Furthermore, a weak yet intense ICT
peak was evident at 478 nm at a pH less than 10. Intriguingly,
this ICT peak underwent a blue shift, shifting to 430 nm on
increasing the pH from 10 to 14 (Fig. S7b, ESIt). The blue shift
of the ICT peak from 478 nm to 430 nm with increasing pH
further indicates a change in charge distribution or electronic
transitions within TPA-2TH molecules under basic conditions.
In the PL spectra (Fig. S7c, ESIt), a notable blue shift in
emission maxima was observed at higher or basic pH levels
compared to its emission under acidic conditions. This intri-
guing shift in emission maxima, concomitant with varying pH
levels, indicates that the electronic structure and intermolecu-
lar interactions within TPA-2TH are markedly influenced by the
PH of the solution.

3.2 Sensing response of TPA-2TH with various metal ions

Since the functional groups of TPA-2TH are electron-donating,
we hypothesized that this might translate to a greater affinity
for metal ions. Thus, the fine-tuning of TPA-2TH fluorescence
prompted us to investigate its sensitivity and selectivity to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Stokes shift (A7) of TPA-2TH on the solvent polarity function Af and (c) photographs showing the changes in emission of TPA-2TH in different solvents
under the illumination of UV light (365 nm).

specific metal ions. Bearing in mind the flexible coordination
of N, S and O atoms and to evaluate the potential of TPA-2TH as
a fluorescent sensor for the detection of metal ions, fluorescent
titrations were performed.

The sensing competence of TPA-2TH towards different
metal ions like Ba®>*, Mg>*, Mn”>", Co®*, Ni**, Cu®", Zn*,
Pb>*, Pd*", As®", Cd*" and Hg”" was studied by taking 1 mM
stock solution of both TPA-2TH in THF and each metal ion
in their salt forms (chloride, acetate and nitrate salts) in
methanol (Fig. 4(a)). Remarkably, among all metal ions, only
Hg”* showed the fluorescence quenching of TPA-2TH with a
concomitant blue shift (from 522 to 502 nm) and the appear-
ance of a new peak at 643 nm (Fig. 5(c)). In contrast, all other
metal ions displayed a relatively less or negligible change
in emission intensity of TPA-2TH. From Fig. 4(b), it is clear
that TPA-2TH binds selectively only to the Hg>" over other
metal ions.

3.3 Selectivity of TPA-2TH towards metal ions

Furthermore, to understand the selective binding of TPA-2TH
to Hg®" over other metal ions, systematic fluorescence emission
titration experiments were performed. It was observed that
the emission spectrum of TPA-2TH underwent significant
variations with an increase in the concentrations of Hg*" ions
(0-6.7 uM). The emission peak at 522 nm was gradually
decreased and reached the saturation at 6.7 uM of Hg”*
(Fig. 5(b)) along with the formation of a new peak at 643 nm.
The huge fluorescence quenching can be ascribed to the heavy
atom effect of Hg*" ions upon binding with the fluorophore.*?
To look further into the complex formation between TPA-2TH
and Hg”" ions, UV-Vis titration was carried out in THF (Fig. 5(a)).
Upon the addition of different concentrations of Hg>', the ICT

Mater. Adv., 2024, 5, 336-348 | 341
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Fig. 4 (a) Photographs of TPA-2TH in the presence of different metal solutions under the UV light of 365 nm. (b) Emission spectra of TPA-2TH (3 uM) in
the absence and presence of different metal ions (6.7 uM) in THF.
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band of TPA-2TH appearing at 431 nm gradually moved with a
bathochromic shift to 444 nm. These results further support the

342 | Mater. Adv., 2024, 5, 336-348

decrease in the emission intensity of TPA-2TH upon the addition
of Hg”" ions. Many heavy transition metal (HTM) ions are well-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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known fluorescence quenchers due to their paramagnetic proper-
ties and the heavy atom effect.®

For practical quantitative detection, the fluorescence inten-
sity changes should vary linearly with the analyte. To examine
the sensitivity of TPA-2TH towards Hg>* ions, the limit of
detection (LOD) was calculated by performing fluorescence
titration of TPA-2TH (0.067 uM) in THF (Fig. S9, ESIT), following
the procedure recommended by IUPAC®" which involved plot-
ting the emission intensity of the probe against increasing
concentrations of Hg>". The linear response of the fluorescence
intensity of TPA-2TH as a function of increasing Hg>" concen-
tration was observed from 17 nM to 67 nM (R* = 0.9826). The
LOD was calculated to be 3.3 pM, which was well below the
permissible limit of Hg>" in drinking water (2 ppb) set by the US
Environmental Protection Agency.®*®® These results indicate
that TPA-2TH can be used to detect the picomolar concen-
tration of Hg”" ions and is found to be highly sensitive to other
reported sensory probes for Hg®" detection (Table S2, ESIt). A
characteristic feature of any sensory probe is its high selectivity
towards a particular analyte over other interfering competitive
species. The spectral response of probe TPA-2TH towards other
metal ions (Ba*>*, Mg>*, Mn>*, Co®", Ni**, Cu®*, Zn**, Pb**, Pd*",
As®", and Cd*") besides Hg>" was tested in THF. The change in
fluorescence intensity of TPA-2TH (3 uM) was measured by
adding 1 equivalent of other metal ions (Fig. 6(a)).

The influence on the fluorescence intensity of TPA-2TH
due to other metal ions was found to be negligible even at
the micro-molar level. In contrast, the highly selective fluores-
cence quenching by Hg>" ions was observed for TPA-2TH with a
quenching efficiency of 94.4% at 522 nm. This excellent selec-
tivity of the probe TPA-2TH in the presence of other competitive
metal ions was mainly due to the stronger affinity of the thio
groups of 2TH to Hg>*. Thus, Hg”* ions being more thiophilic
bind with TPA-2TH selectively even in the presence of a high
concentration of the other metal ions. These results emphasize
that TPA-2TH can be used exclusively as a highly sensitive
sensor for Hg>" ion detection. A fluorescence-based Job’s
experiment was performed to study the complexation between
TPA-2TH and Hg”* ions (Lex = 430 nm, Jer, = 522 nm). As shown

L. i+ W LeM+Hg

Quenching efficiency (%)

Pd As Ba Cd Cu Mg Ni Pb Zn Co

Fig. 6
TPA-2TH and Hg?* in THF/H,0 (Jex = 430 nm).
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in Fig. 6(b), the plot of fluorescence intensity versus mole
fraction of TPA-2TH displays a point of intersection corres-
ponding to two linear extrapolations, which is found to be
the 0.6 mole fraction of TPA-2TH, indicating 2:1 complex
formation between TPA-2TH and Hg>" ions.

3.4 'HNMR titration of TPA-2TH with Hg”" ions

To further understand the nature of the interaction between
TPA-2TH and Hg”" ions, the "H NMR titration experiment in
DMSO-d, (Fig. 7) was performed. It was found that two singlets
due to two -NH protons were merged and broadened with a
downfield shift, thus appearing at § 12.27 ppm and its intensity
decreased gradually upon increasing the Hg>" concentration
from 0 to 0.25 to 1.5 equivalents. The protons of the region
from 6 6.89-7.65 ppm increased and became twice the number
of original values indicating 2:1 (TPA-2TH + Hg”") complex
formation between Hg”" and TPA-2TH through its -NH and S
atom owing to the soft-soft interaction between S and Hg>".

3.5 Mechanistic studies

The results from steady-state fluorescence measurements using
a Stern-Volmer plot (SV) and time-resolved studies are used to
investigate the quenching mechanism of sensing, providing a
deeper understanding of the process.®*®® The fluorescence
quenching upon titration between TPA-2TH and Hg** ions
indicates strong binding interactions between them. The SV
plot demonstrates a direct relationship between the change in
emission and the concentration of Hg>" ions at low concentra-
tions (up to 1.5 pM). The quenching constant Kgy was obtained
from the SV equation as follows:
% =14 Ksy [Q]

where I, and I is the fluorescence intensity of TPA-2TH in the
absence and presence of Hg”>" ions, respectively, Kgy is the
Stern-Volmer quenching constant and [Q] is the concentration
of Hg”" ions. The Stern-Volmer plot of I,/I vs. [Q] was plotted to
obtain the slope value as Kgy (Fig. 8(a)). The linear relationship
observed at lower concentrations (Kgy = 2.02 x 10° M~ ") can be

0.0 012 0:4 0.6 0.8 1.0
XTPA-2TH

(a) Interference effect of various metal ions on the emission intensity of TPA-2TH at 522 nm in THF. (b) Job's plot for complex formation between
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Fig. 8 (a) SV plot and (b) time-resolved fluorescence emission decay of TPA-2TH and the TPA-2TH + Hg?" complex in THF.

attributed to either static or dynamic quenching mechanisms.
However, at higher concentrations, there is a deviation from
linearity, suggesting the involvement of static quenching with
the contribution of dynamic quenching. Based on these findings,
we propose the co-existence of both static and dynamic quenching
mechanisms. The relatively gradual curvature indicates the dom-
inance of the static quenching mechanism, indicating the
formation of a ground state complex between the fluorophore
TPA-2TH and Hg>" ions.®® Fluorescence lifetime investigation is
the best technique to determine the quenching mechanism, as
the static fluorescence quenching does not affect the lifetime,
whereas dynamic quenching shows variations in the lifetime
as a function of concentration and its environment. Lifetime
studies were carried out to demonstrate the coordination
between TPA-2TH and Hg®" and to establish the quenching
fluorescence mechanism. The decay profiles were determined
in THF and then fitted with bi-exponential functions. The average
fluorescence decay (Tayer) Of 30 UM of the TPA-2TH + Hg”* complex
was 3.08 ns (Fig. 8(b)), which is almost similar to that of TPA-2TH

344 | Mater. Adv, 2024, 5, 336-348

(Taver. = 3.13 ns), suggesting that static quenching is the predomi-
nant mechanism. Normally, the formation of a ground state
complex does not cause a significant red shift in the absorption
spectrum of the fluorophore.** However, in the presence of Hg**
ions, a slight bathochromic shift of ~13 nm was observed in the
absorption spectrum of the TPA-2TH probe (Fig. 5(a)). This shift
provides additional evidence for the formation of a ground state
complex and further confirms the predominance of the static
quenching mechanism.

To further understand the quenching mechanism, we have
calculated the radiative and non-radiative rate constants
for TPA-2TH and its Hg>" complex based on their quantum
yield (&) and average lifetimes (taper).®”®® Table S3, ESIL
provides an insight into the decay components contributing
to the quenching mechanism. A higher &, signifies efficient
light emission, with TPA-2TH displaying 0.096 ns™ ' k, while
TPA-2TH + Hg”' exhibits an exceptionally low k. value of
0.001 ns™ ', indicating inefficient light emission. On the other
hand, k,, denotes the rate of non-emissive decay pathways.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TPA-2TH has a k,, of 0.224 ns™ ", suggesting a significant non-
emissive contribution, whereas TPA-2TH + Hg”>* has a notably
higher k,, value of 0.324 ns™ ', indicating a dominant non-
radiative decay route.

The following equation can be used to calculate the frac-
tional occupancy of all binding sites (0)*° present in TPA-2TH:

Al I—1,

0= —"——
AImax Imax - 10

where Al .« is the maximal fluorescence change seen when all
of the acceptor binding sites are occupied by the ligand. Thus,
the association constant K, can be obtained using the following
formula:”®

1 [He”]
1-0)K, 0

— n[TPA-2TH]

where n denotes the total number of binding sites, 0 denotes
the amount of Hg”" ions that bind to the probe TPA-2TH and K,
means the association constant. The plot of 1/(1 — 0) vs. [Hg>"]/
0 will give K, as the slope value, which is obtained as 1.6 x
10° M~ (Fig. S10, ESIt). The standard free energy change®® can
be calculated using the equation AG = —2.303RT log;, K,, which
was found to be —35.59 KJ. The negative value for AG indicates
that the complexation reaction between TPA-2TH and Hg>" ion
is spontaneous.

Furthermore, the binding mode of TPA-2TH towards Hg”>*
and the associated quenching mechanisms could be explained
based on soft-soft metal interactions between Hg>" and S and
NH atoms TPA-2TH. Upon binding of Hg*" with TPA-2TH, there
is an overall reduction in the electron density from the donor
TPA moiety to the acceptor 2TH, which led to quenching in the
fluorescence emission of TPA-2TH. Furthermore, TPA-2TH
exhibited reversible sensing capabilities for Hg>*. Notably, the
addition of potassium iodide was able to effectively reverse the
sensing event. This reversal can be attributed to the stronger

View Article Online
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affinity of Hg”" for iodide ions. The switching phenomenon
could be achieved through multiple cycles of alternating additions
of Hg®" and KI ions to the TPA-2TH solution (Fig. S11, ESIY).

To explore the time-dependent properties, the emission
spectra of TPA-2TH were acquired in THF by adding a 3 pM
solution of Hg”". The emission peak intensity was monitored at
522 nm over varying time intervals (Fig. S12, ESIt). After adding
Hg®" to TPA-2TH solution at 84 s, a notable reduction in
emission intensity at 522 nm was observed. Interestingly,
beyond 84 s, the emission intensity reached a point of satura-
tion. Even when extending the time to 280 s, no further change
in emission intensity at 522 nm was observed. The observed
time-dependent decrease in emission intensity until reaching a
saturation point at 84 s can be attributed to a specific inter-
action or dynamic process involving Hg>* ions and TPA-2TH.
The saturation of emission intensity beyond 84 s suggests that
the interaction between TPA-2TH and Hg>" ions stabilizes or
reaches a state of equilibrium at this time point. Further
temporal extension does not significantly influence this inter-
action, indicating a steady-state condition in the emission
behaviour of TPA-2TH.

3.6 Fluorescence quenching studies in zebrafish larvae

Utilizing the zebrafish in multiple research areas, such as
cancer, drug discovery, toxicology, developmental biology,
neuroscience, and infectious disease modelling’"”> has proven
to be a valuable model organism due to its low cost of main-
tenance, high fecundity, and the ease with which its genome
can be manipulated and observed.” A lot of studies have been
carried out to evaluate the toxicity of chemical substances,
pollutants, environmental contaminants, and drugs, based on
teratological, biochemical, and behavioural analyses. However,
there is lack of studies on live animal models to test the
fluorescence quenching as a bio-indicator. We tried to address
the fluorescence quenching as a bio-indicator for metal ion

Fig. 9 Quantification of fluorescence quenching in live zebrafish larvae. Images showing different intensities of fluorescence emission. (a) Bright field
image of zebrafish larva. (b) Zebrafish larva treated with water. (c) Larva treated with DMSO. (d) TPA-2TH treated larva showing a high intensity of
fluorescence emission. (e) Larva treated with TPA-2TH + CuCl,. (f) TPA-2TH + HgCl, treated zebrafish larva.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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contamination using zebrafish larvae as a model system along
with acute behavioural toxicity end points using adult
zebrafish.

The strong fluorescence emission was observed in zebrafish
larvae of 72 hpf when treated with TPA-2TH (Fig. 9). Compared
to zebrafish larvae treated with TPA-2TH alone, the intensity of
fluorescence was reduced in TPA-2TH + HgCl, by 61.11% and in
TPA-2TH + CuCl, by 80.37%. The fluorescence intensity among
water control and DMSO control treated larvae were found to be
equal. Moreover, during the course of treatment the zebrafish
larvae were found to be dead because of the toxicity of CuCl,
and HgCl,. The pristine TPA-2TH is safe to use for zebrafish
larvae but with the combination of Hg>" and Cu*", it was found
to be detrimental.

3.7.1 Zebrafish hatching studies. The hatching rate of
embryos treated with TPA-2TH was 100% at lower concentra-
tions like 10, 20, and 40 pg mL~ " tested which is equitant to the
control and solvent control hatching percentage. However, no
further hatching and larvae also died with concentrations 60,
80 and 100 pg mL ™. This might be due to the highly viscous
nature of the compound at higher concentrations, which made
a delay in hatching, ultimately leading to the death of zebrafish
larvae.

3.7.2 Acute behavioural toxicity. Acute behavioural toxicity
analysis of zebrafish exposed to TPA-2TH revealed that the
compound did not at all cause any behavioural abnormalities.
Behavioural end points like sound response, fear response,
mirror biting, bottom dwelling and surface moving are all
found to be alike those of the controls (Fig. S13, ESIf).

4. Conclusions

In this work, we have designed and developed a novel triphe-
nylamine (TPA) appended in conjugation with 2TH through a
one pot Knovenagel condensation method with good yields and
its structure was confirmed using FT-IR, NMR, HR-MS and
SC-XRD techniques. In the molecular ensemble, the TPA moiety
acted as a donor and the 2TH unit acted as an Hg>" ion
chelator. SC-XRD revealed the co-facial herringbone packing
arrangement of TPA-2TH in a crystal lattice with a propeller-
shaped TPA unit. It exhibited a strong absorption band at
431 nm and showed strong yellow-green emission in THF with
Jem = 522 nm that is attributed to the efficient charge-separated
state produced by ICT between the TPA and 2TH unit. TPA-2TH
showed an excellent solvatochromic effect wherein it exhibited
a bathochromic shift in its emission on increasing the solvent
polarity. TPA-2TH exhibited distinct fluorescence quenching
upon complexation with Hg>" ions, attributed to increased
spin-orbit coupling and a weakened ICT effect. The LOD
achieved was as low as 3.3 pM, indicating the high sensitivity
of TPA-2TH for Hg>" ion detection. The fluorescence quenching
of TPA-2TH in zebrafish larvae provided a sensitive indicator
for metal ion contamination, while the absence of acute
behavioural toxicity in adult zebrafish suggested its safety for
aquatic organisms. This study highlights the practical utility of
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TPA-2TH as a comprehensive tool for evaluating metal ion
contamination and assessing its potential toxic effects on
aquatic ecosystems. Further research can explore its efficacy
in detecting and quantifying diverse pollutants or contami-
nants in environmental samples. Moreover, TPA-2TH
shows promise for evaluating the presence and toxicological
impacts of various substances on different organisms and
aquatic ecosystems.
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