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ABSTRACT: It is critical to design a novel and simple
bifunctional sensor for the selective and sensitive detection of
ions in an aqueous media in environmental samples. As a result, in
this study, tetraphenylethene hydrazinecarbothioamide (TPE-
PVA), known as probe 1, was successfully synthesized and
characterized as having impressive photophysical phenomena
such as aggregation-induced emission (AIE) and mechanochromic
properties by applying mechanical force to the solid of probe 1.
The emission of the solid of probe 1 changed from turquoise blue
to lemon yellow after grinding, from lemon yellow to parakeet
green after annealing at 160 °C, and to arctic blue after fuming with
DCM. Such characteristics could lead to a variety of applications in
several fields. The probe was implemented and demonstrated
remarkable selectivity and sensitivity toward mercury(II) and silver(I) ions by substantially switching off emission over other cations.
Following an extensive photophysical analysis, it was discovered that detection limits (LOD) as low as 0.18344 and 0.2384 yg mL ™
for Hg®* and Ag", respectively, are possible with a quantum yield (®) of 2.26. Probe 1 was also explored as a Hg*" and Ag* paper
strip-based sensor and kit for practical use. The binding mechanisms of probe 1 (TPE-PVA) with Hg*" and Ag* were confirmed by
'"H NMR titration. These results could lead to the development of reliable onsite Hg** and Ag" fluorescent probes in the future.
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1. INTRODUCTION

Tetraphenylethylene (TPE)-based device materials have been
of great interest in recent years for detecting metal ions in
biological and environmental systems because of their
aggregation-induced emission (AIE) properties," high selectiv-
ity, sensitivity, and ease of evaluation. Tetraphenylethene is
also a common building block for AIE photophysical
phenomena. A carbothioamide derivative based on tetraphe-
nylethene may exhibit AIE. Whenever illuminated with 365 nm
ultraviolet (UV) light, dilute tetrahydrofuran (THF) solution
of TPE-PVA emitted a modest yellowish color, whereas its
solid emitted a strong yellowish color. Because of the
hydrophobic nature of TPE, it is universally acknowledged
that AlE-active sensors can be developed from TPE.”
Aggregation-induced emission (AIE) compounds have a
propeller-shaped structure, wherein 7—7 stacking in aggregates
and solids is avoided. Because of the hydrophobic character-
istics of TPE, TPE-derived probes have long been recognized
to be AIE-active.” Tetraphenylethylene has a propeller-shaped
structure with rotating aromatic phenyl rings on the periphery.
Recent research has discovered and proven that when in dilute
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solutions, free rotation of the peripheral aromatic rings is
allowed. Nonradiative disintegration (decay) is induced by the
excited state.” As a result of their “aggregation-induced
emission” properties, tetraphenylethylene derivatives are the
most commonly used chromophores to explain complexation
with metal ions. The functionalization of the tetraphenyl-
ethylene-based molecular architecture with pendant coordinat-
ing sites for metal ions is a way of developing novel
chemosensors for metal ion detection.” The AIE characteristics
of tetraphenylethylene, which are based on the interaction of
chromophore receptor sites with analytes, determine the
detection capability of the compound.®

Recently, tetraphenylethylene and other aggregation-in-
duced emission derivatives were successful in detecting Hg*"
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and Ag" ions in an aqueous medium as dual sensors.” It is
worth noting that chromophores attached to methylene
hydrazine carbothioamide have also sparked a lot of attention
because of their high interaction abilities for transition metal
ions in recent years.® However, methylene hydrazine
carbothioamide-attached chromophores for metal ion sensing
are infrequently studied, which surprised and motivated us to
use them for the quantification of metal ions.” The major
purpose of our research is to analyze the interaction and
detection of all of these features, which have been used to
create methylene hydrazine carbothioamide-attached TPE-
based sensors with metal ions.">"'

Because of their high toxicity, heavy metals and transition
ions have considerable harmful effects on the environment and
human health, making selective and sensitive detection and
quantification in biological, chemical, therapeutic, and environ-
mental samples extremely vital. Mercury is an extremely
harmful, nonbiodegradable heavy metal found across the world
due to pollution.'” Mercury ions (Hg*") are widely distributed
in ecological systems such as air, water, and soil due to oil
refining, mining, as well as fossil fuel combustion. By the action
of microbes, organic mercury, including methylmercury, can be
converted between elemental mercury and inorganic mercury
ions inside the environment, which pass through the food
chain and accumulate in the human body.” Hg?* has a
tremendous capacity to interact with biological ligands in vivo,
which means that an overabundance of Hg*" in the body can
cause significant heart problems and a variety of irreversible
illnesses related to the stomach, kidneys, and brain, including
the central nervous system.'*'> Hg?* levels in drinking water
must be lower than 6 parts per billion according to the WHO
(30 nM). As a result, identifying Hg** in environmental,
nutritional, and biological samples regluires a sensitive, speedy,
and reliable analytical technique.'*”™"

In addition to mercury, the widespread use of silver has also
led to the continuous discharge of metallic Ag and silver ion
(Ag")-containing effluents into the environment from indus-
tries and other sources, which affects our daily lives (e.g,
antibacterial agents, catalysts, electronics, photography, and
jewelry).”” Ag" ions are incredibly harmful to humans, making
them one of the most damaging heavy metal contaminants. By
binding to thiol, amino, and carboxyl groups in enzymatic
reactions and/or displacing other crucial metallic ions, Ag"
ions can inactivate enzymes and cause considerable instability
in biological systems. The correspondingly high quantity of
Ag' ions in potable water systems, according to the
Environmental Protection Agency’s (EPA) Secondary Potable
Water Standards, is 0.1 pg mL™' (or 0.93 M). As a
consequence, sensitive analytical methods for precisely
recognizing trace Ag® ions are significant for water quality
management, public health, and environmental control.”"**

Recently, inductively coupled plasma mass spectrometry,
atomic absorption spectrometry, gas chromatography, and
high-performance liquid chromatography have been used to
detect Hg** and Ag' ions.”’ Unfortunately, because of the
increasing equipment costs, sophisticated procedure processes,
and skilled supervision, the widespread use of the traditional
methods mentioned above has been limited. Fluorescent probe
technologies provide significant advantages over these
advanced systems for Hg*" and Ag" detection, along with
excellent sensitivity, high selectivity, ease of operation, low
cost, and real-time sensing. In recent literature, several
fluorescent probes are often used to monitor environmental

and biological samples for Hg?* and Ag" ions.”> However,
these luminous probes have some disadvantages, such as low
sensitivity and a high limit of detection (LOD), which limits
their practical applicability. As a result of the aforementioned
challenges, as well as the prospective application of luminous
chromophores, the development of advanced and novel
luminous probes with many more advantages in the domains
of agricultural, environmental, and biological studies remains
promising and significant. In addition, there are no reports on
the detection of both metal ions using a single fluorescent
probe.®**

Therefore, in this study, we present a novel dual-sensor
probe 1 known as TPE-PVA having a quantum yield (®) of
226 with a pendant methylene hydrazine carbothioamide
receptor region.25 In a mixed aqueous medium (ACN: H,O:
1:9, v/v), it was ultimately employed as a dual-sensor
chemosensor for the selective and sensitive detection of Hg**
and Ag" over other metal ions.”® In contrast to previously
described chemosensors, the sensing of Hg** and Ag" ions by
probe 1 is based on the fluorescence “switch-off” mechanism.
This type of mechanism is due to the static type of quenching.
We also constructed a test strip by fabricating a probe 1 strip
with Whatman filter paper for the successful onsite detection
of Hg?* and Ag" ions for real-world application to environ-
mental analysis.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Equipment. All chemicals were used
as received from commercial suppliers, without further
purification. The compound probe 1, known as TPE-PVA,
was synthesized by reacting 4-(1,2,2-triphenylvinyl) benzalde-
hyde and 4-methyl-3-thiosemicarbazide in the presence of
ethanol and acetic acid as solvents. The reagents required to
synthesize probe 1 were procured from Sigma-Aldrich. The
various cations of chloride, nitrate, and sulfate salts (such as
Zn2+, C02+’ Hg2+, Ca“, Ag+’ Mg2+’ Sn2+’ Fe3+, Ni“, Cu2+’ Li+,
Pb**, Fe*', Mn**, Cr%, etc.) and DMSO were also purchased
from Sigma-Aldrich and TCI.

Synthesized AIE luminogens were characterized by different
characterization techniques such as infrared (IR) attenuated
total reflection (ATR), "H NMR, and "*C NMR spectroscopies
and high-resolution mass spectrometry (HRMS). IR spectra
were recorded on a Bruker, Germany (), spectrometer in the
range of 4000—400 cm™". "H NMR spectra were recorded on a
400 MHz Bruker Advance spectrometer and *C NMR using
101 MHz spectrometers, with CDCl;-d or DMSO-dg used as
solvents (trimethyl silane as an internal standard). DEPT-135-
NMR spectra were recorded on a 400 MHz Bruker Advance
spectrometer. Mass spectrometry (HR-MS) data were
obtained using Waters Micromass Q-Tof Micro under the
electrospray ionization (ESI)—MS mode. UV—vis absorption
spectra were recorded by the Specord plus UV—vis double-
beam spectrophotometer (Analytik Jena), and the fluorescence
emission was measured on an FP-8300 (Jasco) fluorescence
spectrometer. TLC (on a silica-coated aluminum plate) was
used to monitor the progression of all of the reactions.

2.2. Synthesis of TPE-PVA. 2.2.1. Synthesis of TPE-CHO
4-(1,2,2-Triphenylvinyl)benzaldehyde. The synthetic route
for TPE-CHO is highlighted in Scheme 1.

1-Bromo-1,2,2-triphenylethylene (335.24 mg, 1.0 mmol) as
well as 4-formylphenylboronic acid (179.9 mg, 1.2 mmol),
were dissolved in 20 mL of tetrahydrofuran solution and 7 mL
of 2 M potassium carbonate aqueous solution. The entire
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Scheme 1. Synthetic Route to TPE-CHO 4-(1,2,2-
Triphenylvinyl)benzaldehyde

CHO
PPh3 s THF O O

TPE-CHO

KZCO3, Reflux

Ho" > on

mixture was stirred for 0.5 h at room temperature under a
nitrogen (N,) atmosphere, then Tetrakis (triphenylphosphine)
palladium(0) (0.010 g) was added, and the mixture was
allowed to reflux at 80 °C overnight. TLC was used to monitor
the progress of the reaction, and after it was completed, the
solvent was removed under reduced pressure to form a residue.
The formed residue was chromatographed on a silica gel
column with n-hexane/dichloromethane (v/v 3:1) as an eluent
to afford TPE-CHO as a light-yellow powder (346.0 mg, 96%
yield).””** 'TH NMR (400 MHz, CDCl,) &/ppm: 9.90 (s, 1H,
—CHO), 7.62 (d, J = 8.5 Hz, 2H, —Ar—H), 7.20 (d, ] = 8.3
Hz, 2H, —Ar—H), 7.15-7.09 (m, 9H, —Ar—H), 7.06—6.99
(m, 6H, —Ar—H). *C NMR: (101 MHz, CDCl;) §/ppm:
191.93, 150.56, 143.04, 142.99, 142.89, 139.74, 134.25, 131.95,
131.30, 131.28, 131.23, 129.17, 127.93, 127.74, 127.05, 126.89,
126.86, 124.46. HR—ESI—MS calculated for C,,H,,O [M +
HJ*: 361.1548; found: 361.1546. IR (ATR): 691, 1018, 1210,
1554, 1691, 2724, 2824, 3050, cm™'; the structure of probe 1
was confirmed using a combination of characterization
techniques, including IR, '"H NMR, and *C NMR spectros-
copies and HR-MS spectrometry.

2.2.2. Synthesis of the Desired (E)-N-Methyl-2-(4-(1,2,2-
triphenylvinyl)benzylidene) Hydrazinecarbothioamide. The
synthetic route of TPE-PVA is highlighted in Scheme 2.

Scheme 2 highlights the synthetic route for (E)-methyl-2-(4-
(1,2,2-triphenyl)benzylidene) hydrazinecarbothioamide. 4-
Methyl-3-thiosemicarbazide was dissolved in 10 mL of ethanol.
Then, to this solution, 4-methyl-3-thiosemicarbazide and 1 mL
of acetic acid were added. After that, the whole solution was
refluxed at 80 °C for 30 min. On cooling to room temperature,
the pale-yellow solute was deposited. TLC confirmed the
completion of the reaction, and the final pale-yellow product
was subsequently purified by column chromatography with
petroleum ether/ethyl acetate (v/v = 30/1), yielding (E)-
methyl-2-(4-(1,2,2-triphenylvinyl )benzylidene) hydrazinecar-
bothioamide (147.0 mg, 66% yield).”” '"H NMR (400 MHz,
CDCl,) 8/ppm: 9.56 (s, 1H), 7.72 (s, 1H), 7.37 (d, ] = 8.5 Hz,
2H), 7.11 (qd, J = 3.9, 1.8 Hz, 9H), 7.07 — 7.00 (m, 9H), 3.23
(d, J = 49 Hz, 3H). *C NMR: (101 MHz, CDCI3) §/ppm:

178.15, 146.32, 143.38, 143.34, 143.20, 142.26, 142.05, 140.05,
131.85, 131.34, 131.32, 131.27, 131.14, 127.85, 127.81, 127.69,
126.77, 126.69, 126.65, 31.15, 29.71, 29.37. IR (ATR): 691,
748, 818, 1022, 1080, 1249, 1546, 1691, 2853, 2924, 3624,
3742, cm™}; HR—ESI—MS calculated for C,yH,sN;S [M + H]
*: 448.1803; found: 448.189S5. Different characterization
techniques, such as IR, 'H NMR, and ®C NMR spectros-
copies, and HR-MS spectrometry, were used to confirm the
structure of probe 1.

2.3. UV-Vis and Fluorescence Experiments. All stock
solutions of cations (100 ug mL™") were prepared in double-
distilled water by dissolving the appropriate quantity of metal
salts in water. The stock solution of probe 1 (1 X 10™* M) was
prepared in acetonitrile. For spectral analyses, test solutions
were prepared by mixing 1.0 mL (1 X 107* M) of probe 1 with
1.0 mL (100 ug mL™") of individual cations in a test tube,
diluting to 10 mL with distilled water and allowing to stand for
10 min at room temperature, and then absorption and
fluorescence (emission) spectra were recorded at room
temperature.

2.4. Fluorescence Titration for the Detection of Hg?*
and Ag* Cations. Probe 1 (1 mL, 10~* mol/L) in acetonitrile
solution was placed in each test tube of the different sets, and a
fraction of varying concentrations of the aqueous solution of
Hg** and Ag" (1 ppm) ions was added. All solutions were
diluted to a constant volume. Eventually, all test-tube solutions
were subjected sequentially to absorption and emission
measurements at room temperature. The fluorescence spectra
were recorded at A, = 270 nm with a bandwidth of 10.

2.5. Preparation of Probe 1 Paper Strips. The paper
strips were obtained by cutting Whatman paper. The test strips
were prepared by submerging them in an acetonitrile solution
containing probe 1 (1 X 107*). The strips were dried in the
open air. The purpose of these test strips was to detect Hg**
and Ag" in the presence of other cations. The test strips were
examined under UV irradiation at 365 nm and used for easy
detection with the naked eye.

2.6. DLS Study. The probe solution was prepared in
acetonitrile (1 X 107*); the water—mixture solution and the
metal jon solution were prepared in double-distilled water.
Dynamic light scattering (DLS) measurements were carried
out with only a probe and then the same measurements were
carried out in the presence of metal ion solutions of Hg** and
Ag" in the ratio of 1:0.5.

3. RESULTS AND DISCUSSION

3.1. Characterization of TPE-PVA (Probe 1). The
synthesis of probe 1 is represented in Scheme 2, and Section
2 describes the specifics of the synthesis. Physicochemical and

Scheme 2. Synthetic Route to (E)-N-Methyl-2-(4-(1,2,2-triphenylvinyl)benzylidene)Hydrazinecarbothioamide (TPE-PVA)
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spectroscopic analyses were performed to describe it
completely. To validate the purity and structure of the
probe, FT-IR, 'HNMR, CNMR, and HR-MS spectra were
obtained. This study revealed the successful synthesis of TPE-
PVA (for more information, please see the Supporting
Information).

3.2. AIE Properties. As a result, the solid powder of probe
1 emits bright yellow fluorescence. For the AIE study, we
started by analyzing the emission spectra in different solvents
such as THF and acetonitrile (ACN). The results are depicted
in Figure 1C. In THF and acetonitrile (ACN), probe 1 showed

20% 30% 40 %

-
0 % 10 %

T T T T
Probe in Acetonitrile .
Probe in Tetrahydrofuran

80

£l
N2
= 60 .
‘A
g
E 40 .
3
s 20 .
2
£
R -
=
220 .
1 1 1 1
400 500 600 700
Wavelength (nm)

Figure 1. Images of aggregation-induced emission (AIE) in THF:
H,O mixtures with different water fractions (0—99%): (A) under
daylight; (B) under UV (365 nm) irradiation; (C) probe in
acetonitrile and tetrahydrofuran (1076 M) for the AIE study.

fluorescence emission peaks at 420 and 426 nm in THF and
ACN solvents, respectively, after excitation at 270 nm. In this
study, we observed that probe 1 (TPE-PVA) shows a much
weaker emission intensity compared with acetonitrile (ACN),
and so THF solvent was selected for further AIE studies.
According to the emission spectrum analysis, the solvent plays
a major role, which seems to have a solvophobic effect.

In 2001, Tang and his group came up with the concept of
aggregation-induced emission (AIE), which is a kind of
photophysical phenomenon linked to the aggregation of the
chromophore moiety.‘?’0 In an aggregation-induced emission
(AIE) process, weak or nonemissive luminogens become
emissive due to the formation of their aggregates, which
depends on the quantity of water in the mixture. These
remarkably fluorescent luminogens, or AlEgens, are widely
used interesting materials in diverse fields.”' >’

The synthesized TPE-PVA was soluble in THF but insoluble
in water. Therefore, by varying the water percentage in THF,
the AIE property of TPE-PVA (107> M) was examined, and
the results are shown in Figure 1. It was discovered that TPE-
PVA aggregation begins in THF/H,0 combinations when the
water content is 60% or greater. The TPE-PVA compound
emits a modest fluorescence at 466 nm in a dilute THF
solution and remains constant when the amount of water is
increased from 0 to 70%. When water fractions (fw) in a
solution approach 70%, the emission band centered at 466 nm
is rapidly turned on and the fluorescence intensity increases
constantly with increasing fw. The photographic images
obtained in daylight indicate that when 70—99% of water is
added, the solution transforms from clear to turbid (Figure
1A). When the fw is greater than 70%, the same images under
UV irradiation exhibited fluorescence, which increased with
the fw (70—99%) (Figure 1B). TPE-PVA appears to be an
AlE-active compound by this photographic analyses.”®

The AIE properties of TPE-PVA were further studied by
fluorescence measurement. Figure 2A depicts the fluorescence
emission spectra of solutions with different water fractions. In
the THF solution, probe 1 (TPE-PVA) produced an extremely
weak emission band at 431 nm after excitation at 270 nm
(Figure 2A, black line). The addition of water (up to 60%) to
the TPE-PVA solution led to a gradual increase in the
fluorescence intensity. As soon as the water fraction reached
70%, there was a modest increase in the emission intensity.

A
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3 —10%
< 1200
z
2 1000
)
= 800
]
9
§ 600
3
5400
=
=200

0 1 1 oe—

400 500 600 700
Wavelength (nm)
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—150%
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Figure 2. (A) Emission spectra (PL) of probe 1 (TPE-PVA) in THF/H,O (v/v) mixtures with different water fractions were recorded at 4,, = 270
nm. (B) Absorption spectra (UV—vis) of probe 1 (TPE-PVA) in THF and THF/H,0 fw.
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Figure 3. Schematic Representation of Investigations of the Fluorescent On/Off Emission Depending on AIE for the Detection of Metal Ions
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Figure 4. Under UV irradiation (365 nm), images exhibiting the mechanochromic phenomenon of probe 1 show color changes after grinding,

fuming, and heating.

The fluorescence intensity of probe 1 suddenly increased as the
proportion of water in the THF solution was increased to 80,
90, and 99% (Figure 2A). A substantial fluorescence intensity
boost was found in the THF solution of probe 1 at 99% water
fraction (Figure 24, faint blue line).*

In the aggregated state, constricted molecular packaging
restricts the intramolecular rotation vibrations of the
molecules, which results in the strengthening of the z-
conjugation of TPE-PVA molecules. As a result, only radiative
decay is possible; hence, AIE is observed in the aggregated
state. In contrast, the TPE-PVA moiety is essentially isolated in
a THF medium and has limited contact with other TPE-PVA
molecules. Therefore, there is less dense packaging of
molecules. As a result, TPE-PVA in THF solution shows
negligible emission because the major nonradiative decay is
caused by free rotation and vibrational modes. The formation
of TPE-PVA molecular aggregates with the addition of water is
ascertained by fluorescence and absorption measurements in a
THF/H,O solvent mixture with various water fractions. The
feeble emission band of TPE-PVA compounds in THF was
centered at 409 nm in the emission spectra. On increasing the

water content from 70 to 99%, the previous band disappeared
and a new emission peak at 466 nm was observed (Figure
17a). This shift with an increase in the fluorescence is due to
the aggregation of TPE-PVA molecules (Figure 2A).*

The UV-—visible absorbance spectra of probe 1 in
tetrahydrofuran only and in a different mixture of THF and
H,O are presented in Figure 2B. Probe 1 has an absorbance
maximum of 358 nm in THF. Probe 1 shows a marked change
in the absorption peak, observed at 368 nm with a 10 nm shift,
which is a red shift after being added to 99% water. This
implies that probe 1 undergoes J-aggregation due to the
presence of water. All of the obtained results confirmed that
probe 1 had outstanding AIE properties and had the maximum
fluorescence intensity in THF/H,O (fw = 99%). In the realm
of fluorescence probes, the AIE behavior of TPE-PVA is
unique.

A detailed schematic diagram presents the investigation of
the fluorescent on/off emission based on AIE (aggregation-
induced emission) for the detection of metal ions, particularly
Hg**/Ag". In general, the synthesized probe has zero or low
emission in an organic solvent (THF); after an increase in the
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quantity of a poor solvent (water), PL emission increases
following the formation of an aggregate as a result of the
aggregation-induced emission of the synthesized probe. We
discovered that after adding an analyte solution to aqueous
media, the PL emissions of Hg** and Ag" were turned off
selectively. The detailed schematic illustration is displayed in
Figure 3.

3.3. Mechanochromic Properties. Mechanochromic
luminescence (MC) is a unique property of some smart
materials and molecules, which occurs in response to
mechanical forces such as grinding, heating, fuming, and
crushing/rubbing.*’ The MC luminescence characteristic has
garnered much attention because of its potential uses in
mechanosensory applications, security papers, and optical
storage.”” The mechanochromic aspects of probe 1 in its
solid state were investigated due to the aggregation-induced
emission (AIE) nature of TPE-PVA. A mortar and pestle were
used to grind probe 1 (TPE-PVA) to determine its
mechanochromic luminescence response. The color of the
grounded TPE-PVA under UV light (365 nm) is shown in
Figure 4 accordingly. The emission color of probe 1 changed
drastically when the solid sample was ground with a pestle and
mortar; the original turquoise blue emission turned into a
lemon yellow color. Moreover, annealing and fuming with the
vapor of the solvent also influenced the color of probe 1 in its
solid state. Probe 1 changed its color from lemon yellow to
parakeet green and arctic blue after annealing at 160 °C and
fuming with dichloromethane (DCM), respectively (Figure 4).

Further, the mechanochromic properties of probe 1 (TPE-
PVA) were supported by powder X-ray diffraction (PXRD)
patterns.*> The PXRD pattern was obtained before grinding
(Figure SI). This pattern shows several sharp peaks (between

broad peaks were observed at 26 = 12.5 and 20°. This
indicated the completely amorphous nature of the compound
(Figure SII). Again, TPE-PVA was subjected to annealing and
fuming to determine whether it reverted to its original state or
not. Therefore, the PXRD pattern after fuming with dichloro-
methane was recorded, which showed many more sharp
diffraction peaks in the spectrum compared with its previous
state, indicating the acquisition of a crystalline state. However,
peak positions revealed that it did not revert entirely to its
original crystalline state (before grinding) (Figure SIII).
Hence, the transformation between the crystalline and
amorphous phases of probe 1 (TPE-PVA) after grinding was
accountable for its mechanochromic luminescence phenom-

3.4. Fluorescence Response of Probe 1 to Various
Cations. The metal recognition properties of probe 1 (TPE-
PVA) were investigated by fluorescence as well as UV—vis
spectroscopies. A 1 X 107 M solution of probe 1 in
acetonitrile was studied in the presence of various biologically
and environmentally important cations, such as Zn**, Co®",
Hg“, Ca2+, Ag+) Mg2+) Sn2+, F63+, Ni2+, Cu2+, Li+, Pb2+, Fe2+,
Mn?*, Cr%, etc,, in an aqueous medium. The emission spectra
of the suspension of probe 1 exhibited the maximum emission
at a wavelength of 466 nm when excited at 270 nm (Figure
17a,b). The addition of 100 ug mL™" solutions of various
cations to the probe 1 solution caused variations in the
fluorescence emission spectra of probe 1. However, the
fluorescence spectrum of probe 1 showed significant and
drastic quenching of fluorescence in the presence of Hg** and
Ag" ions, indicating that probe 1 is suitable for the selective
and sensitive detection of Hg*" and Ag" in mixed aqueous
media. The results are depicted in Figure 6. Although the
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Figure 5. AIE luminogen probe 1 (TPE-PVA) XRD patterns in
various solid states (I, original; II, ground; and III, fuming).

20 = 10 and 25°) along with a broadened peak at 26 = 20° (in
the range of 20 = 16—35°). This broad peak corresponds to
the (101) plane of carbonaceous materials containing N and S
heteroatoms. In addition, one more broad peak was observed
at 20 = 42.5°, related to the (034) plane, and it is well-matched
to JCPDS card no. 01-078-1129. All of these factors confirmed
the monoclinic phase of probe 1 before grinding (space group
= P21/n, space group no. = 14).

Further, after grinding the powder of probe 1 with a mortar
and pestle for 2 min, all sharp peaks disappeared and only
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Figure 6. Emission spectra of probe 1 upon excitation at a wavelength
of 270 nm. PL of probe 1 with the addition of various metal ions in a
mixed (1:9, ACN: H,0) aqueous medium.

mentioned cations decrease the fluorescence intensity, the
decrease in fluorescence is negligible compared with that
caused by Hg’* and Ag" ions. The remarkable thing in this
fluorescence experiment is that the concentration of all of the
cations is the same, which is prepared in double distilled water
where Hg?* and Ag" ions flatten the curve completely
compared with the rest of the cations. This reveals that Hg*"
and Ag" ions have much more affinity compared with other
tested cations.

Changes in fluorescence were also recorded under daylight
and UV light, and the results are depicted in Figure 7A and B,
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Figure 7. Solution of probe 1 in a mixed aqueous medium of ACN: H,O (1:9 v/v): (A) under ambient light and (B) under UV irradiation (365

nm).

respectively. Under ambient light, probe 1 in mixed aqueous
media (acetonitrile: water) with various cations showed less
emission (Figure 7A), whereas under UV light, all tubes,
except those containing Hg*" and Ag" ions, showed excellent
fluorescence due to AIE (Figure 7B).

The diminished fluorescence of the probe 1 solution
containing Hg** and Ag" ions may be due to the interaction
between the probe and ions. However, the other mentioned
ions may not have interacted with probe 1; hence, there was no
appreciable change in the fluorescence. These findings suggest
that probe 1 (TPE-PVA) can selectively detect Hg** and Ag”
ions over the most relevant cations. As a result, probe 1 can be
used as a fluorescent sensor for Hg** and Ag" ions.

3.5. UV-Vis Absorption Study. The UV—vis spectra of
the synthesized probe 1 (TPE-PVA) were recorded in
acetonitrile: water mixed solvent at room temperature. The
maximum absorption of the probe was centered at a
wavelength of 362 nm. Figure 8 shows the UV—vis absorption
spectra of probe 1 with the addition of each cation in an
aqueous medium (ACN: H,0 1:9 v/v).

Except for Hg*" and Ag" ions, the UV—vis absorption of
probe 1 did not change significantly with the addition of the
other tested cations. The absorption spectra changed

15 T T T T
, H N 1and 1+ Zn2+, C02+, C32+,
= A : .\Ig2+, Sn2+, Fe3+, _\-iz+’ Cn2+, -
1.0 Lit, Pb2F, Fe2, Mn2+, Cr6+,

Normalized absorbance

300 400 500 600
Wavelength (nm)

Figure 8. UV—vis absorption spectra of probe 1 (1 X 107 M) in the
presence of Zn**, Co®*, Hg**, Ca®, Ag’, Mg**, Sn**, Fe**, Ni**, Cu™,
Li*, Pb¥, Fe**, Mn*", and Cr®" in a mixed aqueous medium of ACN:
H,0 (1:9 v/v).

drastically when the Hg’* and Ag" ions were added; the
absorption maxima at 362 nm vanished completely, and a new
band emerged at 352 nm. The complex formation of Hg** and
Ag" ions with probe 1 might be the reason for the appearance
of new peaks or variations in UV—vis absorption spectra-
(Figure 8). The appearance of a new absorption band at 350
nm for Hg*" and at 354 nm for Ag” is due to the complexation
between Hg’* and Ag" and the organic moiety, respectively.

3.6. Fluorescence Sensing Performance. The sensing
performance of probe 1 toward Hg** and Ag" ions in a mixed
aqueous medium (acetonitrile: water v/v 1:9) was investigated
by fluorescence emission spectral analysis. The spectral results
are depicted in Figure 9. A fluorescence emission band at 466
nm was observed in probe 1 in acetonitrile after excitation at
270 nm. The variations in the emission band at 466 nm were
monitored with the addition of a series of different
concentrations of Hg”* and Ag" ions in the probe 1 solution.
With the gradually increasing addition of Hg** and Ag" ions
(0.1-1.6 ug mL™"), the fluorescence of the probe 1 solution
diminished, and it almost completely vanished after the
addition of 1.6 ug mL™" of both the ions (Figure 9A, B).
Therefore, we speculated that the qualitative and quantitative
determination of Hg** and Ag" ions could be achieved easily
with the developed organic probe.

To develop an analytical method for the quantification of
analytes, there should be a linear association between the
analyte concentration and the signal intensity.

Hence, to evaluate the analytical linear range, a standard
Stern—Volmer quenching relationship was employed:

E/F =1+ K[Q] (1)

where F, and F are the fluorescence intensities in the absence
and presence of Ag" and Hg*" ions, respectively, Kgy is the
Stern—Volmer constant, and [Q] is the concentration of
ions.**

The plot of F,/F vs the concentration of both the ions was
plotted, which demonstrates a linear relationship between the
fluorescence response and their concentration within the range
of 0—1.4x and 0—1.2x ug mL™" for both ions, respectively.
Good linear regression coefficients (R*) of 0.9785 and 0.9834
were obtained for Ag" and Hg** ions, respectively (Figure 10).

3.7. Detection Limit. The limit of detection (LOD) of the
developed method for both ions was evaluated subsequently
using eq 2 (Haldar and Lee, 2018):>
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Figure 9. Addition of silver and mercury salt (aqueous) solutions to probe 1
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Figure 11. Images of paper strips loaded with probe 1 (TPE-PVA): (A) only probe; (B) probe 1 + Hg*" solution; and (C) probe 1 + Ag* solution.

2)

detection limit = 3 6/K

where K is the slope of the plot between the ratio of the
emission intensity vs probe 1 and s is the standard deviation of
the blank measurement, obtained using the Stern—Volmer
plot; the LODs of the developed sensing system were found to
be 0.18344 and 0.2384 ug mL™' for Hg** and Ag" separately.
These LODs are well below the permissible levels for both ions
in drinking water. The obtained linearity, correlation
coefficient, and LOD of the sensing system reveal its

reasonable accuracy, making it a potential technology that
might be studied for assaying both ions in actual samples.
3.8. Paper-Based Strips for the Onsite Detection of
Hg?* and Ag*. The visual onsite screening of Hg?* and Ag*
ions was demonstrated using a paper-based strip. It was
developed by soaking a paper strip in a probe 1 acetonitrile
solution and then drying. Further, it was assayed for Hg** and
Ag" ions and was observed under UV irradiation, as presented
in Figure 13. It was observed that the probe 1 test paper
exhibited a bright blue fluorescence under UV light (Figure
11A). The fluorescence of the paper strip test paper of probe 1
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Figure 12. '"H NMR spectrum of (A) only probe (TPE-PVA), (B) probe with Hg** (probe + Hg*"), and (C) probe with the Ag" (probe + Ag").
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Figure 13. FT-IR spectra of probe 1 before and after the formation of a complex with (A) Hg** and (B) Ag" ions.

diminished following the addition of Hg** and Ag" ions under
UV light (Figure 11), but competing cations had no effect (not
shown here). These findings show that probe 1 may be used
for the visual detection of Hg*" and Ag" ions with outstanding
selectivity, sensitivity, stability, speed, and operational
simplicity, without the need for complicated apparatus.

3.9. Sensing Mechanism. The TPE-PVA probe was
assessed for the detection of Hg*" and Ag" ions sequentially by
analyzing the decreases in the fluorescence intensity of the
probe with the addition of ions. It was speculated that the
complexation between the probe and ions might be responsible
for the quenching of the fluorescence. Such a mechanism of
sensing has been ascertained by different techniques as follows.

3.9.1. "TH NMR. To confirm the mechanism of sensing for the
Hg** and Ag* ions with TPE-PVA, 'H NMR experiments were
performed in DMSO-d, because of the good solubility of probe
1 and salts (HgCl, and AgNO;), which are illustrated in Figure
12. The 'H NMR spectra of probe 1 demonstrated sharp peaks
at 6y 11.40 and 8.42 ppm, attributed to the NH proton. Upon
the addition of Hg*" and Ag' ions (HgCl, and AgNO,) to
probe 1, the peaks that were observed at 6 11.40 and 8.42 ppm
in 1H NMR of the probe gradually disappeared and shifted
downfield (Figure 12A—C). Subsequently, this leads to an
alteration in the original molecular architecture of probe 1.

34896

These results indicate that Hg** and Ag® ions form a strong
complex with the probe through the NH bond.*’

3.9.2. FT-IR Spectrum. The FT-IR spectra of probe 1
(Figure 13) show peaks at 3450 (N—H stretching), 3000
(aromatic C—H stretching), 1650 (imine), and 1020 (C—N
stretching) cm™. After the addition of Hg** and Ag" ions in
the probe solution, the N—H stretching peak at 3450 was
weakened, whereas other peaks remained intact (Figure 134,
B). These results indicate that stable complex formation with
ions occurs, confirming the involvement of N—H in the
complexation process.”’

3.9.3. DLS Study. Dynamic light scattering (DLS) was used
to examine the aggregation of probe 1 solution with and
without Ag* and Hg”" ions. A sample solution of the probe was
prepared in ACN: H,O (v/v, 1:9) for DLS measurements and
showed a size distribution of 507.01 + 15.2 nm in diameter
(Figure 14A). The large size of probe 1 was due to their
aggregation in mixed media. However, with the addition of Ag"
and Hg2+ ions to the probe solution, the size was reduced to
183.62 + 4.4 nm (Figure 14B) and 302.24 + 16.3 nm in
diameter for Ag" and Hg*" ions, respectively (Figure 14C).
The size reduction was attributed to the breakdown of
aggregation of the probe due to the complex formation with
Ag' and Hg?*, where probe 1 immediately compacted with
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Figure 14. DLS data of probe 1 in the (A) absence and (B, C) presence of Ag" and Hg*" ions.
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Figure 1S. Fluorescence decay profile (lifetime) of probe 1 (TPE-PVA) in the absence and presence of different concentrations of metal ion
solutions: (A) only probe and Hg** addition and (B) only probe and Ag* addition.

ions to form smaller particles.***” Thus, DLS data revealed
that probe 1 readily forms complexes with Ag" and Hg*" ions.

3.9.4. Fluorescence Lifetime. Time-correlated single-
photon counting (TCSPC) was also used to confirm the
mechanism behind the selective sensing of Hg** and Ag" over
other metal ions in aqueous media. Either the electron transfer
or complex formation mechanism might be primarily
responsible for quenching the emission of probe 1 with Hg**
and Ag" ions. Measurement of the fluorescence lifetime is an
effective tool to differentiate such quenching mechanisms. The
decay times of probe 1 with increasing volumes (0.1, 0.5, and 1
mL) of Hg** (1 ug mL™') solution were recorded (Figure
1SA). Similarly, the decay times of probe 1 with increasing
volumes (0.1, 0.5, and 1 mL) of Ag" (1 ug mL™") solution
were also recorded (Figure 15B). If 7/t = F,/F, the type of
quenching that occurs is dynamic, and if 7y/7 = 1, the type of
quenching that occurs is static, where 7, and 7, are the lifetimes

34897

of the fluorophore (probe 1) before and after the addition of
the quencher (Hg** and Ag'), respectively. The results
revealed that 7,/7 ~1, which indicates that a static form of
quenching occurs between probe 1 and Hg** and Ag" ions.
Thus, complexation between the probe and ions occurs in the
ground state.

3.9.5. Binding Constant and Binding Sites. Fluorescence
quenching data at room temperature, i.e. 298 K, were used to
calculate binding parameters such as the binding constant (K)
as well as binding sites (n). The binding parameters were
calculated using eq 3 given below:

log[(E, — F)/F] =log K + nlog[Q] 3)

where K and n are the binding constant and the number of
binding sites, respectively. The values of K and n were
determined by plotting log[(F, — F)/F] against log[Q] at
room temperature, as shown in Figure 16. The intercept and
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Figure 16. Job’s plot for probe 1 association: (A) stoichiometric complexation of probe 1 with Hg**; (B) stoichiometric complexation of probe 1

with Ag".

slope, as well as the regression coeflicient, were used to derive
the binding constant (K) and binding sites (n). For probe 1
(TPE-PVA), the results demonstrate the presence of a single
class of binding sites (n*) approximately 1 (Table 1).

Table 1. Binding Constant (K) and Number of Binding
Sites (n) Between Probe 1 and Analytes

binding constant K number of binding correlation
analytes (x10° dm® mol™') sites (n*) coefficient (R)
Hg** 0.08 0.90 0.98
Ag+ 341 1.20 0.97

3.9.6. Job’s Plot. Using Job’s plot (the method of
continuous variation), the binding stoichiometry of the final
complex between probe 1 and Ag" was determined, which is
illustrated in Figure 16B. The final concentration of probe 1
and Ag" was kept constant at 100 yM, whereas the molar
fraction of probe 1 was varied gradually. The fluorescence
emission bands for the probe 1:Ag" complex exhibited a
maximum of around 0.65 mole fractions of Ag" to receptor 1.
Job’s plot revealed a 1:2 stoichiometry for the compound. The
stoichiometry of the complex between probe 1 and Hg** ion
was determined using Job’s plot from emission titration
experiments, which is shown in Figure 16A; it demonstrated a
maximum for the fluorescence emission bands of about 0.3

mole fractions of Hg*" to probe 1. Job’s plot suggested that the
stoichiometry of the complex was 2:1.

3.9.7. Probe Quantum Yields (®f). Using quinine sulfate
(®p =0.54) as a reference, the fluorescence quantum yield
(®p) of the probes in the absence of Hg(II) and Ag(I) ions
was calculated. Eq 4 was used to calculate the value of F:

q>F=q>ref)( Iprobe/Iref.XAref/AprobeXr] Z/Wreﬁz

probe

(4)

where @ and @, are the quantum yields of the probe and
quinine sulfate, respectively. L. and L are the integrated
emission peak areas of the probe and quinine sulfate,
respectively; A, and A, are the absorbances of the probe
and quinine sulfate at the excitation wavelengths, respectively;
Nprobe a0 77, are the refractive indices of solvents, respectively
(Figure 17).

4. CONCLUSIONS

In summary, we designed, synthesized, and completely
characterized a TPE-based novel probe 1 known as TPE-
PVA having a quantum yield (@) of 2.26 with AIE
(aggregation-induced emission) activity and a remarkable
mechanochromic photophysical phenomenon that was studied
through grinding, fuming, and heating. The mechanochromic
luminescence characteristics were generated by the transition
from the crystalline to the amorphous state. The synthesized
probe 1 was effective in metal ion sensing in mixed aqueous
media and was used as a fluorescent sensor to detect Hg*" and
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Figure 17. Solid-state spectra of probe 1: (a) emission spectra and (b) excitation spectra.
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Ag" selectively and sensitively from a mixed aqueous medium
(ACN:H,0, 1:9) over other metal ions. The addition of only
Hg”" and Ag" significantly turned off the fluorescence of probe
1. The approach was developed to detect both ions selectively
using a single probe based on these quenching characteristics.
In addition to paper strip-based sensing, the onsite detection of
Hg*" and Ag" in real samples was performed. Because of the
selectivity and sensitivity of probe 1 toward Hg** and Ag" ions
as a paper strip sensor, kits for the detection of Hg*" and Ag”
ions could be developed in the future.
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