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1. Introduction

Hg() causes photoluminescence quenching of
pyrene inside a blue emitting ionic liquid-derived
crystalline nanoballf

Najmin Tohora,® Rajkumar Sahoo,® Sabbir Ahamed,® Jyoti Chourasia,’
Shubham Lama,® Manas Mahato,” Shreya Ali® and Sudhir Kumar Das (2 *@

This report presents the self-assembly of a blue-emitting ionic liquid (IL), NTIL, prepared by combining
pyrene butyrate with a quaternary phosphonium ionic liquid (IL) through a straightforward ion exchange
method. Water-dispersible crystalline nanoparticles, referred to as nNTIL, were developed using a
reprecipitation technique. The nanocrystalline and molecular-level organization of pyrene moieties
within these nanoparticles was validated using various spectroscopic, microscopic, and calorimetric
analyses. Pyrene counterparts in the nanocrystalline nanomaterials demonstrate a strong tendency to
self-associate when excited. The self-aggregation of pyrene moieties in their electronic excited state is
found to be pronounced and beyond the simple excimeric dimerization process. Hg?* ions cause strong
photoluminosity quenching, which is found to be pronounced owing to the strong n—n stacking inter-
actions among the pyrene moieties inside the crystalline nanoball due to the strong electrostatic inter-
action between pyrene butyrate and Hg?* ions, causing further clotting of water dispersed nanoparticles.
The induction of further coagulation of nNTIL by Hg?* ions was validated through scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analysis. Analysis of the quenching of
photoluminosity through photoluminescence lifetime decay analysis revealed that the process is
dynamic. The practical applications of nNTIL were illustrated through analyses of water and soil samples,
paving the way for applications in diverse fields. Furthermore, we investigated the sensor’s effectiveness
in detecting Hg?* ions using affordable test strips. The present report introduces the fabrication and
implications of metal-sensitive IL-based low-dimensional materials exhibiting remarkable photophysical
properties compared with traditional ones.

allows for a wide range of applications, such as extraction and
separation processes, the formulation and delivery of active phar-

Ionic liquids (ILs) are a distinctive class of organic salts that
have melting points below 100 °C. Unlike conventional ionic
salts, the propensity for crystal formation in ILs is substantially
diminished because of sterically incompatible ions, which
leads to a substantial reduction in their melting points.’™ They
are recognized for their relatively low toxicity and biocompat-
ibility, as well as their antibacterial properties and selective
catalytic capabilities. They can be tailored to meet specific
requirements by altering their constituent ions and incorporating
various functional groups into their structures.® This versatility
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maceutical ingredients (APIs), biocatalysis, sensor development,
gel and molecular probe synthesis, electrochemistry, energy effi-
ciency enhancements, and the design of microemulsions.*”
ILs are being increasingly utilized to replace conventional solvents
and electrolytes, evolving into distinct functional media, fluids,
and materials. This shift marks a new trend to explore photonic
materials that have gained attention in recent years.®® The
integration of ILs with photonic materials has notably enhanced
their applicability across a range of optoelectronic applications.
In these contexts, ILs act as versatile building blocks, forming
the basis for innovative photonic materials."* These new materials
tend to offer significant advantages over traditional molecular
counterparts. Because of the high modularity of ILs, specific
functionalization tailored for particular optoelectronic applications
can be achieved. This is often accomplished through ion-exchange
metathesis reactions or by introducing specific functional
groups into ILs’ structure, resulting in the formation of novel
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ion-containing materials. Such photonic materials maintain
the essential properties of their original counterparts while
incorporating the beneficial characteristics of ILs, leading
to the development of advanced photo-functional materials.
However, much of the existing literature focuses on the role of
ILs as solvents and electrolytes, along with the advancement of
high-performance functional materials.'>"* Research exploring
the application of ILs in the design and development of
photonic materials for various optoelectronic functions, such as
photon upconversion, white light generation, and FRET-mediated
down conversion, remains relatively scarce. Furthermore, nano-
particles can be synthesized through straightforward methods by
adjusting the length of the aliphatic side chains within the ILs.
These nanoparticles hold promise for applications in sensing,
biomedical fields, and energy conversion.'*™*#

In today’s world, nanoparticles play an integral role in
various aspects of life primarily because of their distinctive
intrinsic properties, such as enhanced surface-to-volume reac-
tivity relative to bulk materials, distinct atomic and electronic
structures, and notable morphological characteristics.'**°
Recently, nanomaterials have emerged as a focal point in bio-
medical research, finding applications in therapeutics, cellular
imaging, drug delivery systems, and biological sensing.>™*
Ionic liquids (ILs) have increasingly been recognized for their
role in the synthesis of these biologically active nanoparticles,
serving as effective templates or solvents.”® Their ability to
form cage-like hydrogen bonds enhances self-organization
and molecular aggregation.”* Nanomaterials derived from ILs
present a range of promising applications across the biomedi-
cal landscape, as well as in sensing and energy conversion
technologies.>>®

Pyrene and its derivatives are exceptional aromatic hydro-
carbons known for their unique properties and broad range of
applications. These include aggregation-induced fluorescence
characteristics, significant delocalization of n electrons, exci-
mer formation in the excited state, strong UV-visible absorption
and emission characteristics, high quantum yield, and prolonged
photoluminescence lifespan.”’*' Additionally, the monomer and
excimer exhibit distinct responses when interacting with vari-
ous metal ions, dye molecules, and biomolecules.””*>* These
properties enable their use as core components in diverse photo-
electronic devices, including excimer lamps, lasers, and photo-
voltaics.>> Hence, modulating the photophysical properties of
pyrene moieties inside the core of ILs would be more beneficial
for fabricating IL-based photonic materials and for multifaceted
optoelectronic applications.

The investigation of heavy and transition-metal ions for
detection and quantification has gained attention because of
their significant harmful effects on the environment and living
organisms.*® Among these metals, mercury stands out as the
most toxic, associated with numerous serious health issues
such as cardiovascular diseases, kidney toxicity, neurotoxic
effects, cancer, immune system impairment, and adverse
reproductive and developmental outcomes.’”*" Mercury
poses risks in all its oxidation states (0, +1, and +2%7), despite
variations in their solubility and potential for redox reactions.
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Its chemical forms primarily determine the ecological and
toxicological impacts of mercury, as various natural proces-
ses in aquatic environments convert mercury into different
inorganic and organic compounds. Notably, certain lower
organisms can convert inorganic mercury into methylmer-
cury, a compound known for its neurotoxic properties.*”™**
Given that the maximum allowable concentration in food
and drinking water is around 2 ppb,*® there is a strong inter-
est in developing effective sensors for mercury detection.
Various types of sensors have been developed that utilize
electrochemical responses and conductivity changes,*®*” as
well as variations in color and fluorescence.*>**>” However,
many of these sensors are limited to nonaqueous environments,
and the direct detection of elemental mercury has primarily been
conducted in its vapor form.’®*® Therefore, sensors that can
function in aqueous environments are of significant practical
importance.

In our efforts to promote secure and healthy surroundings,
we have concentrated on exploring straightforward methods for
detecting and eliminating toxic substances from commonly
affected areas. Various techniques have been utilized for the
identification of Hg”", such as inductively coupled plasma mass
spectrometry, surface-enhanced Raman spectroscopy, and
atomic absorption spectrometry. However, these methods tend
to be expensive, require extensive pre-treatment, and necessi-
tate skilled personnel for operation.®®®’ Recently, there has
been a surge of interest in colorimetric and fluorometric
sensors for Hg”>" ion detection, primarily due to their potential
for miniaturization and suitability for field applications.®>™®®
In this regard, fluorescent nanomaterial-based colorimetric
sensors utilizing diverse functionalization techniques have
significantly advanced the detection of Hg*>" ions.®®”7° Never-
theless, most research has focused on detecting mercury ions
in liquid solutions. At the same time, solid-state sensing
methods are favored for practical, real-time applications due
to their ease of handling, operational simplicity, stability, and
portability.

Considering all relevant factors, we introduce an IL and
IL-based organic nanosensor that incorporates the pyrene
moiety. Through the reprecipitation technique, we developed
water-dispersible crystalline nanoparticles that possess vari-
ous important properties. Moreover, introducing Hg”" into the
nNTIL solution results in a bathochromic shift of 2 nm (from
344 nm to 346 nm) and is accompanied by prominent Mie-
scattering, inferring further coagulation of nNTIL. nNTIL
demonstrated a substantial increase in fluorescence (¢ =
0.37) when exposed to 365 nm UV light, making it readily
observable compared with the NTIL solution. When
mercury(n) ions were added to the nNTIL solution, a decrease
in fluorescence was noticed at 478 nm (¢ = 0.035). The
quenching process is dynamic and is evident from the photo-
luminescence titration spectral and excited state lifetime
decay analysis. The present report discusses the fabrication
and implications of metal-sensitive IL-based nanoparticles
that exhibit remarkable properties compared with tradi-
tional ones.
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2. Experimental section

Information regarding the synthesis methods for NTIL and
nNTIL, general protocols for conducting UV-visible and fluores-
cence analysis, determination of photoluminescence quantum
yields, and various interactive plots are given in the ESL}

2.1 Materials and instrumentations

For synthesizing pyrene butyrate anion-based NTIL, pyrene
butyric acid (PBA), and trihexyltetradecylphosphonium chlor-
ide (Pge614Cl) (>95%) were purchased from Sigma-Aldrich,
India. All the solvents used for the experiments were of analy-
tical grade and obtained from Sigma-Aldrich, India, and TCI,
India. All the metal chloride salts and Hg(u) anions used in the
present study were purchased from Sigma-Aldrich, India, and
TCI, India, respectively. All the chemicals were utilized without
additional purification. 'H and *'P NMR spectra were recorded
on a Bruker 400 MHz spectrometer in CDCl; with chemical
shifts (§) in ppm units. *C NMR spectra were recorded on a
Bruker 100 MHz spectrometer in CDCl;. FT-IR spectra were
measured on a Bruker Optik GMBH FTIR spectrometer (Germany).
High-resolution mass spectra (HRMS) were recorded on an Agilent
6545XT AdvanceBio LC/Q-TOF spectrometer. UV-visible spectral
analysis was recorded on a Hitachi U-2910 instrument, and
fluorometric experiments were performed using a Hitachi
F-7100 fluorimeter. Throughout the steady state fluorometric
experiment, excitation and emission wavelengths were kept at
330 nm and 340-650 nm, respectively, with 5 nm excitation and
emission slit under ambient conditions and processed using
Origin software.

The size and shape of nNTIL were estimated using field
emission scanning electron microscopy (SEM) (ZEISS) employ-
ing an operating voltage of 50 kV by drop casting the required
amounts of nNTIL (20 ug mL ') on the carbon-coated copper
grids. The average particle size was determined considering
the size of more than 100 particles. Transmission electron
microscopy (JEOL TEM-2010) was used for determining the
morphology of the nanoparticles with an operating voltage of
200 kV. The average particle size was obtained by measuring the
size of more than 100 particles. The hydrodynamic radius of
nNTIL was measured using the dynamic light scattering (DLS)
technique (Malvern Zeta Sizer Nano) using a 4 mW He-Ne laser
(4 = 632.8 nm). Differential scanning calorimetry (DSC) experi-
ment was carried out between 25 °C to 200 °C using a Perkin-
Elmer aluminum sample pan kit in a PerkinElmer (DSC Q20)
instrument at a scan rate of 2 °C min ' under a nitrogen
atmosphere. Time-resolved fluorescence decays were obtained
by using a picosecond time-correlated single-photon counting
Life Spec II spectrophotometer (Edinburgh Instruments, UK).
The decay profile was analyzed using F900 software from
Edinburgh Instruments. For measuring the photoluminescence
lifetime of nNTIL, samples were excited with 375 nm pico-
second laser diodes (EPL-375) having an instrument response
function (IRF) of ~260 ps. The signals were collected at a magic
angle of 54.7°, monitoring the emission maxima at 480 nm.
All of the fluorescence decays were fitted with a multiexponential
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function corresponding to a ;> value close to 1, indicating a good
fit. After deconvoluting the IRF, each decay curve was fitted with
the help of the exponential decay function: z(f) = 3 ae="/,
where o; and 7; values are the experimentally obtained pre-
exponential factors having corresponding lifetimes. Experimen-
tally as-obtained pre-exponential factors were then normalized by

. o . .
the equation ¢; = 5 to achieve actual pre-exponential factors.
o4
The average photoluminescence lifetime was estimated utilizing
. aiti .
the equation (1) = % and percentage corresponding compo-
ai

nent were determined by employing a; x 100.

3. Results and discussion
3.1 Characterization of NTIL and nNTIL

Various spectroscopic techniques were employed to charac-
terize the prepared NTIL. The results from 'H, **C, and *'P
NMR studies confirm that the ion-exchange reaction effectively
yields NTIL (Fig. S1-S3, ESIt). In the high-resolution mass
spectrometry (HRMS) analysis, a peak at 483.544 (m/z) corre-
sponds to the cationic phosphonium moiety. In contrast,
a peak at 287.104 (m/z) indicates the presence of the anionic
pyrene butyrate moiety (Fig. S4, ESIt). The molecular weight of
NTIL was calculated to be 770.648 Da from the equimolar
mixing of the two oppositely charged components, and further
confirms the synthesis of NTIL. The FT-IR spectrum revealed
two bands associated with C-H stretching vibrations at 2927
and 2853 cm ™', further supporting the development of NTIL
(Fig. S5, ESIf). NTIL was observed to be a viscous solid at
ambient temperature. To determine if the synthesized ionic salt
can be classified as an ionic liquid, we carried out differential
scanning calorimetry (DSC) analysis, which indicated a melting
point of 69 °C (Fig. S6, ESIt), inferring that the synthesized
organic salt belongs to the class of ionic liquids.

The UV-visible absorption spectrum of nNTIL displays a
structured band that is notably broad and exhibits a batho-
chromic shift of approximately 6 nm relative to pyrene butyrate
in solution (Fig. S7, ESIT). This redshift, along with significant
Mie-scattering, represents the aggregation of pyrene moieties
in the ground electronic state of water-suspended nNTIL.
The presence of strong Mie-scattering suggests that the self-
association of pyrene butyrate has led to the formation of water-
suspended nanoparticles (Fig. 1(a)). nNTIL suspended in water
displays a structured monomeric emission along with a broad,
excimer-like emission characterized by high emission intensity
displaying a cyan color photoluminosity. The cyan colored
fluorogenicity from the water-suspended nanoparticles was
observable even with minimal amounts of NTIL (Fig. 1(b)).
The CIE diagrams for NTIL (x = 0.1617, y = 0.0368) and nNTIL
(x=0.1403, y = 0.2478) infer that these color co-ordinates values
fall within the color gamut of blue and cyan color which are
also visible to the naked eye under the exposure of a 365 nm UV
lamp (Fig. 1(c)). The observation of a notably intense excimer-
like emission implies that the pyrene molecules are closely
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Fig. 1 (a) UV-visible absorption spectra of NTIL (49 uM) and nNTIL (49 uM). (b) Fluorescence spectra of NTIL and nNTIL in different amounts of NTIL.

(c) CIE diagram of NTIL and nNTIL. (d) Photoluminescence lifetime decays

stacked, resulting from substantial van der Waals interactions,
leading to their pre-aggregation within the nanostructure. The
presence of nanoparticles is validated by high-resolution
dynamic light scattering (DLS) (Fig. 2(a)), SEM (Fig. 2(b)),
transmission electron microscopy (HR-TEM) (Fig. 2(c)) analysis
and energy dispersive X-ray spectroscopy (EDS) (Fig. S8, ESIt)
and time-resolved photoluminescence decay analysis (Fig. 1(d)).
The hydrodynamic radius was measured to be 410 + 10 nm
according to the DLS spectrum which was confirmed by SEM
image analysis. The nNTIL nanoparticles suspended in water
exhibit a spherical shape, suggesting the development of nano-
balls. HR-TEM images also reveal that the nanoaggregates have a
nearly spherical morphology, with an average size of 56 + 5 nm.
The melting point of the prepared nanoparticles was determined
to be 153 °C, which was revealed from the observation of an
exothermic peak during the heating process and associated with
the melting temperature of ionic crystalline nNTIL as obtained
from the differential scanning calorimetry (DSC) analysis (Fig. S9,
ESIt). However, no exothermic peak was found in the cooling
phase because of crystallization.

The excited-state photophysics of pyrene units within the
nanoparticles was explored through time-resolved photolumi-
nescence studies. In Birks’ mechanism, the decay profile of the
excimer is characterized by two components when preaggrega-
tion is absent.”” The first is a rising component associated with
the formation of the excited state dimer, which has a negative
prefactor (—a;). The second is a decaying component with a
positive prefactor (a,), which is linked to the deactivation
process of the excimer. However, this mechanism may not be
suitable for pre-aggregated systems, where there is a significant
likelihood of associative pyrene dimer formation in the ground
state. In these systems, a substantial portion of the excimer

(a)
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18 4
2
'a 12 4
c
2
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Fig. 2
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of NTIL in THF and nNTIL in water.

originates from the pre-aggregated dimers. This means that
the rising component should be detectable on a very short
timescale, specifically within 1 nanosecond.”® Time-resolved
fluorescence measurements reveal that the decay profile of the
excited species of nNTIL observed at the excimer-like emission
exhibits a very short rise time accompanied by long decay
components. The rising component has a lifetime of less than
1 nanosecond, which is significantly faster than that of pyrene
excimers in bulk solvent. These results strongly suggest that the
pyrene moieties are situated in an environment that enhances
their association in the excited electronic state, leading to a
much quicker formation of the excited state complex compared
with what is observed in bulk solvents. In contrast to the
concept of excited state dimerization, one could contend that
a significant association of multiple pyrene moieties occurs in
the excited state rather than solely the formation of dimers
within the synthesized nanoparticle system. For NTIL in THF
solution, time-resolved photoluminescence decay shows three
exponential profiles, with lifetimes of 7; = 0.555 ns (36%), 1, =
2.819 ns (60%), and 13 = 35.567 ns (4%) inferring that the faster,
moderate and long lifetime components are likely excimeric,
pre-aggregated and aggregated pyrene moieties ones. The
excited state lifetime decay profile of nNTIL is characterized
by a triexponential profile, with lifetimes of t; = 1.160 ns
(—29%), 1, = 10.006 ns (41%), and t; = 35.567 ns (88%),
inferring that rise, moderate and long lifetime components
are for the excimeric, pre-aggregated and aggregated pyrene
moieties, respectively, and most of the pyrene moieties are
stacked in aggregated states. The average fluorescence lifetime
({r)) yields a lifetime of 35.284 ns for the aggregated pyrene
(88%) in water-suspended nanoparticles, while the average
photoluminescence lifetime of NTIL in THF is 2.682 ns, with

500 nm

(a) DLS spectrum, (b) SEM, and (c) HR-TEM images of the fabricated nNTIL.
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Tablel The parameters for time-resolved fluorescence lifetime decay along with the average fluorescence lifetime of NTIL in THF and nNTIL in water at
excitation and emission wavelengths of 375 nm and 480 nm, respectively

a’ 7,% (ns) @’ 1,7 (ns) as® 757 (ns) (7)° (ns) P
NTIL 0.36 0.555 0.60 2.819 0.04 21.135 2.682 1.15
nNTIL —0.29 1.160 0.41 10.006 0.88 35.567 35.284 1.08

“ Denotes the pre-exponential factors. ? 74, 7,, and 75 are in ns. ¢ Indicates average fluorescence lifetime. ¢ Represents the parameters indicating

the goodness of fit.

only 4% pyrene moieties in the aggregated state (Fig. 1(d) and
Table 1).

3.2 Spectroscopic response of nNTIL towards metal ions

The absorption characteristics of nNTIL were evaluated using
UV-visible spectroscopy in an aqueous environment. The UV-
visible absorption spectrum of nNTIL displays a structured
band that is notably broad and exhibits a bathochromic shift
of approximately 6 nm relative to pyrene butyrate in solution
(Fig. S7, ESIt). This redshift, along with significant Mie-
scattering, represents the aggregation of pyrene moieties in
the ground electronic state of the water-suspended nNTIL. The
presence of strong Mie-scattering suggests that the self-
association of pyrene butyrate has led to the formation of
nanoparticles that are suspended in water. Furthermore, the
UV-visible spectra of the synthesized nNTIL nanoparticles
show a marked change in absorption upon the addition of
Hg>" ions (Fig. 3(a)). Specifically, introducing Hg>" into the
nNTIL solution results in a bathochromic shift of 2 nm (from
344 nm to 346 nm) and is accompanied by prominent Mie-
scattering. The long-wavelength tail observed in the absorption
spectrum of the nanoparticle suspension is attributed to 2~*
Rayleigh-type scattering.”® The observation of a greater batho-
chromic shift and prominent Mie-scattering in the presence of
Hg”" ions indicate the further association of pyrene moieties
inside the crystalline nanoball due to the strong electrostatic
interaction among pyrene butyrate and Hg>* ions. However, we
have found no change in the absorption spectra with the
addition of Hg”" in NTIL solution (Fig. $10, ESI). Furthermore,
titration of aqueous Hg”" solution with nNTIL at different
concentrations showed significant Mie-scattering (Fig. S11, ESIY).

To better understand the binding characteristics of nNTIL
towards Hg>* ions, fluorescence titration experiments were
performed. nNTIL exhibited remarkable sensitivity to Hg>*
ions among the various metal ions examined. The probe
demonstrated a significantly enhanced cyan color fluorescence
(¢ = 0.37) under 365 nm UV light, which is easily observable to
the naked eye. Upon the addition of Hg>" ions to the probe
solution, cyan color fluorescence quenching was observed at
478 nm (¢ = 0.035) (Fig. 3(b) and (c)), which is also evident from
the CIE diagram (Fig. 3(d)). The coordinate values for nNTIL are
x = 0.1402 and y = 0.2416. In the case of nNTIL-Hg>", the
coordinate values are x = 0.1485 and y = 0.1839. Thus, nNTIL
acts as an effective “turn-off” sensor for the detection of Hg>*
ions. However, there is no obvious change in fluore-
scence intensity with the addition of Hg”" in NTIL solution
(Fig. S12, ESIt). The quenching effect of the probe increased

9482 | Phys. Chem. Chem. Phys., 2025, 27, 9478-9490

progressively with rising concentrations of Hg>" ions from 0 to
113 pM. Utilizing the fluorometric titration data and applying
the 30/K and 106/K methods, we estimated the limit of detec-
tion (LOD) and quantification (LOQ) for Hg>* ions.”* In this
context, ¢ denotes the standard deviation of the blank, while K
represents the slope of the calibration curve. A robust linear
correlation between fluorescence intensity and Hg>" ions
concentration was established in two ranges: 5 pM to 30 uM
and 60 UM to 120 pM, yielding R* values of 0.96 and 0.98,
respectively. The LOD and LOQ for Hg*" were estimated to be
17 nM and 57 nM, respectively (Fig. S13a, ESIY), which is
considerably lower than those reported in earlier studies
(Table S2, ESIt). Hg”" ions are inclined to bind with the
carboxyl groups of nNTIL; however, this interaction is expected
to be weak, as ‘soft’ Hg>" ions favor a ‘soft’ coordination
environment. These results suggest that the quenching
response of the sensor is primarily due to the strong m-n
stacking interactions among the pyrene moieties inside the
crystalline nanoball owing to the pronounced electrostatic
interaction among pyrene butyrate and Hg** ions. The associa-
tion constant is determined to be 0.55 x 10> M~ using the
Benesi-Hildebrand equation” (Fig. S13b, ESI{).

To validate the suggested mechanism, the size distribution
of particles with the addition of Hg”* ions is measured by DLS
(Fig. S14, ESI{). The DLS spectrum of free nNTIL shows that the
hydrodynamic diameter of the nanoparticles suspended in
water falls within the range of 410 + 10 nm, but the hydro-
dynamic diameter of the aqueous suspended nanoparticles is
in the range of 320 & 10 nm after the addition of Hg>". The
decrease in hydrodynamic radius might be due to the removal
of bonded water from the core of nNTIL due to the further Hg**-
induced clotting of NTIL. Also, the DLS spectrum of NTIL-Hg**
lies in a broader size range than NTIL. Therefore, there is
coagulation of nano-particles after the addition of Hg**. From
the SEM images of nNTIL-Hg>" (Fig. S15, ESIf), we can con-
clude that more aggregation is pronounced when Hg*>* is
present inside the crystalline nanoball, which is also observed
in the UV-visible spectral studies (Fig. 3(a)). Also, the presence
of Hg”" is evident from the EDS analysis. EDS results show that
only three components are present in nNTIL (C, O, and P)
(Fig. S8, ESIt), while four components are present in nNTIL-
Hg>": C, O, P, and Hg (Fig. S16, ESI{).

To assess the selectivity of nNTIL for Hg®" and to explore the
mechanistic details of its detection, time-resolved photolumi-
nescence decay analysis was conducted. Fig. 4 shows the
excited-state photoluminescence lifetime decay of nNTIL with
and without Hg>" (various Hg>" ion concentrations at a 375 nm
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Fig. 4 Photoluminescence lifetime decays of nNTIL in water with and
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excitation wavelength). Remarkably, the average fluorescence
lifetime ((t)) of nNTIL is exceptionally diminished with the
inclusion of Hg”>* ions, and the average lifetime diminished
from 35.284 ns to 11.117 ns at Aee = 375 nm when Hg>" is
present (Table 2).

The fluorescence emission of nNTIL exhibits quenching
behavior in response to varying concentrations of Hg>" ions,
adhering to the Stern-Volmer relationship:

(%) =1+ Ky[Q]

9
Slope = 66545
81 R2=0.998
74 K¢y =6.6x104 M1
6 e
=57
=
44
34
24
1{ e
0 ey r r r r r r

0 2 4 6 8 10 12
[Hg*] (105 M)
Fig. 5 Stern—-Volmer plot for the determination of the quenching
constant.

where F, and F represent the emission intensities of nNTIL with
or without Hg*" ions, respectively; the Stern-Volmer quenching
constant is denoted as Kgy, and [Q] is the concentration of Hg*"
ions. The substantial Stern-Volmer quenching constant [Ksy =
6.6 x 10* M~ "] implies a potential for long-range dipole-dipole
interactions of nNTIL with Hg>" ions®®”® (Fig. 5). The sensor’s
performance is closely linked to how it functions. This system
relies on dynamic quenching, where a quencher interacts with
a molecule in its excited state. Consequently, the sensor’s

Table 2 The parameters for time-resolved fluorescence lifetime decay along with the average fluorescence lifetime of nNTIL at 375 nm with and without

various aliquots of Hg>" ions

[Hg>] (M) a,”® 7,% (ns) a” 7,7 (ns) as” 757 (ns) ()¢ (ns) P

0 —0.29 1.160 0.41 10.006 0.88 35.567 35.284 1.08
0.1 —0.21 1.441 0.39 10.237 0.82 35.444 32.663 1.03
0.5 —0.14 1.519 0.37 10.693 0.77 35.381 31.128 1.04
1 —0.14 1.408 0.38 9.940 0.76 34.173 29.619 1.04
10 0.14 1.424 0.35 9.469 0.51 29.921 18.721 1.15
30 0.26 1.301 0.35 8.313 0.39 27.914 14.136 1.08
50 0.33 1.710 0.34 9.163 0.33 27.812 12.942 1.16
100 0.37 1.439 0.34 8.428 0.29 26.818 11.117 1.1

“ Denotes the pre-exponential factors. b 1., 1, and 15 are in ns. ¢ Indicates average fluorescence lifetime. d Represents the parameters indicating the

goodness of fit.
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sensitivity is heavily influenced by the excited state lifetime
from which the emitted fluorescence originates.>® Therefore,
the extended fluorescence lifetime observed in this sensor is
advantageous for ensuring an effective sensing process, parti-
cularly when the mechanism of action involves dynamic
quenching.

3.4 Fluorescence behavior of nNTIL in response to various
cations and anions

A key aspect in assessing the performance of a chemical sensor
is its high selectivity for the probe nNTIL compared with other
competing species present in the sample. We investigated the
selectivity of nNTIL towards different cations: Hg**, Sn**, Zn>",
cu*’, Mn*", Ni**, K', Na¥, Pb**, AI*", Ba®", Ca®" and Fe*'. The
nNTIL probe solution exhibits cyan fluorescence and the
presence of these metal ions did not affect the fluorescence
properties of the probe (Fig. 6(c)). However, Hg>" ions quench
the cyan fluorescence when examined under a UV lamp with an
excitation wavelength of 365 nm. Additionally, we assessed the
selectivity of the probe against a range of anions: AcO™, Br,
Ccl-, CN™, F, HSO, , I", NO;~, PO,*", $*>7, and SO,>". The
minimal interference from different competing metal ions and
anions highlights the exceptional selectivity of the sensor
toward Hg>" ions in aqueous solutions.

To confirm the strong selectivity for Hg>* amidst a complex
mixture of various cations in an aqueous medium, we exam-
ined the fluorescence intensity quenching of nNTIL in the
presence of Hg>" ions when different competing cations and
anions are present. Hg>" at 113 uM was introduced into the

9484 | Phys. Chem. Chem. Phys., 2025, 27, 9478-9490

probe solution alongside various metal ions and anions. The
quenching of photoluminescence intensity due to the presence
of Hg>" ions remained consistent, even after the inclusion of
various cations and anions (Fig. 6(a) and (b)). Notably, the
added cations and anions did not affect the detection of Hg>"
ions when equivalent amounts were present in the probe
solution. This indicates that the nNTIL probe is likely to
function effectively in vivo, despite the presence of other
competing ions. Overall, these findings demonstrate that the
specified ions do not notably hinder the identification of Hg**
ions by nNTIL.

4. Analysis in real water and soil
samples

Sensing systems that facilitate the detection of trace metal ions
in both real and spiked samples have gained considerable
interest.*>*® To assess the practicality of the proposed method,
a study was conducted to detect Hg>* ions in actual water
samples collected from Siliguri, West Bengal. All samples were
spiked with Hg”* ions. The quantitative recovery results were
obtained from these spiked samples using a calibration curve
for the calculations. The recovery rates for Hg>* in the water
samples were between 98% and 99% (Table S1, ESIt). These
findings demonstrate that the nNTIL probe is capable of accu-
rately and precisely detecting Hg>" in environmental analyses.

Mercury is notoriously resistant to degradation and tends to
accumulate in crops and soil, making its quantitative detection
in soil crucial. In this investigation, we employed the nNTIL

This journal is © the Owner Societies 2025
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Fig. 7 (a) Variations in fluorescence intensity observed in sandy soil. (b) Variations in fluorescence intensity observed in field soil. (c) Images of nNTIL
(49 puM) without spiking soil samples with Hg?*. (d) Images of nNTIL (49 uM) when the soil samples were spiked with Hg?* ions (1072 M).

probe to measure mercury levels in soil samples sourced from The results indicated that the unspiked sandy soil produced a
Siliguri, West Bengal. Each sample was initially weighed at strong cyan fluorescence, while the field soil showed a lower
0.5 g. The fluorescent sensor was first used to analyze the intensity of fluorescence under UV light (365 nm). After spiking
unspiked samples. Following this, all samples were spiked with ~ with Hg>", both soil types exhibited a significant reduction in cyan
Hg>" and re-evaluated using the developed fluorescent sensor. fluorescence (Fig. 7(a)-(d)). These results demonstrate the potential
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Fig. 8 (a) Images of test strips after being immersed in NNTIL (49 uM) alongside various metal ions (1072 M) used in the selectivity experiment. (b)
Changes in the fluorescent intensity of the paper strip with and without ng+ ions (1072 M). (c) An illustrative photograph depicting nNTIL-coated paper
strips after being exposed to varying concentrations of Hg2* ions (1071072 M) when illuminated by a 365 nm UV lamp.
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of the nNTIL probe for effectively detecting mercury in environ-
mental materials, especially in water and soil samples.

5. Sensing with test strips

To assess the sensing characteristics of the probe for
mercury(u) ions in aqueous solutions, we performed experi-
ments using test strips for practical applications. These strips
were prepared by soaking them in an nNTIL solution, followed
by the addition of different metal ion solutions. Afterward, the
strips were allowed to dry at room temperature. The results
indicated that the cyan fluorescence of the test strip only
diminished in the presence of mercury when irradiated at
365 nm (Fig. 8(a) and (b)). Furthermore, we conducted a real
sample analysis using the paper strip method to confirm its
applicability in real-time settings. In this process, the nNTIL-
coated paper strip was dipped into various water samples
containing Hg>* ions, including municipal and tap water

(@)

Roughing
with Hg** .

from Siliguri, West Bengal, and subsequently dried in an oven.
Notably, the dried strips exhibited a quenching of cyan fluores-
cence, indicating the presence of Hg”* ions (Fig. 9(a) and (b)).
We conducted a detailed investigation into the concentration-
dependent response of nNTIL-coated paper strips to Hg”" ions,
aiming to illustrate their ability to quantify Hg>" ions. The experi-
ment was carried out across a range of Hg>" ions concentrations,
from 10" to 10~°. The cyan fluorescence of the nNTIL-coated
paper strips was quenched (Fig. 8(c)). The effective use of afford-
able test strip techniques and their application in different water
samples demonstrate the probe’s potential for detecting and
quantifying mercury(u) ions in real sample analysis.

6. Utilization of neat NTIL for the
identification of Hg?* ions

Neat NTIL displays a broad fluorescence band at 478 nm,
producing a bright cyan fluorescence when illuminated with
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Fig. 10 (a) Photoluminescence characteristics of neat NTIL-loaded filter paper after roughening with Hg?* ions and its restoration following DCM
washing. (b) Changes in the fluorescence intensity of the pure NTIL-loaded filter paper following treatment with mercury and its restoration after being
washed with DCM. Inset: Images of neat NTIL in daylight and under UV light.
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a 365 nm UV lamp. This luminescence nearly disappears
upon the introduction of mercury, with the intensity at
478 nm almost decreasing, indicating its capability to detect
trace levels of Hg*" ions. The fluorescence characteristics of
the NTIL-loaded filter paper and its quenching effect upon
the addition of Hg>" ions in solution under 365 nm UV light
are illustrated in Fig. 10(a) and (b). A crucial feature of
any detection system is its ability to restore functionality
after use. To address this, we aimed to recover the cyan
fluorescence of NTIL-loaded filter paper. After washing the
NTIL-loaded filter paper with DCM and drying it under vacuum
conditions, there was a partial recovery of fluorescence
(Fig. 10(a) and (b)).

7. Conclusion

The present report introduces a pyrene butyrate-based ionic
liquid (NTIL) and its low dimensional material, nNTIL, for the
selective and sensitive identification of Hg>* ions. In an aqueous
environment, NTIL generates nanoparticles that possess various
important photophysical properties. Within these nanomaterials
(referred to as nanoballs), the pyrene units are arranged in a
crystalline lattice structure. The nanocrystallinity within the nano-
particles was investigated using steady-state and time-resolved
spectroscopy, microscopy, and calorimetric techniques. These
nanoparticles demonstrate a unique excited state association of
luminogens, where the chromophore units further aggregate in
their first excited electronic state, exhibiting behavior that goes
beyond mere dimerization. Moreover, introducing Hg>* into the
nNTIL solution results in a bathochromic shift of 2 nm (from
344 nm to 346 nm). It is accompanied by prominent Mie-
scattering, inferring further aggregation due to the strong electro-
static interaction between pyrene butyrate and Hg>" ions, resulting
in a remarkable quenching of photoluminosity of nNTIL. The
quenching process is dynamic due to strong n—r stacking interac-
tions among the pyrene moieties due to enhanced electrostatic
interactions between pyrene butyrate and Hg>" ions. The enhanced
electrostatic interaction between pyrene butyrate and Hg”" ions
causes the congealing of nanoparticles, which is revealed from
SEM analysis. The EDS results further corroborate the presence of
Hg”" ions within the coagulated crystalline nanomaterials. The
quenching process is also evident from the photoluminescence
lifetime decay analysis. The practical applications of this sensor
were illustrated through analysing water and soil samples, paving
the way for further applications in diverse fields. Furthermore, we
investigated the sensor’s effectiveness in detecting mercury(u) ions
using affordable test strips. Also, neat NTIL can identify Hg>" ions
and restore the cyan fluorescence of NTIL by washing with DCM
using these cost-effective strips.
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