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This study presents an Hg?* ion-responsive ratiometric green-to-blue emitting ionic liquid (IL), trihexyl-
tetradecylphosphonium hydroxyproline-1,3,6-trisulfonate (HPTIL), and its micro-optode, mHPTIL. Neat
HPTIL functioned as a photoluminescent ink without a solvent, highlighting its effectiveness as a safe-
keeping script material and served as a green-to-blue-emitting Hg>* ion-responsive photoluminescent
IL. Upon the introduction of heavy metal Hg?" ions into the water-suspended mHPTIL system, a notice-
able ratiometric shift from greenish to bluish fluorescence was observed, exhibiting detection and
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quantification limits in the nanomolar (nM) range with the lowest LOD of 1.67 nM. Additionally, a very con-
venient and portable solid-state paper-strip-based test kit was introduced to monitor the heavy metal,
Hg?* ions. This work proposes a novel approach for generating low-dimensional materials based on ILs
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Introduction

Mercury is one of the most hazardous and non-biodegradable
heavy metals, posing serious threats to the human health and
environment. Paints, batteries, and electronic equipment are
just a few of the frequent industrial and domestic products
that release mercury into the environment.'™ As industries
continue to expand, the potential risk of exposure to hazar-
dous heavy metal ions also increases.”” Mercury is a hazar-
dous heavy metal found in many natural sources on the Earth
and is produced via weathering, combustion, and volcanic
activity. Studies have shown that since industrialization began,
mercury levels in the environment have tripled. Approximately
half of the mercury released because of human activities orig-
inates from coal combustion for energy production. Mercury
can spread widely from its source and become a worldwide
threat in its elemental state as it remains in the atmosphere
for a long period. Mercury-contaminated drinking water can
lead to various health issues, including decreased kidney func-
tion, abnormalities in the development of the baby’s brain,
and harm to the development of fetus in pregnant women.*°
Mercury pollutants can transform into methylmercury when
absorbed by smaller organisms and plants, which is a highly
potent and well-known neurotoxin for the human body.”™
This toxic compound then accumulates in the human body as
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that have exceptional properties for environmental and forensic monitoring.

it moves up the food chain. However, mercury pollutants can
also enter the body through the skin, respiratory system, and
digestive tract, leading to serious kidney and stomach dis-
orders owing to their strong affinity for thiol groups in pro-
teins and enzymes.'>™* The U.S. Environmental Protection
Agency (EPA) classifies mercury as a highly hazardous element
and limits mercury ion concentration in drinking water to 10
nM." Although many countries have taken steps to clean the
environment and lower industrial emissions, global mercury
pollution remains a serious threat to the human health.'® In
Japan, infants and unborn children are particularly vulnerable
to seafood poisoning caused by elevated mercury levels."”

Hg(u) in both organic and inorganic compounds can
readily cross biological membranes and cause severe harm to
organisms, even at low concentrations."®'®'® The most
common form of Hg(un) compounds is HgCl,, from which the
detection of Hg(u) is both practical and significant. However,
HgCl, is a covalent compound that primarily exists in a mole-
cular state, with only a small fraction dissociating into HgCI"
and CI~ in aqueous solutions. Hg*" is also rare in HgCl,
aqueous solutions.”® If HgCl, undergoes ionization into Hg(u)
ions, such as HgCI" and Hg>", it can be identified using heavy
metal ion (HMI) fluorescent sensors.

Conventional techniques used for mercury ion detection
include electrochemical analysis,>"** atomic absorption spec-
trometry,>® atomic emission spectrometry, inductively coupled
plasma-mass  spectrometry,”  surface-enhanced Raman
spectroscopy,>>>® anodic stripping voltammetry,”” and atomic
fluorescence spectrometry.”® These techniques, however,
require costly equipment and labor-intensive, time-consuming
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processes that are suitable only for highly qualified pro-
fessionals. Conversely, colorimetric or fluorometric detection
has drawn interest as a viable method for detecting Hg>* ions
because of its ease of use, affordability, high selectivity, and
real-time monitoring capabilities. Consequently, fluorescent
optodes have garnered significant attention owing to their
advantages, including high selectivity, ease of use, no need for
pretreatment, and suitability for on-site detection, making
them one of the simplest and most accessible chemosensing
methods compared to other available detection techniques.
Recently, Tohora et al. developed a pyrene butyrate-based IL-
derived crystalline nanoball that causes blue fluorescence
quenching owing to the addition of Hg>" ions.>® Sultana et al.
developed a ‘turn-on’ fluorogenic probe that selectively detects
Hg>" ions.?® Ali et al. designed an optical chemosensor film
that selectively detects Hg”" ions.*’ Hu and Yu et al. success-
fully developed a rhodamine-based sensor that displays high
selectivity towards Hg®" ions.*> Subsequently, Wang et al.
designed and synthesized a new peptide-based fluorescent
chemosensor for selective detection of Hg>" ions.*?

For almost 2 decades, ionic liquids (ILs), which are organic
salts with a melting point usually lower than 100 °C (lower
than those of ionic salts such as sodium chloride (NaCl) owing
to the presence of two sterically incompatible ions disrupting
the packing of the crystal lattice®*>°) have been the subject of
intense chemical research. The wide variety of uses of ILs is
the reason for this continued interest. The earliest examples of
ILs can be linked to Walden, who aimed to create a molten
salt that remains liquid at room temperature, as well as
Atwood’s research on “red oil”.*”*% Over the past few decades,
interest in this field has grown significantly, turning it into a
major research “drift”.*” ILs are one of the few chemical com-
pounds that have developed so quickly.’* Green solvents,*®
electrolytes,”™*> lubricants,**** liquid crystals,*® white-light
generation,”® heat storage fluids,*®*” separation and extraction
stages,*®*® soft materials,”* > catalysts,>* > metal sensors and
biocatalysis®® are some chemistry applications for these
organic salts. Furthermore, the industrial sector has become
more interested in ILs, as evidenced by the integration of ILs
as solvents into industrial processes.*® Certain ILs remain in a
liquid state at room temperature (25 °C) and are referred to as
room-temperature ILs, while others are solid at 25 °C but melt
below 100 °C, known as frozen ILs. Warner and his team intro-
duced a novel class of organic salts, naming them a “group of
uniform materials based on organic salts” (GUMBOS).””"®
GUMBOS have melting points ranging from 25 °C to 250 °C.
Nanoparticles, known as nano-GUMBOS, can be synthesized
from these materials using a straightforward reprecipitation
method by adjusting the length of their aliphatic side chains.
These nano-GUMBOS hold promising applications in sensing,
energy conversion, and the biomedical field.>*"**

In recent years, ILs have focused on various fields. Finally,
ILs as chemosensors have a great advantage, with numerous
reports of a developing chemo-fluorosensor. Moreover, ILs
have been added to enhance the intensity of fluorescence in
some systems. ILs promote a new technique for emerging
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functional optoelectronic materials by integrating advan-
tageous physicochemical characteristics into their fundamen-
tal structure, which outperforms conventional ones, making
them suitable for detecting target analytes. Many studies have
reported the use of ILs as chemosensors for target analytes,
such as ILs for the on-site monitoring of trace gaseous SO,,*
re-useable IL-based colorimetric organo nanosensors for the
detection of nerve agent stimulants,®® IL-based ratio fluo-
rescent sensors for real-time visual monitoring of trace Hg>",%®
and rhodamine-based ILs for the ultra-sensitive and selective
detection of mercury ions.®®

Given the numerous advantages of ILs, we propose the
development of an organo-nanosensor utilizing an IL-based
micro-optode by incorporating a pyranine derivative. This
sensor is designed for the selective and highly accurate detec-
tion of heavy metal ions, specifically Hg>*. We synthesized an
IL containing a pyranine trisulfonate anion through a straight-
forward ion exchange process involving the sodium salt of pyr-
anine trisulfonate and trihexyltetradecylphosphonium chlor-
ide (Pges14Cl). From this IL HPTIL, we thoroughly examined
the photophysical characteristics of their pure form and
further applied them as photoluminescent security inks for
writing applications. Their aggregation behavior has been
extensively investigated using spectro-microscopic techniques.
Notably, aqueous-suspended microparticles, mHPTIL, which
emit bright green fluorescence when exposed to a UV lamp of
365 nm, have been effectively employed as fluorescent sensors
for detecting Hg®" ions. These IL-based nano-optodes display
high selectivity, outstanding stability, on-site detection, and
precise quantification abilities.

Experimental section

Using the method established by Baker and colleagues,®” our
optode HPTIL was synthesized. The data for this study, includ-
ing the synthetic procedure for HPTIL, fabrication of mHPTIL,
materials, equipment, and experimental techniques, are pro-
vided in the ESIL.}

Results and discussion
Characterization of HPTIL and mHPTIL

The characterization of the synthesized HPTIL was confirmed
using various traditional analytical methods. The results of the
'H NMR study validate HPTIL’s fruitful synthesis (Fig. S17).
Additionally, the analysis of liquid chromatography-mass
spectrometry (LCMS) demonstrates that the m/z peak at
483.3934 is associated with the cationic phosphonium com-
ponent. Conversely, the signal at m/z 469.1149 infers [HPTS]*~
anion presence combined with atomic nitrogen, as shown in
Fig. $2,%® indicating that during the electrospray ionization
process, a nitrogen adduct is formed. Two distinctive stretches
were visible in the spectrum of Fourier transform infrared
spectroscopy (FT-IR) at 2962 and 2924 em™, corresponding to
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asymmetric stretching vibrations, along with two additional
bands at 2882 and 2856 cm ™" ascribed to symmetric stretching
vibrations, respectively. These conclusions further support the
effective formation of HPTIL (Fig. S3t). HPTIL gives the
impression of a viscous fluid at ambient temperature,
suggesting that the synthesized organic salt establishes IL-like
properties.

In contrast to HPTIL in DMSO solution, the spectra of UV-
visible absorption of mHPTIL show a noticeably wide band
with a bathochromic shift of around 4 nm, as displayed in
Fig. 1a, inferring that the HPTS moiety forms J-type aggrega-
tion within the core of the ILs. Hence, to validate the J-type
aggregation formation of HPTS in the water-suspended
mHPTIL, we performed HPTIL's aggregation behavior with
different DMSO-water fractions. Specifically, when the water
fraction was high, we observed a redshift in the UV-visible
absorption spectra in the presence of Mie scattering. These
spectral characteristics indicate the formation of J-type aggre-
gation (Fig. S5a and bt) of the HPTS moiety within IL-derived
water-suspended microparticles. The HPTIL solution of 100%
water-DMSO resulted in a maximum redshift of 4 nm with a
peak having maxima at 404 nm. The emission characteristics
of the free HPTIL probe were also studied across different
water percentages (Fig. S5ct). Our observations indicate that
an increase in water percentage corresponded to a decrease in
fluorescence intensity, implying that aggregation causes
quenching (ACQ). The maximal photoluminescence intensity
of HPTIL was recorded at 416 nm in a 0% water-DMSO solu-
tion (Fig. S5ct). The establishment of HPTS’s J-type aggrega-
tion inside the core IL-based low-dimensional materials is con-
firmed by the observation of a redshift of the UV-visible
absorption spectra and the notable Mie-scattering seen from
the water suspension, as shown in (Fig. 1a). According to a 4™*
dependency, Rayleigh-type scattering is responsible for the
prolonged tail at longer wavelengths in the aqueous suspen-
sion’s absorption spectrum.®® High-resolution dynamic light
scattering (DLS) measurements, as shown in Fig. 1c, and scan-
ning electron microscopy (SEM) analysis, as displayed in
Fig. 1b, provide additional confirmation of the existence of
low-dimensional structures of water-suspended mHPTIL.
Analysis of the SEM images confirms the hydrodynamic radius
of 1729.9 + 10 nm found in the DLS spectrum. The effective
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formation of mHPTIL is shown by the rod-shaped morphology
of the mHPTIL microparticles dissolved in water. An extensive
network of H-bonds between HPTS and water molecules
results in low-dimensional materials with rod-like shapes. The
observed zeta potential ({) of the microparticle in an aqueous
medium is 37 + 10 mV, as shown in Fig. S4.1 A high ¢ indicates
a large positive surface charge, and in water, the microparticle
improves its firmness. Furthermore, the hydrophobic core of
the microparticles encapsulates the HPTS’s negatively charged
part, which successfully keeps them inside the structure.”® To
assess its long-term performance, we subjected mHPTIL to
continuous UV light exposure and monitored its photo-
luminescence at several time intervals. The results, presented
in Fig. S6,7 confirm that mHPTIL exhibits robust photostabil-
ity, demonstrating its suitability for applications requiring resi-
lience to UV light over time.

Spectroscopy behaviour of neat HPTIL

When excited at 330 nm, our synthesized neat HPTIL displays
a robust emission peak at 439 nm. Remarkably, the emission
bands did not show any mirror images of the excitation band
of one another (Fig. 2a). Pure HPTIL demonstrates cyanish
photoluminescence, equivalent to a CIE coordinate of x =
0.147, y = 0.100, as shown in Fig. 2b. This distinctive spectro-
scopic behavior indicates that HPTIL has potential as a next-
generation fluorescent ink. Photoluminescent ink pens glob-
ally aim at security applications, and the versatility of ILs in
using various printing methods, including 3D and fine print-
ing, may broaden the future potential of HPTIL-based inks. At
present, IL-based ink pens rank among the most widely used
writing gadgets worldwide. In this study, HPTIL was tested as
a prototypical ink under neat environments using Whatman
filter paper 41. HPTIL was successfully embedded into a
microtip, and the letters “NBU” were framed to evaluate it. The
neat HPTIL’s appearance is illustrated, which occurs under
both normal and UV light (Fig. 3a-d). Surprisingly, when
exposed to a 365 nm UV laser, the framed letters show high
brilliance and intense cyanish photoluminescence. The letters
must maintain excellent photostability for real-world appli-
cations, such as information encryption and anti-counterfeit-
ing, under different environmental circumstances. As a conse-
quence of the hydrophobic nature of neat HPTIL, under watery
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Fig. 1 (a) UV-vis absorption spectra of HPTIL (29 pM) and mHPTIL (29 pM). (b) Scanning electron microscopy image of mHPTIL. (c) Dynamic light

scattering spectrum of mHPTIL.
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Fig. 2 (a) Excitation and emission spectra of pure HPTIL and (b) conformation to the CIE illustration (x = 0.147, y = 0.100).

Fig. 3 (a) and (b) Letters “"NBU" framed on Whatman filter paper 41, as
observed under visible light and UV lamp exposure, respectively. (c) and
(d) Images of pure HPTIL captured in natural daylight and under 365 nm
UV lamp irradiation.

conditions, the letters hold up nicely. The superior optical
stability of IL-based photoluminescent inks, such as HPTIL,
paves the way for their broader application across various
fields.

Spectroscopic response of mHPTIL towards various metal ions

We examined the characteristics of fabricated mHPTIL micro-
particles using UV-visible absorption spectroscopy. The UV-
visible absorption spectra showed a noticeable shift in the
absorption peak when water-soluble Hg>" was added. In par-
ticular, a 4 nm blue shift was noted after the addition of Hg",
and the peak wavelength changed from 404 nm to 400 nm, as
displayed in Fig. 4a.

Currently, fluorosensors are at the forefront of heavy metal
detection because of their high sensitivity, clear signal output,
portability, fast response time (within a few seconds), and
user-friendly operation. In line with this approach, we investi-
gated the fluorescence behavior of our designed micro-optode
using fluorometric titration experiments. Considering the
advantages of the fluorometric technique, we conducted fluo-
rescence-based investigations to evaluate the sensing perform-
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ance of our mHPTIL for detecting heavy metal, Hg>*. To
accomplish this, photoluminescence titration spectra of water-
suspended mHPTIL are obtained with various other metal
chlorides. For water-dispersible microparticles, mHPTIL shows
an emission peak at 515 nm, and with the gradual addition of
Hg>" (0-96 pM), the peak at 515 nm gradually decreased while
simultaneously generating a new peak at 426 nm, as shown in
(Fig. 4b), changing the fluorescence color from green to blue.
The UV-visible absorption spectral results and fluorometric
observations suggest that the SO;~ group present in HPTIL
interacts with heavy metal Hg*", resulting in a blue shift in the
UV-visible absorption and photoluminescence spectra. As
illustrated in Scheme 1, the interaction of Hg”" with the SO;~
group of our optode removes the [Pegs14]" ions from the core of
mHPTIL. Further, Hg”" is well-coordinated with the hydroxyl
(-OH) functional group of HPTS, which participates in the
water-mediated excited state intermolecular proton transfer
process within the core of mHPTIL. Since our optode bears
3S0;~ and one -OH functional group, four Hg”" ions bind suc-
cessively with the one unit of HPTS present in the mHPTIL,
demonstrating a 1:4 (HPTS : Hg>") stoichiometric ratio, which
is further confirmed from the job plot’" analysis, as shown in
(Fig. 5d). Owing to the well-coordination of 3SO;~ and one
-OH functional groups involved in the HPTS moiety with Hg*"
ions, the water-mediated excited state intermolecular proton
transfer process is inhibited owing to the coordination of Hg>*
ions. Consequently, the emission peak at 515 nm gradually
decreased with the simultaneous generation of a new peak
located at 426 nm, changing the fluorogenic color from green
to blue with a distinct isoemissive point at 477 nm, which is
also confirmed by the CIE diagram analysis; this shows a dis-
tinct change in coordinate values from (x = 0.170, y = 0.614)
that is under the color gamut of green fluorogenicity to (x =
0.160, y = 0.129) belongs to blue photoluminosity, as displayed
in (Fig. 4c). The ratiometric plot of [Hg>'] versus the intensity
ratio (L26/I515) demonstrates a robust linear relationship, as
shown in (Fig. 4d), highlighting the optode’s capability for the
precise quantification of unknown Hg>* concentrations with
minimal error. In contrast, similar concentrations of various

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) UV-visible absorption spectra of mHPTIL (29 pM) and mHPTIL (29 pM) with the addition of Hg?* (50 pM). (b) Monitoring photo-
luminescence intensity of mHPTIL (29 uM) in aqueous solution with a gradual increase in Hg?* (096 pM), dexc at 330 nm. (c) CIE diagram illustrating
the change in color gamut for mHPTIL (29 uM) against mHPTIL-Hg?* (96 uM). (d) Deviation in the photoluminescence spectra of mHPTIL (29 pM)
upon the addition of Hg?* (96 pM) at 426 nm and 515 nm. (e) Detection limit between the emission intensity ratio (/42¢//s15) and Hg?* concentrations
in the range of 0-41 uM and 50-96 uM. (f) Deviation in the photoluminescence band correlation (I426/1515) of MHPTIL (29 uM) against mHPTIL-Hg?*

(96 uM) with time.
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Scheme 1 Mechanistic pathway of the interaction of Hg?* ions with mHPTIL.

other metal chlorides did not cause any significant fluo-
rescence changes. The Benesi-Hildebrand (B-H) equation’
1 1 1
= =+ was used to calcu-
F_Fmin K(F_Fmin)[Hg ] Fmax_Fmin
late the binding constant for the interaction between mHPTIL

This journal is © The Royal Society of Chemistry 2025

and Hg>". The ratio of the intercept to the slope of the result-
ing linear plot was used to compute the binding constant, rep-
resented by ‘K. The mHPTIL optode’s minimal emission
intensity at 426 nm is denoted by ‘F,;,’" in this analysis, the
emission intensity at 426 nm for different Hg>" concentrations
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Fig. 5 (a) Temperature-dependent fluorescence study of mHPTIL and mHPTIL-Hg?* complex. (b) Linear calibration curve for calculating the AH
and AS values. (c) Benesi—Hildebrand plot of mHPTIL-Hg?* complex, demonstrating the binding affinity towards Hg?*. (d) Job's plot in the

mHPTIL : Hg?* ratio of 1: 4.

by F, and the maximum emission intensity recorded during
Hg>" titration by ‘Fp., . [Hg”*] indicates the Hg** concentration
used during fluorometric titration. Using this approach, the
mHPTIL-Hg complex’s binding constant with Hg”>* ions was
found to be 0.3 x 10° M™* (Fig. 5¢).

Important factors affecting a chemosensor’s capacity to
identify and quantify target analytes at low concentrations are
the detection limit (LOD) and quantitation limit (LOQ). Using
eqn (1) and (2),

30
LOD = —, (1)
K
LOQ = 100 (2)
=%

we estimated the values following the IUPAC recommen-
dations. Here, ‘¢’ denotes the standard deviation, which was
determined from 10 repeated emission intensity measure-
ments of mHPTIL without Hg>*, and ‘K’ denotes the slope of
the calibration curve, which was obtained from the plot of
(I426/I515) versus Hg2+ concentrations, where we obtained two
slopes K; = 57532 over the range of 50-96 pM and K, =
11 810.31 over the range 0-41 pM, respectively, with linear
regression coefficients values R,>=0.98 and R,* = 0.93, respect-
ively. The resulting plot demonstrates two significant linear
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associations over the concentration range of (0-41 puM) and
(50-96 uM). These findings showed that mHPTIL works better
for Hg®" detection than several previously published fluo-
rescence sensors, with LOD ranging from 1.67 nM to 8.1 nM,
which falls within the tolerance border range established by
the WHO and EPA (30 nm and 10 nm, respectively).”?
(Table S11) LOQ values are obtained ranging from 5.56 nM to
27 nM, respectively, as demonstrated in (Fig. 4e). The present
results demonstrate that mHPTIL could be an effective ratio-
metric fluorescence chemosensor based on IL that can detect
Hg>" ions with high sensitivity. The van’t Hoff equations’*”>
are

AH AS
In(K,) = “*r TR (3)
AG = AH — TAS (4)

where R denotes the universal gas constant, T represents the
absolute temperature, AH denotes the change in enthalpy, AS
denotes the change in entropy and AG denotes the change in
Gibbs free energy at varying temperatures. We plotted a linear
calibration curve between AG and T using the Van’t Hoff
equation (Fig. 5b). The values of AH and AS are found from
the slope and intercept of the corresponding plot, respectively.
As shown in (Table S17), AH is found to be negative, signifying

This journal is © The Royal Society of Chemistry 2025
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that the interaction between Hg>* and mHPTIL is exothermic.
Additionally, (Table S1}) reveals a positive value for AS,
suggesting an increase in system entropy during the inter-
action. Previous studies’® have suggested that such a thermo-
dynamic pattern of negative enthalpy and positive entropy can
be attributed to electrostatic interactions. Hence, the opposite
charges of mHPTIL and Hg>" support the conclusion that the
formation of the hybrid system is primarily governed by
electrostatic forces. Furthermore, the negative AG value (as
shown in Table S1}) confirms that the interaction between
mHPTIL and Hg>" occurs spontaneously.

Analysis of response time and kinetics

The superiority of chemosensors, such as quick response,
simple visual detection under UV light and with the unaided
eye, and affordable measurements, has attracted a lot of atten-
tion, in which response time plays a crucial role. A time-depen-
dent fluorometric response in the case of the detection of
heavy metals, such as Hg”, with our optode, mHPTIL, was
investigated through fluorometric analysis. The study included
monitoring how the mHPTIL photoluminescence intensity
changed over time when Hg”* was introduced. To monitor the
progress of these alterations, photoluminescence spectra were
recorded at predetermined intervals of 0-6 minutes. The inten-
sity peak at 426 nm was observed to increase, whereas the orig-
inal peak at 515 nm immediately decreased. The interaction
between mHPTIL and Hg?" is further supported by the appar-
ent change in photoluminescence from green to blue. Both
qualitative and quantitative information about the sensor’s
response was provided by the observed visual change, which
matched the spectral data. By timing the site concerning
photoluminescence intensity correlating between 426 nm and
515 nm stabilized at their greatest value, the response time of
mHPTIL for detecting Hg”" was evaluated. The results estab-
lished the mHPTIL optode’s quick response to Hg>", with
noticeable spectrum alterations emerging a few seconds after
Hg>" was introduced, as demonstrated in Fig. 4, underscoring
the sensor’s quick response capabilities. Additionally, we
investigated the kinetics of our complex using the equation
Infme=fi — —kz. The conclusion suggests that the reaction pro-
ceeds via pseudo-first-order kinetics towards the Hg>" ion,
which is 0.003 s™, with constant (k) and F, denoting photo-
luminescence at F4,6/F515 at the given time ‘¢’ (Fig. S77).

Photoluminescence response of mHPTIL to various ions

Selectivity and sensitivity are crucial parameters in the devel-
opment of chemosensors for sensing applications. To evaluate
the selectivity of the synthesized water-suspended microparti-
cles, mHPTIL (29 pM), fluorescence titration experiments were
conducted in the presence of various water-soluble metal
chlorides, such as AI**, Ba**, ca®*, cd**, Co**, Cu**, Zn**, Fe*",
Hg**, Mg*, Mn**, Ni**, Pb*", and Fe**. When 96 pM of
different metal ions were added, there were no discernible
changes in our mHPTIL solution’s absorption spectra, except
for the observation of significant Mie scattering in the case of
Hg>" ions. However, there was a discernible change from green

This journal is © The Royal Society of Chemistry 2025
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to blue in the photoluminescence spectroscopy when Hg>*
ions were present. Additionally, the photoluminescence
response of mHPTIL with 96 pM Hg”>* compared to different
metal ions is illustrated in (Fig. 6a). Interestingly, the optode
exhibits strong selectivity for Hg®" ions when irradiated under
a 365 nm UV lamp with no significant photoluminescence
shift observed when the other metal ions are added to the
solution of mHPTIL, as shown in (Fig. 7a). Under similar con-
ditions, various water-soluble anions, such as Al(PO,), K,COs3,
KBr, KCl, NaF, NaBH,, Na,HPO,, NaH,PO,, NasPO,, KPF,,
Na,S and Na,SO,, were conducted. Fascinatingly, no such sig-
nificant photoluminescence change was observed in compari-
son to Hg>", as displayed in (Fig. 6b), indicating a high selecti-
vity of our synthesized water-suspended microparticles,
mHPTIL, towards the Hg>* within various potent water-soluble
metals and non-metals.

It is essential for the selective detection of Hg>" ions in the
presence of competing cations because metal ions, such as
Fe?*, cu®, cd**, Pb**, Zn**, Mg>", and Ni*", often coexist with
Hg>" in a range of environmental water sources. We conducted
a comprehensive interference investigation in this respect by
contrasting the photoluminescence spectra of the water-sus-
pended mHPTIL complex in the presence of Hg>* ions.
Interestingly, the presence of other competing metal ions does
not affect the fluorescence spectra of the mHPTIL-Hg>*
complex, as shown in (Fig. 6¢). This suggests that even when
various interfering cations are present, the mHPTIL optode
maintains remarkable selectivity towards Hg>" ions, under-
scoring its possible use in environmental sample analysis.
Additionally, we examined the emission response of mHPTIL
(29 puM) in the presence of multiple water-soluble anions,
including AIPO,, K,CO;, KBr, KCl, NaF, NaBH,, Na,HPO4,
NaH,PO,, Na;PO,, KPF,s, Na,S, and Na,SO,, as illustrated in
Fig. 6d. The results demonstrated that these anions did not
affect the fluorescence intensity of the mHPTIL-Hg”* complex,
indicating that mHPTIL can selectively detect Hg>" ions even
in complex ionic environments. Based on the aforementioned
results, it may be inferred that the water-suspended mHPTIL
optode has the potential to be used in environmental sample
analysis because it can selectively detect Hg®" ions in complex
ionic gathering environments.

Effect of pH on sensing

To assess mHPTIL’s potential for detecting Hg>* ions under
physiological conditions, it is important to understand how
pH influences its sensory response. Our approach includes
preparing a series of HEPES buffer solutions with distinct pH
values achieved by carefully titrating with HCl and NaOH.
Afterward, photoluminescence tests are carried out in each of
these buffer solutions. The results of these tests are crucial in
determining mHPTIL’s suitability for Hg** ion detection in
biological environments. As shown in Fig. S8,f the fluo-
rescence intensity (Isz6 nm/s15 nm) Of MHPTIL was very weak
across the pH range of 5-12. The fluorescence intensity
(126 nmss15 nm) changes noticeably with the addition of Hg>*
ions, with the emission intensity being maximum at pH 7.22.
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Fig. 6 Photoluminescence investigation of the interaction of mHPTIL (29 pM) at 426 nm, (a) upon introduction of various metal ions (96 pM) at
426 nm, (b) upon introduction of various anions (96 pM) at 426 nm, (c) with Hg?* (96 puM) upon the interaction of other competing metal ions
(96 pM) at 426 nm, and (d) with Hg?* upon the interaction of other competing anions (96 uM) at 426 nm.
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Fig. 7 Variation in the photoluminescence intensity of mHPTIL (29 pM) under 365 nm UV lamp irradiation towards the (a) selectivity of various
metal ions (96 uM), (b) selectivity of various anions (96 puM), (c) interference of Hg?* (96 pM) with the addition of different equally potent metal ions
(96 pM), and (d) interference of Hg?* (96 pM) with the addition of various equally potent anions (96 pM).

Therefore, we can conclude that pH 7.22 is well-suitable for
the formation of the mHPTIL-Hg>" complex. Based on these
findings, it can be concluded that the mHPTIL optode is
highly effective for detecting Hg>" at a physiological pH.

Fabrication of paper-based test kits

Paper-based test strips are broadly used in analysis given their
low cost, portability, speed, ease of use, and disposability.”””°

Analyst

Numerous detection methods, such as electrochemical
80,81 electrochemiluminescence,®®  chemilumines-
8381 and colorimetry,®® can be incorpor-
ated into paper substrates. In this regard, a portable, low-cost
photonic device using chemosensor-filled paper strips has
gained admiration for the rapid on-site detection of various ana-
Iytes. To validate real-world use, we established a paper strip
test kit by dipping filter paper in aqueous mHPTIL, followed by

analysis,
cence,® fluorescence,
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air drying. The strips show green fluorescence under 365 nm
UV light. Metal ion detection was carried out using mHPTIL-
based test strips. After applying various metal ions and drying,
a distinct green-to-blue fluorescence shift under 365 nm UV
light was observed, specifically with Hg?*. The test kit shows
high selectivity for Hg>", as other metal ions caused no signifi-
cant fluorescence change under the same conditions (Fig. 8a),
indicating successful on-site Hg>" detection. Further, we quanti-
fied Hg>" using mHPTIL-coated paper across 107> to 10™° M. A
consistent green-to-blue fluorescence shift confirmed its high
sensitivity, highlighting its potential for portable, on-site photo-
nic detection (Fig. 8b). In the field, such devices could be
adapted for practical use, allowing for quick and easy visual
detection and quantification of hazardous heavy metal, Hg>".
Additionally, we used pure (neat) HPTIL on Whatman paper,
and a cyan-to-blue fluorescence shift (447/488 nm to 438 nm)
was observed upon adding Hg®" (10~ M), confirming its
solvent-free detection capability and potential for environmental
monitoring (Fig. 8c, CIE analysis, Fig. 8d). The color coordinate
values (X = 0.142 and Y = 0.128), which lie under the color
gamut of cyanish fluorescence, change to (X = 0.154 and Y =

View Article Online
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0.0646), belonging to the blue color florescence after treatment
with 2-3 drops of 107 M Hg>" ions.

Real sample analysis

The sensor’s high sensitivity to Hg>" ions encouraged us to
explore the potential real-world applications of mHPTIL,
especially for heavy metal ion detection in the soil and water
samples, as industrial wastewater is often contaminated with
several heavy metal ions and many toxic elements pollute our
environmental soil and water. To carry out this study, 0.5 g of
soil was placed in a glass vial and spiked with 22 pL of Hg*"
ions at a concentration of 1 x 107> mol L". The treated soil was
then added to 2 mL of water-suspended solution and allowed to
settle with a final concentration of 96 pM Hg*" ions. Upon
exposure to 365 nm UV light, a shift of fluorescence color from
green to blue was observed, as demonstrated in (Fig. 9a).
Further, fluorometric investigation was performed, which
suggested a recovery percentage of more than 90% in the case
of sand and field soil and 80% in the case of clay soil (Fig. 9b).
Given that water is the most abundant and vital liquid in
biological systems, we extended our study to detect Hg>" ions

lncreasing order of llg2+ ion sM:
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Fig. 8 (a) Optical validation for the selective detection of Hg?* ions (few drops of 10~ M) based on a solid-state paper-strip-based test kit and (b)
addition of varying concentrations of ng+ jons (few drops from 107> M to 10~° M) in the mHPTIL-coated filter paper, irradiated under a UV lamp of
365 nm. (c) Deviations in the photoluminescence spectra of neat HPTIL-packed filter paper with the addition of Hg?* ions (a few drops of 107 M),
Aexc = 330 nm. (d) CIE illustration with the fluorogenic change in color gamut from cyan to blue for neat HPTIL-packed filter paper from X = 0.142

and Y =0.128 to X = 0.154 and Y = 0.0646.
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Fig. 9 (a) Validation of Hg?* detection using unspiked and spiked mHPTIL solutions (spiked with 22 uL of Hg?* ion) in different soils irradiated under
a 365 nm UV lamp. (b) Bar plot demonstrating the change in photoluminosity of unspiked and spiked mHPTIL solutions in different soils at an emis-
sion wavelength of 426 nm. (c) Illustration of mHPTIL-coated paper strip test kit for environmental water sample, demonstrating the change in
photoluminosity: (i) photoluminosity of mHPTIL-coated paper strip with different environmental water samples and (ii) photoluminosity after treat-
ment of different environmental water samples spiked with Hg?* ions (few drops of 10~ M) on the mHPTIL-coated paper strip.

in real environmental water samples collected from Siliguri,
West Bengal, India. These included municipal water, river
water (Mahananda), and well water, which is mostly utilized as
a source of drinking water within this locality. Alternatively,
filter papers coated with mHPTIL and air-dried were used as
test strips and were treated dropwise with the different Hg?-
spiked water samples. Remarkably, all treated strips exhibited
a distinct fluorometric color change from green to blue under
365 nm UV light, as shown in Fig. 9c, suggesting that the
optode has strong potential for environmental monitoring
applications. Additionally, to quantify the environmental water
sample, we examined the potency of our mHPTIL solution
with river water (Mahananda, Siliguri) and well water (Siliguri).
In each 2 mL volume of the sample, varying concentrations of
Hg>" were added, and the photoluminescence intensity was
measured. The concentration 1is estimated by photo-
luminescence titration. Surprisingly, the recovery percentage
of our sample towards the spiked river is more than 90%,
while in the case of well water, the recovery is more than 85%
(Table 1).

Our investigation into the sensor’s performance for bio-
medical and forensic applications included testing its per-
formance in biological fluids, specifically urine samples. We
recorded the photoluminescence intensity of neat urine, urine
combined with mHPTIL, and urine combined with mHPTIL
and Hg”" ion (Fig. S91). These data lend credence to the con-
clusion that the mHPTIL optode is functional in biological

Analyst

Table 1 Determination of Hg?" in different water samples

Sample Added (uM) Found (uM) Recovery (%)
River water 2.42 2.25 93.19
4.83 4.47 92.67
7.22 6.69 92.65
9.61 8.66 90.10
11.99 11.21 93.56
14.35 13.34 93.00
19.04 17.19 90.28
Well water 2.42 2.21 91.28
4.83 4.12 85.39
7.22 6.36 87.97
9.61 8.25 85.82
11.99 10.79 90.01
14.35 12.93 90.13
19.04 17.17 90.17

fluids. In general, these practical findings highlight the effec-
tiveness of mHPTIL in detecting Hg®" ions across both
environmental and biological matrices.

IL-based microparticle (mHPTIL) superiority against HPTS

Compared to standard materials, the cooperation of tunable
materials with ionic liquids is of greater advantage. To assess
its sensing competencies, we evaluated the performance of
HPTS compared with IL-based low-dimensional materials
(mHPTIL). This contrast was achieved by analyzing the detec-
tion of heavy metal Hg*" utilizing both spectrophotometric

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 (a) UV-visible absorption spectra of HPTS (2.49 uM), HPTS with the addition of Hg?* (98 uM), mHPTIL (29 pM), and mHPTIL with the
addition of Hg?* (96 mM). (b) Photoluminescence peak of HPTS (2.49 pM) and HPTS with the addition of Hg?* (98 pM), lexc = 330 nm. (c)
Photoluminescence peak of mHPTIL (29 pM) and mHPTIL with the addition of Hg?* (96 pM), Aexc = 330 nm.

and fluorometric methods for HPTS and mHPTIL. The
addition of Hg”" to HPTS in the aqueous solution did not alter
the absorption spectra according to UV-visible spectrophoto-
metric experiments (Fig. 10a). The photoluminescence inten-
sity of HPTS in aqueous solution persisted virtually unaffected
upon the addition of Hg”" (Fig. 10b), indicating that HPTS is
ineffective for Hg>" detection. In contrast, introducing Hg”* to
the mHPTIL solution led to a noticeable blue shift of 4 nm in
the absorption spectrum, accompanied by an increase in Mie
scattering (Fig. 10a). Additionally, we detected a shift in the
emission peak from 515 to 426 nm in the photoluminescence
experiments, along with a noticeable fluorometric change
from greenish to bluish when exposed to 365 nm UV light
irradiation, demonstrating its effectiveness in the detection of
Hg>" (Fig. 10c). In the construction of IL-based heavy metal
Hg**-sensitive low-dimensional materials, the ultra-hydro-
phobic cationic constituent of HPTIL establishes three crucial
roles. First, it contributes to the fruitful materialization of the
IL structure. Second, it establishes robust hydrophobic inter-
actions with the signaling unit, [HPTS]*", anchoring it firmly
onto the filter paper. This interaction effectively prevents the
leaching of [HPTS]*~ signaling moieties into the experimental
solution. Third, the material reacts quickly in the presence of

This journal is © The Royal Society of Chemistry 2025

Hg”" because of its extremely hydrophobic characteristics,
showing repulsive behavior towards water molecules, which
fastens the drying process. Therefore, we may conclude that
low-dimensional materials based on synthesized ILs, or
mHPTIL, are superior to conventional ones.

Conclusion

An Hg”" ion responsive IL, HPTIL, and its microparticle
mHPTIL are introduced based on hydroxyproline-1,3,6-trisulfo-
nate as a signalling moiety. In contrast to non-ILs, HPTIL pro-
duces microparticles in aqueous environments that have
several significant photophysical characteristics. The micro-
optode exhibits a remarkable ability to detect Hg>" ions, dis-
playing a visible fluorogenic shift from green to blue under a
UV lamp of 365 nm wavelength. It achieves detecting limits
and quantifying limits under the nanomolar (nM) range, out-
performing many previously reported sensors (Table S1t). The
practical utility of our optode was established through the
investigation of water and soil samples, opening avenues for
broader applications across various fields. Additionally, we
appraised the optode’s aptitude to detect Hg>" ions using cost-
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effective test strips. Further investigation reveals that both neat
HPTIL and water-suspended mHPTIL are very efficient for
detecting Hg?" ions. The present report advocates a new tech-
nique for developing sophisticated functional optoelectronic
materials by integrating the advantageous physicochemical
characteristics of ILs into their fundamental structures. The
current report also demonstrates IL-based nanoparticles with
controlled aggregation behavior for bright, stable signaling,
enabling precise analysis of various target analytes, which is of
paramount importance to the scientific communities for the
development of next-generation sensing devices.
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