Open Access Article. Published on 28 March 2025. Downloaded on 6/28/2026 11:58:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 9587

Received 22nd November 2024
Accepted 15th January 2025

DOI: 10.1039/d4ra08302d

ROYAL SOCIETY
OF CHEMISTRY

(3

Reversible color changing response of pyrenylated
charge-transfer probes towards Hg?*: linker-driven
modulation of sensitivity and selectivityy

Nilanjan Dey (& *

Two easily synthesizable prenylated charge transfer probes with a terminal pyridine unit were designed. The
compounds differ based on the nature of the spacer: rigid olefinic (1) and flexible hydrazo (2). Both
compounds show exclusive interaction with Hg?" ions, leading to changes in visible color. Experimental
analyses showed that compound 1 outperformed compound 2 in terms of sensitivity (A/Ag ~ 13-fold vs.
~2-fold) and detection limit (1.2 ppm vs. 5.8 ppm), attributed to its rigid linker and enhanced binding
affinity. Moreover, ratiometric responses (r> > 0.99) and excellent selectivity for Hg?* were demonstrated.
This study highlights the development of robust, reusable, and cost-effective tools for mercury
detection, thus addressing critical environmental and health concerns associated with mercury
contamination. Environmental robustness of compound 1 was validated across solvents, counter-ions,
and water mixtures, with decreasing efficacy in high-water-content systems owing to solvation effects
and probe aggregation. Mechanistic studies confirmed pyridine nitrogen as the primary coordination site
with reversible binding, enabling probe reuse. Practical applications were explored using paper strips
modified with the probes, which facilitated rapid, cost-effective, and quantitative detection of Hg?* via

rsc.li/rsc-advances image analysis.

Introduction

Charge transfer (CT)-based probes are invaluable for the optical
sensing of heavy metal pollutants because of their high sensi-
tivity, selectivity, and rapid response, enabling detection at
concentrations as low as nanomolar levels, often below regu-
latory limits for pollutants such as Hg>" (2 ppb set by the EPA) or
Pb>" (15 ppb set by the EPA)." Tailored with specific functional
groups, these probes offer exceptional selectivity for metals
such as Hg**, Pb**, or Ag" and produce rapid, often visible
optical changes with detection times typically under minutes,
facilitating on-site detection without complex equipment. Their
versatility allows them to function across diverse conditions,
such as pH ranges of 4-10 or in high ionic strength environ-
ments, providing mechanistic insights into metal-probe inter-
actions and advancing sensor design.”> Moreover, CT-based
probes can be integrated into portable formats such as paper
strips or hydrogels, achieving detection limits as low as 107 M.?
Recent innovations incorporate smartphone-enabled imaging
and machine learning for enhanced data interpretation.*

The spacer group in charge transfer (CT)-based probes plays
a pivotal role in modulating their electronic and optical
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properties, directly influencing their colorimetric sensing
capabilities. The nature of the spacer dictates how efficiently the
donor and acceptor groups interact. Conjugated linkers often
enhance electronic communication, leading to red-shifted
absorption spectra and a more sensitive response to analytes.
However, non-conjugated linkers reduce electronic coupling,
weakening CT efficiency but often increasing selectivity towards
target analytes by minimizing background interference.® Simi-
larly, flexibility of the spacer can affect sensing performance.
Flexible spacers allow the probe to adopt various conforma-
tions, potentially improving analyte binding. However, this
flexibility may result in less stable and reproducible responses.
Rigid spacers, on the contrary, maintain a fixed spatial
arrangement of donor and acceptor groups, ensuring consistent
CT behavior and reliable colorimetric response.® Moreover, the
length of the spacer influences the strength of electronic
interactions. Short spacers enhance CT efficiency by facilitating
strong electronic overlap between donor and acceptor groups,
resulting in intense optical changes upon analyte binding. In
contrast, long spacers reduce electronic overlap, weakening CT
and shifting absorption or emission to shorter wavelengths.”
Moreover, longer spacers can improve selectivity by spatially
separating reactive sites, reducing nonspecific interactions.
Despite such important roles of spacers in the optical
properties of CT probes and sensing efficacy, not many
systematic investigations have been carried out focusing on this
aspect. Therefore, herein, we designed pyrene-based, easily
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synthesizable charge-transfer probes with pyridine as the metal
ion binding site (Fig. 1a). Two compounds with different
spacers (olefinic vs. hydrazo) were considered with the same
donor (pyrene) and acceptor (pyridine) moieties. Such varia-
tions in the spacer unit showed distinct influence on the optical
properties of the compounds and efficacy towards Hg”* sensing.
Binding with Hg*" ions would facilitate charge transfer from the
donor to acceptor moiety, leading to changes in visible color
(Fig. 1b). In addition to solution-based analysis, the paper
attempted rapid, on-location detection of Hg>" using chemically
modified paper strips. The quantitative analysis in this case was
achieved using ImageJ (free version).

Results and discussion
Design and synthesis

In this work, we designed two easily synthesizable prenylated
probes with pyridine as the terminal functional group.® The two
compounds differed based on the nature of the linker unit
connecting the donor and acceptor sites. In case of compound
1, the electron-rich pyrene unit is linked with electron-deficient
pyridine residue via a trans olefinic bond, while the same units
are connected via a hydrazo spacer in compound 2. Both
compounds showed a color in the visible region, attributed to
intramolecular charge transfer from pyrene to pyridine unit.
Therefore, any change in the electronic nature of the pyridine
unit would be expected to influence the optical response of the
probe molecules. The olefinic linker, with its conjugated and
planar structure, is expected to promote efficient m-electron
delocalization between the donor and acceptor units, resulting
in enhanced charge transfer (CT) and higher sensitivity to
changes in the electronic environment caused by metal ion
binding. However, the hydrazo linker, containing lone pair-
bearing nitrogen atoms, disrupts 7-conjugation but provides
an additional coordination site for metal ions. The rigid struc-
ture of the olefinic linker supports higher fluorescence
quantum yields, while the flexible hydrazo linker allows for
conformational adaptability, enhancing metal ion chelation.
The energy optimization of compounds 1 and 2 was carried
out using B3LYP level of theory with the 6-31G* basis set.® Both
compounds demonstrated a nearly planar structure with dihe-
dral angles of <0.2° between the spacer and donor (or acceptor)
moieties (Fig. 2a). The HOMO-LUMO energy gap was calculated
for 1 and 2 and was found to be in the similar range (AE ~ 0.12
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eV) (Fig. 2b). Further, we calculated Mulliken charge distribu-
tion in the pyridine ring. For both compounds, the pyridyl
nitrogen ends appeared to have high negative charge density,
suitable for metal ion coordination (Fig. 2¢ and d).

Spectroscopic response in the solution phase

The UV-visible spectra of compounds 1 and 2 were recorded in
acetonitrile. The UV-visible spectrum of compound 1 showed
two distinct absorption bands at 287 (e = 2.58 x 10°M ™' ecm ™)
and 373 (¢ = 4.05 x 10° M ' cm™ ') nm owing to 7t-7* transition
and charge transfer interaction, respectively. For compound 2,
both these bands appeared to be slightly red-shifted and were
observed at 291 (e = 2.90 x 10° M~ cm™ ") and 380 (¢ = 3.39 x
10° M~' em™") nm, respectively. Moreover, an additional
absorption band was found at a lower energy region, centered at
408 nm (e = 2.64 x 10° M ' em ™) (Fig. 3a). The lone pairs on
the nitrogen atoms of the hydrazo unit could facilitate charge-
transfer interaction, leading to the formation of a red-shifted
absorption band.' Moreover, the hydrazo compound can
form hydrogen bonding with polar protic solvents and form
self-assembled aggregated structures. However, the fluores-
cence spectrum of 1 showed broad emission band in the 457 nm
region. Although emission maximum was observed at a similar
position for compound 2, the intensity was found to be signif-
icantly less (~4.6-fold) (Fig. 3b). The higher flexibility of the
hydrazo linker probably enhances the possibilities of non-
radiative decay, which resulted in low fluorescence intensity."*
Furthermore, to compare the metal ion binding efficiency of 1
and 2, we recorded "H-NMR spectra of both compounds in
DMSO-d, (Fig. 3c). We could not record the spectrum in CD;CN
owing to limited solubility at room temperature. The aromatic
protons of compound 2 adjacent to pyridine nitrogen ends (a
and b) appeared in the deshielded region compared to
compound 1. This suggested that the pyridine ring in the case of
compound 2 is relatively electron deficient. Moreover, the imine
protons in 2 expectedly showed a considerable downfield shift
compared to olefinic protons of 1. Consequently, there is
a possibility that probe 2 would not bind with metal ions as
effectively as compound 1.

Chromogenic response towards Hg>" ions

We investigated the metal ion binding properties of compounds
in acetonitrile. When compound 1 was exposed to Hg>" ions, the
color of the solution immediately changed to yellow. Expectedly,

ICT less ICT More

Fig. 1 (a) Chemical structures of probe molecules involved in the present study. (b) Shows plausible binding interaction with Hg>" ions.
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Fig. 2 (a) Energy-optimized structures of 1 and 2 using B3LYP/6-31G* level of theory. (b) Schematic showing relative HOMO-LUMO energy
levels for compounds 1 and 2. Mulliken charge distribution on the pyridine ring for compounds (c) 1 and (d) 2.

the UV-visible spectrum with Hg>" showed formation of a new concentration of Hg>" ions at the expense of the 375 nm band
band at the 427 nm region. Titration studies showed that the (Fig. 4a). The isosbestic points were found at 328 and 392 nm,
absorbance at 427 nm enhanced with an increasing indicating a one-to-one equilibrium between 1 and Hg>" ions.
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Fig.3 (a) UV-visible spectra of 1 and 2 (10 uM) in CH3CN. (b) Fluorescence spectra of 1 and 2 (10 uM, Aex = 375 nm) in CH3CN. (c) Partial *H-NMR
spectra of 1 and 2 (5 mM) in DMSO-dg (inset shows structures of compounds 1 and 2 with assigned protons).
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Fig.4 UV-visible titration of (a) 1 and (b) 2 (10 uM) with ng* (0-20 pM) in a CH3CN medium. (c) Ratiometric responses of 1 and 2 (10 uM) towards
Hg?* ions (0—20 uM) in a CHzCN medium. (d) Ratiometric responses of 1 and 2 (10 uM) in the presence of various metal ions (25 uM) in a CHzCN
medium [each experiment was independently performed thrice for reproducibility].

When compound 2 was subjected to Hg>" ions, we witnessed
a new charge transfer band at 423 nm. Here, titration studies
showed that absorbance at the 423 nm band enhanced
concomitantly with quenching at 378 and 404 nm bands
(Fig. 4b). In this case, isosbestic points were observed at 343 and
410 nm. Interestingly, comparison studies indicated that the
charge transfer band for compound 1 was found to be more
prominent (4/A, ~ 13 fold at 427 nm) than that witnessed with
compound 2 (4/A, ~ 2 fold at 423 nm). Furthermore, we plotted
the ratiometric responses of compounds 1 (Abs,zg nm/AbS373 nm)
and 2 (AbSyz3 nm/AbS350 nm) against the concentrations of Hg**
added (Fig. 4c). In both cases, we observed linear regression (r*
> 0.99), which indicated the ratiometric nature of the probe
molecules. This is particularly important for real-life sample
analysis as ratiometric probes by considering responses at
different wavelengths can minimize background interferences
and improve the signal-to-noise ratio."> Moreover, we noted that
changes in the response were prominent with compound 1
compared with compound 2. Since selectivity is one of the most
important criteria for quantitative analysis, we analysed inter-
actions of compounds 1 and 2 with other metal ions under
similar conditions. For both compounds, no other metal ions
could show changes in the absorption signal as prominently as
that observed with Hg”* ions (Fig. 4d). This indicated that both
sensors 1 and 2, irrespective to the differences in the sensitivity,
showed good selectivity towards Hg”" ions in the solution
phase. Furthermore, UV-visible titration studies indicated that
the limits of detection for Hg>" ions were 0.012 and 0.02 ppm
with probes 1 and 2, respectively.

9590 | RSC Adv, 2025, 15, 9587-9593

Time-dependent studies indicate that the perceptible color
change of 1 with Hg”" ions could be seen within 30 s of Hg>* ion
addition. However, the color response was found to be quite
stable and no further change in absorbance was noted even
after 1 h of Hg®>" addition (Fig. $1f). This indicated that the
present method is robust and can produce reliable spectro-
scopic signals for Hg>" ions. Considering that traditional
solution-based sensing studies need sophisticated instrumental
facilities and trained technicians, we developed an alternative
strategy for Hg>" detection using chemically modified precoated
paper strips.*® The paper strips in the native state showed no
color under day-light. However, when the paper strip was
exposed to Hg>" ions, the color of the strip changed to yellow
(Fig. 5a). This observation indicated that detection of Hg>" was
indeed possible on a solid surface. Furthermore, the changes in
the color of the paper strips were quantitatively assessed by
Image].** It was observed that the paper strips spiked with Hg**-
contaminated solution can be reused upon washing with
diluted EDTA solution. Since this method does not involve
multi-step sample preparation, involvement of skilled techni-
cians or analysis of complex signal output, people with limited
knowledge of science or technology will be able to use it without
much difficulty.

Effect of the microenvironment on Hg”*-ion sensing

Considering the selective interaction, we further investigated
effects of different environmental and other factors on the
efficacy of Hg”* detection by compound 1. First, we checked the
interaction of compound 1 with different Hg>" salts (with -NO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Reusable paper strips (coated with compound 1) for detection of Hg?* ions. (b) Changes in absorbance of 1 (10 pM) upon addition of
Hg?* (0-20 pM) in different organic media. (c) Changes in absorbance at the 427 nm band with Hg?* ions in different CHsCN—H,O mixtures. (d)
UV-visible spectra of 1 (10 pM) with different Hg?* salts (25 pM) in a CHsCN medium [each experiment was independently performed thrive for

reproducibility].

and -ClO, counter anions) in a CH;CN medium (Fig. 5d). Such
variation in counter ions showed no detectable impact on the
response of 1 towards Hg>" ions. This is indeed an important
observation, as in many cases, interference from counter anions
can hinder the accuracy of the sensor molecules. Since Hg>*
contamination can be encountered in various types of indus-
trial waste materials, we examined the responses of compound
1 towards Hg”>* ions in different organic solvents, such as
CH;CN, THF, and DMF (Fig. 5b). The degree of response, as
denoted by changes in absorbance at the 427 nm band, were
found to be maximum in THF, followed by CH;CN and DMF. In
less polar solvents such as THF, the interaction between Hg”*
ions and the probe will be stronger because Hg>" ions are less
solvated, making them more available to bind with the probe.
However, DMF and CH;CN could form Hg”*-solvent complexes
owing to the lone pairs on oxygen (DMF) or nitrogen (CH3CN)
atoms, which significantly reduce the interaction with Hg>*
ions.*

Since we studied interactions in a pure CH;CN medium, we
were interested to investigate the effect of water on Hg>"
sensing. It was observed that with increasing water content in
the mixture, the response towards Hg>" ions gradually
decreased (Fig. 5¢). The changes in absorbance (A/4,) at the
427 nm band was found to be ~10-fold in 1:1 CH;CN-H,O
mixture, while it was ~1.5-fold in pure water. This might be due
to the extensive solvation of Hg>" ions in water and aggregation
of probe molecules through hydrogen bonding interaction.®

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mechanistic investigation with Hg>"* ions

The mode of binding with Hg** was unveiled using a series of
spectroscopic investigations. The superior response of
compound 1 towards Hg>" compared to 2 ruled out the possible
involvement of the hydrazo linker in the coordination with Hg**
ions. Thus, it could be anticipated that Hg>" in both cases is
coordinated through the pyridyl nitrogen end. Irrespective of
spectral response, both compounds showed 1:1 binding stoi-
chiometry with Hg”" ions in a CH;CN medium (Fig. 6a). The
Benesi-Hildebrand equation for the 1: 1 model was utilized for
calculation of binding constants (Fig. 6b). Compound 1 showed
larger binding affinity (log K = 4.84 + 0.03) towards Hg”" ions
than compound 2 (log K = 3.95 + 0.02), which justified the
larger optical response observed with the former probe. The
reversible nature of Hg>" coordination was verified using EDTA
as the chelator agent."” First, Hg>" (2 equiv.) was added to the
solution of 1 (or 2) and to that the same equivalent of EDTA was
added, which completely revived the original spectrum of 1 (or
2) (Fig. 6¢). This suggested a reversible coordination between
the probe molecules and Hg>" ions. Moreover, this result indi-
cated that a single solution of the probe (either 1 or 2) can be
used multiple times for the detection of Hg”" ions. Since
protonation of the pyridine moiety can facilitate charge transfer
interaction, we compared the spectral response in the presence
of both Hg>* and H" (HCI) (Fig. 6d).** Both spectra resembled
each other, which indicated that Hg”* ions coordinated through
the pyridine unit of the compound.

RSC Adv, 2025, 15, 9587-9593 | 9591
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Fig.6 (a) Job's plot of compounds 1 and 2 in the presence of Hg?* ions. (b) Determination of binding constants of compounds 1 and 2 with Hg?*
ions. (c) Recovery experiment with EDTA showing the reversible interaction of 1 and 2. (d) UV-visible spectra of 1 (10 uM) with different Hg?* salts
(25 uM) in a CH3CN medium [each experiment was independently performed thrice for reproducibility].

Conclusion

This study highlights the design, synthesis, and evaluation of
two prenylated probes for selective detection of Hg”>*, empha-
sizing the role of structural and electronic factors in deter-
mining sensing efficiency. The two probes, differing in their
linker units, olefinic (compound 1) and hydrazo (compound 2),
exhibited charge transfer interactions leading to visible color
changes upon interaction with Hg®" ions. Computational
studies revealed planar structures and similar HOMO-LUMO
energy gaps (~0.12 eV), while experimental UV-visible and
fluorescence spectroscopy identified distinct optical responses.
Compound 1 demonstrated superior sensitivity (4/4, ~ 13-fold)
and a lower detection limit (1.2 ppm) compared to compound 2
(A/Ay ~ 2-fold, 5.8 ppm), possibly owing to its less flexible linker
and higher binding affinity for Hg®" ions. Ratiometric responses
(¥ > 0.99) and excellent selectivity towards Hg>" over other
metal ions further established the efficacy of these probes for
quantitative analysis. The environmental robustness of the
probes was evaluated under varying conditions, including
solvent polarity, water content, and counter-ion effects. Sensing
efficiency decreased in high-water-content systems because of
solvation effects and probe aggregation but remained consis-
tent across different Hg>" salts. Mechanistic investigations
confirmed pyridine nitrogen as the primary coordination site,
with 1:1 stoichiometry and reversible binding validated by
EDTA recovery. Practical applicability was demonstrated using

9592 | RSC Adv, 2025, 15, 9587-9593

chemically modified paper strips, enabling cost-effective, user-
friendly Hg>* detection with quantitative image analysis.
These findings underline the potential of structurally tuneable
charge-transfer-based probes for developing reusable, sensitive,
and selective optical sensors for heavy metal pollutants in
diverse environments.
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