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ABSTRACT: Biginelli-based molecules (1—3) have been
synthesized and developed as a new class of fluorescent
organic nanoparticle-based chemosensors. Chemosensor 2
has shown excellent selectivity and sensitivity for detection
of Hg’* in an aqueous medium. It can detect Hg*" up to 1
nM, and the resultant 2Hg** complex can detect Cl™ ions
(micromolar level) in an aqueous medium.

he development and synthesis of fluorescent organic

nanoparticles (FONPs) have received increased attention
from chemists in recent years.'~* Advances in the field of FONPs
have equipped chemists with new tools because of their chemical,
biochemical, and technological applications.’™® Compared to
metallic nanoparticles, FONPs are expected to offer higher
potentials because organic material allows much more variability
and flexibility through well-known synthetic skills.”'® Moreover,
FONPs dispersed in water authenticate the use of probes in
biological samples. Nakanishi et al. have reported systematic work
on FONPs with the use of perylene and phthalocyanin
nanopanrticles that revealed the size-dependent fluorescent
properties of organic materials.'* Although many research groups
have reported marvelous properties of FONPs, nevertheless, the
field is at a juvenile stage only and much progress is still within the
scope. Inspired by the great potential of FONPs for chemosensor
development, we have developed a new class of organic
compounds that aggregate into FONPs and act as excellent
chemosensors in an aqueous medium.> Moreover, in the recent
years, detection of anions, cations, or biomolecules has gained
main importance because of the significance of detecting target
species in biological and environmental samples.'*

We have synthesized Biginelli-based compounds (1-3;
Scheme 1) by employing one-pot multicomponent organic
synthesis. Compounds 1—3 were synthesized by refluxing 2-
aminobenzothiazole, arylaldehyde, and f-ketoesters in methanol
containing a catalytic amount of Zn(ClO,),. The structures of 1—
3 were established by elemental analysis and 'H and *C NMR

Scheme 1. Structures of Compounds 1-3
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and Fourier transform infrared spectroscopies (Figures S1—S6 in
the Supporting Information, SI). The structures of 1—3 were also
optimized by density functional theory calculations (Figure S7 in
the SI). FONPs of 1-3 were prepared by a reprecipitation
method."?

The photophysical properties of FONPs in an aqueous
medium showed clear deviation from that of receptors (1—3)
in pure acetonitrile (Figure S8 in the SI). Interestingly, the
fluorescence intensity of FONPs of 1 decreased, while it increased
up to 2-fold in the case of FONPs of 2 and 3. This change in the
emission behavior of organic molecules upon formation of
nanoaggregates/nanoparticles may be ascribed to the restriction
of intramolecular rotation, nonradiative decay, eximer formation,
etc.'*'® Also, the formation of nanoparticles was confirmed by
dynamic light scattering (DLS) studies. DLS analysis showed
organic nanoparticles of size 74, 28, and 32 nm in 1-3,
respectively (Figures S9—S11 in the SI).

In an effort to develop FONPs of 1—3 as chemosensors in an
aqueous medium, their cation recognition behavior was evaluated
from changes in the UV—vis and fluorescence spectra upon the
addition of a particular metal salt (100 M) to a solution of
FONPs (20 uM) of the respective receptor in a Tris buffer (pH
7.4,1 mM). FONPs of 1 have not shown any selectivity for tested
metal ions (Figure S12 in the SI). In the case of FONPs of 2,
interesting results were obtained; i.e., the addition of HgZ+ ions to
FONPs of 2 resulted in a significant change in the UV—vis
spectrum with the appearance of a new band at 345 nm and
diminishing of the band at 386 nm. The addition of other metal
ions caused only minor changes in the UV—vis spectrum under
the same conditions (Figure S13 in the SI). These changes in the
photophysical properties upon the addition of Hg>" offer
ratiometric recognition of environmentally harmful Hg*" ions
in an aqueous medium.'® A similar behavior was observed with
FONPs of 3 (Figure S14 in the SI) for Hg*', but interference was
observed from Cu?'; therefore, in the present work, only FONPs
of 2 are studied in detail and termed chemosensor 2 in a further
discussion. To gain more insight into the binding behavior,
titration of chemosensor 2 with Hg** was performed (Figure 1A).
The addition of successive increased amounts (0—100 uM) of
Hg*" to chemosensor 2 resulted in a continuous increase at 345
nm and a decrease in the band at 386 nm with an isosbestic point
at 369 nm. These changes can be explained on the basis that when
Hg*" ions coordinate with S and N atoms of the C=N group, it
led to a decrease in absorbance at 386 nm and the formation of a
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Figure 1. (A) Changes in the UV—vis absorption spectra of chemosensor
2 (40 uM) in a Tris buffer upon the addition of Hg** from 0 to 100 uM.
(B) Changes in the fluorescent spectra (A, = 386 nm) of chemosensor 2
(40 uM) in a Tris buffer upon the addition of Hg?* from 0 to 100 M.

new band at 345 nm because of a ligand-to-metal charge-transfer
transition. These data offer a ratiometric estimation of Hg** with a
linear response in the range of 20—30 uM of added Hg*" and
Asys nm/Asse nm (Figure S15). To test the practical applicability of
chemosensor 2 as a Hg*'-selective chromogenic sensor,
competitive experiments were carried out (Figure S16) and
clearly depict that no interference was offered by other metal ions,
meaning that chemosensor 2 has a high selectivity for Hg*" ions in
an aqueous medium.

Also, the emission studies of chemosensor 2 showed excellent
selectivity toward Hg** ions (Figure S17), and the addition of
Hg" resulted in quenching of the emission band at 4,,,,, =456 nm
with a shift in A, to 440 nm. This shift/quenching of the
emission wavelength might be ascribed to a conformational
change in chemosensor 2 and the intramolecular charge-transfer
process. Coordination of Hg** with chemosensor 2 probably
results in distortion of the rigid confirmation attained during the
formation of FONPs, which led to quenching of the intensity. As
in 2, the fluorophore and binding sites are directly bound to each
other, and interaction of Hg** ions with lone pair of N/S atoms
disturbs the electron cloud of fluorophore, which led to
quenching of fluorescence with a blue shift. To understand the
binding behavior of Hg2+, titration of chemosensor 2 in a Tris
buffer with Hg** was performed (Figure 1B and Figure S18). A
successive increase in the amount of Hg** (0—100 M) resulted in
a continuous decrease in the fluorescence intensity at 456 nm with
a shift in the band to 440 nm. The minimum detection limit was
found to be 1 nM (36 slope method).'” A series of competitive
experiments (Figure S19) showed that chemosensor 2 can
selectively recognize Hg*" in the presence of other competing
ions. A comparison of the present and reported chemosensors is
given in Table S1 in the SI. The time-dependent changes in the
UV—vis spectra upon the addition of Hg** ions (100 4M) to a
solution of chemosensor 2 (40 uM) showed that the response
time of the probe is low and no changes were noticed in the
spectra after the first 3 min (Figure S20). Perturbation of the high
ionic strength was ruled out by a comparison of the UV—vis and
fluorescence spectra of chemosensor 2 (Figure S21).

It is well-known that the pH has a great influence on the
properties of any sensing probe, and for better utility of the probe,
it should show the same behavior in a wide pH range. The effect of
the pH on the absorption and emission profiles of chemosensor 2
showed interesting results (Figures S22, $23). Chemosensor 2
was stable in neutral, basic (7—12), and less acidic (7—6) pH
ranges; however, at lower pH, the UV—vis and emission profiles
observed were quite identical with that observed during titration
of chemosensor 2 with Hg*" ions. Encouraged by the pH titration
results, we tried to grow single crystals of 2 in the presence of some
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protic acids like HC], HBr, and HCIO, to understand the binding
mechanism. Single crystals were obtained from an acetone/H,0
mixture of 2 containing a few drops of perchloric acid. Our
repeated attempts to grow single crystals of the 2-Hg** complex
were not successful.

Single-crystal X-ray diffraction studies revealed the formation
of complex 2-H"-ClO,~, which crystallizes in an orthorhombic
crystal system with a Pbca space group. The asymmetric unit
contains one protonated moiety of 2 and one perchlorate anion.
Here the N2 atom of 2 was protonated, and the charge was
balanced by the perchlorate anion (Figure 2). Packing analysis
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Figure 2. (A) ORTEP diagram of 2-H*-ClO,". (B) Changes in UV—vis
absorption spectrum of 2-H>" on addition of CI~ (0—15 uM).

(Figure S24) clearly shows that the N—H group of the
benzothiazole moiety forms a strong N—H:--N hydrogen bond
[N2—H2A--N3 = 1.957(3)°] with the pyridine N3 atom. The O3
atom of the perchlorate ion has short contact with the S1 atom of
the benzothiazole moiety.

Further, the 2-Hg*" complex was investigated as a secondary
sensor for anion recognition (the solution obtained after titration
of chemosensor 2 with Hg?* was used as is ). This method offers a
sporadic opportunity to recognize any anion in an aqueous
medium."® Interestingly, the addition of CI~ (100 M) led to
significant changes in the UV—vis spectrum (Figure S25). The
band at 345 nm disappeared, while a new band was appeared at
386 nm. In other words, the addition of CI” led to complete
restoration of the spectrum to the stage before the interaction of
chemosensor 2 with Hg*" ions. However, no such significant
changes were observed with other tested anions. The CI™-
dependent UV—vis response of 2-Hg** was recorded upon the
addition of successive amounts (0—15 M) of a Hg** solution
(Figure 2B). As per expectations, the enhancement in absorbance
at 386 nm is directly proportional to [Cl7] within the
concentration range of 1-8 yM (Figure 2B, inset). Using this
data, CI” can be detected up to 2 M. Competitive experiments
confirmed the high selectivity of the 2-Hg*" complex for the C1~
ion (Figure S26).

Regarding the mechanism of recognition of Hg2+, it is believed
that Hg*" metal ion interacts with the lone pair of the N atom
similarly to that of H', resulting in similar absorption/emission
profiles. Also, the decrease in the fluorescence intensity is the
result of a disturbance in the conjugation of a 7-electron cloud due
to involvement of the N atom in bonding with a Hg2+/ H" ion.
This phenomenon is further supported by NMR titration.
Although a significant chemical shift has been observed in all of
the aromatic protons, most of the effected protons are in close
vicinity of the bonding N atom. 'H NMR titrations were
performed by varying the mole ratio between Hg*" and 2 from O to
2 (Figure S27 in the SI). A shift of A5 = 0.07, 0.18, and 0.05 was
observed in signalsat § 6.75 (s, 1H, —CH), 8.88 (s, LH, ArH), 8.07
(d,1H, ArH). All of these protons are at close vicinity of the ring
containing the N atom coordinating to Hg“. Moreover, the
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splitting of a singlet at 6 6.75 and a mutiplet at 6 7.46—7.3S
indicates the unsymmetrical mode of binding of ligands to the
metal center.

The formation of the 2-Hg*" complex and its interaction with
the CI” anion were also studied by cyclic voltammetry and
differential pulse voltammetry; it was found that the addition of
Cl” to the 2-Hg*" complex gave a profile different from that of
chemosensor 2 and its Hg*" complex (Figures S28 and S29 in the
SI), which illustrates that CI™ replaces some ion/molecule from
the 2-Hg”* coordination sphere rather than extracting the Hg*"
ion from the 2-Hg** complex; therefore, different profiles were
observed. The electrochemical studies and results obtained from
interaction of the 2-Hg** complex with thiol/ethylenediaminete-
traacetic acid (Figure S28 in the $30) indicated that the addition
of Hg*" ions (as a nitrate salt) to chemosensor 2 led to the
formation of complex 2-Hg**-(NO;"),. The NO;™ ions were
removed from the coordination sphere of the mercury complex as
soon as Cl” ions were added to the solution of the mercury
complex. It is believed that orientation of the ligands around Hg**
is so that only a particular size of CI~ ions is conducive to
interacting selectively with the metal ion. Thus, our mercury
complex acts as a secondary sensor for Cl”~ through counterion
displacement assay.

In conclusion, three new Biginelli-based receptors 1—3 were
synthesized and characterized. FONPs of 1—3 have been
prepared and developed as chemosensors. FONPs of 2 can
selectively recognize Hg** in an aqueous medium, and the
resultant 2-Hg*" complex acts as a secondary sensor for Cl~ ions
through counterion displacement assay. The mechanism of Hg**
binding was established from the crystal structure of 2-H"-ClO,~,
'"H NMR titration, and electrochemical studies.
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