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ARTICLE INFO ABSTRACT

Keywords: A novel Coumarin-based 1,2-pyrazole, HCPyTSC is synthesised and characterized. The chemo-
Chemosensor sensor has been shown to have efficient colourimetric and fluorescence sensing capabilities for
NBO

the quick and selective detection of fluoride and copper ions. At 376 and 430 nm, the HCPyTSC
exhibits selective sensing for Cu?" and F~ ions. By examining the natural bond orbital (NBO)
analysis and the potential energy curve (PES) of the ground state for the function of the C-H bond,
it has been determined from the theoretical study at hand that the deprotonation was taken from
the ‘CH’ proton of the pyrazole ring. For F~ and Cu®", the HCPyTSC detection limits were 4.62
nM and 15.36 nM, respectively. Similarly, the binding constants (Kb) for F~ and Cu®" ions in
acetonitrile medium were found to be 2.06 x 10° M~ and 1.88 x 10° M!. Chemosensor
HCPyTSC with and without F~ and Cu?* ions have an emission and absorption response that can
imitate a variety of logic gates, including the AND, XOR, and OR gates. Additionally, a paper-
based sensor strip with the HCPyTSC was created for use in practical, flexible F~ sensing appli-
cations. The paper-based sensor was more effective in detecting F~ than other anions. The
effectiveness of HCPyTSC for the selective detection of F~ in living cells as well as its cell
permeability were examined using live-cell imaging in T24 cells.
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1. Introduction

Copper is the third most abundant transition element in living creatures and it is found naturally in soil, rock, water, sediment and
air [1]. This increased occurrence, along with its peculiar thermo-electric characteristics, makes it extremely useful in a variety of
sectors, including alloys, machine components, batteries, electric wires, fertilisers, and so on [2-4]. Similarly, it plays an important
part in many biological processes such as metabolic control, connective tissue creation, protection from fungal and yeast infections,
and maintaining oestrogen metabolism in women [5-7]. Copper may be found in a variety of foods, including shellfish, nuts, seeds,
grain goods, wheat bran cereals, organ meats and cocoa products [8]. Copper-based medications have been recommended for patients
undergoing intestinal bypass surgery, anaemia, wound healing, brittle bones (osteoporosis), and osteoarthritis [9-11]. Copper
insufficiency and overload in the live body might raise the risk of numerous ailments. Its deficiency, for example, can result in
anaemia-like symptoms as well as hypopigmentation and bone deformities [12-14]. Overloading of copper, can cause Wilson’s dis-
ease, prion disease and Alzheimer’s disease [15-17]. Copper compounds are harmful to bacteria and viruses and are widely employed
in water treatment and as wood and leather preservatives [18,19]. As a result, the environmental impact of copper cannot be over-
looked. To avoid any negative health impacts, the WHO recommends that copper ions concentrations in drinking water be less than 2
ppm?°, It is crucial to create extremely focused, sensitive, and precise sensors in order to find traces.

Since fluoride is a naturally occurring element of the environment, it is always a part of people’s daily lives. Food, air, and things
containing fluoride are all ways that fluoride enters the body [20]. Fluoride plays a key role in maintaining the strength of our bones
and teeth [21,22]. Fluoride is essential for the development of our teeth since it helps to fortify our tooth enamel as it grows and
develops. Including any other substance, we come into contact with on a daily basis (like oxygen, water, and table salt), fluoride can be
dangerous in certain doses. The first organ to be impacted is the stomach [23]. The initial symptoms and indicators include nausea,
stomach pain, violent vomiting, and diarrhoea. After that, the person collapses with symptoms such as weakness, paleness, shallow
breathing, weak heartbeats, damp, cold skin, cyanosis, dilated pupils, hypocalcaemia, and hyperkalaemia [24-26]. In two to 4 h, the
person may potentially pass away. Consequently, keeping the right quantity of fluoride ions in the environment can help to prevent
fluoride poisoning, which highlights the importance of creating low-cost fluoride sensors. Because of the fluoride ion’s small size, high
electron density, and large electronegativity, chemosensors frequently form strong hydrogen bonds with it [27,28]. The hydroxyl,
amine and hydrogen attached to electron-deficient atoms are quite well in forming hydrogen bonds in anion sites [29]. These char-
acteristics of fluoride ions could be useful in the design and creation of novel fluoride sensor series.

To create and construct better fluorescence sensors for ions, it is crucial to understand the theoretical side of the chemosensing
mechanism. Because of the great biocompatibility, robust and steady fluorescence emission, and remarkable structural flexibility, the
coumarin platform has more recently been widely used in the construction of small-molecule fluorescent chemosensors. The C—=C
bond is fixed in the cis-conformation, which helps prevent the trans-cis transition of typical C=C bonds in vinylic compounds and
contributes to the high fluorescence emission and good photostability of coumarins. Due to quenching processes like the photoinduced
electron transfer (PET), isomerization, and other factors, some coumarin derivatives are weak fluorophores. These quenching effects
are suppressed and a bright fluorescence is regained after interactions with their analytes [30,31].

Here, we report the synthesis of coumarin-based 1,2-pyrazole chemosensor that can be used to detect F~ and Cu®" ions with the
naked eye. The sensing mechanism is explained in detail by using spectroscopic methods and theoretical investigations. Also, we
described the multiple logic gate operations of the synthesised ligand along with their molecular keypad applications.

2. Experimental section
2.1. Materials and methods

On a Bruker, 500 MHz in DMSO-dg at 298 K, with TMS as an internal standard, the 'H and >C NMR spectra were generated. Using a
Perkin-Elmer FT-IR spectrophotometer in the 400-4000 cm ™' range, the HCPyTSC powder was examined. An Agilent mass spec-
trometer was used to examine the mass spectra of HCPyTSC. UV-Vis diode-array spectrometer (Analytical Jena Specords 600) was
used to create UV-Vis absorption spectra, and a spectrofluorometer (Jasco V-630) fitted with a xenon discharge lamp in a 1 cm quartz
cell with a 5 nm slit width was utilised to create and analyse emission spectra. At 298 K, all measurements were made. Utilizing the
software Origin 8.5, the fluorescence titration data was gathered and spectra were generated. The chemosensor was created using 4-
hydroxy-2-oxo-2H-1-benzopyran-3-carboxaldehyde and N(4)-pyrrolidine thiosemicarbazide, and its sensing properties were investi-
gated using a variety of metal chlorides, including Co®*, Fe?t, Pb2*, Fe3*, Ni%*, Mg?*, cd?*, AI**, Mn2*, Ca*, Ga®*, cr®t, Hg?", Zn?",
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Scheme 1. Synthesis of chemosensor HCPyTSC.
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Cu?t and tetrabutyl ammonium salts of F~, CN™, Cl7, Br, I", ClO4, H,PO4, HSO4, OH™ and AcO™.

2.2. Synthesis of HCPyTSC

By refluxing 4-hydroxycoumarin (A) with dimethyl formamide and phosphorous oxychloride, 4-hydroxy-2-oxo-2H-1-benzopyran-
3-carboxaldehyde (B) has been created using the Vilsmeier Haack reaction [32]. Compound B, after being dissolved in ethanol (30 mL),
N(4)-pyrrolidine thiosemicarbazide (0.290 g, 2 mmol) (C) was added to the reaction mixture. A few drops of acetic acid were added,
and the mixture then refluxed for 8 h. At room temperature, the reaction mixture was left alone to gradually evaporate. The generated
product [(pyrrolidine-1-carbonothioyl) chromeno [4,3-c] pyrazol-4(2H)-one] (HCPyTSC) (D)) was separated following evaporation.
Additionally, the product was vacuum-dried after recrystallization from a 1:1 combination of chloroform and ethanol (Scheme 1).

2.3. Single crystal X-ray crystallography

A good yellow block with very well-defined faces and dimensions (max, intermediate, and min) of 0.102 x 0.067 x 0.037 mm? was
found in a representative sample of crystals using a Leica MZ 75 microscope. A cold nitrogen stream (Oxford) sustained at 150 K was
then used to submerge the crystal attached to a nylon loop. The unit cell determination, data collection, and crystal screening were all
done using a BRUKER APEX 2 X-ray (three-circle) diffractometer. The APEX2 software suite, version 2008-6.0, was used to control the
goniometer [33]. The sample was optically centred with the aid of a camera so that no translations could be observed when the crystal
rotated through all of its orientations. The detector (APEX2, 512 512 pixels) was positioned 6.0 cm away from the crystal. The X-rays
used were produced using a Mo sealed X-ray tube with a voltage of 40 kV and a current of 40 mA (K = 0.70173). Sixty data frames with
1.0° widths were collected. The auto-indexing process identified the unit cell using these reflections. Nonlinear least squares and
Bravais lattice methods were used to identify and improve a suitable cell. The unit cell was examined by looking at the h k 1 overlays on
different data frames. There were no super-cells or false reflections found. After thoroughly inspecting the unit cell, a lengthy data
gathering operation (4 sets) utilizing omega scans was started. Utilizing XT/XS in APEX2, a solution was quickly attained [34]. The
hydrogen atoms were set up in hypothetical positions and mounted on their corresponding parent atoms. Anisotropic thermal pa-
rameters were used to optimise each and every non-hydrogen atom. Using PLATON, the lack of further symmetry and voids was
confirmed (ADDSYM). Weighted least squares refinement on F2 was used to further enhance the structure. Table 1 includes a list of the
dimensions and additional parameters.

2.4. UV-vis and fluorescence spectral studies

HCPyTSC (10 pM) stock solution was prepared in acetonitrile. Stock solutions of tetrabutyl ammonium salts of F~, CN™, Cl™, Br~,
I, ClOs, HoPOg4, HSO4, OH™ and AcO™ and some common metal cations including first-row transition metal ions (C02+, Fe2+, Pb2+,
Fe3t, Ni2*, Mg?*, cd?*, AI®*, Mn?*, Ca?t, Ga®*, Cr®*, Hg?', Zn?*, Cu®") were prepared in water. The UV-Visible and fluorescence
spectra of the chemosensor were recorded at room temperature after the addition of different concentrations of anions and cations
solutions.

2.5. CV titration

The electrochemical behavior of the chemosensor was monitored by cyclic voltammetry. To perform this study, the chosen ions
were titrated with the chemosensor HCPyTSC in acetonitrile with 0.1 M tetra-butyl ammonium perchlorate as a supporting electrolyte.
Using glassy carbon as the working electrode and platinum wire as the counter electrode, the redox potentials of the HCPyTSC were
measured using cyclic voltammetry at a scan rate of 0.1 mV/s.

2.6. 'H NMR titration

The HCPyTSC (1 Mm/L in DMSO-dg) was titrated with fluoride ions. The tetrabutylammonium salt solution with a concentration of
(1 Mm/L) is used to generate the fluoride anion. Fluoride titration was carried out by the incremental addition of fluoride anion to the
HCPyTSC molecules.

Table 1

Selected bond length, bond angle and torsion angle for HCPyTSC.
Bond length A) Bond angle (°) Torsion angle (°)
S(1)-C(11) 1.6703 C(3)-N(1)-N(2) 103.32 N(1)-N(2)-C(11)-S(1) 149.76
N(2)-N(1) 1.3825 N(2)-C(10)-C(4) 105.74 C(11)-N(2)-N(1)-C(3) —176.18
N(2)-C(10) 1.3574 N(2)-C(10)-H(10) 127.1 C(11)-N(2)-C(10)-C(4) 176.21
N(2)-C(11) 1.4324 N(2)-C(11)-S(1) 118.84 C(12)-N(3)-C(11)-S(1) 165.63
N(3)-C(11) 1.3181 N(3)-C(11)-S(1) 124.61 C(15)-N(3)-C(11)-S(1) —5.28
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2.7. pH study

The effect of pH on Cu®" and F~ ion sensing was investigated over the pH window from 2 to 12. The medium’s pH was controlled
using sodium hydroxide solution and hydrochloric acid. The chemosensor HCPyTSC (2.49 mg, 1 x 10~ M) was dissolved in aceto-
nitrile (10 mL) after which 30 pL of this solution was diluted to the appropriate pH solutions (3 mL). For each of the chemosensor
solutions prepared earlier an additional amount of 30 pL of 1 mM Cu?' and F~ ions were added. After thorough mixing, fluorescence
spectra were captured at room temperature.

2.8. Live cell image studies

The applicability of the chemosensor HCPyTSC to sense F~ ions in organ systems was examined using fluorescence imaging. Using
the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium bromide) test methodology, cell toxicity was evaluated prior to
this experiment [35-39]. The T24 cells were exposed to various doses of the chemosensor HCPyTSC for 12 h prior to the test (0-50 pM).
In 12-well plates with complete media, T24 cells were seeded and grown for 12 h at 37 °C with 5 % COs. The cells were extensively
rinsed with phosphate buffer solution to eliminate extra F~ ions (PBS). HCPyTSC (10 pM) was then applied to the cells for 10 min. After
that, the cells were completely and delicately rinsed with PBS to get rid of any leftover culture medium and HCPyTSC. The cell images
were taken with a fluorescence microscope after the cells were fixed in a 3.7% formaldehyde solution (pH 7.0).

2.9. Computational method

Gaussian 09 programme was used to complete all the theoretical calculations. To have a better insight into the electronic spectra
and electronic excited state, the DFT and TD-DFT calculations were performed. The geometry optimizations for the ground state were
carried out using the hybrid functional B3LYP and 6-311G(d,p) basis set, which is reasonable and suitable for such massive organic
compounds. Since the experiments were carried out in acetonitrile solvent, the computational predictions have been done by using the
polarizable continuum model (PCM), which has an acetonitrile-specific dielectric constant of 37.5. The CAM B3LYP/6-311G(d,p) level
was employed for the TD-DFT analysis, and the B3LYP/LanL2DZ level was used for the chemosensor-Cu?* complex [40]. To determine
the mechanism of the sensing, transition state (TS) and intrinsic reaction coordinate (IRC) computations were performed. The
vibrational frequency analysis validated the local minima in the ground state, transition state, intermediate state, and excited state.
Natural bond orbital (NBO) analysis was used to compute the charge distribution, occupancy, and energy of the bonding orbitals at the
same theoretical level as the ground state and excited state geometry-optimized structures of the chemosensor- F~ complex. To assess
the donor-acceptor interaction, the second-order perturbation energies of the chemosensor- F~ was calculated. To validate the sensing
mechanism, potential surface curve (PES) assessments were also performed.

Fig. 1. Molecular structure of HCPyTSC with the labelling of selected atoms.
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3. Results and discussion
3.1. Synthesis

The HCPyTSC was synthesised via Schiff’s base condensation reaction of N(4)-pyrrolidine thiosemicarbazide and appropriate
aldehyde (4-hydroxy-2-oxo-2H-1-benzopyran-3-carboxaldehyde). It was thoroughly characterized by FT-IR, 'H NMR, 3C NMR, and
MASS spectra before being employed in sensing and other practical applications. Using FT-IR spectroscopy, we determined the
presence of functional groups like C=S, C=0, C=N etc. by looking at the absorption peak that results from the stretching vibrations of
the bonds in the functional groups. Sharp peaks at 1728, 1669 and 1180 cm ! indicate the existence of (C=0), (C=N) and (C=S)
groups in the HCPyTSC correspondingly. One of the key methods for determining the structural details of molecules is NMR spec-
troscopy. The only proton presented in the pyrazole ring is clearly represented by the sharp singlet at 9.25 in the 'H NMR of HCPyTSC.
HCPyTSC’s aromatic ring protons exhibit doublets and triplets at about & 8.07-7.42 ppm. Whereas the triplets and multiplets around
the region & 3.87-2.03 ppm correspond to the CH; protons present in the pyrrolidine ring. The well-defined peaks in the 13¢c NMR
spectra correspond to the thione carbon (C=S), C=O0 carbon, and azomethine (C=N) groups and are located at 173.63, 156.88, and
153.32 ppm respectively. The benzene aromatic carbons were discovered multiplets at ppm 136.38, 125.42-114.19 ppm. The
nitrogen-attached pyrrolidine carbon was measured at 55.99 and 54.66 ppm. All the characterization spectra and their detailed
description were summarized in the supplementary material (Figs. S2, S4, S5 and S6).

3.2. Single crystal X-ray crystallography

Fig. 1 shows the molecular structure of the HCPyTSC along with atom numbering and molecular packing. Table 1 contains in-
formation about the crystal data as well as specific interatomic bond lengths, angles, torsion angles, and hydrogen bonding. With
dimensions (max, intermediate, and min) 0.102 x 0.067 x 0.037 mm?® from a representative, the HCPyTSC exhibits a monoclinic
P121/c1 space group and produces an appropriate yellow block with extremely well-defined faces. In relation to the C(11)-N(2) bond,
the sulphur atom S(1) and the hydrazone nitrogen N(1) are in the E position. Moreover, the N(1)-N(3) bond lengths in the chemosensor
HCPyTSC are intermediate between ideal values of the corresponding single [N-N, 1.45 A; C-N, 1.47 A] and double bonds [N=N, 1.25
A; C=N, 1.28 }0\], providing evidence for an extended-delocalization along the N;-N—Cy1-S; chain.

3.3. UV-vis and fluorescence spectral studies

In acetonitrile solution, colourimetric analysis was used to examine the interactions of the HCPyTSC with a variety of anions,
including F~, CN~, Cl~, Br~, I, ClOz, H,POZ, HSO3, OH™ and AcO~, and first transition metal ions, including Co?*, Fe?", Pb%*, Fe3™,
Ni%*, Mg2+, cd?t, AP, Mn?*, ca?t, Ga®™, cr®t, Hg2+, Zn?" and Cu?*. HCPyTSC had a significant and perceptible colour change with
the addition of fluoride and copper ions, taking on hues of dark yellow and light yellow, respectively (Fig. S1). There were no apparent
colour changes with the addition of more anions and cations. The UV-Vis spectra have been recorded in the acetonitrile solvent at
room temperature. The peaks at 325 and 372 nm for HCPyTSC confirm the presence of the © -n* and n-t* transitions respectively [41].
Additionally, TD-DFT results give more insights into the transitions. The band around 325 might be due to the excitation of electrons
from the ground singlet state to the third singlet excited state (S3). Similarly, the band around 372 nm is attributed to a transition from
the ground singlet state to the second singlet excited state (S2). For the n-n* transition, n orbital is delocalized over both pyrazole and
thiourea subunits, and n* orbital is located mainly at the coumarin subunit (Fig. S7). Figs. S8 and S10 demonstrate that adding cations

400 -

2+
HCPyTSC+Cu

300 -
HCRyTSC+other cations

200

FL Intensity (a.u.)

100

T y T ) T
480 540 600

Wavelength (nm)

Fig. 2. HCPyTSC (1 x 105 M) fluorescence emission pattern in acetonitrile with different metal ions (1 x 1072 M), Aex = 372 nm, Aem = 476 nm.
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and anions to the HCPyTSC didn’t produce any change in the UV-Vis spectra except for copper and fluoride ions. The addition of
fluoride ions to the HCPyTSC led to the emergence of a new broad peak at 430 nm. The new broad peak that has formed indicates the
presence of the HCPyTSC-F” complex and a hydrogen bond between the host and guest molecules. The newly created band in the visible
range exhibits the hyperchromic shift with the addition of fluoride ion. During the presence of copper ion, the peak at 376 nm almost
disappeared as a result of lone pair electron engagement in complex formation. The changes observed in the absorption spectra of
HCPyTSC upon the addition of F~ and Cu* are due to the charge transfer from the ligand to the guest species.

Similar to the UV-Vis study, fluorescence measurements were conducted to understand more about the receptor’s sensing capacity.
Furthermore, fluorescence emission spectroscopy is a better method for anion sensing than absorption spectroscopy. Prior to beginning
the fluorescence measurements, depending on the sensor’s absorption wavelength, the excitation wavelength was chosen to be 372
nm. In an acetonitrile solution, the sensor HCPyTSC was examined for its ability to sense several metal cations, including chloride salts
of Co?*, Fe?*, Pb?*, Fe3*, Ni?*, Mg2+, cd?t, AP, Mn?*, Ca?", Ga®*, cr®t, Hg2+, Zn?", Cu®" and anions suchas F~,CN~, CI~, Br, I,
ClOg, HoPOy, HSO4, OH™ and AcO™. Figs. 2 and 4 show the HCPyTSC sensor’s fluorescence spectrum shifts when different metal
cations and anions are involved. Fluorescence amplification occurred at 476 nm and 492 nm when copper and fluoride ions were
added separately to HCPyTSC. Whereas other metal cations and anions failed to impart any significant changes in the fluorescence
spectra of the sensor HCPyTSC with Cu?" and F~ (Figs. 3 and 5). These findings described that the sensor HCPyTSC has the least
binding affinity for the other metal cations and anions under study and the best binding affinity for Cu?>* and F~. Copper and fluoride
ions can be effectively differentiated by analyzing their emission wavelengths and the shape of their respective emission spectra. In the
case of the HCPyTSC-Cu®" complex, it exhibits emission at approximately 476 nm, whereas the HCPyTSC-F- complex displays a
distinctive peak at 492 nm. Notably, the fluoride complex of the sensor presents a unique emission spectrum characterized by a broad
peak with a discernible shoulder. These distinct emission patterns allow for clear differentiation between copper and fluoride ions,
even when both are present in the same sample.

To gain a deeper knowledge of the molecular interaction between the sensor HCPyTSC, Cu®* and F~ ions, fluorescence titration
studies were conducted. As shown in Fig. 6, the fluorescence emission intensity gradually rose after Cu>* and F~ ions were incre-
mentally added to HCPyTSC in an acetonitrile solution. Upon the addition of F~ from 0 to 1 equivalents to the HCPyTSC solution, the
fluorescence emission intensity increased gradually with a shift in emission wavelength from 476 nm to 492 nm. While the peak
position was unaffected by the progressive increase in fluorescence intensity caused by the incremental addition of Cu®" ions. Fluoride
in combination with HCPyTSC causes fluorescence enhancement, which links the relaxation from the stimulated state to the PET
process. The presence of a strong intramolecular hydrogen bond between C10---H.--F may possibly contribute to the fluorescence
increase. At higher concentrations (above 1 Equiv.) the saturation of complexation with the of Cu?>* and F~ ions stopped the increase in
emission intensities (see Fig. 7).

The modified Benesi-Hildebrand equation (Equation (1)), was used to calculate the binding constant.

1 1 1

(Fx-Fo) - (Feo-Fo) * K[C]((Fw-Fo)) @

Where Fy and Fx are the corresponding emission intensities of the receptor when it is acting alone and when ions are added,
respectively. “K" stands for the association constant, and “C" stands for the increased ion concentration. The plot of 1/(Fx-Fg) vs 1/[C]
was used to compute the association constants. The ratio of intercept/slope was used to calculate the binding constant of the sensor
HCPyTSC towards F~ and Cu?*, and the results showed that it is 2.06105 M and 1.88105 M, respectively (Fig. 8B and C). It is

- HCPyTSC + Other cations

2+
- HCPyTSC + Other anions + Cu
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Fig. 3. Competitive analysis of the HCPyTSC-Cu®* sensor against several metal ions in acetonitrile solution, Aex = 372 nm, Aem = 476 nm.
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Fig. 4. Emission pattern of the HCPyTSC (1 x 107 M) in acetonitrile with various anions (1 x 10~ M), Aex = 372 nm, Aem = 492 nm.
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Fig. 5. Competitive analysis of the HCPyTSC-F~ sensor against several anions in acetonitrile solution, Aex = 372 nm, Aem = 492 nm.

obvious from the values of the binding constants that F~ has a higher fluorescence binding affinity towards HCPyTSC than Cu?*. Using
equation 3 6/K and the calibration curve of the emission data, the detection limits of the sensor HCPyTSC were calculated. The value of
4.62 nM and 15.36 nM were discovered to be the detection limits for F~ and Cu®". At 476 nm and 492 nm, stronger linear correlations
were seen (R? = 0.9932 and 0.9954) illustrating a better linear correlation for the detection of Cu?>* and F~ ions. Using the Job plot
method, the binding stoichiometry between HCPyTSC-Cu?t and HCPyTSC-F~ was assessed. In an acetonitrile medium, identical
quantities of the sensor HCPyTSC, Cu?*, and F~ were added. The concentration of HCPyTSC varied from 0.1 x 10 °Mto 1 x 107> M.
The greatest emission intensity was seen at 0.5 mol fractions (Fig. 8A), as shown by Job’s plot, proving a 1:1 ratio between the
HCPyTSC-Cu?" and HCPyTSC-F~ complexes.

3.4. Reversibility of the sensor HCPyTSC

Since it is crucial when we examine the sensor’s applications in the fields of sensing and bioimaging, we further looked into the
reversibility behavior of the HCPyTSC sensor. By adding EDTA (2.0 x 10~2 M), the HCPyTSC-Cu®* complex (1 x 107 °M™'-1 x 107°
M) in acetonitrile solution was reversed. After the addition of EDTA, the Cu®* complex formation with the sensor HCPyTSC vanished
(Fig. S12), demonstrating the reversibility of the sensing action.
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Fig. 6. Emission spectra of HCPyTSC (1 x 105 M) after adding Cu?* in small amounts in an acetonitrile solution (Aex = 372 nm, Aem = 476 nm).
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Fig. 7. FL emission spectra of HCPYTSC (1 x 10~> M) after adding F~ in small amounts in an acetonitrile solution (\ex = 372 nm, Aem = 492 nm).

3.5. Time-dependence study

Fluorescence spectrophotometry was also used to conduct a time-dependence analysis in order to use the sensor HCPyTSC for
practical Cu?* and F~ion sensing applications. In order to conduct this investigation, Cu>™ and F~ ions were added to the sensor
HCPyTSC, and fluorescence spectra were taken at regular intervals (0-200 s) (Fig. S13). The findings showed that the fluorescence
intensity did not significantly change across different time periods, suggesting that HCPyTSC might be used as a quick tool for the
detection of Cu?* and F~ ions with a response time of 30 s.

3.6. pH study

By adjusting the medium’s pH using sodium hydroxide and hydrochloric acid, the pH conditions of the chemosensors HCPyTSC,
HCPyTSC-Cu?" and HCPyTSC-F~ were examined for real-time applications. Copper and fluoride sensing with the HCPyTSC sensor has
been effectively conducted within the pH range of 7-8, aligning well with the typical pH range found in most biological systems.
Fig. S14 depicts changes in the chemosensor HCPyTSC, HCPyTSC-Cu?" and HCPyTSC-F ‘s fluorescence intensity at varied pH levels
between 1 and 12. The sensor exhibits higher emission in acidic and neutral mediums describing the protonation of heteroatoms in the
sensor as well as the HCPyTSC-Cu?* complex formation that could hinder the charge transfer within the sensor. In contrast, the
fluorescence intensity falls in basic media, which may be caused by the lack of Cu?** needed for complex formation as a result of copper
hydroxide production [42]. Similar to this, the combination of HCPyTSC and fluoride ion results in reduced intensity in acidic medium,
while increasing the emission in neutral and basic environments.
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Fig. 8. Job’s plot (A) and Benesi-Hildebrand plot of HCPyTSC with copper (B) and fluoride ions (C) Aex = 372 nm, Aem = 476/492 nm.

3.7. IR spectral analysis

To thoroughly comprehend the complex formation mechanism of HCPyTSC with Cu?* metal ions, FT-IR spectral study was carried
out. The IR peak of the carbonyl C=0 group (1728 cm 1), imine C=N (1669 cm 1), and thiocarbonyl C=S group (1180 cm™?) arosed
in the foreseen positions, as shown in Fig. 9. Even after the addition of Cu®" ions, no discernible alteration in the peak of C=0 moiety
was seen. It blatantly implies that there is no interaction between the carbonyl group in the sensor HCPyTSC and the Cu®" ions. While
the stretching frequency of the imine moiety has a noticeable blue shift from 1669 cm ™" to 1621 cm ™. Additionally, the consecutive
additions of Cu®" result in a decrease in the intensity of the C=N group. Similarly, the peak associated with the thiocarbonyl group
shifted from 1180 cm™! to 1162 cm™! with the consecutive addition of Cu?" ions. The findings indicated a potential for Cu®*
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Fig. 9. FT-IR spectra of HCPyTSC and HCPyTSC-Cu?* (1:1) complex.
coordination with imine C=N and C—=S moieties.

3.8. NMR titration

Heliyon 10 (2024) 24077

To better comprehend the detecting mechanism, 'H NMR titration for the sensor in DMSO-dg with and without F~ ion was con-
ducted. The single peak at 9.25 ppm in the case of pure HCPyTSC clearly shows that there is only one proton (C10-H10) in the pyrazole
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Fig. 10. 'H NMR titration of HCPyTSC with different equivalents of fluoride ion. Inset: expansion of the region 10-16 ppm in the presence of 0.5
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ring. As seen in Fig. 10 adding 0.3-0.5 equivalents of fluoride ion causes the peak at 9.25 to decrease, which is due to C10-H10 forming
a hydrogen bond with the strong electron negative fluoride ion. A new peak around 14.3 ppm in the 'H NMR spectrum is clearly due to
the unbound bifluoride ion [HFy]—when 0.5 equiv. of fluoride was introduced. Initially, a fluoride ion forms a transient hydrogen-
bonded complex with the H10 proton of the chemosensor HCPyTSC followed by deprotonation of H10 releasing HF which com-
bines another F~ ion to give [HF5] . At the same time, the peaks associated with the protons of the pyrrolidine and benzene rings
exhibit no discernible shift in the 'H NMR spectra, indicating that they were not engaged in the sensing process. Therefore, the
decrease in intensity of the H10 proton and the emergence of a new peak in the 'H NMR spectrum after the addition of fluoride ions to
the chemosensor clearly suggest that the H10 proton was deprotonated.

3.9. CV titration

To further understand the way, the sensor HCPyTSC binds to Cu®, cyclic voltammetry (CV) studies were conducted in acetonitrile
solution (Fig. 11). Cathodic peak current was observed in relation to a silver/silver chloride (Ag/AgCl) electrode by setting the scan
rate to 0.1 Vs'L. As working and counter electrodes, respectively, electrodes composed of glassy carbon (GC) and platinum were used.
On the naked GC, no prominent redox peaks were visible, whereas one reduction peak for the HCPyTSC (1 x 10~3 M) was observed at
Epc = 0.038 V on the cyclic voltammogram of the modified electrode (GC/HCPyTSC). This peak may have resulted from increased
7-conjugation induced by the electronegative nitrogen atom. The newly formed redox peaks upon the addition of Cu®* into the me-
dium indicate the formation of the HCPyTSC-Cu complex. The formation of oxidation and reduction peaks at Epa = —0.135 V and Epc
=0.016 V ascribes the polarization of the C=N and C=S groups. The greater conductance of the Cu?" ions might be the reason for the
current increase brought on by the successive addition of Cu?" ions to the sensor HCPyTSC. Therefore, these results demonstrate that
the sensor HCPyTSC has a high affinity for binding Cu®" ions.

4. Computational approaches
4.1. Geometry-optimized structures and molecular orbital analysis

The optimized structure of the chemosensor HCPyTSC was determined by DFT (B3LYP, 6-311G (d, p)) calculations. The optimized
structure of the compound and experimentally determined crystal structure were depicted in Fig. 12A and B. The compound’s
anticipated (DFT) and experimental (XRD) bond parameters show good agreement (Table 2). In light of the accuracy of the projected
compound structure, further theoretical research coupled with the computation of a few thermodynamic variables may be more
reliable.

The various geometries of the receptor and its complex with fluoride and copper ions in the ground state and excited states have
been thoroughly explored at the B3LYP/6-311G(d,p) and TD-DFT/CAM-B3LYP/6-311G(d, p) levels, respectively, to examine the
fluoride and copper ions sensing mechanism. Fig. S15 displays the complex HCPyTSC-Cu2+ and the sensor HCPyTSC’s optimized
structures. HOMO-LUMO transitions of HCPyTSC along with the information on the nature of the first few excited states, their energies,
and oscillator strengths are given in the supporting information file (Table S3). DFT calculations show that sensor HCPyTSC’s electron
density is primarily distributed on pyrazole nitrogens and thiocarbonyl units at HOMO and LUMO (Fig. S16). It also demonstrates that
a significant ICT process occurs. The ICT process decreased when Cu?* was added together with the pyrazole nitrogen unit of
HCPyTSC, and the fluorescent signal was significantly enhanced. The charge density in the HOMO and LUMO energy levels was
transferred from the sensor HCPyTSC to the Cu?* ion when the Cu?* ion was added. Thus, the finding demonstrates that a lone pair
electron was transported from nitrogen atom to Cu®" metal ion. As a result of this electron transfer, the ICT process in the sensor
HCPyTSC decreases, which dramatically boosts fluorescence intensity.

0.000008

—— HCPYTSC
—+1c”
—a2 "
—a3
—cu”
—+5Cu”
—+6Cu”
—+7Cu™
—ag
—9

0.000006 -

0.000004 -

0.000002 —

Current (A)

0.000000 -

-0.000002 - l

L
-0.8 -0.6 -0.4 -0.2 0.0 0.2
Potential (V)

Fig. 11. Cyclic voltammetry of HCPyTSC (1 x 10~3 M) with Cu®* (1 x 10~2 M) in acetonitrile potential range: —0.8 Vupto 0.3V, v=0.1V s L.
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A B

Fig. 12. Optimized (A) and single crystal XRD (B) structures of HCPyTSC.

Table 2

Selected bond lengths and bond angles of HCPyTSC (Predicted/Experimental).
Bond length (A) Bond angle (°)
DFT XRD DFT XRD
S(1)-C(11) 1.70 1.67 C(3)-N(1)-N(2) 103.89 103.32
N(2)-N(1) 1.40 1.38 N(2)-C(10)-C(4) 106.41 105.74
N(2)-C(10) 1.37 1.35 N(2)-C(10)-H(10) 127.99 127.1
N(2)-C(11) 1.42 1.43 N(2)-C(11)-S(1) 119.19 118.84
N(3)-C(11) 1.33 1.32 N(3)-C(11)-S(1) 124.50 124.61

C(10)-H(10) 1.07 0.95 N(2)-C(11)-N(3) 116.30 116.55.

Generally, information about molecules’ three-dimensional charge distributions is provided by the molecular electrostatic po-
tential surface analysis. MEP exhibits major characteristics such as changes in dipole moment, size, electronegativity, electron density,
partial charges, and chemical reactivity sites found in the molecule [43]. The regions on a molecule that are open to an electrophilic
assault can therefore be effectively detected by MEP analysis since it displays the regions which are electron-rich and deficient in the
molecules. This surface analysis makes it easier to see the molecules’ variously charged areas, which are indicated by different colours.
Fig. 13 shows the surface analysis outcome from the molecular electrostatic analysis. By analyzing the positive and negative charged
electrostatic potential regions in the complex, a range of potential interactions in the molecules can be predicted. The surface with a
high electrostatic potential, which is depicted by the colour blue, describes the absence of electrons or the partial positive charge that
the molecule possesses. According to the MEP surface, the area close to the nitrogen and oxygen atoms is extremely vulnerable to
electrophilic assaults. The possibility of a significant interaction between the Cu?* ion and the nitrogen of the pyrazole ring in the
sensor HCPyTSC is also considered in this paper.

4.2. Transition state calculation

To understand the dynamic nature of the hydrogen transfer reaction in the sensing process, we estimated Gibb’s free energy profile
for the sensing mechanism, and Fig. 14 illustrating the Gibb’s free energy profile. The HCPyTSC- F~ complex has the Gibb’s free energy
of —8.73 x 10° keal/mol corresponds to its ground state. Proton migration takes place between sensor HCPyTSC and fluoride anion.
For HCPyTSC, the total change in Gibbs free energy during the reaction is exergonic by —7.13 kcal/mol. Less Gibbs free energy

Fig. 13. The MEP of sensor HCPyTSC determined using B3LYP/6-311G (d, p) basis set.

12



P. Rasin et al. Heliyon 10 (2024) e24077

873150
] TS
Y,
= -873160 - b
S isd
= i ¥
=3 ¥
)
o0
)
2 g73170
m B 9
¥
#.
73 ') °
2 gmisd C 025"
() R :‘J"o"ﬁ 5
’ “ -
P
873190

Reaction Coordinate

Fig. 14. Profiles of Gibb’s free energy for the reaction mechanism. HCPyTSC-F: reactant (ground state); TS: transition state; HCPyTSC-F: product.

difference between reactant and product indicates that the reaction is reversible, which is the best support for the explanation of the
chemosensing process. The Gibbs free energy value was further used to compute the binding constant of the sensing process, and it was
discovered to be 1.70 x 10° M~! for HCPyTSC, which was close to the experimental measurement. The intrinsic reaction coordinate
(IRC) calculation for the transition state’s optimized structure was carried out in order to confirm the process’ intermediate pro-
duction. IRC computation discovers an intermediate by relaxing the transition state toward the products, and frequency calculation
later proved this intermediate.

4.3. Natural bond orbital (NBO) analysis

The investigation of intra- and intermolecular interactions may be improved by using data from natural bond orbital (NBO) studies,
which provide insight into interactions in both filled and virtual orbital regions. The ground state (S0) and emission investigations of
optimal geometries anticipate a proton transfer from C10 by changing the bond length between C10-H10 and F-H10. NBO calculations
were done at the ground state of receptor-F (HCPyTSC- F ) to aid in proton transport mechanism taking the place from C10-H10 rather
than C12-H12 proton in the F~ ion chemosensing. From the electron donor orbital, acceptor orbital, and the interacting stabilization
energy in the ground state the second perturbation energy has been calculated and used to predict the strength of the interaction
between host and guest. Using this, we can explain the weak interaction. According to Equation (2), second order perturbation is
defined as,

2
tiij

E(2)=AE =
( ) &i-€;

)

Where ; is the donor orbital occupancy, Fj; is the off-diagonal element in the NBO Fock matrix, E(2) is the second perturbation
energy, and ¢; and g are the orbital energies. Table 3 lists the principal interactions and their corresponding energy. The bond can be
formed by the attractive interaction between F-H10, which was discovered in the ground of the HCPyTSC-F~ complex. The strong
donor-acceptor interaction is confirmed by the substantial overlap of the electron density, which shows that the ‘CH’ proton in the
pyrazole ring prefers to interact with the F~ ions rather than the ‘CH’ protons in the pyrrolidine ring (Fig. 15A). The ground state
proton transport from the receptor is further supported by the NBO analysis with E(2). The possible complex formation between
HCPyTSC and Cu®" is further depicted in Fig. 15B.

5. Development of paper test kit

To boost the usability and convenience of the chemosensor HCPyTSC in fluoride ion detection, we integrated it into the tissue
paper. The tissue paper (sheet Ply: 3 Ply, sheet size: 9.9 x 10.5 cm) strip was made by cutting it into the dimensions of 15 x 2 cm. As
shown in Fig. 16, drops of the chemosensor HCPyTSC (1 x 1073 M) was applied to tissue paper and dried in air. When fluoride ions
were added to the developed paper kit in varying concentrations (1 x 107> M to 1 x 10~% M), the colour of the paper altered from light
yellow to dark red. The colour shades of the digital images were analysed using Photoshop (Adobe) to separate shades of yellow and
red colours to a single-channel grayscale. These findings suggested that our chemosensor HCPyTSC may offer a promising method for
detecting fluoride ions in drinking water using the naked eye.

6. Live cell image studies

It was investigated whether the coumarin-linked 1,2-pyrazole probe HCPyTSC could identify F~ in living T24 cells. Utilizing a
calorimetric technique, the cytotoxicity of the sensor HCPyTSC was evaluated in T24 cells. After being treated with the sensor’s

13
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Table 3
The second-perturbation energy E(2) (kcal/mol) donor-acceptor interaction with respect to HCPyTSC-F .

Donor Acceptor Interaction E2(kcal/mol)

HCPyTSC-F~ (Ground state)

CRF LP x H10 n-n* 10.55
LPF LP x H10 n-n* 268.97
LPF LP H12 n-n* 153.51
O (2
N,/ .
“ N ‘Q
H..p

B

Fig. 15. The hypothesised sensing mechanisms of HCPyTSC employ the fluoride (A) and copper (B) ions.
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Fig. 16. The colour changes of tissue paper-based test kit upon the addition of various amounts of F~ ion.

solution, the bright-field image demonstrates that the T24 cells are viable throughout the live cell imaging trials, indicating that the
probe is not hazardous to the cells. Confocal microscopy was used in a bioimaging examination to investigate the HCPyTSC-F
complex’s intracellular sensing. Three different concentrations of HCPyTSC were chosen: 0.671 pM, 0.340 pM, and 0.163 pM based on
the results of the cell viability tests. There was no evidence of fluorescence in the cells after separate treatments with HCPyTSC and F~.
Notably, blue fluorescence was seen when HCPyTSC was given to the cells that had been exposed to F~ (Fig. 17). Images with fluo-
rescence and bright field overlays demonstrated that HCPyTSC could penetrate cell walls and detect F~ in T24 cells’ cytoplasm.
Additionally, the chemosensor HCPyTSC employed in this work is matched with other chemosensors that were recently reported
(Table S1) [44-53]. The comparison investigation shows that the detection limit of the existing chemosensor HCPyTSC is significant. In

14



P. Rasin et al. Heliyon 10 (2024) 24077

Bright field Emission Overlay
G
T24 cells
(Control)
Compound
with cells

Fig. 17. T24 cell bio-imaging visualisation for F~ ion detection with HCPyTSC sensor.
the same way, the sensor performs better in studies involving fluorescent live-cell imaging. Due to its low LOD and lack of interference
from other metal ions, the current chemosensor HCPyTSC is highlighted as having potential to play a more significant role in analytical
chemistry.
7. Molecular logic gate
As was covered in earlier sections, the presence of different anionic and cationic inputs may have a significant impact on the UV-Vis
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Fig. 18. A memory device with a loop and Write-Read-Erase-Read features is used to explain the reversible logic gate operations (A), logic gate
circuit (B), and its truth table (C).
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absorption and fluorescence spectra of HCPyTSC. Therefore, the many modes of interaction sparked our curiosity in building Boolean
logic gates and doing calculations at the molecular level. Adding basic ions such as Cu?>* and F~ to the sensor in acetonitrile exhibit
observable colour and fluorescence spectral alterations. A memory device with a loop and Write-Read-Erase-Read features is used to
explain the reversible logic gate operations (Fig. 18A). We are interested in creating combinational logic gates using three ionic inputs
while taking into account the emission output signals at suitable wavelengths. Of particular importance is a three-input majority gate.
The ability of this gate to absorb and produce a substantial amount of information is its most important characteristic. Additionally, a
three-input gate can be thought of as a flexible building block for creating circuits with more intricate design requirements. As shown
in Fig. 18B, OR, XOR and logic gates are built at the molecular level employing F~, Cu?*, and EDTA as three chemical inputs, while
monitoring the emission band at 476 and 492 nm as the output signal. In this case, in the absence of any inputs, the 476/492 nm
emission intensity is less than a predetermined threshold level, implying the Boolean value of “0,” while for the remaining three
probable combinations, the emission is greater than the threshold denoting the Boolean value of “1" (Fig. 18C). These results suggest
that HCPyTSC can play a key role in the creation of logic circuits in the domains of molecular electronics and nanotechnology.

8. Molecular keypad lock application

The sequence in which the inputs are applied determines the value of the output signal in various sorts of logical molecules known
as “molecular keypad locks.” It is a fluorescence sensor-based molecular electronics security application with great expectation for
security based on molecular level information. The locks with keypad must be opened using a particular sequence of chemical inputs.
Cu?*, F~ and EDTA are combined with the chemosensor HCPyTSC to create a molecular lock that is depending on sequence. We chose
four different input signals, denoted, respectively, as “L,” “C,” “F,” and “E,” which stood for HCPyTSC, Cu2+, F~, and EDTA.
Furthermore, we generated the following eight input combinations: L, LC, LE, LF, LCE, LCF, LEF and LCEF. Compared to other
combinations, the LC, LF and LEF combinations gave the highest fluorogenic output signal (Fig. 19). The molecular keypad is similar to
an electronic keypad in that it includes multiple keys (A-Z), but only the right passwords (LC, LF and LEF) may unlock a locked object;
all other possible arrangements are not valid.

9. Conclusion

A new coumarin-based 1,2-pyrazole based on pyrrolidine was created and then described. The compound’s chemosensing activity
was investigated theoretically and experimentally. Spectral changes can reveal the preferential sensing towards fluoride and copper
ions. A new peak at 430 nm was formed after the F~ ion was added to HCPyTSC, suggesting that the HCPyTSC- F~ complex had formed.
In comparison to Cu®*, the chemosensor HCPyTSC exhibits higher binding affinity for the F~ ion. HCPyTSC displayed detection limits
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Fig. 19. When the correct password, which are LC, LF, and LEF, is entered, the constructed keypad lock at 476/492 nm is activated.
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of 4.62 nM for F~ ions and 15.36 nM for Cu®* ions. In an acetonitrile medium, the binding constants (Kb) were established as 2.06 x
105 M~ ! for F~ ions and 1.88 x 105 M ! for Cu®" ions. The proposed sensing mechanism was shown in Fig. 16 to be thermody-
namically permissible based on DFT and TD-DFT results. The F~ ion sensing mechanism by HCPyTSC was disclosed by the calculations
for the transition and intermediate states. NBO analysis added more proof that the proton transition process existed. The second-order
perturbation energy value confirms that the CH group of the pyrazole ring underwent hydrogen bonding and deprotonation rather
than the CH group of the pyrrolidine ring. The experimental results were correctly interpreted by the DFT and TD-DFT studies, and
deprotonation by fluoride ion can proceed to the ground state process. The theoretical and experimentally determined binding con-
stants for F~ were in good agreement and supported the high fluoride chemosensing efficiency of HCPyTSC. Also, the chemosensor
HCPyTSC exhibits emission and absorption responses that, when interacting with F~ and Cu®" ions, can replicate the behavior of
multiple logic gates, including AND, XOR, and OR gates. The paper-based sensor demonstrated superior efficacy in the detection of F~
ions compared to other anions. To assess the selective detection of F~ ions within living cells and evaluate its cell permeability,
HCPyTSC was investigated through live-cell imaging in T24 cells.
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