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ABSTRACT 

The thesis entitled “Azinium and Azolium Salts as Fluorometric/Colorimetric 

Chemosensors” deals with the synthesis and application of Azinium (pyrazinium and 

pyridinium) and Azolium (imidazolium) salts. These salts are structurally characterized and 

utilized for selective sensing of analytes. The synthesized chemosensors are also used in 

different applications such as cell imaging, latent fingerprinting, development of microfluidic 

channels, smartphone-based colorimetric read-out, and real soil, water and urine sample 

analysis.  The thesis is divided into five chapters. 

Chapter 1 of the thesis describes an overview of the fundamentals of chemosensing, along 

with a summary of sensing mechanisms such as Photoinduced electron transfer (PET), Excited 

state intramolecular electron transfer (ESIPT), Ground state charge transfer complex formation 

(GSC) etc. The literature for pyrazine, pyridinium and imidazolium-based chemosensors and 

their photophysical properties, and sensing mechanisms have been incorporated in this chapter. 

Chapter 2 of the thesis includes detailed information about the materials, methods, and 

instruments used during the research work.  

Chapter 3 of the thesis discusses the development of pyrazinium salts as 

fluorometric/colorimetric chemosensors. This chapter is divided into three sections.  

Section 3A describes the synthesis of a thiophene-appended pyrazinium salt, BTPyz and its 

potential application for selective and sensitive detection of TNP in aqueous medium by 

fluorescence turn-off mechanism. The quenching efficiency, quenching constant and limit of 

detection is found to be 93.4%, 3.8 × 10-4 M, and 11.6 nM, respectively. The synthesized 

chemosensor is also employed for TNP detection on paper strips, real water and soil samples.  

Section 3B presents the synthesis and characterization of a benzene-appended pyrazinium salt, 

BPPyz. BPPyz is highly selective toward TNP as indicated by the decrease in fluorescence 

intensity, it also exhibits a quick response for sulfite anion with the naked eye through a colour 

change brought by a small hypsochromic shift in absorption spectra. Colorimetric response of 

BPPyz for sulfite is monitored using the built-in camera of a smartphone.  

Section 3C discusses the synthesis and characterization of pyrene-appended pyrazinium salt, 

MPyPyz for the detection of TNP and nitrite ions. The chemosensor shows fluorescence turn-

off in the presence of both the analytes  

Chapter 4 describes the development of Schiff base-appended pyridinium- and imidazolium-

salts as fluorometric/colorimetric chemosensors and is divided into two parts.  

Section 4A deals with the synthesis and characterization of a Schiff base-appended pyridinium-

salt, BzPySB. The detailed photophysical properties of this chemosensor are investigated for 
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the selective and sensitive turn-on fluorescence response for Al3+ in a pure aqueous medium. 

Theoretical studies provide additional support to the experimental data. This pyridinium salt is 

applied for cell imaging in plants and MCF-7 cells. Furthermore, a portable film for the 

detection of Al3+ in water is successfully developed and the solid-state luminescence property 

of BzPySB is utilized for latent fingerprinting. 

Section 4B describes the synthesis and characterization of Schiff base-appended imidazolium 

salt (IsImSB) and its application as a colorimetric chemosensor for copper ion detection in a 

pure aqueous medium. Copper ion detection is also performed in real water, urine samples and 

on filter paper strips. This chapter explains the development of microfluidic paper-based 

analytical devices (PADs), as a simple colorimetric sensor for selective recognition of Cu2+. 

Chapter 5 summarizes the overall thesis work conducted and the future scope of the research 

work. 
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1.1 INTRODUCTION 

1.1.1 Background of Chemical Sensing   

Czarnick defines the chemosensor as a “molecule of abiotic origin that signals the presence of 

matter or energy.1-2 It is a device that transforms chemical information obtained from a chemical 

reaction of the analyte or the physical property of a system into a detectable analytical signal. It 

operates by incorporating chemically selective sites to interact with specific analytes leading to 

various detectable changes.3 These changes serve as signals that can be measured or correlated 

with the concentration of the analyte enabling both identification and determination of the 

substance. Compared with traditional analysis instruments, chemosensors are portable, simple to 

use, easily synthesized, and miniature in size which can deliver real-time application in the 

presence of a contaminant in soil, water, or other environmental samples.4-6  Chemical sensors 

contain the following three basic functional units: 

(a) Receptor: It binds to the targeted species and chemical information is transformed into a form 

of energy.  

(b) Transducer: It transforms the energy carrying the chemical information into a useful 

analytical signal.  

(c) Signaling or read-out unit: It reads and quantifies the binding event.7-8  

According to the operating principles chemosensors can be classified into six types viz., optical, 

electrochemical, mass-sensitive, magnetic, thermometric, and other radiation-detecting type. Out 

of these, optical sensors are the chemosensors that use electromagnetic rays as a source of the 

signal to detect analytes in the UV-vis, IR and near-infrared regions.9-11 These sensors are based 

on different optical principles like absorbance, reflectance, and luminescence as well as other 

optical properties like refractive index, fluorescence lifetime, and scattering of light. The optical 

sensor comprises a molecular binding site, a chromophore or fluorophore which when bound with 

an analyte changes the optical properties (absorption or fluorescence). Optical sensors offer 

numerous advantages over conventional sensors in terms of sensitivity, selectivity, and the ability 

to detect in wide variety of electromagnetic wavelengths.12-14 Optical chemosensors are further 

classified into following two types (Figure 1.1).  

(a) Colorimetric Chemosensors: The observation of color change has been utilized as a technique 

for sensor signal transduction for quite a long time due to the possibility of obtaining qualitative 

and quantitative data via the naked eye without referring to any complex techniques.15-17 The core 
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of these sensors is the incorporation or involvement of signaling moiety which is a chromophore 

resulting in chromogenic response.17 Colorimetric chemosensors rely on the transformation of 

chemical information into colour signals, visible to naked eye.  

 

Figure 1.1: Schematic representation of optical chemosensors 

Colorimetric sensors rely on changes in electron densities on the conjugated molecule to produce 

a shift in absorption band (bathochromic or hypsochromic) along with color change.The presence 

of conjugation in the system along with electron-donating and electron-withdrawing groups 

influences the absorption spectra of the molecule.18-19 The decrease in the energy gap between the 

ground state and excited state of the molecule results in a bathochromic (red) shift, while increase 

leads to a hypsochromic (blue) shift. The introduction of electron-donating and electron-

withdrawing groups affects the photophysical properties of the sensor.19-20 When a cation binds to 

the electron-donating group, it reduces the donating capability of the donor group leading to a 

decrease in the conjugation of the system resulting in ligand-metal charge transfer (LMCT) causing 

a blue shift in the absorption band.21 In contrast, metal ion binding to the electron-acceptor group 

enhances its electron-withdrawing character, and the absorption spectrum is red-shifted leading to 

the formation of MLCT.22-23 This results in the excited state being more stable than the ground 

state, leading to a red shift in the absorption spectra.  

(b) Fluorometric Chemosensors: Fluorescence is considered one of the most useful technologies 

for optical readout.24-25 Fluorescence chemosensors are the molecules whose fluorescent properties 

change in response to the interaction with the analyte.26-27 They have gained considerable attention 
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due to quick response time, sensitivity, straightforward performance, and real-time detection. A 

fluorescent chemosensor is developed by connecting a receptor (ionophore) to a fluorophore 

responsible for converting the recognition into the photophysical signal like fluorescence spectra, 

quantum yield, and lifetime.28-29 The photophysical properties can be altered by binding a 

particular analyte to the receptor leading to a fluorescence signal with either an enhancement (turn-

on) or quenching (turn-off) of fluorescence. In 1867, Goppelsroder reported the first fluorescent 

chemosensor to detect aluminum ions via formation of a morin chelate which was strongly 

fluorescent. 

Fluorescence involves the transfer of electrons to a higher energy level when the molecule is 

electronically stimulated.30-31 The excited state will eventually return to the lowest energy level 

through one of three processes: photochemical reaction, radiative decay or non-radiative decay. 

During a typical fluorescence process, an electron is excited from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the molecule, resulting in 

the formation of a singlet excited state.32-33 The energy of the emitted radiation decreases as the 

excited state undergoes vibrational relaxation before emitting a photon. The decrease in energy of 

the emitted radiation from the absorbed radiation is observed as a red shift in the emission 

spectrum,34 commonly known as the "Stokes shift". 

1.1.2 Signaling Mechanisms for Chemosensor 

Photophysical properties like changes in fluorescent intensity, emission spectra, and molecular 

decay life after interacting with an analyte involve different photophysical signaling mechanisms 

like Photoinduced Electron Transfer (PET), Intramolecular Charge Transfer (ICT), Fluorescence 

Resonance Energy Transfer (FRET), Ground State Complex (GSC) formation, Inner Filter Effect 

(IFE) and excimer/exciplex formation through different types of non-covalent interactions.35-36 In 

addition to this other sensing mechanism such as Aggregation Caused Quenching (ACQ), 

Aggregation Induced Emission (AIE), Excited State Intramolecular Proton Transfer (ESIPT), C=N 

isomerization, have also been reported for the detection of analytes.  

(a) Photoinduced electron transfer 

A PET sensor absorbs energy, and the electron is promoted from the HOMO of the fluorophore to 

the LUMO. At the same time, the HOMO of the free receptor is at a higher level and facilitates 

PET from the HOMO of the free receptor to the HOMO of the fluorophore resulting in the blocking 

of emission transition or quenching of fluorescence. When an analyte binds with the receptor, the 



  

Chapter 1 
 

4 
 

redox potential of the receptor (donor) increases hence, the relevant HOMO is lowered than the 

HOMO of the fluorophore. Consequently, no PET occurs and hence there is fluorescent 

enhancement of chromophore37-39 (Figure 1.2a). 

(b) Ground-state complex (GSC) 

The formation of a non-fluorescent compound between the analyte and the fluorophore before 

being excited forms a ground state complex (GSC). The newly formed compound exhibits unique 

photophysical properties, such as a noticeable absorption spectrum and the capability to undergo 

non-radiative decay40-41 (Figure 1.2b). The fluorescence intensity in the GSC is determined by the 

concentration of the quencher, which can be calculated from the association constant (Ks). 

𝐾𝑠 = [𝐹 − 𝑄]/[𝐹][𝑄] 

where, [𝐹 − 𝑄] = concentration of GSC, [F] = concentration of flurophore, U = concentration of 

uncomplexed flurophore and [Q] = concentration of quencher 

(c) Intramolecular Charge Transfer (ICT)/Photoinduced Charge Transfer (PCT) 

ICT typically occurs in molecules with a D-π-A (Donor-π-Acceptor) or D-A structural 

arrangement. ICT-based probes undergo changes in electron density inside the recognition group 

when they interact with the intended analyte (Figure 1.2c). These changes can occur due to bond 

cleavage, substitution, or substrate coordination, resulting in the creation of a 'push-pull' system 

within the molecule.42-44 

(d) Fluorescence Resonance Energy Transfer (FRET) 

It is a distance-dependent physical phenomenon that occurs between the electronically excited 

states of two dissimilar fluorophores in which excited energy is transferred from a donor to an 

acceptor fluorophore through non-radiative dipole-dipole coupling (Figure 1.2d). According to 

Förster theory, fluorescence resonance energy transfer generally occurs by the following factors: 

(i) The donor fluorophore and acceptor fluorophore must be in close proximity (10–100 Å)45-47 (ii) 

The emission spectrum of the donor fluorophore must overlap with the absorption spectrum of the 

acceptor fluorophore (iii) The relative orientation of the donor emission dipole moment and 

acceptor absorption moment must be parallel to each other. 

(e) Excited-state intramolecular proton transfer 

A photophysical phenomenon that occurs due to the presence of both proton donating-(OH or -

NH2) and accepting (carbonyl oxygen or imine nitrogen) groups that undergo excited-state 

intramolecular proton transfer (ESIPT) due to increased acidity/basicity. Upon excitation, the 
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protons migrate from the acidic side to the basic side, resulting in changes in the structure and 

electronic distribution of the chromophore.48-50 The fluorophore exists in two tautomeric forms, 

one is stable in the ground state and the another in the excited state (Figure 1.2e). 

 

Figure 1.2: Schematic representation of (a) PET (b) GSC (c) ICT (d) RET (e) ESIPT signaling 

mechanisms 

(f) C=N isomerization 

This phenomenon investigates the non-fluorescent photophysical properties of conformational 

restricted compounds. Strong fluorescence can be observed in such compounds by inhibiting C=N 

bond isomerization via., conformational restriction-induced coordination with a target analyte or 

rigidifying the structure via an intramolecular hydrogen bond leading to fluorescence 

enhancement51-52  (Figure 1.3a).  

(g) Chelation Enhanced Fluorescence (CHEF) and Chelation Enhanced Quenching (CHEQ) 

This phenomenon accounts for the complexation of a metal ion resulting in chelation-enhanced 

fluorescence (CHEF), or chelation-enhanced quenching (CHEQ). CHEF typically results upon 

chelation of one of the ions that are not inherently quenching (non-redox active, closed shell, e.g., 

Ζn2+, Cd2+ and CHEQ is observed on chelation of an inherently quenching ion53-54 e.g., Cu2+, Hg2+, 

Ni2+ (Figure 1.3b). 
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(h) Inner filter effect (IFE) 

It is non-irradiation energy conversion model resulting from the absorption of the excitation and/or 

emission light by the absorber in the detection system. IFE is frequently regarded as an error in 

fluorometric analysis, and the attenuations are sometimes referred to as the primary or secondary 

inner filter effect because of the absorption of excitation or emission light.55-57 The term "primary 

inner filter effect" (p-IFE) describes how different chromophores in a solution or matrix absorb 

excitation light, whereas the term "secondary inner filter effect" (s-IFE) describes how these same 

chromophores absorb emission (Figure 1.3c). 

(i) Aggregation Caused Quenching (ACQ) and Aggregation Induced Emission (AIE)  

Aggregation of classical fluorophore (polyaromatic carbons) quenches the light emission, this 

concentration quenching effect is called as aggregation caused quenching (ACQ). Aggregation 

induced emission (AIE) is the term used to describe the phenomenon where molecules emit more 

strongly when they are in an aggregated state compared to when they are in a solution state.58-62  

Various mechanisms have been proposed to explain AIE such as restriction of molecular motions 

(RIM), suppression of the charge-transfer (CT) state, excimer formation, conical intersection (CI), 

intramolecular planarization and twisted intramolecular charge transfer (TICT) (Figure 1.3d). 

 

Figure 1.3: Schematic representation of (a) C=N Isomerization (b) CHEF (c) IFE (d) AIE 

signaling mechanisms 
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1.1.3 Quenching of fluorescence 

The decrease in fluorescence intensity due to excited-state reactions, energy transfer, ground-state 

complex formation molecular rearrangements is referred to as fluorescence quenching.63 There are 

mainly two types of quenching processes: (i) collisional or dynamic quenching and (ii) static 

quenching. 

(a) Collisional quenching 

Collisional quenching occurs when the excited-state fluorophore is deactivated upon contact with 

some other molecules in solution called quencher.64-65 The decrease in intensity due to collisional 

quenching is described by Stern-Volmer equation: 

𝐹/𝐹0= 1 + 𝐾[𝑄] = 1 +  𝑘𝑞𝜏0 [𝑄]   

where K = Stern-Volmer rate quenching constant, kq = bimolecular quenching constant,  

𝜏0 = unquenched lifetime, and [Q] = quencher concentration.  

The constant K mainly represents the sensitivity of the fluorophore to a quencher.66-67 A diversity 

of molecules such as oxygen, halogens, amines, etc. can act as fluorescence quenchers. Quenching 

by heavy atoms occurs due to spin-orbit coupling and inter-system crossing to the triplet state. 

Collisional quenching also diminishes the lifetime of the fluorophore.68 

(b) Static quenching 

In a number of cases, the fluorophore can form a stable complex with a quencher. If this ground-

state complex is non-fluorescent, then the fluorophore is said to be statically quenched.69-70 In such 

cases, the dependence of the fluorescence as a function of the quencher concentration follows the 

relation: 

𝐹/𝐹0= 1 +  𝐾𝑎 [𝑄] 

where 𝐾𝑎 is the association constant of the complex, [𝑄] = concenteration of quencher.  

Static quenching will not decrease the lifetime of the sample as the fluorophores being 

uncomplexed are able to emit after excitation.71  

1.2 CHEMOSESORS FOR ANALYTE DETECTION 

From a physiological and economic perspective, the history of people and metals goes back 

centuries, with the majority of metals playing a substantial role in the advancement of civilization. 

The recognition and sensing of numerous ionic and neutral species that are biologically and 

environmentally important has emerged as a significant goal in the field of chemical sensors in 
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recent years.72-73 Among the biologically relevant metal ions and anions, the role and toxicity of 

metal ions like mercury (Hg2+), lead (Pb2+), cadmium (Cd2+), copper (Cu2+), and nickel (Ni2+) 

could cause a series of diseases like immune dysfunction, nephrosis, and cardiovascular disease. 

Aluminum, being the most abundant metal, is found in various forms and its exposure and intake 

are detrimental to plants and humans. Copper, an essential trace mineral and first-row transition 

metal plays vital roles in energy production and metabolism by acting as a cofactor for enzymes.74  

Similar to metal ions, environmental and biological important anions play numerous indispensable 

roles in biological system. For example, (a) Sulfite is involved in human redox homeostasis, cell 

signaling, various physiological and pathological processes (b) Nitrite is a key signaling 

component in the cellular machinery (c) Fluoride ion has beneficial effects in keeping up dental 

health or treating osteoporosis (d) Acetate ion has its utility in many enzymes and antibodies (e) 

Superoxide ion, a reactive oxygen species (ROS), possesses characteristic activity in cell growth 

and metabolism  

Nitroarmoatic compounds (NACs) such as 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), 2,4-

dinitrotoluene (2,4-DNT), and 2,4,6-trinitrotoluene (TNT), are commonly used as explosives. 

2,4,6-trinitrophenol (TNP) is more lethal than TNT due to its fast detonation velocity and low 

safety coefficient. It is extensively utilized in leather, dye, pharmaceutical, fireworks industries, 

and rocket fuel production. Because of its diverse uses, high water solubility, and low degradation, 

it can easily contaminate water and soil and is therefore recognized as an environmental pollutant. 

TNP carries health risks, including cancer, skin irritation, liver dysfunction, respiratory organ 

damage, nausea, and allergies. The allowed concentration of TNP in groundwater is 0.001 mg L-1 

according to World Health Organisation (WHO). To monitor environmental contamination and 

terrorist operations, selective and sensitive detection of TNP is needed. Therefore, effective 

monitoring of various hazardous analytes is of substantial necessity for a sustainable future.  

Numerous chemosensors have been reported for selective and rapid detection of analytes. 

However, persistent challenges include high cost, susceptibility to interference from other 

analytes, and use of organic solvents have hindered widespread application for environmental and 

biological samples. Therefore, it is highly desirable to improve the sensitivity of chemosensors to 

detect analytes at lower concentrations in aqueous medium.75 Some selective examples of these 

chemosensors used for analyte detection are discussed.  
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Two of the pyrazine based chemosensors reported in literature for anion and explosive detection 

are shown in Figure 1.4. Kim and co-workers reported naphthalic Schiff base 1 bearing amino 

pyrazine for fluoride and cyanide through different channels. The colorimetric response to F¯ was 

due  to the deprotonation process while detection of CN¯ was based on nucleophilic addition.76 

Pyrazine-based chemosensors have also been reported for explosive detection. Zao et al. reported 

tetraphenylpyrazine-based 2 manganese metal−organic framework for the detection of TNP. The 

fluorescence quenching was due to resonance energy transfer from MOF to TNP along with the 

electrostatic interaction of Lewis acid and base between the N atom of pyrazine and TNP.77  

 

Figure 1.4: Pyrazine-based chemosensors for anion and 2,4,6-trinitrophenol (TNP) detection 

Chemosensors for detection of metal ion based on pyrazine are also reported (Figure 1.5). 

Kashyup and co-workers reported BODIPY azine-bearing pyrazine attached Schiff base 3 for Al3+ 

detection. The intermolecular hydrogen bonding in the molecule and the presence of extra nitrogen 

helped to increase the efficiency of the chemosensor.78 Li et al. also reported pyrazine-derived 

hydrazone Schiff base ligand 4 bearing quinoline unit as a turn-on fluorescent chemosensor for 

Al3+ detection. The reason was attributed to the inhibition of the PET phenomenon upon 

complexation of 4 with Al3+, resulting in efficient chelation-enhanced fluorescence (CHEF) 

effect.79 A pyrazine-2-carbohydrazide-based chemosensor 5 was reported by Napolean and co-

workers for Zn2+ detection in the partial hydrophilic medium. The complexation of 5 with Zn2+ 

through hydroxy, carbonyl, and imine bonds lead to colorimetric response of 5.80 Singh and co-

workers synthesized pyrazine-based organo silane 6 for the selective and sensitive detection of 
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Cu2+. The sensing application was enhanced by the immobilization of organic moiety on the 

magnetic surface. The fluorescence quenching by Cu2+ ions might be attributed to factors like 

excitation energy transfer from fluorophore to metal d-orbital, charge transfer from fluorophore to 

Cu2+ ion, and heavy metal effect.81  Malhotra and group reported chromone-based Schiff base with 

pyrazine 7 as a colorimetric probe for the detection of Cu2+. The intramolecular charge transfer 

(ICT) process was evident during the complex formation with Cu2+.82 Rajesh and co-workers 

reported pyrazine incorporated Schiff base as colorimetric and ratiometric fluorescent 

chemosensor 8 for Ni2+ detection. The significant enhancement of fluorescence intensity was 

caused by the inhibiting C=N isomerization and promoting CHEF upon binding with Ni2+ ion 

through N and O atoms.83  

 

Figure 1.5: Pyrazine-based chemosensors for metal ion detection 

The incorporation of pyridinium group in a chemosensor provides specific recognition site for 

explosive detection because of electrostatic interactions (Figure 1.6). Iyer and co-workers reported 

non-fluorescent polymeric cationic pyridinium bromide 9 for recognition of picric acid (PA) by 

fluorescence “turn-on” via Indicator displacement assay (IDA) mechanism. Chemosensor 9 

worked as a host for an anionic green emitting dye (uranine dye, UD) that acted as an indicator for 

the detection of TNP by forming an electrostatic complex with 9.84 Kumar and co-workers 

developed a pyridinium-dansyl conjugate based three-dimensional molecular probe 10, which 
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showed aggregation-induced emission in water with excellent fluorescence enhancement (Ф = 

0.71). It selectively detected TNP and showed dynamic quenching as observed from the decrease 

in the lifetime.85 It was shown that picrate anion places itself closer to the dansyl fluorophore due 

to its decreased cavity length thereby increasing the sensitivity of the probe. A novel cationic 

conjugated copolymer 11 was reported by Tanwar et al. for selective detection of TNT via an 

intermediate Meisenheimer complex. The fluorescence quenching was attributed to the 

combination of static and dynamic quenching processes due to the ground-state and excited-state 

interaction of probe 11 with the analyte TNT.86 

 

Figure 1.6: Pyridinium salts for nitroaromatic compounds (NACs) detection  

Pyridinium salts are also utilized as chemosensors for anion detection via different mechanism 

(Figure 1.7). A ratiometric fluorescence probe 12 was developed by Lin and co-workers for the 

rapid detection of HClO/ClOˉ in living cells. The mechanism for selective detection of HClO/ClOˉ 

was rationalized as regioselective electrophilic addition on the C=C between pyridine and diethyl 

amine phenol. The presence of pyridinium salt moiety tends to target mitochondria due to 

electrostatic interaction, but it showed higher targeting ability toward lysosome due to extensive 

“p-π” electron-donating ability of diethylamine and hydroxyl in the benzene, which might 

counteract the positive charge of pyridinium.87 Kumar and co-workers reported dual fluorescent 

probe 13 for mitochondrial viscosity and Fˉ. The fluorescence intensity increased gradually with 

a change in solvent from the ethanol-glycerol mixture. The change in fluorescence was attributed 

to a highly viscous environment, free intramolecular rotation between 4-dimethylamino and 
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pyridine moieties was restricted, and enhanced absorbance and red-fluorescence were observed. 

13 showed strong green fluorescence on interaction with Fˉ. The Fˉ sensing mechanism was 

credited to Fˉ triggered desilylation which was followed by the release of quinone-methide 

moieties from DMAS to release green fluorescence.88 Tang and co-workers reported pyridinium 

salt 14 with push-pull and utilized it for the selective detection of hypochlorite. The decrease in 

fluorescence intensity was attributed to the oxidation of the conjugated C=C double bonds of 

pyridinium by hypochlorite.89 Liu and co-workers reported pyridinium inner salt 15 with strong 

red emission and good water solubility and utilized it for the CNˉ recognition. The mechanism for 

CNˉ selectivity was credited to the addition of CNˉ to 4-coumarin by Michael addition inducing 

the decrease in electron-donating ability of the coumarin group and reduction in intramolecular 

charge transfer leading to fluorescence quenching.90  

 

Figure 1.7: Pyridinium salts for anion detection 

The π-conjugated pyridinium chemosensors exhibit advantage of detection of anions via 

aggregation of the conjugated aromatic moieties (Figure 1.8). Ni and co-workers developed a 

fluorescent probe using π-conjugated pyridinium derivatives 16 with positive charges. This probe 

demonstrated exceptional selectivity in detecting BF4
¯ and PF6

¯ ions in both neutral solutions and 

live cells. The system demonstrated a unique detection signal output for selectively identifying 
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anions by utilizing the process of aggregation self-assembly, which was facilitated by several non-

covalent interactions including ionic binding, van der Waals forces, and π–π stacking.91 Su et al. 

reported a water-soluble cationic fluorescent probe 17 with AIE characteristics that detected 

charge-diffuse anions namely SCNˉ, PF6ˉ, and HSO3ˉ through ionic interactions and variable 

hydrophobicity. The sensing mechanism of 17 for the detection was ascribed to the binding 

strength between the anions and 17, which enabled the target anions to initiate the aggregation of 

17 via electrostatic ionic bonding, van der Waals forces between the alkyl chains, and π-stacking 

of the conjugated aromatic moieties.92 

 

Figure 1.8: Bi-Pyridinium salts for anion detection 

Pyridinium salts are also reported for the detection of metal ions (Figure 1.9). Xu and co-workers 

reported styryl‑pyridinium salts 18 for Cu2+ sensing. The quenching of fluorescence upon binding 

with Cu2+ was attributed to the transfer of a lone pair of electrons of nitrogen atom on the DPA 

group of the probe 18, triggering a distorted rotation of the C-N bond. Therefore, the intramolecular 

charge transfer (ICT) effect was suppressed by the paramagnetic nature and the heavy metal ion 

effect of the copper ion, leading to the quenching of the fluorescence emission spectrum. 

 

Figure 1.9: Pyridinium salts for metal ion detection 
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Rajapakshe et al. reported chemosensor 19 by incorporating a vinyl pyridinium segment. The Cu2+ 

induced fluorescence quenching in 19 occurs mainly via a static quenching mechanism by forming 

a 19-Cu complex of the phenoxide anion by deprotonation of the phenolic group in the probe which 

enabled the metal-to-ligand electron transfer (MCLT) process.93 An ESIPT probe based on 

pyridinium salt 20 was designed and synthesized by Zhou and co-workers. The probe was highly 

sensitive to Cu2+. The probe exhibited intense orange fluorescence emission which was quenched 

in the presence of Cu2+ via dynamic or static mechanism.94 

Imidazolium salt based receptors exhibit selective recognition of nitroaromatic compounds and 

have presently gained attention (Figure 1.10). Kumar and co-workers synthesized pyrene 

appended imidazolium salt 21 for the selective detection of TNP. The quenching of 21 with TNP 

was attributed to development of π-π interaction between pyrene rings and TNP facilitating the 

energy transfer.95 Two water-soluble anthracene- and pyrene-based imidazolium chemosensors 

(22 and 23) were reported by Pherkkhuntod et al. and were demonstrated to exhibit highly efficient 

NACs detection in aqueous media. 22 and 23 showed fluorescent quenching upon the addition of 

NACs and probe 23 was more sensitive as compared to 22. The cation-anion interactions between 

the imidazolium and picrate ions caused fluorescent quenching through PET and charge transfer 

involving a dark S1 excited state.96 

 

Figure 1.10: Imidazolium salts for NACs detection 

Hydrophobic chemosenors suffers from low selectivity and sensitivity in non-aqeous medium, 

which is circumvented by incorporating imidazolium groups as receptors (Figure 1.11). 

Imidazolium conjugated polyelectrolyte (PMI), 24 synthesized by Iyer and co-workers was 

developed using the post-functionalization polymerization method. PMI showed remarkable 
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selectivity for TNP by immediate fluorescence quenching by 95% in purely aqueous media and on 

solid platforms. The high quenching efficiency of TNP compared to other nitro-compounds was 

explained via deprotonation of the strongly acidic phenolic –OH group in aqueous media, resulting 

in anion exchange with the polymer PMI. The complex thus formed may facilitate the ground state 

charge transfer between PMI and picrate along with the energy transfer process. Theoretical 

calculations validated the molecular interactions involved in supramolecular assembly.97 Iyer and 

co-workers reported a di-imidazolium receptor by conjugating it with naphthalene diimide 

(NDMI) 25, which was explored as an optical and electrical sensor for nitroaromatic compounds. 

Halide ions interacted with 25 via hydrogen bonding interaction. The strong π-π stacking 

interaction between TNP and 25 resulted in a change in photophysical properties. The prepared 

sensor was capable of detecting TNP in vapour states as well.98 

 

Figure 1.11: Bis-imidazolium salts for NACs detection 

Imidazolium salts are utilized for anion detection (Figure 1.12) with good selectivity and 

sensitivity. Chae and co-workers reported an imidazolium bearing dansyl based probe with 

dicynovinyl group containing substrate with different alkyl chain 26 for CNˉ detection. 

Investigations revealed that the substrate combined with cationic probe 26 to produce 

supramolecular self-assemblies after reacting with a nucleophilic CNˉ.99 Tomapatanaget and co-

workers reported a naked-eye fluorescent probe 27 based on naphthalimide and imidazolium 

moieties for fluoride detection. The fluorescence response of 27 was significantly quenched in the 

presence of fluoride ion upon the interaction between an acidic amide proton and acidic C2 proton 

of the imidazolium ring.100 An AIE-based imidazolium fluorescent chemosensor, 28 was designed 

and synthesized for the selective and sensitive detection of carbonate ion (CO3
2
¯) in aqueous 

solution by Cheng et al. 28 contains a triphenylamine-based red emission core, imidazolium and 

amide anions donors, and a long alkyl chain. The recognition mechanism for carbonate was 
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credited to the formation of the bigger aggregate of nanoparticles with carbonate ions, limiting 

effective aggregation and decreasing fluorescence.101 A series of cyclophane fluorescent probe 

based on acridine combined with imidazolium through ether linkages 29 were developed by Lin 

and co-workers. The sensors showed excellent selectivity towards Fe3+ in aqueous solution and 

H2PO4 in acetonitrile solution, with notable color change under UV-vis light and evident changes 

in fluorescence spectra. The sensing mechanism for Fe3+ was attributed to the formation of a rigid 

system after binding with Fe3+ causing the photoinduced electron transfer (PET) effect whereas 

the selectivity of H2PO4 was credited to H2PO4 anion formed hydrogen bonds with the two 

hydrogen atoms of imidazolium in the macrocyclic sensor.102 

 

Figure 1.12: Imidazolium salts for anion detection 

AIE based chemosensors with incorporation of bis-imidazloium salt for better selectivity and 

sensitivity are also reported for anion detection (Figure 1.13). Cao and co-workers reported cleft-

type tetraphenylethylene appended imidazolium with 1,2-phenyl (30) or 1,2-phenylmethyl (31) for 

investigating their anion binding ability. 30 showed high affinity towards polyphosphate and SO4
2ˉ 

with the increase in fluorescence in aqueous solution. The response of 31 was reported to be 

weaker for polyphosphates, but not for SO4
2ˉ. The sensing mechanism explained the complexation 
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of 30/31 with these anions leading to an increase in aggregation state, enhancing its 

fluorescence.103 Xiong et al. reported imidazolium linked AIE-active macrocyclophane 32 for the 

selective ratiometric fluorescence sensor for pyrophosphate anion in aqueous medium in the 

presence of zinc ion. The sensing mechanism was credited to macrocycle bearing imidazolium 

units which were able to bind pyrophosphate anion in its cavity through electrostatic and dipole 

interaction. The complex of 32 and pyrophosphate coordinated with Zn2+ resulting in aggregation 

and change in fluorescence.104  

 

Figure 1.13: Bis-imidazolium salts for anion detection 

Imidazolium salts are also reported for metal ion detection (Figure 1.14). Griebeler et al. reported 

thiazolidine-based chiral ionic liquids 33 for the detection of Cu2+. It was hypothesized that 

nitrogen and sulfur atoms of the thiazolidine ring were involved in the complexation. The 

quenching of fluorescence was also observed due to the formation of a non-fluorescent complex 

in the ground state.105  

 

Figure 1.14: Imidazolium salts for metal ion detection 
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A series of N, N'-disubstituted imidazolium salts 34 were synthesized for selective detection of 

Fe3+ ions in pure aqueous media by Chaudhary and Milton. The sensors showed fluorescence turn-

off in the presence of Fe3+. The paramagnetic property of Fe3+ ions was responsible for 

fluorescence quenching upon binding of Fe3+ to the recognition sites.106 Barot et al. reported 

aggregation-induced emission (AIEE)-active imidazolium ionic liquid functionalized 

phenothiazine-based Schiff-Base 35 for the nanomolar detection of Cd2+. The active involvement 

of the -C=N group of 35 was found to be responsible for the complexation process.107 

Bis-imidazolium salts are reported for their effectiveness in detecting metal ions (Figure 1.15).  

Zhou and co-workers reported a salicylaldehyde bis-Schiff base decorated with imidazolium ionic 

liquid 36 as a colorimetric/ratiometric sensor for the detection of Cu2+ and Pd2+ in aqueous 

medium. The interaction of 36 with Cu2+ and Pd2+ was due to the phenol and imine groups acting 

as binding sites leading to the formation of complex. Sun and co-workers reported bis-(NHC) 

derivatives 37 for selective recognition of Al3+. It exhibited excellent fluorescence in the presence 

of Al3+, while the pyridine analogue does not have selectivity to metal ions. The fluorescence 

enhancement was attributed to the formation of bis-quinoline-Al complex and extended conjugated 

system of 37.108 Hu et al. synthesized imidazolium chloride ionic liquid-grafted rhodamine B 

salicylaldehyde hydrazone 38 as a promising multi-ion-responsive probe for the colorimetric 

detection a of Cu2+ and Al3+ in 100% aqueous solutions. The sensing mechanism was proposed as 

an “electrostatic repulsion-induced difference in response time”.109 

 

Figure 1.15: Bis-imidazolium salts for metal ion detection 
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1.3 AIM OF PRESENT STUDY 

In recent years, the field of chemical sensors has placed significant emphasis on the detection and 

analysis of biologically and environmentally significant analytes. However, challenges still exist 

in developing receptors that selectively bind analytes in water. Changes in ligand design or donor 

atom selection can provide significant improvements in selectivity, sensitivity, and solvent system. 

The incorporation of ionic parts leading to azinium and azolium salts may provide hydrophilic 

properties suitable for high activity, stability, and reusability. The imidazolium and pyridinium 

salts have been widely reported for their selective response towards various analytes whereas 

pyrazinium salts are yet to be explored. The salt-like framework presents interesting photophysical 

properties due to interaction between chemosensor and analyte that results in change of 

luminescence which can be monitored easily. These chemosensors are widely studied for the 

recognition of environmentally relevant anions and metal ions. The present thesis focuses on the 

design and synthesis of azinium and azolium salts to investigate them as potential candidates for 

chemosensing properties. The chemosensors are also employed for the detection of various 

analytes viz., metal ions, anions and nitoexplosives in aqueous medium. The efficacy of salt-based 

chemosensors is investigated by application in a wide range of biological and real-world samples. 
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OVERVIEW 

This chapter highlights the information on material and experimental techniques employed for the 

characterization of pyrazinium, pyridinium, and imidazolium salt based chemosensors. This 

chapter also describes different instrumentation techniques that have been used for the 

characterization and analysis of the structure and properties of chemosensors. This chapter 

provides a list of software used for data interpretation, as well as details of theoretical studies for 

synthesized chemosensors. 

2.1 CHEMICALS AND REAGENTS  

List of chemicals and reagents used for the synthesis, catalytic, and sensing applications purchased 

from different suppliers is given below:  

2,4-dihydroxybenzaldehyde was purchased from Alfa Aesar. 1-methylimidazole, palladium (II) 

acetate, Tetrakis(triphenylphosphine)palladium(0), 1-chloro-4-iodobenzene, 3,4-dinitrotoluene, 

3,5-dinitrobenzoic acid, 3,5-dinitrotoluene, 4-nitrobenzoic acid, 4-nitrotoluene, were procured 

from Sigma Aldrich. Aluminium(III) nitrate nonahydrate, cadmium(II) nitrate tetrahydrate, 

chromium(III) nitrate nonahydrate, calcium(II) nitrate tetrahydrate, cobalt(II) nitrate hexahydrate, 

copper(II) nitrate trihydrate, ferric(III) nitrate nonahydrate, ferrous(II) sulfate heptahydrate, 

lead(II) nitrate, lanthanum(III) nitrate hexahydrate, mercury(II) nitrate monohydrate, 

magnesium(II) nitrate hexahydrate, manganese(II) nitrate tetrahydrate, nickel(II) nitrate 

hexahydrate, potassium(I) nitrate, sodium(I) nitrate, silver nitrate, zinc(II) nitrate hexahydrate, 

acetone, acetonitrile (ACN), chloroform (CHCl3), dioxane, dichloromethane (DCM), 

dimethylformamide (DMF), dimethylsulfoxide (DMSO), ethanol (EtOH), ethyl acetate (EtOAc), 

ether, hexane, methanol (MeOH), and tetrahydrofuran (THF), DMSO (UV-grade), MeOH (UV-

grade) were purchased from Merck. 1,2-dibromoethane, isatin, pyridine, potassium carbonate, 

sodium hydrogen carbonate, sodium sulfate, 2,6-dichloropyrazine, phenylboronic acid, benzoic 

acid, 1-chloro-2,4-dinitrobenzene, 2,4-dinitrophenol, 4-nitrophenol, nitrobenzene, nitromethane, 

potassium carbonate, sodium sulfate, tetrabutylammonium acetate, tetrabutylammonium chloride, 

tetrabutylammonium bromide, tetrabutylammonium hydrogen sulfate, tetrabutylammonium 

fluoride, tetrabutylammonium iodide, 2,4,6-trinitrophenol were commercially available from 

Spectrochem. 
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2.2 METHODS 

The synthesis of the coupling products of 2,6-dichloropyrazine with boronic acid was conducted 

by microwave irradiation. Progress of the reaction was monitored by TLC on Merck aluminum 

sheets (silica gel 60 F254). Desired products were purified by column chromatography (silica gel 

100–200 mesh, Merck) using a gradient of ethyl acetate and hexane as a mobile phase. The reaction 

mixture of pyrazinium, pyridinium, and imidazolium salts was washed with ethyl acetate. The 

obtained solid was washed with diethyl ether and dried under a vacuum. 

2.2.1 Job’s plot 

Job’s plot is a method of continuous variation performed by mixing two solutions of the same 

concentration.1-3 The solutions are prepared in such a way that the total analytical concentration of 

the solution remains constant, while the probe (a):analyte (b) ratio varies according to eqn. (2.1) 

Ca + Cb = k                                                                                             (2.1) 

where Ca and Cb = analytical concentrations of probe and analyte, respectively, and k is a constant.  

The absorbance is plotted as a function of the mole fraction of probe or analyte. The resulting 

curves, called Job’s plots, yield a maximum (or minimum) position which indicates the 

probe:analyte ratio of the complex in solution.  

2.2.2 Limit of Detection calculation  

The efficiency of a chemosensor is quantified by its Limit of Detection (LOD). As per the 

International Organisation for Standardisation, LOD refers to the minimum amount of a substance 

that may be reliably detected, with a specified level of confidence, above the absence of the 

substance (blank value).4-5 The detection limit for the linear calibration plot is calculated using 

eqn. (2.2). 

Detection limit =  3𝜎 𝐾⁄                                                                           (2.2) 

where σ is the standard deviation of blank measurements, and K is the slope between the plot of 

fluorescence intensity versus sample concentration. To determine the signal/noise ratio, the 

fluorescence intensity of the chemosensor in water without an analyte is measured ten times and 

the standard deviation of blank measurements is determined. 
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2.2.3 Quantum Yield Calculation 

The fluorescence quantum yield is calculated using quinine sulfate as a reference in 0.1 M H2SO4 

(ΦR = 0.54)6-7 and calculated using eqn. (2.3). 

ΦS =  ΦR
IS

IR
×

AR

AS
×

𝜂S
2

𝜂R
2                                                                                                (2.3) 

where I = integrated area under the fluorescence curve, A = absorbance at the excitation 

wavelength, η = refractive index of the medium, and Φ = fluorescence quantum yield. Subscripts 

S and R refer to the sample and the reference standard, respectively. 

2.2.4 Fluorescence quenching percentage calculation 

The fluorescence quenching percentage is calculated using the eqn. (2.4)8-10  

𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑞𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 % = (1 −
I

I0
) × 100%                                                                (2.4) 

where, I0 = initial fluorescence intensity in the absence of analyte, I = fluorescence intensity in the 

presence of analyte. 

2.2.5 Overlap Integral Calculation 

Analytes Overlap integral values is calculated using the eqn. (2.5)11-13 

𝐽(𝜆) =  𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆                                                                      (2.5) 

Where 𝐹𝐷(𝜆) = corrected fluorescence intensity of donor in the range of λ to λ + Δλ with the total 

intensity normalized to unity; 𝐴 = molar absorptivity of the acceptor at λ in M-1 cm-1. 

The Förster distance R0 is calculated for chemosensor interaction using the eqn. (2.6) 

𝑅0 = 0.211 [( 𝐽)𝑄 (𝜂−4)(κ2)]1/6                                                      (2.6) 

Where J = degree of spectral overlap between the donor fluorescence spectrum and the acceptor 

absorption spectrum; fluorescence quantum yield of the donor (without acceptor); η = refractive 

index of the medium; κ2 (dipole orientation factor) = 0.667. 

2.2.6 Benesi–Hildebrand plot 

The binding constant (K) determined by the Benesi−Hildebrand expression is calculated by the 

eqn. (2.7)14-16 

1/(𝐴 − 𝐴0) = 1/{𝐾(𝐴𝑚𝑎𝑥 − 𝐴0)[𝐶] + 1/(𝐴𝑚𝑎𝑥 −  𝐴0)                                                            (2.7) 

where, A0/I0 and A/I = Absorbance/Fluorescence intensities of chemosensor in the absence and 

presence of metal ion, and Imax = maximum fluorescence intensity of chemosensor in the presence 

of metal ion. [C] = concentration of the metal, and n = number of metal ions bound to chemosensor 

here n = 1. 
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2.2.7 Fluorescence lifetime calculation  

The fluorescence lifetime is a measure of the time that a fluorophore spends in the excited state 

before returning to the ground state by emitting a photon. Average fluorescence lifetimes (𝜏𝑎𝑣𝑔) 

are calculated from the decay times and pre-exponential factors using the eqn. (2.8)17 

avg = 𝛼𝑖 𝜏𝑖
2/𝛼𝑖𝜏𝑖                                                                                               (2.8) 

where 𝛼𝑖 = pre-exponential factor corresponding to the ith decay time constant. 

2.2.8 Stern-Volmer quenching constant calculation  

Collisional quenching occurs when an excited fluorophore comes in contact with a quencher that 

can facilitate non-radiative transitions to the ground state. The Stern-Volmer equation can be 

derived by considering fluorescence intensities observed in the absence and presence of a 

quencher.18-20 The fluorescence intensity observed for a fluorophore is proportional to its 

concentration in the excited state. The Stern-Volmer quenching constant, KSV is obtained using the 

eqn. (2.9) 

𝐼0/I = 1 + 𝐾𝑆𝑉[Q]                                                                                                             (2.9) 

where I0 and I = fluorescence intensities of chemosensor in the absence and presence of analyte, 

respectively, [Q] = concentration of analytes. 

2.2.9 Detection of analytes in different samples  

Stock solutions of chemosensors and analytes were prepared and diluted to the required 

concentration in Milli- Q water. Test strips were prepared by impregnating filter paper with 

chemosensor solution. The real water samples were procured from the Ganga River (Rishikesh, 

India), tap water from BITS Pilani, Pilani campus, and mineral water was purchased from the local 

market. The water samples were centrifuged and filtered through a 2.5 µm filter paper. Water 

samples were spiked with standard analytes solution and absorption and fluorescence spectra were 

recorded. 2 mg, 5 mg, 7 mg, and 10 mg of analyte were added to 2 gm of finely ground soil 

samples collected from the garden area of the BITS Pilani, Pilani campus in four different Petri 

dishes. 100 mg of each soil sample was added to a 2 ml solution of chemosensor. The detection 

of analytes in urine samples were performed by spiking the samples with the corresponding 

analytes. 
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2.2.10 Smartphone-Based Colorimetric Read-Out 

For the naked-eye detectable change of probe in the presence of analytes using a smartphone was 

employed. The change in the RGB values of probe on the addition of analytes was recorded by 

keeping the smartphone camera about 1 cm away from the vials enclosed inside a paper box. The 

changes were recorded using a smartphone app, Color Grab, which could directly output the RGB 

values (Figure 2.1). The standard RGB scale is represented by whole number-values from 0 to 

255 for red, green, and blue colors. The values [0,0,0] and [255, 255, 255] correspond to absolute 

black and white, respectively.21  

 

Figure 2.1: Sketch of Photo light box for RGB analysis 

2.2.11 Methods for developing latent fingerprints (LFPs) 

The visualization of latent fingerprints was performed for chemosensor with solid state   

luminescent properties. Chemosensor was used either directly or thoroughly ground with the 

neutral alumina oxide G in 1:15 w/w ratio to yield a homogenous mixture.22-24 The formulated 

fingerprint powder exhibited a bright fluorescent color emission when exposed to UV light (365 

nm). The fingerprint powder was applied to the latent fingerprints deposited on a microscopic glass 

plate by a volunteer. The excess powder was removed by a tapping and blowing method and 

fingerprints developed were photographed under UV light with high resolution camera. 

2.2.12 Cytotoxicity Assay 

For the cytotoxicity assay MCF-7 cells (6000 cells per well) grown in Dulbecco's Modified Eagle 

Medium (DMEM) were added to a 96-well plate and incubated at 37°C in an atmosphere of 5% 

CO2 and 95% air overnight until 90% confluency was achieved. DMEM was aspirated from the 

96-well plate, and different concentrations of probe (0.5, 1, 5, 10, 25, 50 and 100 µM) dissolved 

in DMEM along with the negative control set (no probe) were added in each well. Cells were 

incubated for 24 hours, 100 µL of 0.5mg ml-1[3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] (MTT) dissolved in PBS was added to each well and left for 3-4 

hours of incubation. MTT was carefully removed without disturbing the formazan crystals formed 
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due to the presence of live cells, and DMSO (cell-culture grade) was added to each well for 

solubilization.25 The absorbance values were measured using a Multiskan Microplate 

Spectrophotometer (Thermo Scientific) at 570nm and 630nm wavelengths. The percentage of 

viable cells was calculated using the formula: viability (%) = (mean absorbance value of drug-

treated cells)/(mean absorbance value of control) × 100. The percentage of cell viability versus 

different concentrations of probe was plotted using GraphPad Prism 8.0.1 Software Inc. The 

experiment was conducted in biological triplicate. 

2.2.13 Cell-culture and imaging 

MCF-7 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 

antibiotics (1% penicillin-streptomycin). Cultures were maintained at 37 °C in a humidified 

atmosphere containing 5% CO2 and 95% air. Cells were seeded onto coverslips placed in 6-well 

plates at a density of 1.5 × 106 cells per well and allowed to adhere overnight with the incubation 

conditions mentioned. Upon reaching 70-80% confluency, the cells were washed with phosphate-

buffered saline (PBS) to remove residual media, followed by fixation with 2% paraformaldehyde 

for 10 minutes. Post-fixation, cells were washed with 1X-PBS and blocked with 2% Bovine serum 

albumin in 0.1% PBS and subsequently rewashed with PBS. Permeabilization of cells was 

achieved using 0.1% Triton X-100 in PBS. Following permeabilization, cells were treated with 

probe (30 µM) dissolved in double-autoclaved Milli-Q water and incubated for 45 minutes at room 

temperature. Post-incubation, cells were washed twice with PBS to remove cellular debris. 

Subsequently, cells were treated with analyte solution (30 µM, 1:1 ratio of probe: analyte) for 20 

minutes with intermittent PBS washes. Finally, the coverslips were mounted on glass slides using 

70% glycerol, and allowed to dry overnight, and fluorescence images were acquired using a Carl 

Zeiss LSM 880 confocal microscope equipped with a 40X objective lens 

2.2.14 Method for development of PADs 

The fabrication of this µPAD involved melting paraffin and iron mould. An iron rod was cut into 

a 5-branched mold by the laser cutting shop. The chromatography paper was cut into 5 cm × 5 cm 

plates and securely fastened to the moulds using paperclips.26-28 To create a µPAD pattern, the 

chromatography paper was briefly dipped into melted paraffin, allowing it to adhere to the paper. 

Once the paraffin cooled at room temperature, the mould was carefully removed. An interesting 

contrast was created on the paper, with one area being hydrophobic and the other area being 

hydrophilic. 
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2.3 INSTRUMENTATION 

2.3.1 Infrared (IR) spectroscopy 

This branch of spectroscopy deals with the absorption of radiations in the infrared region of the 

electromagnetic spectrum. This region consists of light with longer wavelengths and lower 

frequencies compared to visible light. The electromagnetic spectrum of the infrared segment is 

commonly categorized into three regions: near-infrared, mid-infrared, and far-infrared. These 

divisions are based on their proximity to the visible spectrum. The higher energy near-infrared 

(near-IR), which falls within the range of approximately 14000-4000 cm-1 (0.8-2.5 μm 

wavelength), can stimulate overtone or harmonic vibrations. The mid-infrared region, spanning 

from roughly 4000-400 cm-1 (2.5-25 μm), can be utilized for investigating the fundamental 

vibrations and the corresponding rotational-vibrational arrangement. The far-infrared area, which 

spans from approximately 400 to 10 cm-1 (25-1000 μm) and is located next to the microwave zone, 

consists of low-energy radiation that can be utilized for rotational spectroscopy. Infrared 

spectroscopy utilizes the phenomenon of molecules selectively absorbing distinct frequencies that 

are indicative of their molecular structure. These absorptions correspond to resonant frequencies, 

meaning that the frequency of the absorbed radiation aligns with the frequency of the vibrating 

bond or group. 29-30 A vibrational mode in a molecule is considered "IR active" only if it is linked 

to alterations in the permanent dipole. The vibrational spectroscopy is governed by Hooke’s law 

which is used for calculating the approximate stretching frequency of a bond. The infrared spectra 

(4000-450 cm-1) of the synthesized compounds were recorded on the Perkin Elmer Spectrum 100 

FTIR spectrometer (Figure 2.2).  

 

Figure 2.2: FTIR spectrometer (Perkin Elmer Spectrum 100) 
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2.3.2 Nuclear Magnetic Resonance Spectroscopy 

NMR spectroscopy is one of the most powerful tools for structural elucidation, which involves the 

change of the spin state of a nuclear magnetic moment when the nucleus absorbs electromagnetic 

radiation in a strong magnetic field. 1H and 13C are commonly used NMR spectroscopic 

techniques. The absorbed energy, resonance frequency, and the strength of signal intensity are 

directly proportional to the applied magnetic field. 31-32 Parts per million (ppm) and hertz (Hz) are 

used to express chemical shifts (δ) and coupling constants (J), respectively. In the 1H NMR spectra, 

spin multiplicities are represented by the following abbreviations: s = singlet, d = doublet, t = 

triplet, and m = multiplet.  

In the present work, the 1H and 13C NMR, spectra of synthesized compounds were measured on a 

400 MHz NMR spectrometer, Bruker AscendTM 400 (Figure 2.3) using CDCl3 and DMSO-d6 as 

deuterated solvents. The NMR peak integration was performed on MestReNova software. 

 

Figure 2.3: NMR spectrometer (Bruker AscendTM 400) 

2.3.3 Mass spectrometry  

Mass spectrometry is a powerful analytical technique that allows for the precise measurement of 

molecular or atomic weight. It has also been extensively utilized for monitoring reactions. The 

process entails transforming the sample into gaseous ions, either with or without fragmentation. 

The ions are subsequently separated in the mass spectrometer based on their mass-to-charge ratio 

(m/z) and are then qualitatively and quantitatively detected according to their m/z and relative 

abundance. The results are presented as a plot showing the abundance of ions plotted against their 

mass-to-charge ratio. Q-TOF (Quadrupole Time-of-Flight) LC-MS offers exceptional precision in 

determining mass information down to the sub-ppm levels. In Q-TOF, the ions are carefully 



  

Chapter 2 
 

34 
 

controlled within a stable orbit using an electric field created by four parallel electrodes. These 

ions, each with their unique mass, are then accelerated to an equal kinetic energy. The time it takes 

for each ion to travel a known distance and reach the detector is precisely measured. By combining 

a quadrupole and a collision cell with the TOF analyzer, the selectivity is significantly improved. 

This is achieved by fragmenting specific ions and identifying compounds based on their product 

ion spectra. Therefore, it is possible to accurately determine the mass of both the precursor and 

product ions. The mass spectra for different synthesized compounds and reaction intermediates 

were recorded on 6545 Q-TOF LC/MS, Model-G6545A (Figure 2.4). 

 

Figure 2.4: Mass spectrometer (6545Q-TOF LC/MS) 

2.3.4 UV-visible absorption spectroscopy 

UV-visible absorption spectroscopy is a widely used analytical technique that provides 

information about the amount of energy absorbed by a molecule due to electronic transitions from 

ground state to an excited state. The ultraviolet (UV) range spans from 100 to 400 nm, while the 

visible spectrum covers wavelengths from 400 to 700 nm. UV-visible light possesses sufficient 

energy to elevate electrons to a higher electronic state, specifically from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The HOMO and 

the LUMO are known as bonding and anti-bonding orbitals, respectively and the difference in 

these energy levels is referred to as the band gap. In order for a photon to be absorbed, its energy 

must precisely correspond to the band gap. The molecules of distinct chemical structures exhibit 

varying energy band gaps resulting in different absorption spectra. The π-π* and n-π* transitions 

are the most often observed transitions within the UV-vis range.33-36 Absorption obeys Beer's Law, 
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which states that the absorbance (A) of a substance is directly proportional to the product of the 

molar absorption coefficient (ε), the path length (l), and the concentration (C) eqn. (2.10) 

𝐴 = 𝜀𝑙𝐶                                                                   (2.10) 

The UV-visible spectra were recorded both in solution and solid states. The studies were performed 

using the Perkin Elmer LAMBDA 950 UV-VIS-NIR Spectrophotometer and JASCO model V-

650 (Figure 2.5). 

 

Figure 2.5: UV-visible spectrophotometer (a) Perkin Elmer LAMBDA 950 UV-VIS-NIR   

                        (b) JASCO V-650 

2.3.5 Fluorescence spectroscopy 

Fluorescence spectroscopy is a technique that analyzes the emission of fluorescence from a 

molecule, specifically studying its underlying luminescent properties. Fluorescence is a type of 

luminescence that happens when photons stimulate a molecule leading to a change in the excited 

state. A spectrofluorometer is an instrument that irradiates a sample with suitable excitation light 

and measures the subsequent fluorescence generated by the sample. The emission intensity 

increases in direct proportion to the concentration of the analyte.37 

The Steady-state fluorescence measurements were performed using the Horiba Jobin Yvon 

Fluoromax-4 scanning spectrofluorometer. Spectral measurements were conducted using quartz 

cuvettes with a path length of 1 cm and excitation and emission slit widths of 3 nm (Figure 2.6).  

 

Figure 2.6: Spectrofluorometer (Horiba Jobin Yvon Fluoromax-4) 
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2.3.6 Time-resolved spectroscopy 

Time-resolved or fluorescence lifetime spectroscopy is a powerful tool that allows researchers to 

investigate the behavior of short-lived intermediate species by extending the capabilities of the 

steady-state fluorescence technique. During a time-resolved fluorescence experiment, a sample is 

excited using a pulsed laser. The emissions produced and their decay times are subsequently 

observed over time. This can be done using either an ultrafast detector or the second pulse of laser 

light. Studying the decay processes that happen on ultrashort time scales (~10-6-10-16 seconds) can 

be achieved with the assistance of lasers.38-39 The fluorescence lifetime measurements in this study 

were conducted using the time-correlated single-photon counting (TCSPC) method with the 

Horiba Jobin Yvon TCSPC (Figure 2.7).   

 

Figure 2.7: Fluorescence lifetime Spectrometer (Horiba Jobin Yvon TCSPC) 

2.3.7 Single-crystal X-ray diffraction 

Single-crystal X-ray refers to the technique of using X-rays to study the structure of a single 

crystal. X-ray diffraction is a non-destructive analytical technique that offers comprehensive 

insights into the internal lattice of crystalline substances. It provides precise information about 

several aspects, such as unit cell diameters, bond lengths, bond angles, and details of site ordering. 

X-ray diffraction relies on the constructive interference of monochromatic X-rays and a crystalline 

material. The X-rays are produced by a cathode ray tube, filtered to provide radiation of a single 

wavelength, focused to concentrate, and aimed at the sample. When the incident rays interact with 

the sample, they create constructive interference and a diffracted ray. This occurs when the 

conditions meet Bragg's Law.40-41  
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The Bragg’s law is expressed by eqn. (2.11) 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃              (2.11)                                              

where n = diffraction order, λ = wavelength of X-rays, d = spacing of the crystal layers,  

  = incident angle. 

The X-ray diffraction (XRD) data were obtained using a Rigaku-Oxford XtaLAB Pro: Kappa dual 

home/near diffractometer (Figure 2.8). The instrument was equipped with a CCD detector and a 

fine focus-sealed X-ray tube that emitted monochromated MoKα/CuKα radiations. The 

appropriate crystals were maintained at a temperature of 293 K during the process of collecting 

data. The process of collecting and reducing data was carried out using CrysAlisPro software. The 

structures were determined using Olex2 with ShelXT structure solution software employing 

Intrinsic Phasing and subsequently refined with the ShelXL refinement tool utilizing least squares 

minimization. 

 

Figure 2.8: Single-crystal X-ray diffractometer (Rigaku-Oxford XtaLAB) 

2.3.9 X-ray photoelectron spectroscopy (XPS)  

It is also referred to as electron spectroscopy for chemical analysis (ESCA) and is employed to 

examine the chemical composition of a material surface. It is capable of determining the elemental 

makeup, chemical properties, and electronic configuration of atoms present in a given material.  

XPS spectra are acquired by exposing a solid surface to a stream of X-rays and quantifying the 

kinetic energy of electrons released from the uppermost 1-10 nm layer of the material. A 

photoelectron spectrum is obtained by quantifying the number of emitted electrons throughout a 

variety of kinetic energies. The energies and intensities of the photoelectron peaks allow for the 
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identification and measurement of all surface elements, with the exception of hydrogen.43-44 K-

Alpha model has been used to acquire the XPS data in this thesis (Figure 2.9). 

 

Figure 2.9: X-ray photoelectron spectrometer 

2.3.8 Microwave synthesis 

Microwave irradiation refers to the exposure to electromagnetic radiation within the frequency 

range of 0.3 GHz to 300 GHz. This range corresponds to wavelengths between 1 mm and 1 m. For 

microwave heating to occur, the substance must have a dipole moment. A dipole exhibits 

sensitivity to the external electric field and endeavors to align itself with the field by rotation. The 

microwaves directly interact with the molecules of the entire reaction mixture, causing a rapid rise 

in temperature. This allows for improved homogeneity and targeted heating of polar molecules.  

The reactions under microwaves are fast, with increased reaction rates, and lead to better selectivity 

42. In this thesis, the microwave reactions were performed in a Monowave 300 (Anton Paar, 

Austria) microwave synthesis reactor with 10 mL standard vials and a Teflon-coated magnetic stir 

bar (Figure 2.10). 

 

Figure 2.10: Microwave synthesis reactor (Monowave 300, Anton Paar) 
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2.3.9 Computational study  

Computational or theoretical study is a methodology used to examine the structural, electrical, and 

magnetic characteristics of molecules and materials. The electronic ground state (S0) of molecules 

were optimized through the application of the density functional theory (DFT)45 with Becke's 

three-parameter hybrid exchange functional46 and Lee−Yang−Parr gradient-corrected correlation 

(B3LYP density functional)47. The 6-311G+(d,p) basis set was utilized for C, H, N, O, Br atoms 

and LanL2DZ as an effective core potential (ECP) set for aluminum. The TD-B3LYP method was 

utilized to optimize the structures of the first electronic excited state (S1) using the Integral 

Equation Formalism-Polarizable Continuum Model (IEF-PCM) with 6-311G+(d,p) basis set with 

water as a solvent medium. All these calculations were performed with the Gaussian 09 package. 
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3.1 INTRODUCTION 

Rapid and selective detection of explosives has become a pressing concern in anti-terrorism, 

homeland security, and environmental safety.1 Due to their ease of production and deployment, 

explosive bombs have been by far the most popular type of terrorism, killing thousands of people 

and causing massive property damage.2 Concerns regarding environmental contamination at the 

sites of production and storage of explosives have also been raised by the widespread use of 

explosives for military purposes.3-5 Nitroaromatic compounds (NACs) like 2,4,6-trinitrotoluene 

(TNT) and 2,4-dinitrotoluene (2,4-DNT) are commonly used as military explosives and are also 

the main constituents of unexploded landmines across the globe.6 2,4,6-TNP has been a serious 

concern due to its hazardous effect on the environment and human health.7-9 Amongst the primary 

class of nitrogen-containing explosives, TNP, commonly known as picric acid (PA), has emerged 

as a potential explosive superior to TNT.10-12 TNP is extensively used as a reagent in the 

pharmaceutical, dye, leather, textile, and explosive manufacturing industries. It is also employed 

as rocket fuel, a component in matches and batteries, and a sensitizer in photographic emulsions.13-

15 It is a chemical intermediate in producing picramic acid and chloropicrin.16-18 Due to phenol and 

nitro functionalities, it possesses potential health hazards such as skin and eye irritation, respiratory 

system damage, and liver/ kidney malfunction.19-20 It leads to water and soil pollution due to good 

water solubility (14 g L-1 at 20 °C) and low degradation rate in the biosystem.21-23 The low vapor 

pressure of TNP (5.8 × 10-9 Torr at 25 °C) indicates its existence in both vapor and particulate 

phases.23-25 TNP as a soil impurity is expected to have high mobility (KOC =180) due to its high-

water solubility. Therefore, TNP is categorized as a severe water contaminant in the list of priority 

pollutants by the environmental protection agency (EPA). The allowed concentration of TNP in 

groundwater is 0.001 mg L-1 according to WHO.25-27  

Sulfite is used as an antioxidant, antibacterial, and enzyme inhibitor in food and beverages. Ingress 

of sulfite to the human body is through SO2, an environmental pollutant released by unrestricted 

combustion of fossil fuels and volcanic activity. In an aqueous solution at neutral pH, SO2 exists 

in an equilibrium between sulfite ions (SO3
2−) and bisulfite ions (HSO3⁻). The abnormal level of 

exogenous sulfite in humans induces the free radical reaction, changing the oxidation and 

antioxidant levels and causing symptoms such as allergies, asthma, diarrhea, and hypotension.28 

Abnormal endogenous sulfite has been linked to neurological diseases and lung cancer.29 WHO 
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considers a daily sulfite intake of less than 0.7 mg/kg.30 Therefore, detecting sulfite with selectivity 

and sensitivity in the environment is essential. 

Nitrite (NO2ˉ) is an important anion in human physiology and is recognized as a key signaling 

component in the cellular machinery and acts as a vasodilator.31-33 Nitrite is also believed to be the 

natural storage form of nitric oxide (NO) in blood and tissues.34-36 It also plays a crucial role in the 

nitrogen cycle in soils.37-38 Nitrite is commonly used in various industries, such as dyeing and 

bleaching, as well as in agriculture as fertilizer.39-41 The utilization of nitrite is restricted in 

physiological systems due to the potential negative impact it can have on human health, especially 

in children and pregnant women.42 Exposure to high nitrite concentrations can lead to 

methemoglobinemia.43 Furthermore, the reaction between nitrite and secondary amines found in 

the human body can result in the formation of N-nitrosamines, which have been linked to cancer.44 

The permissible level of nitrite in drinking water by the World Health Organization and the 

Environmental Protection Agency is 1 mg/L. For these reasons, nitrite detection is important from 

the therapeutic and toxicity perspectives.45  

Various instrumental techniques are employed to detect TNP,  such as gas chromatography-mass 

spectrometry (GC-MS),46 high-performance liquid chromatography (HPLC),47 surface-enhanced 

Raman spectroscopy,48 and ion-mobility spectroscopy.49  

The conventional methods to detect sulfite include official Monier-William’s methods,50 

titrimetry,51 electrochemistry, chromatography,52 flow injection analysis, and capillary 

electrophoresis.53 Pyrazoline,54 Bodipy,55 coumarin,56 and fluorescein57 based molecules are 

designed to detect SO3
2−. The mechanism involved in sulfite ion detection includes hydrogen bond-

inhibited C=N isomerization,58 hydrogen bonding recognition,59 deprotection of the levulinate 

group,60 Michael addition reaction, and nucleophilic reaction. 

Several analytical methods have been developed to detect NO2ˉ ions viz., chemiluminescence, 

capillary electrophoretic, electrochemical detection, chromatographic, spectrophotometric, 

fluorimetric, and colorimetric methods.  

Fluorescence-based detection has gained tremendous attention because of its high sensitivity, ease 

of use, and rapid execution time.61-62 Several fluorescent chemosensors reported in the literature 

for analyte detection are associated with drawbacks such as less water solubility, analyte 

interference, and low detection limit. Therefore, it is necessary to develop fluorescent 
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chemosensors with multianalyte sensing, low detection limit, and high-water solubility. Therefore, 

developing a fluorescent chemosensor with aqueous solubility is vital.  

The literature review of benzimidazolium, pyridinium, and imidazolium salts as water-soluble 

chemosensors for TNP (Figure 3.1) are discussed. Khungar and co-workers reported pyridinium-

based chemosensor 1 for the nanomolar detection of TNP. The selective and sensitive fluorescence 

quenching of 1 was attributed to ground state charge transfer complex formation and resonance 

energy transfer. Theoretical calculations were performed to validate the molecular interactions 

involved.63 Coumaryl-linked 2-methyl-imidazolium chemosensors 2 were reported for nanomolar 

detection of PA in an aqueous medium. The characteristic coumarin absorption maxima at 325 

nm, which on the addition of PA (100 M) showed a bathochromic shift to 340 nm. The results of 

UV-vis, time-resolved fluorescence, and DFT studies showed that GSC formation is the 

predominant mechanism for fluorescence quenching.64 Thenmozhi and co-workers reported water-

soluble fluorescent chemosensor 3 having a strong cyan-blue color assigned to the excited state 

intramolecular proton transfer (ESIPT) process. The probe was employed for the colorimetric and 

fluorescence detection of TNP in aqueous medium. The blue shift for the absorption band and the 

decrease in emission intensity were ascribed to the GSC formation between TNP and 3 in a 1:1 

stoichiometric ratio.65 Phenazine-tagged benzimidazolium IL salophen fluorescent chemosensor 4 

was reported for TNP detection in aqueous and solid-state environments by colorimetric and 

fluorometric methods. The decrease in fluorescence intensities in the presence of TNP was 

ascribed to hydrogen bonding between the phenazine (N atoms) of 4 and the –OH group of TNP. 

The probe was effectively applied for the detection using an electrospun nanofiber of 4 which 

showed considerable variation in the fluorescence intensities of nanofibers during the detection of 

TNP as evident from the change in morphology.66 Benzimidazolium-based coumaryl hydrid 

chemosenor 5 was employed for selective nanomolar detection of TNP. The interaction between 

chemosensor 5 and PA was elucidated by the red shift in the absorption band and the appearance 

of a new band, indicating the GSC formation with TNP. The chemosensor was also applied for the 

visual detection of TNP on thin layer chromatographic plate.67 
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Figure 3.1: Chemosensors for detection of TNP 

Different chemosensors for sulfite detection are shown in Figure 3.2. A colorimetric and NIR 

fluorescent chemosensor 6 incorporating electron-donating 7-diethylamino-azacoumarin 

conjugated with an electron-withdrawing pyridinium moiety was reported. The addition of sulfite 

led to disruption in conjugation inhibiting the ICT process.  A fluorescence chemosensor 7 

displayed observable chromogenic and NIR fluorescence turn-on response on the interaction of 

SO3
2- with quinolinium skeleton via 1, 4-Michael addition reaction.68 A bis-chalcone-based 

colorimetric probe 8 was used for the detection of sulfite ions in aqueous medium. The presence 

of a cationic micellar medium promoted the Michael addition reaction between the probe and SO3
2- 

ions.69 The chemosensor 9 appended with phenanthrene imidazole fluorophore showed 

fluorescence enhancement on the addition of sulfite ions. A nucleophilic addition mechanism 

blocked the π-conjugation in the probe and thus hindered the ICT.70 Two off–on ratiometric 
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pyrazoline-based sensors 10, 11 exhibited weak charge transfer fluorescence which was blocked 

after the attack of sulfite ions to the ,-unsaturated ketone part.71 

 

Figure 3.2: Chemosensors for detection of sulfite ions 

Figure 3.3 shows different molecules reported for nitrite ion detection based on the fluorescence 

method. A chemosensor 12 using a benzimidazole that selectively detected nitrite through 

fluorescence quenching stemming from an unusual nitration reaction was reported.72 A 

carboxyimide derivative 13 was reported as a colorimetric and fluorogenic sensor to determine 

NO2ˉ with a rapid response. The fluorescence enhancement upon the addition of NO2ˉ
 was due to 

PET and reduced ICT effect on the formation of the triazole-based product. IR780 dye as a near-

infrared (NIR) probe 14 was utilized for its colorimetric response to NO2ˉ ions with excellent 

selectivity. The mechanism was attributed to the production of nitric oxide radical (•NO) from 

HNO2 which further oxidized to •NO2 in the presence of oxygen. In acidic conditions, the reaction 

between IR780 and NO2ˉ followed a radical pathway.73 2-(1H-benzimidazol-2-yl) aniline-based 
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chemosensor 15 underwent diazotization followed by intramolecular cyclization to form a non-

fluorescent benzotriazine derivative, thereby rendering 15 as a turn-off probe for nitrite ion.74 A 

near-infrared-emitting probe 16 for detecting nitrite based on an intramolecular azo-coupling 

mechanism was developed. Under strong acidic conditions, the 4-(2-aminophenyl) moiety of 16 

underwent a diazotization reaction in the presence of nitrite followed by intramolecular 

electrophilic aromatic substitution reaction between the aryldiazonium moiety and the 7-

(diethylamino) coumarin moiety to yield a heterotetracyclic fluorophore. Finally, under strongly 

acidic conditions, the pyridazine nitrogen became protonated to form a purple dye. Upon reaction 

with nitrite under acidic conditions, the color of the fluorescence changed from colorless to red.75 

 

Figure 3.3: Chemosensors for detection of nitrite ions 

Pyrazinium salts as chemosensors are yet to be explored in the field of chemosensors. Pyrazines 

are a class of photostable molecules with wide application in luminescent materials, 

semiconductors, and sensors.76-78 Moreover, the pyrazine nucleus offers scope for the 

quaternization of one of the N atoms enhancing its hydrophilicity thus enabling the sensing in 

aqueous medium. In order to rationalize the ease of synthesis, desirable photophysical properties, 

and chemosensing in an aqueous medium, we devised a straightforward approach to synthesize 

pyrazinium salts, BTPyz, BPPyz, and MPyPyz under solvent-free conditions for detection of TNP 

and anions. 
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In this section a thiophene-appended pyrazinium salt, BTPyz is synthesized and well 

characterized. It is utilized for the detection of TNP via turn-off mechanism. It is also employed 

for TNP detection in real water and soil samples. 

3A.1 EXPERIMENTAL SECTION 

3A.1.1 Synthesis of 2,6-bis(thiophen-2-yl) pyrazine (TPyz) 

An oven-dried glass vial was charged with 2,6-dichloropyrazine (0.340 mmol), thiophene-2-

boronic acid (0.748 mmol), Pd(OAc)2 (3.75 mg, 0.017 mmol), K2CO3 (92.75 mg, 0.680 mmol) 

and dimethylformamide (2.5 mL). The reaction was irradiated in the microwave at 120 °C for 50 

min. After completion of the reaction (monitored by TLC), the reaction mixture was allowed to 

attain room temperature. The reaction mixture was poured into water (20 mL) and extracted with 

ethyl acetate (3 × 15 mL). The combined organic layers were dried over anhydrous Na2SO4 and 

evaporated under reduced pressure. The resulting crude mixture was purified by column 

chromatography (silica gel 100–200 mesh) using ethyl acetate/n-hexane (5:95) as an eluent. TPyz 

was obtained as a white solid, (60 mg, 73% yield); mp = 95–98 ℃; 1H NMR (400 MHz, CDCl3) 

δ 8.78 (s, 2H), 7.77 (dd, J = 3.6, 1.2 Hz, 2H), 7.54 (dd, J = 4.8, 1.2 Hz, 2H), 7.21 (dd, J = 5, 3.8 

Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 150.9, 140.4, 136.2, 130.5, 129.5, 127.2; HRMS 

(ESI) m/z: [M+H]+ calcd for C12H8N2S2, 245.0129, found 245.0191. 

3A.1.2 Synthesis of 1-benzyl-3,5-di(thiophen-2yl) pyrazin-1-ium bromide (BTPyz) 

A mixture of TPyz (50 mg, 0.204 mmol) and benzyl bromide (42.055 mg, 0.244 mmol) were taken 

in round bottom flask and stirred for 8 h at 75 °C. Reaction mixture was washed with ethyl acetate. 

The obtained bright yellow solid was filtered and dried under vacuum, (59 mg, 70% yield); mp = 

220–226 ℃; 1H NMR (400 MHz, DMSO-d6) δ 9.55 (s, 2H), 8.16 (dd, J = 3.6, 1.2 Hz, 2H), 7.99 

(dd, J = 4.6, 1.0 Hz, 2H), 7.71 – 7.70 (m, J = 3.6 Hz, 1H), 7.69 (d, J = 2 Hz, 1H), 7.48 (d, J = 2.0 

Hz, 1H), 7.47 (d, J = 2.0 Hz, 2H), 7.35 (dd, J = 5.0, 3.8 Hz, 2H), 5.82 (s, 2H). 13C{1H} NMR (100 

MHz, DMSO-d6) δ 53.1, 138.4, 134.4, 133.1, 131.2, 130.2, 130.1, 130.0, 129.6, 129.5, 65.2; 

HRMS (ESI) m/z: [M-Br] + calcd for [C19H15N2S2]
+, 335.0586; found 335.0665. 

3A.1.3 Synthesis of BTPyz-TNP complex 

To a solution of BTPyz (20 mg, 0.049 mmol) in 1.0 mL ethanol, TNP (55.1 mg, 0.245 mmol) was 

added dropwise and stirred for 6 h. The yellowish-green precipitate obtained was filtered, washed 

with ethanol and ether successively and dried under vacuum, (25 mg, 92.5% yield); mp = 235–240 
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℃; 1H NMR (400 MHz, DMSO-d6) δ 9.55 (s, 2H), 8.58 (s, 2H), 8.17 – 8.11 (m, 2H), 7.98 (dd, J 

= 5.2, 1.2 Hz, 2H), 7.73 – 7.64 (m, 2H), 7.47 (dd, J = 5.0, 1.8 Hz, 3H), 7.34 (dd, J = 5.0, 3.8 Hz, 

2H), 5.81 (s, 2H). The crystal of the complex was obtained in an acetonitrile and methanol solvent 

mixture.  

3A.2 RESULTS AND DISCUSSION  

3A.2.1 Synthesis and Characterization  

The synthetic route for BTPyz is outlined in Scheme 3A.1. In the first step, 2,6-bis(thiophen-2-yl) 

pyrazine (TPyz) was synthesized via a microwave-assisted palladium-catalyzed reaction of 2,6-

dichloropyrazine with thiophene-2-boronic acid and was characterized by different spectroscopic 

techniques. 

Scheme 3A.1: Synthetic route for BTPyz 

TPyz on nucleophilic addition reaction with benzyl bromide provided BTPyz. The synthesized 

TPyz and BTPyz were well characterized by 1H, 13C NMR spectroscopy, high-resolution mass 

spectrometry. In the 1H NMR spectra of TPyz, the appearance of singlet at 8.77 ppm for 

pyrazinium proton and aromatic protons 7.19−7.77 ppm confirmed the synthesis of Suzuki 

coupling product (Figure A1, Appendix-A). The 13C NMR also supported the formation TPyz, 

with pyrazinium carbon at 155.9 ppm and aromatic carbons in the range of 129.54–153.16 ppm 

(Figure A2, Appendix-A).  The HRMS of TPyz exhibited a peak at m/z = 245.0191 (m/z, calcd. 

245.0129) due to [TPyz+H]+ (Figure A3, Appendix-A). 

The 1H NMR of BTPyz showed a singlet at 5.82 ppm due to benzylic proton, and thirteen aromatic 

protons were observed in the range of 7.35−9.56 ppm (Figure 3A.1). The 13C NMR also supported 

the formation BTPyz, benzylic carbon appeared at 65.2 ppm, and aromatic carbons were found in 

the range of 129.54–153.16 ppm (Figure 3A.2). In ESI-MS spectra of BTPyz, a peak 

corresponding to [BTPyz-Br] + appeared at m/z 335.0665 (m/z, calcd. 335.0586) (Figure 3A.3). 
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Figure 3A.1: 1H NMR of BTPyz in DMSO-d6 

 

Figure 3A.2: 13C NMR of BTPyz in DMSO-d6 

 

Figure 3A.3: HRMS of BTPyz 
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The structure of BTPyz was further confirmed by single-crystal X-ray crystallography. The single 

crystal of BTPyz was obtained from an acetonitrile-methanol solvent mixture. BTPyz 

(C19.5H17BrN2O0.5S2 = 2C19H15BrN2S2.1CH3OH) crystallized in the monoclinic P21/n space group. 

Its asymmetric unit shown in Figure 3A.4 consist of two organic molecular cations and two 

bromide counter anions, along with one methanol solvent molecule. The single-crystal XRD data 

and cell parameters are summarized in Table A2, Appendix-A.  

 

Figure 3A.4: ORTEP diagram of BTPyz (CCDC 2110747) showing thermal ellipsoids at 50% 

probability level  

The UV-vis absorption spectra of BTPyz in aqueous solution showed two well-separated 

absorption bands at 305 nm and 406 nm ascribed to π-π* and n-π*, respectively. Upon excitation 

at 406 nm, BTPyz exhibited emission maxima at 524 nm (Φ = 0.47) with yellowish-green 

fluorescence (Figure 3A.5a). The UV-vis and emission spectra of BTPyz were also recorded in 

MeOH and ACN, minimal shifts were observed in the absorption bands, implying no change in 

the ground state energy distribution of BTPyz. In the emission spectra, due to a decrease in the 

solvent polarity, the peak shifted to 514 nm in MeOH and 519 nm in ACN (Figure 3A.5b). 

 

Figure 3A.5: (a) Absorption (b) Fluorescence spectra of BTPyz (5 × 10-5 M) towards TNP in 

different solvents 
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3A.2.2 Response of BTPyz toward TNP 

Due to its fluorescent nature and water solubility, BTPyz was explored as a chemosensor for TNP 

in aqueous medium. The fluorescence intensity of BTPyz decreased with the addition of TNP, 

indicating BTPyz as a fluorescent turn-off chemosensor. To inspect the selectivity of TNP, the 

studies were executed with other analytes, viz. BA, p-cresol, 2,4-DNP, 3,4-DNT, NB, 4-NBA, 

NM, 4-NP, and 4-NT (Figure 3A.6a). In the UV-vis spectra, the intensity of band at 305 nm 

increased on the addition of 4-NP and 2,4-DNP while a new absorption appeared at 370 nm on the 

addition of TNP. All analytes exhibited negligible fluorescence quenching except NP and 2,4-DNP 

(Figure 3A.6b). The fluorescence quenching efficiencies of compounds containing only one 

hydroxyl group followed the order TNP>2,4-DNP>NP>p-cresol, which is in good agreement with 

the acidity of these compounds. Quenching percentage for TNP, NP, 2,4-DNP and p-cresol were 

found to be 93.4%, 17.4%, 37% and 1%, respectively. Therefore, BTPyz displayed good 

selectivity for TNP compared to the other analytes (Figure A4, Appendix-A). 

 

Figure 3A.6: (a) Absorption (b) fluorescence spectra of BTPyz (5 × 10-5 M) towards organic 

analytes in water 

For UV-vis spectral titration, 5 × 10-5 M solution of the BTPyz was titrated with TNP solution. 

The intensity of absorption band at 305 nm decreased with a concomitant increase in the intensity 

of band at 370 nm, and an isosbestic point was observed at 331 nm (Figure 3A.7a). In the 

fluorescence titration studies, upon incremental addition of TNP, a gradual quenching in the initial 

fluorescence emission intensity was observed (Figure 3A.7b).  
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Figure 3A.7: Effect on the (a) absorption (b) emission spectrum of BTPyz (5 × 10-5 M) in water 

upon incremental addition of TNP (0.0-120.0 µL)  

The limit of detection for TNP using the equation 3σ/K, where σ is the standard deviation of 10 

blank measurements and K is the slope from the intensity versus sample concentration plot, was 

calculated to be 11.6 nM (Figure 3A.8a). The Stern-Volmer constant was calculated to gain insight 

into the fluorescence quenching by TNP (Figure 3A.8b). The Stern-Volmer (S-V) equation is 

expressed as I0/I = 1 + Ksv[Q], where I0 and I are the fluorescence intensities in the absence and 

presence of the analyte (TNP), respectively, [Q] is the analyte concentration, and Ksv is the Stern-

Volmer constant. The Stern-Volmer constant was found to be 3.8 × 104 M-1.  

 

Figure 3A.8: (a) Calibration curve with error bar for calculating Limit of Detection for TNP 

 (b) Stern−Volmer plot of BTPyz using TNP as a quencher  

The linear quenching response at lower concentration upon incremental addition of TNP indicated 

the static quenching, which can be explained by the formation of the ground-state charge-transfer 
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complex. The appearance of a new absorption band at 370 nm and a decrease in emission peak at 

524 nm also suggested the formation of the ground-state charge-transfer complex by deprotonation 

of phenolic -OH of TNP and consequential anion exchange with Br⁻ of BTPyz. At higher 

concentration, deviation of S-V curve from linearity, indicated dynamic quenching due to the 

resonance energy transfer (RET).  

The maximum overlap between the absorption spectrum of TNP and the emission spectrum of 

BTPyz also indicated the highest probability of resonance energy transfer as compared to other 

analytes. The values of the overlap integral (Jλ = 1.49 × 10¹⁴ M-1 cm-1 nm-4) and Förster distance 

(R0 = 33.09 Å) for BTPyz-TNP indicated a significant RET process (Figure 3A.9a).  

The spectral overlap among emission and/or the excitation spectrum of the fluorophore with the 

absorbance of quencher also suggests the possibility of IFE. Therefore, to check its presence, 

corrections were performed using the eq. (i).                                                              

  𝐼𝑐𝑜𝑟𝑟/𝐼𝑜𝑏𝑠 = 10(𝐴𝑒𝑥+𝐴𝑒𝑚)/2                    (i)  

where Icorr and Iobs are the emission intensities after and before IFE corrections, Aex and Aem are the 

absorbances of the sensing system at the excitation and emission wavelength of BTPyz.48 

Insignificant changes in the emission intensity and quenching efficiency after performing IFE 

corrections suggested the absence of IFE (Figure 3A.9b). 

 
Figure 3A.9: (a) Spectral overlap between the normalized emission spectrum of BTPyz and 

normalized absorption spectra of different analytes (b) Emission intensity of BTPyz observed 

and after inner filter effect corrections 

The decay profile from lifetime studies also supported the possibility of energy transfer 

mechanism. BTPyz showed a lifetime of 0.962 ns, which decreased to 0.526 ns upon addition of 

50 M TNP due to the dynamic quenching process (Figure 3A.10). 
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Figure 3A.10: Fluorescence lifetime decay curves of BTPyz and BTPyz-TNP   

To validate the binding mode of the sensor, the BTPyz-TNP complex was prepared at room 

temperature and was characterized by 1H NMR and single-crystal XRD. The 1H NMR of the 

complex indicated the presence of TNP with a singlet at 8.58 ppm corresponding to picrate anion 

(Figure 3A.11) The proton signal at 9.56 ppm in BTPyz shifted downfield to 9.65 ppm in the 

complex. A slight shifting in the aromatic proton signals also indicated the formation of BTPyz-

TNP complex. The relative integration of picrate protons to the BTPyz protons indicated a 1:1 

ratio in the complex, which was confirmed by single-crystal XRD. 

 

Figure 3A.11: 1H NMR spectra of BTPyz with TNP in DMSO-d6 

 



  

Chapter 3 
 

57 
 

The BTPyz-TNP complex with the molecular formula (C25H17N5O7S2) crystallized in the 

monoclinic C2/c space group with one organic molecular cation, one picrate anion (Figure 3A.12, 

Table A2, Appendix-A). 

 

Figure 3A.12: ORTEP diagram of BTPyz-TNP complex (CCDC 2168277) showing thermal 

ellipsoids at 50% probability level  

The HRMS of BTPyz-TNP revealed m/z peaks in negative and positive modes at 335.0658 (m/z, 

calcd. 335.0586) and 227.9525 (m/z, calcd. 227.9893) due to cationic [BTPyz-Br]+ (Figure 

3A.13a) and anionic [TNP-H]ˉ (Figure 3A.13b) species, respectively. 

 

 

Figure 3A.13: HRMS of BTPyz-TNP complex in (a) negative and (b) positive modes 
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The pH-dependent sensing behavior of BTPyz was also studied. The fluorescence intensity was 

measured before and after TNP addition in different pH solutions. The maximum fluorescence 

quenching was found in the pH range of 3–10. No change was observed in the fluorescence 

intensity of BTPyz at different pH proposing its stability under such conditions (Figure 3A.14a). 

To rule out the fluorescence quenching by the acidity effect of TNP, the emission spectrum of 

BTPyz with TFA was recorded (Figure 3A.14b). TNP as a strong acid readily dissociates in an 

aqueous medium facilitating the electrostatic interaction between cationic BTPyz and TNP. TFA 

(pKa  0.52), being stronger acid than TNP (pKa  0.38), did not affect the emission spectra of 

BTPyz, contradicting the possibility of quenching by acidity effect. The efficient charge transfer 

and/or energy transfer mechanism facilitated by the close proximity of BTPyz and TNP via 

electrostatic interaction led to excellent fluorescence quenching towards TNP.  

 

Figure 3A.14: (a) Effect of pH on fluorescence intensity of BTPyz (5 × 10-5 M) (b) Fluorescence 

spectra of BTPyz (5 × 10-5 M) and BTPyz with TFA  

To study the selectivity of BTPyz in competitive environments, the interferences from metal ions 

(Na+, Mg2+, Al3+, K+, Ca2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+, Hg2+, Pb2+, La3+, 

Eu3+, Gd3+ and Yb3+), anions (Fˉ, Clˉ, Brˉ, Iˉ, NO3ˉ, HCO3ˉ and CH3COOˉ) and organic analytes 

(BA, p-cresol, 2,4-DNP, 3,4-DNT, NB, 4-NBA, NM, 4-NP, and 4-NT) were evaluated at 

equimolar concentrations of TNP and these analytes in aqueous medium, and no apparent 

interference was observed (Figure 3A.15). 
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Figure 3A.15: Selectivity of BTPyz (5 × 10-5 M) towards TNP in the presence of (a) anions (b) 

cations (c) organic analytes 

Density functional theory (DFT) calculations were performed to explain the ground-state electron 

transfer mechanism between the BTPyz and picrate anion. The geometrical structures were 

optimized using the B3LYP basis set and standard 6-311+G(d,p) in the gas phase. The energy 

calculation analysis revealed that the energies of HOMO and LUMO of cationic BTPyz were -

9.5143 and -6.276 eV, whereas for picrate anion were -3.424 eV and +0.1417 eV, respectively 

(Figure 3A.16). Therefore, an electron from HOMO of picrate can be favourably transferred to 



  

Chapter 3 
 

60 
 

LUMO of BTPyz, which results in the highest quenching efficiency. Whereas the energy profile 

of other analytes showed HOMO at low energy levels compared to LUMO of BTPyz (Figure A5, 

Appendix-A). 

 

Figure 3A.16: Energy levels and frontier molecular orbitals of TNP, BTPyz and picrate 

3A.2.3 Analytical Applications 

Detection of TNP in environmental specimen 

To assess the effectiveness of the proposed method in the presence of interferences, the probe was 

examined for detection of TNP in real samples from various sources. Each sample was spiked with 

20 µM of TNP. The recovery rate was almost 100%, and the relative standard deviation was less 

than 5%, demonstrating the feasibility of the sensor in the real water sample analysis (Table 1). 

Table 3.1 Detection of TNP in real water samples by BTPyz 

 

 

 

 

 

 

 

Sample TNP spiked (µM) Recovery (%) RSD 

River water 20 99.75 0.10 

Tap water 20 99.00 0.25 

Mineral water 20 99.65 0.30 
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Implementation of test paper strips  

In security scanning and prompt identification, visual detection of trace amounts of TNP is 

essential. Paper test strips were prepared by dipping commercially available Whatman filter paper 

in a concentrated solution of BTPyz for 10 min and drying for 2 h. 10 µL of TNP solutions (10-3-

10-6 M), were drop casted on these test strips and fluorescence quenching was observed by the 

naked eye and illumination under a 365 nm UV lamp (Figure 3A.17). 

 

Figure 3A.17: Photographs of test paper strips for detection of TNP under 365 nm UV light 

Detection of TNP in the soil is highly appreciable for tracking its accumulation in the ecosystem. 

BTPyz solution with soil sample in the absence of TNP showed no change in the emission 

intensity. In contrast, the soil samples with increasing amounts of TNP revealed increase in 

fluorescence quenching (Figure 3A.18). 

 

 

Figure 3A.18: TNP sensing in soil (a) only BTPyz (b) BTPyz and soil sample without TNP (c) 

(d) (e) (f) BTPyz with soil containing 2 mg, 5 mg, 7 mg and 10 mg TNP, respectively (top) 

 Fluorescence quenching of TNP in soil samples (bottom) 

A comparison of BTPyz with chemosensors reported in the literature is given in Table A5, 

Appendix A.  
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3A.3 CONCLUSION 

A fluorescent pyrazinium salt, BTPyz was designed and synthesized and its photophysical 

properties were investigated in detail. The chemosensor showed high selectivity towards TNP, 

among other closely related nitroaromatic compounds, cations and anions. The pronounced 

fluorescence quenching upon titration revealed a high binding affinity of picrate to BTPyz, due to 

the formation of ground state charged transfer complex and resonance energy transfer. 

Furthermore, BTPyz was capable of sensing TNP in real water and soil samples indicating its 

feasibility for practical applications. 

 

 



  

 
 

 

 

 

 
 

 

SECTION 3B  
 

Benzene-Appended Pyrazinium 

Salt for Detection of TNP and 
Sulfite Ions 
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In this section, the synthesis, characterization and investigation of photophysical properties of 

benzene-appended pyrazinium salt, BPPyz is discussed. It is utilized for fluorometric detection of 

TNP and colorimetric and fluorometric detection of sulfite ions. A cost-effective method for sulfite 

detection via smartphone is also incorporated in this section. 

3B.1 EXPERIMENTAL SECTION 

3B.1.1 Synthesis of 2,6-diphenylpyrazine (PPyz) 

A round bottom flask was charged with 2,6-dichloropyrazine (0.671 mmol), phenylboronic acid 

(1.476 mmol), Pd (OAc)2 (0.033 mmol), K2CO3 (1.342 mmol) and dimethylformamide (2.5 mL). 

The reaction was irradiated in the microwave at 120 °C for 50 min. The reaction mixture was 

cooled to room temperature, quenched with water (5 mL), and diluted with EtOAc (15 mL). The 

layers were separated, and the aqueous layer was extracted three times with 10 mL of EtOAc. The 

organic layer was dried over Na2SO4, filtered, and concentrated under reduced pressure. The 

residue was purified by column chromatography on silica gel using a 15-20% EtOAc/hexane 

mixture. PPyz was obtained as a white solid (137 mg, 86% yield); mp = 98–100 ℃; δ 1H NMR 

(400 MHz, CDCl3) δ 9.00 (s, 2H), 8.21 – 8.17 (m, 4H), 7.60 – 7.50 (m, 6H). 13C{1H} NMR (100 

MHz, CDCl3) δ 151.6, 139.9, 136.5, 129.9, 129.0, 127.0; HRMS (ESI) m/z: [M+H]+ calcd. for 

[C16H12N2+H]+, 233.1002, found 233.1002. 

3B.1.2 Synthesis of 1-benzyl-3,5-diphenyl pyrazin-1-ium bromide (BPPyz) 

A mixture of PPyz (0.431 mmol) and benzyl bromide (0.517 mmol) was stirred in a round bottom 

flask for 8 h at 75 °C. The reaction mixture was washed with ethyl acetate, bright yellow solid 

obtained was filtered and dried under vacuum (169 mg, 97.1% yield); mp = 205–210 ℃; 1H NMR 

(400 MHz, DMSO-d6) δ 9.77 (s, 2H), 8.37 – 8.29 (m, 4H), 7.73 (dd, J = 8.0, 2.4 Hz, 2H), 7.68 (dd, 

J = 5.2, 2.0 Hz, 6H), 7.49 – 7.44 (m, 3H), 5.95 (s, 2H); 13C{1H} NMR (100 MHz, DMSO-d6) δ 

153.1, 138.4, 134.4, 133.1, 131.2, 130.2, 130.1,130.0, 129.6, 129.5, 65.2; HRMS (ESI) m/z: [M-

Br]+ calcd. for [C23H19N2]
+, 323.1543; found 323.1536. 

3B.1.3 Synthesis of BPPyz-TNP complex 

At room temperature, an ethanolic solution of TNP (0.247 mmol) was added dropwise to the 

solution of BPPyz (0.247 mmol) in ethanol. The reaction mixture was stirred for 5 h, and the 

obtained yellow precipitate was filtered and washed with ethyl acetate (130 mg, 95%); mp = 220–

225 ℃; 1H NMR (400 MHz, DMSO-d6) δ 9.75 (s, 2H), 8.56 (s, 2H), 8.32 (dd, J = 6.8, 2.8 Hz, 
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4H), 7.73 – 7.70 (m, 2H), 7.67 (dd, J = 5.2, 2.0 Hz, 5H), 7.46 (dd, J = 5.2, 1.8 Hz, 3H), 5.94 (s, 

2H); HRMS (ESI) m/z: [M-Br]+ calcd for [C23H19N2]
+, 323.1543; found 323.1536 

3B.1.4 Synthesis of BPPyz-SO3
2− complex 

An acetonitrile solution of BPPyz (0.247 mmol) was added dropwise to a solution of sodium 

sulfite (0.123 mmol) at room temperature. The reaction mixture was stirred for 5 min, and the 

yellow precipitated solid was filtered and washed with ethyl acetate, (125 mg, 70%); mp = 210–

225 ℃ 1H NMR (400 MHz, DMSO-d6) δ 10.01 (s, 2H), 8.39 (dd, J = 6.6, 3.0 Hz, 4H), 7.86 – 7.82 

(m, 2H), 7.68 (dd, J = 4.8, 1.6 Hz, 6H), 7.46 (dq, J = 3.7, 1.9 Hz, 2H), 6.05 (s, 2H). 13C{1H} NMR 

(100 MHz, DMSO-d6) δ 157.3, 133.7, 133.6, 132.9, 132.5, 130.1, 130.0, 129.7, 129.6, 128.1, 65.1; 

HRMS (ESI) m/z: [M-Br]+ calcd. for [C23H19N2]
+, 323.1543; found 323.1538 

3B.2 RESULTS AND DISCUSSION 

3B.2.1 Synthesis and Characterization  

The Suzuki coupling reaction of 2,6-dichloropyrazine with phenylboronic acid provided 2,6-

diphenylpyrazine (PPyz) which was well characterized (Figure A6, A7, A8 Appendix-A). The 

solvent-free reaction between PPyz and benzyl bromide gave BPPyz (Scheme 3B.1).  

 

Scheme 3B.1: Synthesis route for BPPyz 

BPPyz was characterized using different spectroscopic techniques and single crystal-XRD. In 1H 

NMR of BPPyz, a two-proton singlet at 5.65 ppm indicated the presence of benzylic proton, and 

aromatic protons appeared in the range 7.09–8.26 ppm (Figure 3B.1). In the 13C NMR spectrum 

of BPPyz, a signal at 65.1 ppm was due to the benzylic carbon, and the aromatic carbon signals 

appeared in the 128.1–157.4 ppm range (Figure 3B.2). ESI mass spectral analysis showed m/z 

peak at 323.1536 (m/z, calc. 323.1543), which may be attributed to [BPPyz-Br]¯ (Figure 3B.3). 
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Figure 3B.1: 1H NMR of BPPyz in DMSO-d6 

 

Figure 3B.2: 13C NMR of BPPyz in DMSO-d6 

 

Figure 3B.3: HRMS of BPPyz 
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The structure of BPPyz was further confirmed by single-crystal XRD analysis (CCDC number 

2189176). The compound crystallized in a monoclinic P21/c space group. The ionic compound 

comprises an organic cation and bromide anion; three pairs of these ions are found in a 

crystallographic asymmetric unit, Zʹ = 3 (Table A3, Appendix-A). The ORTEP diagram is shown 

only for one molecule (Figure 3B.4). 

 

Figure 3B.4: ORTEP diagram of BPPyz (CCDC 2189176) showing thermal ellipsoids at 50% 

probability level  

3B.2.2 Response of BPPyz toward TNP 

Nitroaromatic compounds (NACs) can interact with fluorescent probes through non-covalent and 

electrostatic interactions resulting in a change in the absorption and emission properties. BPPyz 

showed three absorption bands at λmax = 356 nm, 268 nm, and 236 nm in aqueous medium. It also 

showed a strong emission (Ф = 0.35) maximum at 438 nm (λex = 359 nm) in the fluorescence 

spectra (Figure 3B.5a). The emission spctra of BPPyz was recorded in various solvents. The blue 

emission of BPPyz in aqueous medium motivated us to explore its potential application as a 

fluorescent chemosensor (Figure 3B.5b). 

 

Figure 3B.5: (a) Absorption and fluorescence spectra of BPPyz (2 × 10-5 M) in water 

                (b) Fluorescence spectra of BPPyz (2 × 10-5 M) in different solvents  
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The UV-vis absorption spectra of BPPyz was examined by adding nitroaromatics 4-NT, 4-NP, 

NM, 4-NBA, NB, 3,4-DNT, and 2,4-DNP in 2 × 10-5 M concentration. No alteration was observed 

in the absorbance with these NACs except TNP (Figure A9, Appendix-A), which showed an 

increase in the intensity with the appearance of a new band at 425 nm (Figure 3B.6a). The 

fluorescence intensity of BPPyz on the addition of 2,4-DNP, 4-NP, and TNP showed fluorescence 

quenching whereas, other NACs showed insignificant changes (Figure 3B.6b). The quenching 

efficiencies of TNP, 2,4-DNP, and 4-NP were found to be 97.3%, 75%, and 40%, respectively 

(Figure A10 Appendix-A).  

 

Figure 3B.6: (a) Absorption (b) Fluorescence spectra of BPPyz (2 × 10-5 M) with different 

nitroaromatic analytes in water 

The general mechanisms of fluorescence quenching include static and/or dynamic quenching, 

Förster resonance energy transfer (FRET), photo-induced electron transfer (PET), and inner filter 

effect (IFE). The UV-vis absorption and fluorescence titrations were performed to elucidate the 

mechanism of interaction between BPPyz and TNP. On continuous addition of TNP, the 

absorption intensity of the band at 358 nm increased with an isosbestic point at 289 nm, and a new 

band at 425 nm appeared due to the formation of a ground state charge transfer complex (Figure 

3B.7a). The intensity of the emission peak at 438 nm decreased with a gradual increase in the TNP 

concentration (Figure 3B.7b). This is due to the formation of the picrate anion by the 

deprotonation of phenolic -OH of TNP in aqueous medium, followed by an anion exchange with 

Br¯. The fluorescence titration studies were also performed for 2,4-DNP and 4-NP to investigate 
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the quenching of BPPyz (Figure A11 and A12 Appendix-A). The emission intensity at 438 nm 

decreased in the presence of 2,4-DNP and 4-NP, but to a lesser extent than TNP.  

 

Figure 3B.7: (a) Absorption (b) Fluorescence spectra for BPPyz (2 × 10-5 M) with different 

amounts of TNP in water 

The limit of detection (LOD) obtained from fluorescence titration studies at 438 nm was found to 

be 9 nM. It was estimated by the IUPAC standard method, 3σ/K, where σ is the standard deviation 

of 10 blank measurements and K is the slope from the intensity versus sample concentration plot 

(Figure 3B.8a). To examine the sensitivity of BPPyz toward TNP, the Stern-Volmer (S-V) 

constant, Ksv was calculated using the Stern-Volmer equation, I0/I = 1 + Ksv[Q], where I0 represents 

initial fluorescence intensity in the absence of analyte, I denotes intensity in the presence of the 

analyte, [Q] is the molar concentration of analyte and Ksv is the quenching constant. The quenching 

constant, Ksv for BPPyz was found to be 4.12 × 105 M-1, confirming the high sensitivity of BPPyz 

toward TNP (Figure 3B.8b). The Ksv for 2,4-DNP and 4-NP were also calculated and found to be 

6.7 × 103 M-1 and 2.3 × 104 M-1 respectively (Figure A13 and A14, Appendix-A). A Stern-Volmer 

plot may be linear or nonlinear depending on the static or dynamic quenching process. The linear 

S-V plot at the lower concentration indicated static quenching, which was attributed to the 

formation of the ground state charge transfer complex. This was confirmed by the appearance of 

a new band at 425 nm in UV-vis absorption spectra.  
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The deviation from linearity of the S–V plot at higher concentrations revealed the possibility of 

dynamic quenching. Dynamic quenching occurs as a result of collisional interactions or excited-

state phenomena like Förster resonance energy transfer (FRET). Energy transfer through FRET is 

dependent on (i) a significant overlap between the absorption and fluorescence spectra of the 

acceptor and donor, respectively (ii) relative dipole orientations of the donor and acceptor, and (iii) 

Förster distance between the donor and acceptor.  

 

Figure 3B.8: (a) Calibration curve with error bar for calculating Limit of Detection for TNP 

 (b) Stern-Volmer plot of BPPyz using TNP as a quencher  

To validate the dynamic quenching mechanism, UV-vis absorption spectra of TNP were plotted 

together with the emission spectrum of BPPyz, and an effective overlap was observed with TNP 

only. Therefore, resonance energy can easily be transferred from the excited donor fluorophore 

(BPPyz) to the electron-deficient acceptor (TNP). To identify the extent of energy transfer, the 

overlap integral value (Jλ) for TNP was calculated and found to be 5.74 × 10¹⁴ M-1 cm-1 nm-4. The 

Forster distance, R0 for the BPPyz-TNP interaction, was 38.10 Å, which falls in the range for RET 

(Figure 3B.9a). The spectral overlap of the absorption spectra of the absorber with the 

emission/excitation spectra of fluorophore also indicates the possibility of an inner filter effect. 

The species in the IFE process should not chemically interact with each other, i.e., no new 

absorption band of the ground state charge transfer complex should be observed. Further, the 

quencher should not change the fluorescence lifetime of the fluorophore. In the current study, a 

new absorption band at 425 nm was observed due to ground state charge transfer complex 

formation. 

(a)
(b)
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Further, to exclude the possibility of IFE, corrections were performed using following eqn. 

𝐼𝑐𝑜𝑟𝑟/𝐼𝑜𝑏𝑠 = 10(𝐴𝑒𝑥+𝐴𝑒𝑚)/2 

where Icorr and Iobs indicate the fluorescence intensities of BPPyz after and before IFE corrections, 

respectively. Aex and Aem denote the absorbances of the sensing system at the excitation and 

emission of BPPyz, respectively. No change in the emission intensity after performing IFE 

corrections clearly indicated the non-involvement of IFE in the TNP sensing mechanism (Figure 

3B.9b).  

 

Figure 3B.9: (a) Spectral overlap between the normalized emission spectrum of BPPyz and 

normalized absorption spectra of different analytes (b) Emission intensity of BPPyz observed 

and after inner filter effect corrections 

Furthermore, fluorescence lifetime decay profiles also showed a decrease in the lifetime of the 

BPPyz-TNP complex (0.5 ns) compared to BPPyz (3.50 ns). Moreover, it was observed that the 

reduction in fluorescence lifetime and intensity followed the relation τ0/τ = I0/I, which is a crucial 

feature of collisional or dynamic quenching (Figure 3B.19). 

The nature of attenuation of fluorescence emission of BPPyz by TNP was inspected by 1H NMR, 

HRMS, and theoretical studies. The stoichiometric ratio was confirmed by the spectroscopic 

analysis of the yellow complex isolated from the ethanolic solution of BPPyz and TNP at room 

temperature. Comparing 1H NMR of BPPyz and BPPyz-TNP complex suggested the 

complexation of picrate ion with BPPyz cation (Figure 3B.10). In the 1H NMR spectrum of the 

BPPyz-picrate complex, a new prominent signal at 8.58 ppm due to picrate protons and its relative 

integration confirmed the formation of a 1:1 molar complex between BPPyz and TNP. The HRMS 
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analysis of BPPyz-TNP demonstrated m/z peaks attributed to anionic [TNP-H]ˉ and cationic 

[BPPyz-Br]+ species at 227.9525 (m/z, calcd. 227.9893) and 323.1536 (m/z, calcd. 323.1543), 

respectively (Figure 3B.11). 

 

 

Figure 3B.10: 1H NMR spectra of BPPyz-TNP complex in DMSO-d6 
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Figure 3B.11: HRMS of BPPyz-TNP complex in (a) positive (b) negative modes 

The crystal of BPPyz-TNP grown from an acetonitrile-methanol solvent mixture crystallized in a 

monoclinic system, C2/c space group. One BPPyz+ cation and one deprotonated picrate anion are 

found in a crystallographic asymmetric unit, Zʹ = 1. The ORTEP diagram of the BPPyz-TNP 

crystal is shown in (Figure 3B.12). BPPyz-TNP complex is stabilized through short C-H…O non-

covalent interactions. The pyrazine ring C3-H3…O1, methylene C17-H17A…O1, and phenyl ring 

C3-H3…O1 non-covalent bond distances are 2.391, 2.471, and 2.533 Å, respectively, these bond 

distances are shorter than the hydrogen-oxygen van der Waals radius, 2.72 Å (Table A3, 

Appendix-A). 

 

Figure 3B.12: ORTEP diagram of BPPyz-TNP (CCDC 2189177) showing thermal ellipsoids at 

50% probability level  
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The behavior of BPPyz towards TNP in different pH solutions was also investigated. On addition 

of TNP, the maximum fluorescence quenching of BPPyz was found in the pH range of 6-8. This 

result indicated that BPPyz can be used efficiently as a fluorescent chemosensor for TNP detection 

under a neutral pH environment (Figure 3B.22). The emission of BPPyz was recorded in the 

presence of triflic acid (TFA) (pKa  0.52), a stronger acid than TNP (pKa  0.38) to investigate 

the acidity effect of TNP on fluorescence quenching. No change in the fluorescence emission 

suggested that the acidity effect was not involved in the fluorescence quenching mechanism 

(Figure 3B.13). 

 

Figure 3B.13: Fluorescence spectra of BPPyz and BPPyz with TFA  

So far, the selectivity of BPPyz towards TNP was established among different nitro compounds. 

Further, the interference studies were performed using competitive binding studies for the TNP 

with BPPyz in the presence of equimolar concentrations (2 × 10-5 M) of other metal ions (Na+, 

Mg2+, Al3+, K+, Ca2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+, Hg2+, Pb2+, La3+, Eu3+, 

Gd3+ and Yb3+), anions (CH3COOˉ, HCO3ˉ, NO3ˉ, Iˉ, Brˉ, Clˉ, and Fˉ) and nitro compounds (4-

NT, 4-NP, NM, 4-NBA, NB, 3,4-DNT, and 2,4-DNP) (Figure 3B.14). No perturbation of 

fluorescence quenching was observed, which established the selectivity of BPPyz for TNP in the 

presence of several other analytes.  
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Figure 3B.14: Interference study of BPPyz (2 × 10-5 M) toward TNP selectivity in the presence 

of (a) anions (b) cations (c) organic analytes  

To study the interaction between BPPyz and TNP, DFT calculations were performed at the level 

of B3LYP/ 6–311G(d,p) in the gas phase. The energies of HOMO and LUMO of BPPyz were -

9.856 eV and -6.334 eV, respectively. The energies of HOMO and LUMO of picrate anion were 

found to be -3.424 eV and +0.1417 eV, respectively (Figure 3B.15). Hence, theoretical results 

direct the possibility of a ground state electronic charge transfer from the HOMO of picrate anion 

(b) 

 

(a) 

(c) 
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to the LUMO of BPPyz which results in high quenching efficiency. However, HOMOs of other 

nitroaromatics were found to have low energy levels than the LUMO of BPPyz, thereby discarding 

the possibility of electronic charge transfer and leading to low quenching efficiencies (Figure A15, 

Appendix-A). 

 

Figure 3B.15: Energy levels and frontier molecular orbitals of BPPyz, Picrate, and TNP 

3B.2.3 Response of BPPyz toward SO3
2− 

The anion sensing ability of the probe BPPyz was elucidated by change in UV-vis absorption and 

fluorescence spectra upon the addition of various anions, SO3
2−, HSO3ˉ, NO3ˉ, Fˉ, Clˉ, Brˉ, Iˉ, 

ClO4ˉ, [Fe(CN)5(NO)]2−, C2O4
2−, cystine, glutathione, methionine, S2O3

2−, SO4
2−, PO4

2−, CNˉ, 

SCNˉ, N3ˉ, OHˉ, H2PO4ˉ, OAcˉ (2 × 10-5 M) in aqueous medium. Among these anions, BPPyz 

was interestingly selective for SO3
2− with a visual change in the color of the solution from colorless 

to yellow. On addition of SO3
2−  ions, the UV-vis absorption bands of BPPyz at 268 nm and 358 

nm showed a hypsochromic shift to 255 nm and 322 nm, respectively, with a simultaneous 

emergence of a new band at 439 nm. BPPyz solution emitted a dark brownish fluorescence in the 

presence of SO3
2− anion under the 365 nm UV lamp. To ascertain the selectivity of the probe, 

emission spectra of BPPyz were recorded in the presence of various anions at 2 × 10-5 M 

concentration, and no alteration was observed in the emission behavior of BPPyz. The addition of 
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SO3
2− resulted in 94.3% quenching of emission intensity at 438 nm. A ground state charge transfer 

complex might have formed due to the exchange of Br¯ with SO3
2− (Figure 3B.16).  

 

Figure 3B.16: (a) Absorption (b) Fluorescence spectra of BPPyz (2 × 10-5 M) with different 

anions in water 

To further confirm the formation of the ground state charge transfer complex, UV-vis absorption 

spectra of BPPyz were recorded with the increasing concentration of the SO3
2−. A well-defined 

isosbestic point at 385 nm suggested the formation of a new compound upon treatment of the probe 

with sulfite ions (Figure 3B.17a). To better understand the sensing ability of BPPyz for SO3
2− 

anion, a fluorescence titration experiment of BPPyz was carried out with the gradual addition of 

SO3
2−. The fluorescence intensity of BPPyz decreased gradually with the increasing concentration 

of the SO3
2− anion (Figure 3B.17b). 

 

Figure 3B.17: (a) Absorption (b) Fluorescence spectra for BPPyz (2 × 10-5 M) with different 

amounts of SO3
2− in water 
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The limit of detection is an important parameter that describes the sensing ability of sensors. The 

limit of detection of BPPyz for the SO3
2− anion was found to be 31 nM (Figure 3B.18a). The 

linear variation at low concentration was due to static quenching. The linear fit of the plot provided 

Ksv = 3.8 × 105 M-1 and a correlation coefficient (R2) = 0.9936 (Figure 3B.18b).  

 

Figure 3B.18: (a) Calibration curve with error bar for calculating Limit of Detection for SO3
2− 

(b) Stern−Volmer plot of BPPyz using SO3
2− as a quencher  

The deviation from linearity indicated dynamic quenching, which was further supported by 

lifetime measurements. Fluorescence lifetime decay profiles showed a decrease in the lifetime of 

BPPyz-SO3
2− complex (0.9 ns) as compared to BPPyz (3.50 ns) due to dynamic quenching (Figure 

3B.19a). Job’s plot suggested a 2:1 stoichiometry between BPPyz and SO3
2−  anion (Figure 

3B.19b). To further confirm the stoichiometric ratio of the complex, the dark yellow complex was 

isolated from an ethanolic solution of BPPyz and SO3
2− at room temperature and was analyzed by 

1H and 13C NMR (Figure A16, Appendix-A).  

 

Figure 3B.19: (a) Fluorescence lifetime decay curves of BPPyz, BPPyz-TNP and BPPyz-SO3
2− 

complexes (b) Job’s Plot of BPPyz with SO3
2− 

(a) (b)
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In the 1H NMR of the BPPyz-SO3
2− complex, the pyrazinium proton Ha shifted downfield fom 

9.77 ppm to 10.01 ppm. The prominent shift in the 1H NMR indicated the hydrogen bonding 

between the pyrazinium proton (Ha) of BPPyz and the O atom of SO3
2−. A downfield shift was 

also observed in the aliphatic proton (Hb) and aromatic proton (Hc) signals due to hydrogen 

bonding (Figure 3B.20). In HRMS of BPPyz-SO3
2− complex m/z peak was observed at 323.1536 

(m/z, calc. 323.1543) for [BPPyz-Br]+ (Figure 3B.21). 

 

Figure 3B.20: 1H NMR spectra of BPPyz- SO3
2−complex in DMSO-d6 
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 Figure 3B.21: HRMS of BPPyz-SO3
2− complex in positive mode 

The maximum fluorescence quenching of BPPyz in the presence of SO3
2ˉ was found in the pH 

range of 6-9, indicating its stability in a neutral pH environment (Figure 3B.22). 

 

Figure 3B.22: Effect of pH on BPPyz (2 × 10-5 M), BPPyz-TNP and BPPyz-SO3
2−   

The selectivity of BPPyz for SO3
2⁻ was evaluated by monitoring the fluorescence response of 

BPPyz toward SO3
2⁻ in the presence of Fˉ, Clˉ, Brˉ, Iˉ, NO3ˉ, HCO3ˉ, CH3COOˉ, S2O3

2−, SO4
2−, 

and PO4
2− (Figure 3B.23). Fluorescence quenching was unaffected, indicating that BPPyz can 

selectively discriminate the SO3
2− anion in the presence of all other examined anions. 
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Figure 3B.23: Selectivity of BPPyz (2 × 10-5 M) toward SO3
2− in the presence of anions  

The DFT calculations were carried out at the B3LYP/6–311G(d,p) level of theory to understand 

the formation of the complex (Figure 3B.24a). The red-shifted absorption band in BPPyz-SO3
2− 

can be explained by the molecular orbitals. In the BPPyz-SO3
2−complex, the energy gap between 

HOMO and LUMO was -0.519 eV, which is much smaller than that in BPPyz (-1.95 eV). Such 

lowering of the HOMO-LUMO gap in the BPPyz-SO3
2- complex can be attributed to the change 

in electron distribution due to anion exchange (Figure 3B.24b). 

 

Figure 3B.24: (a) Optimized ball and stick model (b) Energy levels and frontier molecular 

orbitals of BPPyz-SO3
2⁻ 
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3B.2.4 Analytical Applications 

Smartphone-Based Colorimetric Read-Out 

An affordable on-site monitoring method was developed based on the naked-eye detectable change 

of BPPyz in the presence of SO3
2− using a smartphone. The standard RGB scale is represented by 

whole number-values from 0 to 255 for red, green, and blue colors. The values [0,0,0] and [255, 

255, 255] correspond to absolute black and white, respectively. The change in the RGB values of 

BPPyz on the addition of SO3
2− was recorded by keeping the smartphone camera about 1 cm away 

from the vials enclosed inside a paper box. The changes were recorded using a smartphone app, 

which could directly output the RGB values (Figure 3B.25). 

Figure 3B.25: Integration of the BPPyz with a smartphone  

 In order to compute the fitting parameters, several empirical formulae were used to assess the 

correlation of RGB values processed from the smartphone (Figure A17, Appendix-A).  The 

optimal relationship was obtained when the ratio of R/(R+G+B) was used (Figure 3B.26). By 

using this ratio, a calibration curve was obtained with good linearity from 0 μM to 20.0 μM (R2 = 

0.9949). These results demonstrate that the developed smartphone-based colorimetric read-out 

method performs well and is more accessible, affordable, and portable than other chromatographic 

techniques.  

 

Figure 3B.26: Ratio of R/(R + G + B) versus SO3
2− concentration in the range of 0 to 20.0 μM 



  

Chapter 3 
 

82 
 

Implementation of test paper strips  

For rapid and on-site detection of TNP and sulfite, commercial Whatman filter paper was used to 

create paper test strips.60 The strips were dipped in a concentrated BPPyz solution for 10 minutes, 

and then allowed to dry for two hours. These test strips were dipped in aqueous solutions of TNP 

and sulfite solutions (10-3-10-6 M), and fluorescence quenching was observed under a 365 nm UV 

lamp (Figure 3B.27). 

 

Figure 3B.27: Test paper strips for detection of TNP and SO3
2− under 365 nm UV light 

A comparative study of BPPyz with chemosensors reported in the literature is given in Table A6 

and A7, Appendix A.  

3B.3 CONCLUSION 

In summary, a fluorescent pyrazinium salt, BPPyz was successfully synthesized, and its 

photophysical properties were studied in detail. In aqueous media, BPPyz showed high selectivity 

and high sensitivity for sensing TNP among nitrocompounds by fluorescence quenching, which 

can be due to the formation of ground state charge transfer complex and resonance energy transfer. 

Among anions, BPPyz exhibits good sensing ability towards SO3
2− by colorimetric and 

fluorometric response attributed to hydrogen bond interaction between the pyrazinium of BPPyz 

and SO3
2−. Moreover, BPPyz was integrated with a smartphone for sulfite detection. The 

developed strategy is portable and accessible for in situ sulfite analysis and does not require 

advanced instruments. 
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In this section, pyrene-appended pyrazinium salt, MPyPyz has been synthesized and 

characterized. It is utilized as a chemosensor for the detection of TNP and nitrite ions via a 

fluorescence turn-off mechanism. Furthermore, it is also employed for the visualization of latent 

fingerprints.  

3C.1 EXPERIMENTAL SECTION 

3C.1.1 Synthesis of 2-(pyren-1-yl)pyrazine (PyPyz) 

An oven-dried glass vial was charged with 2-chloropyrazine (0.436 mmol), pyrene-1-boronic acid 

(0.436 mmol), Pd(PPh3)4 (0.021 mmol), K2CO3 (0.654 mmol) in dimethylformamide (2.5 mL). 

The reaction was irradiated in the microwave at 120 °C for 50 min. After completion of the reaction 

(monitored by TLC), the reaction mixture was allowed to attain room temperature. The precipitate 

was filtered and washed with cold water to remove DMF. PyPyz was obtained as a pale white 

solid, (60 mg, 73% yield); mp = 125–130 ℃; 1H NMR (400 MHz, DMSO-d6) δ 8.53 (d, J = 7.9 

Hz, 1H), 8.43 – 8.25 (m, 5H), 8.21 (d, J = 7.4 Hz, 1H), 8.13 (t, J = 7.5 Hz, 1H), 8.04 (d, J = 9.2 

Hz, 1H), 7.54 (d, J = 9.2 Hz, 1H); 13C{1H} NMR (100 MHz, DMSO-d6) δ 157.4, 153.5, 153.0, 

152.5, 151.4, 149.9, 148.3, 146.8, 145.4, 145.4, 144.8, 143.6, 142.6, 141.5, 133.5, 131.2, 129.8, 

122.4, 51.5; HRMS (ESI) m/z: [M+H]+ calcd. for [C20H12N2 + H]+, 280.0110, found 245.0105. 

3C.1.2 Synthesis of 1-Methyl-3-(pyren-1-yl)pyrazi-1-ium iodide (MPyPyz) 

A mixture of PyPyz (0.169 mmol) and methyl iodide (0.847 mmol) was taken in a round bottom 

flask and stirred for 15 h at 75 °C. The reaction mixture was washed with ethyl acetate. The 

obtained bright yellow solid was filtered and dried under a vacuum, (45 mg, 65% yield); mp = 

218–222 ℃;  1H NMR (400 MHz, DMSO-d6) δ 1H NMR (400 MHz, DMSO) δ 8.66 (d, J = 3.4 

Hz, 2H), 8.57 (d, J = 8.3 Hz, 2H), 8.54 – 8.49 (m, 4H), 8.33 – 8.28 (m, 2H), 8.23 (t, J = 7.6 Hz, 

1H), 8.14 (d, J = 9.3 Hz, 1H), 4.64 (s, 3H); 13C NMR (100 MHz, DMSO-d6) δ 157.4, 153.5, 153.0, 

152.5, 151.4, 149.9, 148.3, 146.8, 145.4, 145.4, 144.8, 143.6, 142.6, 141.5, 133.5, 131.2, 129.8, 

122.4, 45.3; HRMS (ESI) m/z: [M-I]+ calcd. for [C21H15N2-I]
+, 295.1230, found 295.1212. 
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3C.2 RESULTS AND DISCUSSION  

3C.2.1 Synthesis and Characterization 

MPyPyz was prepared by Suzuki coupling of 2-chloropyrazine and pyrene boronic acid followed 

by quaternization reaction with methyl iodide (Scheme 3C.1). These were characterized by 1H and 

13C NMR spectroscopy and HRMS (Figure A18 and A19 Appendix-A). 

 

Scheme 3C.1: Synthetic route for MPyPyz 

In 1H NMR of MPyPyz, a proton singlet at 4.64 ppm indicated the presence of methyl protons, 

and aromatic protons appeared in the range 7.54-8.53 ppm (Figure 3C.1). In the 13C NMR 

spectrum of MPyPyz, a signal at 48.5 ppm was due to the methyl carbon, and the aromatic carbon 

signals appeared in the 128.1–157.4 ppm range (Figure 3C.2). ESI mass spectral analysis showed 

m/z peak at 295.1515 (m/z, calc. 295.1230), which may be attributed to [MPyPyz-I]ˉ(Figure 

3C.3).  

 

Figure 3C.1: 1H NMR of MPyPyz in DMSO-d6 
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Figure 3C.2: 13C NMR of MPyPyz in DMSO-d6 

 

Figure 3C.3: HRMS of MPyPyz 

MPyPyz showed high water solubility owing to the presence of positively charged pyrazinium ion 

with good hydrophilic properties. The Aggregation-induced emission (AIE) property of compound 

MPyPyz was evaluated in a water/DMSO mixture with varying fractions of DMSO (fDMSO). 

MPyPyz was non-emissive in aqueous solution. However, when fDMSO is gradually increased, the 

emission of MPyPyz enhanced. The highest emission was observed when fDMSO concentration 

reached 80%. At this concentration, the fluorescence intensity enhanced by about 60 times 

compared to the aqueous solution. This confirms the aggregation-induced emission (AIE) property 

of MPyPyz.  
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Figure 3C.4: Fluorescence spectra of MPyPyz in DMSO/water 

3C.2.2 Response of MPyPyz toward TNP 

Considering the AIE luminescent properties of MPyPyz in water-DMSO medium (v:v = 1:9), led 

to its application for the detection of nitroaromatics such as TNP, 2,4-DNB, 1-Cl,2,4-DNP, 4-NT, 

4-NBA, 4-NP, DNBA and NM. Upon addition of 2.0 equivalents of the tested nitroaromatics the 

UV-vis absorption spectra, a new band appeared at 368 nm and 425 nm and the fluorescence 

emission of MPyPyz was quenched with TNP (Figure 3C.5a). No obvious change in the emission 

intensity of MPyPyz was found with other nitroaromatics except 2,4-DNP, and NP (Figure 

3C.5b). In addition, under irradiation at UV 365 nm, the strong blue fluorescence of MPyPyz was 

quenched dramatically by TNP. The blue emission, however, was not significantly affected by 

other nitroaromatics.  

 

Figure 3C.4: (a) Absorption (b) Fluorescence spectra of MPyPyz (200 μM) in DMSO/water 

(8:2, v/v) toward analytes 
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Absorbance and fluorescence experiments were conducted to investigate the mechanism of 

interactions between MPyPyz. In the UV-vis absorption spectra, on continuous addition of TNP, 

the absorption intensity at 351 nm increased, and a new band appeared at 368 nm and 425 nm 

(Figure 3C.6a).  In the fluorescence experiment the fluorescence emission intensity of MPyPyz 

at 449 nm was gradually quenched (95%) with the incremental addition of TNP (0 ~ 2 equivalents). 

The appearance of a new absorption band and decrease in emission intensity upon incremental 

addition of TNP can be attributed to the formation of the ground state charge transfer complex 

(Figure 3C.6b).  

 

Figure 3C.6: (a) Absorption (b) Fluorescence spectra for MPyPyz (200 μM) in DMSO/water 

(8:2, v/v) with different amounts of TNP 

The relative intensity of MPyPyz decayed linearly with 0–20 μM concentrations of TNP. In 

addition, the limit of detection (LOD) for TNP was calculated by 3/K and found to be 5 nM 

(Figure 3B.7a). The binding constant, KB evaluated from the fluorescence data using the Benesi–

Hildebrand plot was 2.18 × 106 M−1, indicating efficient binding of MPyPyz with TNP (Figure 

3B.7b). 

 

Figure 3C.7: (a) B–H plot of the fluorescence spectra of MPyPyz with different amounts of TNP 

            (b) Calibration curve with error bar for calculating Limit of Detection for TNP  
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The fluorescence quantum yield of in water-DMSO (v:v = 9:1) was 45%, which decreased to 2.5% 

after interaction with TNP. Thus, the MPyPyz exhibited excellent sensitivity to TNP and was a 

potential candidate to detect TNP even at very low concentrations. The Stern-Volmer plot was 

linear at low concentrations of TNP, and the quenching constant, Ksv for TNP was estimated to be 

2.70 × 105 M−1 (Figure 3C.8a). The high sensitivity of MPyPyz towards TNP and the non-linear 

nature of the S–V plot at higher concentrations of TNP suggested that an energy transfer process 

may also be involved in the quenching process. There is a possibility of RET from the fluorophore 

(donor) to non-emissive analytes (acceptor) if the emission band of the donor overlaps efficiently 

with the absorption band of the acceptor. Since RET has moderately higher efficiency compared 

to the electron transfer process, it can significantly enhance the quenching efficiency. Overlap 

between the absorption spectrum of TNP and the emission spectrum of MPyPyz, resulted in 

dramatic fluorescence quenching, unlike other analytes that had less overlap (Figure 3C.8b). To 

identify the extent of energy transfer, overlap integral values were calculated. The integral value, 

J and Forster distance, R0 was calculated to be 6.12 × 10¹⁴ M-1 cm-1 nm-4 and 39.21 Å for TNP 

indicating the possibility of energy transfer between MPyPyz and TNP. 

 

Figure 3C.8: (a) Stern−Volmer plot of MPyPyz using TNP as a quencher (b) Spectral overlap 

between the normalized emission spectrum of MPyPyz and normalized absorption spectra of 

different analytes 

The nature of attenuation of fluorescence emission of MPyPyz by TNP was inspected by HRMS 

and theoretical studies. The HRMS analysis of MPyPyz-TNP demonstrated m/z peaks attributed 

to cationic [MPyPyz-I]+ and anionic [TNP-H]ˉ and species at 295.1212 (m/z, calc. 295.1230) and 

227.9926 (m/z, calc. 227.9893), respectively (Figure 3C.9). 
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Figure 3C.9: HRMS of MPyPyz-TNP complex in (a) negative and (b) positive modes 

To examine the interaction of MPyPyz and TNP, DFT calculations were conducted using the 

B3LYP/6–311G(d,p) method in the gas phase. The HOMO and LUMO energies of MPyPyz were 

-8.761 eV and -6.468 eV, respectively. The HOMO and LUMO energies of the picrate anion were 

determined to be -3.424 eV and +0.1417 eV, respectively (Figure 3C.10). Therefore, theoretical 

findings suggest that there is a potential for an electron charge transfer occur from the HOMO of 

the picrate anion to the LUMO of MPyPyz, leading to a significant reduction in energy and great 

efficiency in quenching.  

 

Figure 3C.10: Energy levels and frontier molecular orbitals of BPPyz, Picrate, and TNP 
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3C.2.3 Response of MPyPyz toward nitrite ions 

MPyPyz was also explored the for possibility of binding different anions viz., Fˉ, Clˉ, Brˉ, Iˉ, 

AcOˉ, H2PO4ˉ, HSO4ˉ, ClO4ˉ and NO3ˉ in water-DMSO medium solution. In the presence of nitrite 

ions, the UV–vis absorption band at 347 nm blue shifted to 358 nm (Figure 3C.11a). However, 

no such spectral change was observed with other competitive anions. These results indicated the 

formation of a ground state charge transfer complex between MPyPyz and NO2
¯. No obvious 

spectral changes were observed in the presence of other anions, due to their weaker interactions 

with the receptor. The emission spectra of MPyPyz were recorded in the presence of different 

anions, and no alteration was observed except NO2ˉ (Figure 3C.11b). The change in the absorption 

and fluorescence spectra can be attributed to the formation of ground state charge transfer complex 

and exchange of Iˉ with NO2ˉ. 

 

Figure 3C.11: (a) Absorption (b) Fluorescence spectra of MPyPyz (200 μM) in DMSO/water 

(8:2, v/v) toward anions 

To further explore the quenching effect of NO2ˉ anions on the emission of MPyPyz, UV-vis 

absorption and fluorescence spectra were recorded with different amounts of NO2ˉ. In UV-vis 

absorption spectra, on continuous addition of NO2ˉ, an increase in absorption intensity at 347 was 

observed (Figure 3C.12a). The emission intensity of MPyPyz was quenched steadily and 

quenching efficiency was found to be 90.07% (Figure 3C.12b). 
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Figure 3B.12: (a) Absorption (b) Fluorescence spectra for MPyPyz (200 μM) in DMSO/water 

(8:2, v/v) with different amounts of NO2ˉ 

The limit of detection was calculated to be 12.0 nM. The linear variation at low concentrations 

was due to static quenching. The linear fit of the plot provided Ksv = 3.8 × 105 M-1 and a correlation 

coefficient (R2) = 0.9936. The deviation from linearity indicated dynamic quenching. 

 

Figure 3B.13: (a) Calibration curve with error bar for calculating Limit of Detection for NO2ˉ 

                           (b) Stern−Volmer plot of MPyPyz using NO2ˉ as a quencher  

The fluorescence response of MPyPyz for NO2ˉ
 was evaluated in the presence of Fˉ, Clˉ, Brˉ, Iˉ, 

NO3ˉ, HCO3ˉ, CH3COOˉ, SO4
2ˉ, and PO4

2ˉ. No change in fluorescence quenching suggested that 

MPyPyz can selectively distinguish the NO2ˉ in presence of these competitive anions (Figure 

3C.14). 
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Figure 3B.14: Selectivity of MPyPyz (200 μM) in DMSO/water (8:2, v/v) toward anions in the 

presence of anions 

The DFT calculations were performed using the B3LYP/6–311G(d,p) level of theory to investigate 

the detection NO2ˉ
 . The electron density in HOMO and LUMO of MPyPyz was distrubuted 

around iodide and nitrogen atom of pyrazine. Upon anion exchange with NO2ˉ the electron density 

was distributed all over the MPyPyz. Furthermore, the MPyPyz-NO2ˉ complex had a significantly 

smaller energy gap between the HOMO and the LUMO compared to MPyPyz. Specifically, the 

energy gap in the MPyPyz-NO2ˉ complex was measured to be -1.85 eV, whereas in MPyPyz it 

was -1.94 eV. The decrease in the HOMO-LUMO gap in the MPyPyz-NO2ˉ complex can be 

explained by the alteration in electron distribution resulting from the exchange of anions (Figure 

3C.15). 

 

Figure 3A.15: Energy levels and frontier molecular orbitals of MPyPyz-NO2ˉ complex 



  

Chapter 3 
 

93 
 

3C.2.4 Analytical Applications 

Latent Fingerprints using MPyPyz  

The solid-state emissive chromophores are effective in the forensic investigation of latent 

fingerprints. Fingerprints are distinctive and complex traces left on objects by eccrine gland 

secretions displayed as epidermal ridges containing inorganic salts, proteins, amino acids, and fatty 

acids in trace amounts. Forensic science frequently uses fingerprint analysis to identify criminals 

because of their distinctiveness. However, in most cases, fingerprints are latent and untreatable, 

making them invisible to the naked eye. Fingerprint characteristics are divided into three levels. 

The basic pattern i.e. level 1 refers to fingerprint macro details, including loop, delta, and whorl. 

Level 2 includes small details such as bifurcation, trifurcations, short ridges, bridges, lakes, and 

dots. These points are also referred to as “minutiae” points. Level 3 attributes to micro level 

features such as ridge path deviations and sweat pores. The features of level-2 such as, bifurcation, 

enclosure, ridge ends were extracted from the fingerprint developed using MPyPyz anions (Figure 

3C.16).  

 

Figure 3C.16: Minutiae features of the fingerprints developed using MPyPyz-based fingerprint 

powder and exposed to UV light (365 nm) 

Implementation of test paper strips  

Commercial Whatman filter paper was utilized to make paper test strips for the quick and on-site 

identification of TNP and nitrite ions. The strips were immersed in a concentrated MPyPyz 

solution for a duration of 10 minutes, and thereafter left to air dry for a period of two hours. The 

test strips were immersed in aqueous solutions containing TNP or nitrite ions at concentrations 

Dot Whorl Lake

Bridge Bifurcation
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ranging from 10-3 to 10-6 M and the quenching in fluorescence of MPyPyz was observed anions 

(Figure 3C.17).  

 

Figure 3C.17: Photographs of test paper strips for detection of TNP and NO2ˉ under 365 nm UV 

light 

Table A8 and A9, Appendix A show a comparison of MPyPyz with chemosensors reported in 

the literature. 

3C.3 CONCLUSION 

An AIE-based pyrazinium-salt, MPyPyz was synthesized and characterized. The studies showed 

that the AIE property arises due to restriction in rotation. The chemosensor gave a fluorescent turn-

off response in the presence of TNP and nitrite ions. The mechanism for quenching for TNP was 

ascribed to the formation of the ground state charge transfer complex along with RET. The 

quenching in the presence of nitrite ions was attributed to the anion exchange of I⁻ with NO2ˉ. 
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4.1 INTRODUCTION 

Aluminium is the third most abundant element (after oxygen and silicon) in the earth's crust.1 It is 

extensively used as utensils, electrical components in different gadgets, food additives, and 

packaging material.2 Besides, it also plays a pivotal role in pharmaceutical industries, water 

purification, dyes, and textile production.3 As a consequence, humans are easily exposed to Al3+ 

through food, drugs, and water. Exposure for long periods results in slow aluminum accumulation 

and circulation to almost all tissues, which reaches plasma through iron-binding protein and is 

stored in the brain.4 Alzheimer 5 and Parkinson 6 disease can happen even with a minimum dose 

of chronic exposure to aluminum from drinking water due to aluminum-induced oxidative 

deterioration in the CNS (central nervous system).7 It is also referred to as a silent killer as it is a 

causative factor of smoking-related diseases,8 bone softening,9 chronic renal failure,10 

osteoporosis, osteomalacia,11 breast cancer,12 and amyotrophic lateral sclerosis.13 In addition, the 

increase in the concentration of the soluble form of (Al3+) in water harms aquatic animals and 

plants because Al3+ can acidify water.14 The recommended aluminum intake by WHO is around 

3–10 mg per day, and the permitted concentration of Al3+ is 7.4 M in drinking water.15 

Chemosensors with Schiff base molecules exhibiting fluorescence response for the detection of 

Al3+ ion are shown in Figure 4.1. The naphthalene-based azo-armed Schiff base chemosensor 1 

was synthesized from a naphthalene fluorophore. Upon interaction with Al3+, 1 emitted a greenish-

yellow fluorescence. This reaction was driven by isomerization of the C=N bond and photoinduced 

electron transfer (PET) in combination with the metal-induced CHEF (chelation-enhanced 

fluorescence) process. The hydroxy group from naphthalene, the pyridine ring nitrogen, and imine 

nitrogen offer a perfect host pocket for guest Al3+. Cell imaging and cytotoxicity studies showed 

the applicability of 1 in biological systems.16 The practical applications of the sensor were explored 

by designing molecular logic gates and a paper strip study. Benzofuranone based chemosensor 2 

was reported as a fluorescent chemosensor for Al3+ ions. The high binding constant and LOD 

reflected strong affinity between 2 and Al3+. The accuracy to detect trace levels of Al3+ in water 

and tea was comparable to the results obtained from ICP-OES method.17 A chemosensor 3 

displayed increase in fluorescence intensity due to the inhibition of PET and C=N isomerization 

upon binding with Al3+. The quantum yield and fluorescence lifetime of chemosensor also 

increased upon Al3+ addition. It offered a sensitive and selective method for detecting Al3+ in 

various samples including environmental water sources like rivers.18 A tridentate Schiff base 



  

Chapter 4 
 

101 
 

receptor 4 showed a significant fluorescence enhancement upon adding Al3+ ions, while no other 

tested metal ions perturb the fluorescence profile. The selective complexation between 4 and Al3+ 

restricted the conformational flexibility in the excited state via inhibition of C=N isomerization, 

resulting in significant fluorescence enhancement. This affinity was attributed to three donor sites 

in 4: phenolate-O, imine-N, and thiol-S.19 2-hydroxynaphthaldehyde skeleton based chemosensor 

5 on addition of Al3+ led to a notable increase in fluorescence intensity up to ten times, along with 

a hypsochromic shift (blue shift) of 152 nm in emission maxima, indicating enhanced electronic 

interaction and stability of 5 with Al3+. This interaction likely inhibited excited-state 

intramolecular proton transfer, favoring intramolecular charge transfer.20  

 

Figure 4.1: Chemosensors for detection of aluminum ions 

The luminescent properties and longer wavelength emission of Schiff bases in the solid state may 

be useful for applications in latent fingerprinting.21-22 The fluorescent powder has the advantage 

of developing latent fingerprints (LFPs) deposited on multicolor surfaces due to better resolution 
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and higher signal-to-noise ratio. Therefore, the fingerprints produced by fluorescent fingerprint 

powder can be readily viewed and photographed using an appropriate excitation light source. 

Copper is the third most abundant trace element in the human body and plays a vital role in many 

elementary physiological processes.23 Copper is an essential co-factor or structural component of 

many metalloenzymes, including cytochrome oxidase, and superoxide dismutase. Copper is 

involved in developing and functioning immune cells, helping the body to defend against 

infections and diseases.24-26 Its antioxidant properties help to prevent cell damage and are required 

to produce bone and connective tissues. As a result, taking copper ions daily is quite important for 

maintaining good health.27 It is also recognized to have an essential role in energy production, 

signal transduction, and dioxygen transport.28 However, excessive entry of copper into food chains 

can cause major health problems such as gastrointestinal and renal system illnesses. Disruptions 

in the copper homeostasis have been linked to Alzheimer’s, Wilson’s, Prion, and Parkinson’s 

diseases.29 Copper is also frequently used in current industrial processes, and various industrial 

operations generate a large amount of wastewater containing copper species.30 As a result, 

analytical methods with a low detection limit, excellent selectivity, and sensitivity for copper ions 

in aqueous media are critical for protecting human health and the environment.  

Copper has been detected using a variety of approaches, including atomic absorption spectroscopy, 

ion-selective electrodes, inductively coupled plasma mass spectroscopy, inductively coupled 

atomic emission spectroscopy, voltammetry, and X-ray fluorescence.31 However, unlike most 

analytical techniques, a colorimetric method may efficiently and conveniently monitor objective 

analytes in the visible range while remaining simple, sensitive, and cost-effective. Colorimetric 

assays often have a greater dynamic range, making it possible to detect a wider range of analyte 

concentrations. They are also versatile in terms of sample compatibility and stability over time. 

Several organic compounds have been used as chemosensors because of their capacity to detect 

copper through a change in fluorescence or absorption spectrum (Figure 4.2). The colorless 

solution of chemosensor 6 became orangish-yellow with the addition of Cu2+. The UV-vis 

absorption spectra revealed the formation of a new peak at 558 nm combined with a 23 nm redshift 

of the 359 nm peak of 6.32 N-azo dye ligand 7 was synthesized to provide a quick, sensitive, and 

selective way to measure copper (II) ions via formation of a deep yellow-colored complex at pH 

10.0.33 Colorimetric sensor 8 based on diaminomaleonitrile and 3-hydroxynaphthalimide 

chromophores for the selective detection of Cu2+ ions was reported. On addition of Cu2+ ions, a 
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strong absorption band appeared at 565 nm, combined with a striking color shift from yellow to 

pink, suggesting a Cu2+ selective colorimetric response. 8 was selective for Cu2+ as evidenced by 

the fact that no notable spectrum changes were observed with other environmentally relevant metal 

ions, such as alkali, alkaline earth, and transition metal ions. A smartphone was also used as a 

detection tool to assess Cu2+ levels in extracted simulated semiconductor wastewater samples 

based on the colorimetric response, demonstrating the usefulness of 8 in real-world applications.34 

Quinoline scaffold-based sensor 9, which upon chelation with Cu2+ in CH3OH/aqueous HEPES 

buffer (v/v, 8:2, pH = 7.4) medium produced a visible color change from light yellow to red. 9 

originally showed broad absorption maxima at 330 nm and 385 nm, corresponding to the keto and 

enol forms. The UV–vis absorption spectrum showed the appearance of a new band at 505 nm and 

a well-defined isosbestic point at 430 nm.35 A chelated-type colorimetric chemosensor 10 turned 

into yellow color complex upon the addition of Cu2+ ions. Well-defined isobestic points were 

found through extensive spectroscopic investigations, including UV-vis spectral titrations. The 

great sensitivity of 10 was demonstrated by the low detection limits for Cu2+ (0.88 μM) which 

were below the WHO safe standards.36  

 

Figure 4.2: Chemosensors for detection of copper ions 

Schiff-base compounds are the organic compounds produced when an aldehyde or ketone reacts 

with a primary amine. A chromophore group in the Schiff base molecule interacts with the target 
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analyte to cause a reversible color shift. Schiff base chemosensors are designed and synthesized 

by modifying the chemical structure of the receptor site to selectively bind to the target analyte 

having interactions like hydrogen bonding, coordination, or π-π stacking. The Schiff base 

precursor and its functional groups are critical in determining the selectivity and sensitivity toward 

the target analyte. The π electrons of the C=N group make the Schiff base an effective ligand for 

metal ions, chelated Schiff bases, for instance, may have a stronger affinity for metal ions. 

Fluorescent chemosensors derived from Schiff bases have gained much attention in recent years 

because of their low cost, simple synthesis methods, strong complexation ability, immediate 

response, and high sensitivity for multi-ion detection.37 Schiff base derivatives with N & O donor 

atoms are more likely to form complexes with metal ion analytes.38 After interaction with a metal 

ion, the suppressed C=N isomerization increases fluorescence intensity through the chelation-

enhanced fluorescence (CHEF) mechanism.39 Furthermore, alteration in spectrum in the presence 

of different analytes paves the way for detecting multiple ions.40  

Therefore, Schiff base chemosensors have been synthesized to detect a variety of analytes, such as 

metal ions, anions, nitroaromatics, and biomolecules. Their simplicity, sensitivity, and cost-

effectiveness make them useful in environmental monitoring, biomedical diagnostics, and 

industrial quality control, among other applications. Moreover, the urge for the development of 

water-soluble chemosensors for metal detection remains a challenge. The strive for the simplest, 

cheapest, and greenest chemosensor capable of selectively and sensitively detecting copper ions 

and featuring the lowest detection limit, wide pH range, and real-time application is in demand. In 

this regard, pyridinium and imidazolium salts as chemosensors have gained significant attention 

due to their unique properties such as water solubility and high stability. 

A straightforward approach to synthesize pyridinium and imidazolium salts BzPySB and IsImSB, 

respectively, for the detection of metal ions is discussed in this chapter. 
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A Schiff base-appended pyridinium salt, BzPySB for the selective detection of Al3+ by a turn-on 

mechanism is discussed. In this work, the solid-state fluorescence behavior of BzPySB was 

utilized for latent fingerprint detection. The probe was also employed for the detection of Al3+ in 

plant and MCF-7 cells thereby highlighting its potential in biological systems. 

4A.1 EXPERIMENTAL SECTION 

4A.1.1 Synthesis of 1-(2-(4-formyl-3-hydroxyphenoxy)ethyl)pyridin-1-ium bromide (BzPy)  

4-(2-Bromoethoxy)-2-hydroxybenzaldehyde (0.081 mmol) synthesized by previously reported 

method44 was stirred with pyridine (0.081 mmol) for 6 h. The pale-white liquid obtained was 

washed with ethyl acetate and ether successively. The obtained white solid was filtered and dried 

under vacuum (26 mg, 96% yield); mp = 210−215 C; 1H NMR (400 MHz, DMSO-d6) δ 9.96 (s, 

1H), 9.12 – 9.05 (m, 2H), 8.62 (tt, J = 7.8, 1.4 Hz, 1H), 8.19 – 8.11 (m, 2H), 7.62 (d, J = 8.8 Hz, 

1H), 6.56 (dd, J = 8.8, 2.4 Hz, 1H), 6.47 (d, J = 2.4 Hz, 1H), 5.03 (t, J = 5.0 Hz, 2H), 4.56 (dd, J 

= 5.6, 4.4 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 191.4, 164.4, 163.3, 146.6, 145.9, 132.5, 

128.4, 117.3, 108.0, 102.0, 66.9, 60.2; HRMS (ESI) m/z: [M-Br]+ calcd. for [C14H14NO3]
+ 

244.0968; found 244.0988. 

4A.1.2 Synthesis of (E)-1-(2-(3-hydroxy-4-((pyridine-2-ylimino)methyl)phenoxy)ethyl)        

pyridinium-1-ium bromide (BzPySB) 

Ethanolic solution of BzPy (0.061 mmol) and 2-aminopyridine (0.074 mmol) was refluxed at 80 

°C for 6 h. The solvent was removed under reduced pressure and a yellow solid was obtained. The 

crude product was washed with ethyl acetate and ether several times. A free-flow bright turmeric-

yellow solid was obtained, which was filtered and dried in vacuum (22 mg, 95.6% yield); mp = 

220−225 ℃, 1H NMR (400 MHz, DMSO-d6) δ 13.73 (s, 1H), 9.40 (s, 1H), 9.21 – 9.15 (m, 2H), 

8.72 – 8.63 (m, 1H), 8.51 (dd, J = 2 Hz, 1H), 8.26 – 8.18 (m, 2H), 7.91 (td, J = 2.0 Hz, 1H), 7.68 

(d, J = 8.4 Hz, 1H), 7.41 (d, J = 7.6 Hz, 1H), 7.37 – 7.29 (m, 1H), 6.59 – 6.47 (m, 2H), 5.10 (t, J 

= 4.8 Hz, 2H), 4.63 (t, J = 4.8 Hz, 2H), 13C NMR (100 MHz, DMSO-d6) δ 191.4, 164.6, 164.3, 

163.6, 163.3, 162.9, 157.5, 149.4, 146.6, 145.9, 139.5, 135.6, 132.6, 128.4, 123.0, 119.6, 117.3, 

113.7, 108.0, 107.9, 102.2, 102.1, 66.9, 60.2; HRMS (ESI) m/z: [M-Br]+ calcd. for [C19H18N2]
+, 

320.1392; found 320.1377. 
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4A.2 RESULTS AND DISCUSSION 

4A.2.1 Synthesis and Characterization 

The synthesis of chemosensor followed a straightforward methodology. 4-(2-Bromoethoxy)-2-

hydroxybenzaldehyde was quaternized with pyridine to yield 1-(2-(4-formyl-3-

hydroxyphenoxy)ethyl)pyridin-1-ium bromide BzPy (Figure A20, A21, A22, A23, A24, A25,  

Appendix-A). (E)-1-(2-(3-hydroxy-4-((pyridine-2-ylimino)methyl)phenoxy)ethyl) pyridinium-1-

ium bromide (BzPySB) was obtained as a bright yellow solid by the condensation reaction of BzPy 

and 2-amino pyridine in ethanol with 98% yield (Scheme 4A.1).  

 

Scheme 4A.1: Synthetic route for BzPySB 

The structure of the BzPySB was well characterized by FT-IR, 1H and 13C NMR spectroscopy, 

mass spectrometry, and X-ray crystallography. The FT-IR spectrum of BzPySB exhibited 

distinctive peaks at 1604 cm-1 for υ(C=N) stretching of the azomethine group and 3471 cm-1 for 

υ(O-H) (Figure 4A.1).  

 

Figure 4A.1: FT-IR spectra of BzPySB 

The 1H NMR spectrum of BzPySB had a signature imine proton signal at 9.40 ppm and another 

important characteristic singlet at 13.72 ppm for –OH proton. In 1H NMR, two triplets for aliphatic 

and aromatic protons appeared in the range 5.09–4.61 ppm and 8.69–7.31 ppm, respectively 

(Figure 4A.2). In 13C NMR, the signals at 164.5 ppm and 163.5 ppm indicated the presence of 
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azomethine and phenolic carbons, respectively. The signals in the range 102.0–147.6 ppm and 

60.93–61.26 ppm were assigned to aromatic and aliphatic carbons, respectively (Figure 4A.3). 

The molecular ion peak in the ESI-mass spectrum of BzPySB (Figure 4A.4) was observed at 

320.1377 due to [BzPySB-Br] + (m/z, calc. 320.1392). 

 

Figure 4A.2: 1H NMR of BzPySB in DMSO-d6 

 

Figure 4A.3: 13C NMR of BzPySB in DMSO-d6 
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Figure 4A.4: HRMS of BzPySB 

Suitable single crystals of diffraction quality were obtained from an ethanol solvent. The X-ray 

crystallographic characterization indicated the existence of BzPySB in the enolic form. The 

BzPySB crystallized in a triclinic, P-1 space group. The ORTEP diagram of the BzPySB is 

depicted in Figure 4A.5.  

 

Figure 4A.5: ORTEP diagram of BzPySB (CCDC 2330395) showing thermal ellipsoids at 50% 

probability level  

In an asymmetric unit, one organic molecular cation, one bromide anion, and one water of 

solvation are found during crystal structure solving. The X-ray single crystal structure of BzPySB 

shows an expected planar orientation of the molecule stabilized through intramolecular hydrogen 

bonding between phenolic O-H and imine N groups with a bent at the end. The phenyl ring (C1 

C2 C3 C4 C5 C6) plane and pyridinium ring (N3 C15 C16 C17 C18 C19) plane arranged at 72.18° 

angle. Slipped π-π interactions of the aromatic rings with centroid (C1 C2 C3 C4 C5 C6 phenyl 

ring) to centroid (N2 C8 C9 C10 C11 C12 pyridine ring) distance of 3.878 Å allow the π stacking 
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of the molecules in head to tail fashion. The π-π interactions of the aromatic rings help the 

chemosensor to align in an alternate direction (Figure 4A.6). The crystallographic cell parameters 

and data are given in Table A4, Appendix-A. 

 

Figure 4A. 6: (a) π-π interaction between the centroids of two molecules of BzPySB (b) Ring 

plane diagram of BzPySB 

The photophysical properties of BzPySB were studied in solution and solid state. The polarity of 

solvents affects the potential barrier of keto and enol forms of Schiff bases. The solvent effect 

depends upon the ability of solvents to form hydrogen bonding as proton donors and acceptors, 

thereby permitting proton transfer that results in the formation of the keto form. In the UV-vis 

absorption spectra of BzPySB in ACN, the absorption bands were observed at 272 nm and 311 nm 

due to π-π* and n-π* transitions, respectively, indicating the presence of only enolic form. The 

absorption bands at 226 nm, 276 nm, and 310 nm in water and 213 nm, 270 nm, and 313 nm in 

MeOH indicated the presence of enol-imine tautomers. The absorption band at 425 nm in water 

and 416 nm in MeOH were ascribed to the keto-enamine form of BzPySB (Figure 4A.7).    

 

Figure 4A.7: UV-vis absorption spectra of BzPySB (1  10-5 M ) in (a) H2O (b) MeOH (c) ACN  
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In solid-state UV-vis absorption spectra of BzPySB, absorption bands at 303 nm, 355 nm, and 466 

nm were observed (Figure 4A.8).  

     

Figure 4A.8: Solid state UV-vis absorption spectra of BzPySB  

The fluorescence spectra of BzPySB in water showed an emission peak at 375 nm (10-6 M, Φ = 

0.036) and 514 nm (10-2 M, Φ = 0.0004). In solid-state fluorescence spectra, an emission peak was 

observed at 545 nm (Figure 4A.9a). The appearance of a red-shifted absorption band at λmax = 466 

nm and emission peak at λmax = 545 nm supported Ϳ-aggregation formation in the solid state of 

BzPySB (Figure 4A.9b).  

 

Figure 4A.9: (a) Solution and solid-state fluorescence spectra BzPySB (b) J-aggregate (head to 

tail arrangement) in crystal structure of BzPySB 
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The presence of enol-imine tautomer was confirmed by recording fluorescence spectra of BzPySB 

at different excitation wavelengths (Figure 4A.10). A sharp emission peak at (λem = 425 nm) was 

observed, indicating the presence of keto form. The appearance of two emission peaks at λex = 325 

nm indicated the keto-enol tautomerism in BzPySB.  

    

Figure 4A.10: ESIPT investigation of BzPySB 

4A.2.2 Response of BzPySB toward Al3+ ions 

The UV-vis absorption spectra of BzPySB were recorded in the presence of different metal ions 

(Na+, K+, Ca2+, Mn2+, Cu2+, Ni2+, Co2+, Fe2+, Fe3+, Zn2+, Hg2+, La3+, and Lu3+). In the presence of 

Al3+, the absorption bands at 225 nm and 263 nm shifted to 230 nm and 293 nm, respectively. A 

new absorption band appeared at 362 nm, with the disappearance of the absorption band at 310 

nm, indicating the formation of the BzPySB-Al3+ complex. The behavior of BzPySB in the 

presence of metal ions was also explored using fluorescence spectroscopy by recording the 

emission spectra of BzPySB upon excitation at 310 nm in water. Among various metal ions, 

fluorescence enhancement was observed in the presence of Al3+ ion at an emission wavelength of 

453 nm. There was no appreciable change in the fluorescence intensity with other metal ions Na+, 

K+, Ca2+, Mn2+, Cu2+, Ni2+, Co2+, Fe2+, Fe3+, Zn2+, Hg2+, La3+, and Lu3+. The enhancement in the 

emission intensity showed the cyan fluorescence turn-on behavior of the BzPySB (Φ = 0.611) in 

the presence of Al3 + ion. Further, the emission intensity gets shifted from 375 nm to 453 nm 

(redshift of 78 nm), confirming the coordination of BzPySB to the Al3+ ion. The change in 

emission intensity may be explained by photo-induced electron transfer (PET) mechanism. The 
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weak fluorescence of the BzPySB was due to a lone pair of electrons on the nitrogen atom, which 

led to the PET process. The emission intensity of BzPySB was enhanced by the addition of Al3+ 

ion due to PET inhibition, leading to chelation enhanced fluorescence (Figure 4A.11). 

 

Figure 4A.11: (a) Absorption (b) Fluorescence response of BzPySB (1  10-5 M ) toward 

different metal ions in water 

Furthermore, to investigate the effect of increasing the amount of Al3+ ion on BzPySB, the 

absorption and fluorescence spectra were recorded upon increasing the concentration of the Al3+ 

ion. In UV-vis absorption spectra, two isosbestic points at 279 nm, 308 nm, and 340 nm appeared. 

A distinct new absorption band at 362 nm confirmed the formation of the BzPySB-Al3+ complex. 

A continuous increase in fluorescence emission intensity at 453 nm was observed upon the 

addition of aluminum (Figure 4A.12).  

 

Figure 4A.12: (a) Absorption (b) Fluorescence spectra of BzPySB (1  10-5 M ) with different 

amounts of Al3+ ions in water 
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The phenomena of enhanced fluorescence emission could be explained by restriction in the 

intermolecular rotation due to the increased rigidity of the system. The Benesi-Hildebrand equation 

was used to fit the data from the fluorescence titration experiment of BzPySB with Al3+, and the 

results showed that the association constant for BzPySB-Al3+ was 4.19 × 105 M-1 (Figure 4A.13a). 

Using equation 3σ/K, the limit of detection for Al3+ was calculated as 0.024 nM, which is 

significantly less than the WHO-recommended limit (Figure 4A.13b). Therefore, BzPySB could 

act as an effective chemosensor for the detection of Al3+ in drinking water. 

 

Figure 4A.13: (a) Benesi-Hildebrand plot of the absorption spectra of BzPySB with different 

amounts of Al3+  

 (b) Calibration curve with error bar for calculating Limit of Detection for Al3+ ions 

To study the stoichiometric binding of BzPySB with Al3+ metal, Job's plot was investigated. The 

data was recorded using an equimolar solution of BzPySB and Al3+ in aqueous medium. The 

breakpoint was observed in the graph at a 0.5-mole fraction of Al3+ in the receptor solution, 

indicating the stoichiometric ratio as 1:1 (Figure 4A.14a). In addition, fluorescence lifetime 

measurements were recorded to investigate the mechanism underlying the enhanced fluorescence 

response of BzPySB in the presence of Al3+ ion (Figure 4A.14b). 

 

Figure 4A.14: (a) Job’s plot of BzPySB with Al3+ ions (b) Fluorescence lifetime decay plot of 

BzPySB and BzPySB-Al3+ complex 
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The radiative decay rate constant kr and total nonradiative decay rate constant knr of BzPySB were 

calculated using equation τ−1 = kr + knr and kr = Φ/τ. The data indicate (Table 4A.1) that 

fluorescence enhancement occurs due to the decrease in the ratio of knr/kr from 30.36 for BzPySB 

to 0.648 for BzPySB-Al3+, which agrees with the chelation-enhanced fluorescence (CHEF) 

process.    

Table 4A.1 Fluorescence lifetime measurement of BzPySB and BzPySB-Al3+ complex  

Entry  avg (ns) kr × 109 (S-1) knr × 109 (S-1) 2 

BzPySB 0.032 0.253 0.126 3.826 0.972 

BzPySB + Al3+ 0.611 5.23 0.116 0.075 0.966 

To further comprehend the UV-vis and fluorescence spectroscopic experiments for binding of 

BzPySB and Al3+, 1H NMR spectra of BzPySB-Al3+ was recorded (Figure 4A.15). In 1H NMR 

spectra of BzPySB-Al3+, the disappearance of phenolic -OH signal at 13.72 ppm (Ha) and shift in 

imine proton signal to 9.68 ppm (Hb) indicated the complexation of BzPySB with Al3+. This was 

further verified by ESI-MS analysis which showed a peak at 470.0544, due to 

[BzPySB+Al3++2NO3
- Br]+ (m/z, calcd. 470.0888), which supported the 1:1 stoichiometry (Figure 

A.16).  

 

Figure 4A.15: 1H NMR spectra of BzPySB-Al3+ complex in DMSO-d6 
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Figure 4A.16: HRMS of BzPySB-Al3+ complex 

The fluorescence spectral nature of BzPySB was investigated with and without Al3+ as a function 

of pH (from 2.0 to 12.0) in aqueous solution at 310 nm. The emission intensity of BzPySB was 

negligible throughout the pH range, whereas the emission intensity of the BzPySB-Al3+ ensemble 

reached a maximum in the pH 6.0–9.0 region. In the acidic zone (pH < 6.0), dissociation of the 

complex due to protonation decreases the emission intensity. At higher pH values (pH > 9.0), OH− 

ions compete with BzPySB for Al3+, causing aluminum hydroxide precipitation and thus lowering 

the emission intensity (Figure 4A.17a). The alternating addition of Al3+/Na2H2EDTA established 

the reversibility of the sensing process. Upon increasing the concentration of EDTA to the solution 

of BzPySB-Al3+, a gradual decrease in the fluorescence was observed, indicating the binding of 

EDTA with Al3+, leaving uncomplexed BzPySB. The sequential addition of Al3+ and EDTA to the 

aqueous solutions of BzPySB indicates the reversible nature of BzPySB up to five cycles with a 

progressive decline in efficiency (Figure 4A.17b). 

Figure 4A.17: Effect of pH on BzPySB (1  10-5 M ) and BzPySB-Al3+ complex (b) 

Reversibility chart of BzPySB (1  10-5 M ) after the sequential addition of Al3+ and EDTA 
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Then, equimolar concentrations of other pertinent metal ions and anions, Na+, K+, Mg2+, Mn2+, 

Fe2+, Fe3+, Co2+, Ni2+, Zn2+, La3+, Eu3+ , Fˉ, Clˉ, Brˉ, Iˉ, CH3COOˉ, SO4
2−, NO2ˉ, PO4

3−  and HCO3ˉ 

were screened to assess competitive binding interactions. No noticeable change in fluorescence 

emission was observed with these ions (Figure 4A.18 a and b). BzPySB was selective to Al3+ 

because of its high charge (+3) and small ionic radius, among the other elements in the series. 

 

Figure 4A.18 Interference study of BzPySB (1  10-5 M ) toward Al3+ selectivity in the presence 

of (a) cations (b) anions 

To investigate the sensing mechanism of BzPySB, geometrical optimization of BzPySB (keto and 

enol form), BzPySB+ (without Br), and BzPySB-Al(NO3)2, were performed. In the ground state, 

of BzPySB in both enolic and ketonic forms, the electron density in HOMO and LUMO was 

distributed over the molecule except the alkyl chain and pyridine ring. The energy difference 

between the HOMO and LUMO in the enolic and ketonic form were 1.69 eV and 1.19 eV, 

respectively (Figure 4A.19a). The calculated lowest-lying absorption band can be assigned to S0-

S1 occurring from the electronic transitions, HOMO→LUMO, HOMO-1→LUMO and 

HOMO→LUMO+1 (Figure 4A.19b). 

 

Figure 4A.19: (a) Optimized structures and HOMO-LUMO orbitals of BzPySB in keto and 

enolic forms (b) Molecular orbitals involved in the UV-vis absorption of the BzPySB 
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It was observed that electrostatic potential (ESP) around oxygen and nitrogen atoms of BzPySB 

are more negative therefore, it has a strong attractive force for cation, Al3+, as also inferred from 

the experiment results (Figure 4A.20).  

 

Figure 4A.20: Electrostatic Potential of BzPySB 

The electron density over oxygen and nitrogen atoms of BzPySB in the ground state decreased on 

complexation with Al3+. BzPySB exhibited less stabilized HOMO and LUMO energy levels than 

BzPySB-Al3+, indicating the formation of a complex (Figure 4A.21a). In the electronic absorption 

spectra, the redshift was observed, which can be explained by the less energy gap between HOMO 

and LUMO of BzPySB-Al3+. In the TD-DFT calculation for BzPySB-Al(NO3)2, the absorption 

bands at 363 nm, 293 nm, and 230 nm were due to HOMO→LUMO, HOMO→LUMO+1 and 

HOMO→LUMO+2 transition respectively (Figure 4A.21b).  

 

Figure 4A.21: (a) Energy levels and frontier molecular orbitals of BzPySB and the BzPySB-

Al(NO3)2 complex (b) Frontier molecular orbitals involved in the lowest-lying observable UV-

vis absorption bands of the BzPySB-Al(NO3)2 complex 

4A.2.3 Analytical Applications 

Latent Fingerprints using BzPySB 

The solid-state emissive property of BzPySB was effective in the investigation of latent 

fingerprints. The features such as bridge, bifurcation, core, delta, dot, enclosure, ridge ends, short 
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ridge, trifurcation, and lake can be extracted from the fingerprint developed by BzPySB: neutral 

alumina powder (Figure 4A.22). Hence, level-2 information was extracted from the fingerprints 

developed by the fingerprint powder. 

 

Figure 4A.22: Minutiae features of the fingerprints developed using BzPySB-based fingerprint 

powder and exposed to UV light (365 nm) 

Cytotoxicity Assay 

The MTT assay was used to examine the effects of BzPySB on cell metabolic activity and cell 

viability of MCF-7, a human breast cancer cell line. The measured cell viability is demonstrated 

in Figure 4A.23, which shows decreased % viability with increasing concentration of the test 

compound. The assay demonstrated that the BzPySB is relatively less cytotoxic as it showed more 

than 90% cell viability upto 25 µM concentration of the test compound. The cell viability was 

more than 80% even at 100 µM concentration.  
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Figure 4A.23: Cell viability percentage of the MCF-7 cells against different concentration of 

BzPySB  
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Cell-culture and imaging 

The biological applicability of the BzPySB compound as a fluorescent probe for in-vitro living 

cell imaging and detection of Al3+ ions was studied on the human breast cancer cell line, MCF-7 

and images were acquired using a Carl Zeiss LSM 880 confocal microscope equipped with a 40X 

objective lens. The cells were incubated with BzPySB (30 µM) for 40 min at room temperature. 

These cells treated with the test compound only showed minimal fluorescence (Figure 4A.24e), 

whereas the combination of BzPySB compound and Al3+ solution (30 µM BzPySB + 30 µM Al3+, 

20 min incubation) provided striking intense fluorescence as seen in Figure 4A.24h, These results 

proved that BzPySB can be vital in sensing Al3+ intracellularly in human tissues. The treatment of 

cells with only Al3+ solution did not show any fluorescence (Figure 4A.24k) and acted as the 

control set in the study. Overall, the results demonstrated that BzPySB can play an indispensable 

role in intracellular fluorescence imaging of Al3+. 

 

Figure 4A.24: Confocal microscopic images of MCF-7 cells under bright field, Fluorescence 

and overlay conditions respectively, (a-b-c) MCF-7 Cells without BzPySB treatment as control; 

(d-e-f) MCF-7 cells treated with BzPySB; (g-h-i) MCF-7 cells treated with BzPySB and 

Al3+and, (j-k-l) MCF-7 cells treated only with Al3+ solution as control. 
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In vitro cellular imaging of onion epidermal cells 

The fluorescence microscopy images of BzPySB and BzPySB-Al3+ in a pure aqueous medium are 

utilized demonstrate the practical application of BzPySB in monitoring aluminum in biological 

systems. The onion epidermal cells treated with BzPySB exhibited weak fluorescence which 

enhanced upon addition of Al3+. The cells exhibited blue fluorescence, with the nuclei of the cells 

being distinctly labelled (Figure 4A.25a). It was observed that BzPySB had the ability to enter 

the cytoderm and plasma membrane of onion epidermal cells for the detection of Al3+. 

Interestingly, it was noted that the specific blue fluorescence signal was only present in the nucleus 

when Al3+ was present. This indicates that BzPySB can serve as a fluorescent sensor for Al3+ in 

plant cells. 

Plant imaging by BzPySB 

BzPySB was explored for plant imaging in bean sprouts. Bean sprouts cultured with BzPySB 

exhibited weak fluorescence, which, upon addition of Al3+, emitted cyan fluorescence under UV 

light (365 nm), indicating that BzPySB could be used for the determination of Al3+ in plant tissues 

(Figure 4A.25b).  

Recognition of Al3+ by polymeric film  

The practical applicability of BzPySB was investigated by preparation of fluorescent polymeric 

films. The yellow colour and yellow fluorescence of BzPySB changed to cyan after being exposed 

to the solution of Al3+ highlighting its potential for Al3+ detection (Figure 4A.25c). Moreover, the 

film can be bent, folded with good flexibility, indicating its utilization for real sample analysis. 

Recognition of Al3+ on test strips 

The real field application is always desired for the detection of targeted analytes. The test kits were 

prepared by soaking Whatman-40 filter paper strips in the aqueous solution of BzPySB for 3-4 h. 

The dried test strips were non-fluorescent when seen under UV light. Then, an aqueous solution 

of Al3+ (10-3M - 10-6 M) was added to the test paper strip (Figure 4A.25d). The spot with Al3+ 

exhibited cyan color fluorescence emission. The fluorescence quenching was observed under a 

365 nm UV lamp, revealing the utility of BzPySB for practical applications. 
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Figure 4A.25: (a) Fluorescence microscopy images of onion epidermal cells (b) Image of 

sprouts (c) Polymeric film (d) Test paper strips for detection of Al3+ 

 

Molecular Logic Gates 

The reversible property of BzPySB was utilized to create a molecular logic gate with two binary 

inputs. The two inputs consist of Al3+ and Na2EDTA, while the output is observed by measuring 

the alteration in the fluorescence emission spectrum at a wavelength of 453 nm. If both inputs are 

absent, there is no noticeable alteration in the emission band, indicating that the gate is in the 'OFF' 

state. Upon the addition of Na2EDTA to the chemosensor, no substantial alterations were observed. 

Instead, the emission band remained unaltered. Therefore, in the presence of Na2EDTA, the result 

was deemed to be null. However, when only the Al3+ ion solution was added to the chemosensor, 

there is a noticeable increase in the fluorescence intensity at 453 nm. The output signal is now 1, 

indicating that the gate is 'ON'. However, when both inputs are present, the fluorescence intensity 

is much reduced, resulting in an output of zero, indicating that the gate is once again in the 'OFF' 

state. These investigations indicate that the molecular gate functions as an INHIBIT logic gate. 
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 The inputs to the gate are Al3+, Na2EDTA, and the output is the change in fluorescence intensity 

at 453 nm. The respective truth table and pictorial diagram of the INHIBIT logic gate is depicted 

in Figure 4A.26.  

 

 

Figure 4A.26: Molecular logic gates and truth table based on Al3+ and EDTA for BzPySB 

Table A10, Appendix A shows a comparison of BzPySB with chemosensors reported in the 

literature. 

4A.3 CONCLUSION  

A pyridinium salt was synthesized and well-characterized by FT-IR, NMR, SC-XRD, and mass 

spectroscopy. BzPySB demonstrated high selectivity and sensitivity for recognizing Al3+ metal 

ions among various other metal ions. The B-H plot and LOD estimation supported the high affinity 

of BzPySB. The fluorescence emission phenomena may be attributed to chelation-enhanced 

fluorescence (CHEF) due to the restriction of C=N isomerization. The solid-state fluorescence of 

BzPySB was utilized to visualize latent fingerprints on glass surfaces, revealing information about 

the peculiar individual characteristics of the fingerprints under investigation. Additionally, the 

fluorescence properties of BzPySB were also investigated in biological systems. 
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In this section the synthesis and characterization of Schiff base-appended imidazolium-salt, 

IsImSB is discussed. The developed chemosensor was applied in real water and urine samples for 

Cu2+ ions detection. It was also applied for the development of commercially reliable and low-cost 

μPADs for Cu2+ detection. 

4B.1 EXPERIMENTAL SECTION 

4B1.1 Synthesis of 3-(2-(2,3-dioxoindolin-1-yl)ethyl)-1-methyl-1H-imidazol-3-ium bromide 

(IsIm) 

To an ethanolic solution of N-alkylated Istain (0.0790 mmol), 1-methyl imidazole (0.0790 mmol) 

was added. The solution was stirred for 6 h under reflux conditions. The bright orange liquid 

obtained was washed with ethyl acetate and ether successively. The obtained orange solid was 

filtered and dried under vacuum (26 mg, 96% yield); mp = 215−220 C; 1H NMR (400 MHz, 

DMSO-d6) δ 8.96 (s, 1H), 7.68 (s, 1H), 7.49 – 7.35 (m, 1H), 7.01 – 6.89 (m, 1H), 4.27 (t, 2H), 3.93 

(t, 2H), 3.57 (s, 3H).  13C NMR (100 MHz, DMSO-d6) δ 187.9, 163.8, 155.2, 143.2, 142.6, 129.8, 

128.7, 128.1, 122.9, 115.4, 52.2, 45.5, 45.2, 45.0, 44.8, 44.6, 44.4, 44.2, 44.0, 40.9.; HRMS (ESI) 

m/z: [M-Br]+ calcd. for [C14H14N3O2]
+ 256.1081; found 256.1102. 

4B1.2 Synthesis of 2-((Z)-3-(((E)-2-hydroxybenzylidene) hydrazineylidene)-2-oxoindolin-1-

yl)-1-(1-methyl-1H-3l4-imidazol-3-yl)ethan-1-ylium bromide (IsImSB) 

 The ethanolic solution of IsIm (0.0595 mmol) was stirred with an ethanolic solution of (E)-2 

(hydrazineylidemehyl)phenol (0.0595 mmol). This mixture was stirred for 6 h under reflux. The 

solvent was removed under reduced pressure to obtain a dark yellow viscous liquid. The crude 

product was further washed with ethyl acetate and diethyl ether several times and precipitated as 

a bright yellow solid (30 mg, 95% yield); mp = 220−225 C; 1H NMR (400 MHz, DMSO-d6) δ 

12.38 (s, 1H), 9.73 (d, J = 7.9 Hz, 1H), 9.45 (s, 1H), 8.63 (d, J = 7.5 Hz, 1H), 8.56 – 8.49 (m, 1H), 

8.45 – 8.36 (m, 1H), 8.24 (ddd, J = 15.9, 6.5, 3.2 Hz, 3H), 8.21 – 8.16 (m, 1H), 8.10 – 7.95 (m, 

2H), 7.75 – 7.63 (m, 2H), 7.62 – 7.46 (m, 3H), 5.03 (d, J = 5.5 Hz, 2H), 4.74 (q, J = 6.4 Hz, 2H), 

4.33 (d, J = 11.6 Hz, 3H); 13C NMR (100 MHz, DMSO- d6) δ 173.3, 170.9, 164.2, 160.5, 159.2, 

150.2, 145.1, 138.5, 137.8, 137.6, 134.8, 134.0, 128.9, 124.1, 123.7, 123.4, 120.4, 119.7, 117.2, 

116.6, 109.8, 60.3, 47.5, 36.2.; HRMS (ESI) m/z: [M-Br]+ calcd. for [C21H19N5O2]
+ 373.1612; 

found 373.1632. 
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4B.2 RESULTS AND DISCUSSION 

4B.2.1 Synthesis and Characterization 

The proposed chemosensor IsImSB was synthesized through an easy and economical procedure. 

The synthetic procedure comprises of quaternization of N-alkylated isatin with 1-methyl imidazole 

to yield 3-(2-(2,3-dioxoindolin-1-yl)ethyl)-1-methyl-1H-imidazol-3-ium bromide (IsIm) which 

was well characterized (Figure A26, A27, A28 Appendix-A). The  1:1 condensation reaction of 

IsIm and (E)-2-(hydrazineylidemehyl)phenol gave IsImSB with good yield (Scheme 4B.1). 

 

Scheme 4B.1: Synthetic route for IsImSB 

Its structure was characterized by FT-IR, 1H, and 13C-NMR spectroscopy, and ESI-MS 

spectrometry. The infrared spectrum of the IsImSB exhibited a broad band from 3195-3640 cm-1 

which can be attributed to hydrogen-bonded OH. Two bands due to CH=N groups appeared at 

1585 cm–1 and 1574 cm–1 and an intense band at 1703 cm-1 appeared due to (C=O) of isatin (Figure 

4B.1).  

   

Figure 4B.1: IR spectra of IsImSB  
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The appearance of two triplets for CH2 of the alkyl at 3.92 and 4.26 ppm, singlet at 3.57 ppm for 

imidazole methyl proton, and singlet at 8.96 ppm for imidazole C-H proton in 1H NMR indicated 

the quaternization. The 13C NMR signals were also well-matched with the structure. The   1:1 

condensation reaction of IsIm and (E)-2-(hydrazineylidemehyl)phenol gave IsImSB in 90% yield. 

In 1H of IsImSB, the appearance of singlet at 12.38 pm and 8.40 ppm indicated the presence of 

phenolic and imine proton (Figure 4B.2). In 13C NMR the signals at 173.3, 170.93 and 164.2 ppm 

indicated the presence of ketonic, phenolic and imine carbon, respectively (Figure 4B.3). ESI 

mass spectral analysis showed m/z peak at 373.1534 (m/z, calcd. 373.1612), which may be 

attributed to [IsImSB-Br]ˉ (Figure 4B.4). 

 

Figure 4B.2: 1H NMR of IsImSB in DMSO-d6 

 

Figure 4B.3: 13C NMR of IsImSB in DMSO-d6 
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Figure 4B.4: HRMS of IsImSB 

4B.2.2 Response of IsImSB toward Cu2+ ions 

The selectivity of IsImSB was observed by the naked-eye detectable color change in the presence 

of Na+, Mg2+, Al3+, K+, Ca2+, Mn2+, Fe2+, Fe3+, Co2+, Cu2+, Zn2+, Ag+, Sn+, Hg+, Pb+, Nd3+, and 

Yb3+ metal ions in aqueous media. The noticeable color change of IsImSB was observed only with 

Cu2+, the solution changed from yellow to dark red. The UV−vis spectra of IsImSB (50 μM) were 

recorded in the presence of 1.5 equiv. of these metal ions. IsImSB exhibited an absorption band 

at 246 nm assigned to π-π* transition and other two bands at 330 nm and 385 nm due to n-π* 

transitions of the ketimine and aldimine moieties, respectively. Upon interaction of IsImSB with 

Cu2+, the two bands were red-shifted to 250 nm and 336 nm while no shift was observed in the 

third band. Moreover, the appearance of a new absorption band at 489 nm indicated the 

complexation of ImIsSB with Cu2+. IsImSB did not show noticeable spectral responses with other 

metal ions, which indicated the high selectivity of IsImSB for Cu2+ (Figure 4B.5a). The criteria 

for selectivity depend on the cationic charge, ionic radii, type of bonding in the complexes (ionic/ 

covalent), and coordination numbers. IsImSB with two imine linkages and -OH group provided a 

cavity-like structure that can easily host metal ions. Moreover, IsImSB being a hard donor (due to 

the presence of N and O atoms) easily coordinated with the hard acceptor (Cu2+). Therefore, the 

sensitivity of IsImSB toward Cu2+ was investigated by UV-vis absorption experiments. The 

aqueous solution of Cu2+ was added successively to the solution of IsImSB at an interval of 2 M. 

Upon increasing the concentration of the Cu2+, the absorption at 330 nm decreased while at 489 

nm increased. The isosbestic point appeared at 359 nm, 372 nm, and 435 nm, indicating the 

formation of new species in solution (Figure 4B.5b). The increase in absorption band at 489 nm 

along with color change could be explained by the ligand-to-metal charge transfer (LMCT) 

mechanism. 



  

Chapter 4 
 

127 
 

 

Figure 4B.5: (a)Absorption spectra of IsImSB (5 × 10-5 M) in water with (a) different metal ions  

(b) different amounts of Cu2+ ions  

Based on UV-vis absorption spectra, the binding constant of IsImSB was estimated using a B-H 

plot drawn with a change in absorbance (1/ΔA) vs concentration (1/[Cu2+]) which gave the best fit 

for 1:1 binding stoichiometry and the magnitude of binding constant (Ka) was 4.18 × 10-4 M for 

the complex species (Figure 4B.6a). Further, these UV−vis spectral changes were found to obey 

Lambert Beer’s law by showing a linear response at 489 nm against the concentration of Cu2+. 

According to the IUPAC standard, the limit of detection (LOD) was calculated and found to be 10 

nM (Figure 4B.6b). 

 

Figure 4B.6: (a) B–H plot of the absorption spectra of IsImSB with different amounts of Cu2+  

 (b) Calibration curve with error bar for calculating Limit of Detection of Cu2+ ions 
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For the Job’s plot, the absorbance change at 489 nm was plotted against the mole fraction of the 

IsImSB under the constant total concentration. When the mole fraction was 0.5, the change in 

absorbance became maximum, which indicated a 1:1 binding stoichiometry between IsImSB and 

Cu2+ (Figure 4B.7).  

 

Figure 4B.7: Job’s Plot of IsImSB with Cu2+  

The binding mode of IsImSB with Cu2+ was investigated by FT-IR, HRMS, and X-ray 

photoelectron spectroscopy (XPS). The evidence for binding was obtained by infrared spectra of 

the IsImSB-Cu2+ complex. The stretching frequency of (C=O) of IsImSB observed at 1703 cm-

1 decreased to 1690 cm-1. The decrease in frequency was also observed for  (C=N) of the aldimine 

group from 1571 cm-1 to 1550 cm-1. The disappearance of the broad signal at 3392 cm-1 for -OH 

also supported the binding of Cu2+ with O and N of IsImSB (Figure 4B.8).  

 

Figure 4B.8: IR of IsImSB-Cu2+ complex 
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The HRMS spectra further confirmed the proposed composition for the complex. The observed 

m/z value for [IsImSB+Cu+Cl-Br]+ was found to be 471.0527 (calcd. 471.0518) also supported 

the complex formation (Figure 4B.9).   

   

Figure 4B.9: HRMS of IsImSB-Cu2+ complex  

The speculation of the interaction of O and N of IsImSB with Cu2+ was also confirmed by the 

results of XPS measurements (Figure 4B.10a and b). A comparison of the change in peaks in the 

XPS spectra before and after complex formation with Cu2+ showed that N 1s peaks shifted from 

free nitrogen atom at 400 eV to 401 eV, while the oxygen 1s peaks shifted from 532 eV to 533 eV. 

The binding energies of 935.3 eV and 955.4 eV correspond to Cu 2P3/2 and Cu 2P1/2 orbitals, 

indicating the presence of Cu in the +2 oxidation state (Figure 4B.10c). 

 

Figure 4B.10: XPS wide scan survey spectrum of (a) IsImSB (b) IsImSB-Cu2+ complex 

 (c) XPS spectra of the Cu-2p core peak of the IsImSB-Cu2+ complex 
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The chemosensors with nitrogen donors have a high level of sensitivity to changes in ambient pH. 

This is because the degree of protonation of the nitrogen atoms is greatly influenced by the pH 

level. Therefore, to investigate the impact of pH on the detection of Cu2+ by IsImSB, pH titration 

studies were conducted in the pH range of 2 to 10. On addition of Cu2+ ions, the absorbance at 489 

nm was high in the pH range 5-8 while low at pH 2-4 and 9-10 (Figure 4B.11a). The limited 

absorption response of IsImSB towards Cu2+ ions in acidic and alkaline solutions may be attributed 

to the protonation of nitrogen and formation of Cu(OH)2, respectively which obstructs the 

interactions between IsImSB and Cu2+. The findings demonstrate that IsImSB is very sensitive in 

detecting Cu2+ ions within the pH range of 5-8, therefore it can be utilized efficiently for Cu2+ 

detection in real samples. The reversibility of the spectral response of IsImSB-Cu2+ was 

investigated by adding a stronger chelating agent ethylenediaminetetraacetate (EDTA). Because 

of the high stability constant of the EDTA-Cu2+ complex, it was expected that EDTA would 

preferentially complex Cu2+ ion releasing IsImSB from the IsImSB-Cu2+. The absorbance of the 

IsImSB-Cu2+ decreased with the addition of EDTA and was recovered with the addition of Cu2+, 

which indicated that the binding of IsImSB with Cu2+ was reversible (Figure 4B.11b). Therefore, 

IsImSB could be recyclable after treatment with EDTA. 

   

Figure 4B.11: (a) Effect of pH on IsImSB and IsImSB-Cu2+ complex (b) Reversibility chart of 

IsImSB after the sequential addition of Cu2+  and EDTA 

To study the interference of other metal ions on the behavior of IsImSB to Cu2+, competitive 

experiments were carried out in the presence of Cu2+ mixed with other metal ions (Na+, Mg2+, Al3+, 

K+, Ca2+, Mn2+, Fe2+, Fe3+, Co2+, Cu2+, Zn2+, Ag+, Sn+, Hg+, Pb+, Nd3+, and Yb3+) and anions (Fˉ, 

Clˉ, Brˉ, Iˉ, SO4
2−, NO2ˉ, HCO3ˉ) at equimolar concentration. These competitive metal ions and 

anions did not produce significant absorption changes except Cu2+ (Figure 4B.12a and b). This 
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indicated that IsImSB can be used to detect Cu2+ even in the presence of other competitive metal 

ions in high concentrations.  

Figure 4B.12: Interference study of IsImSB (5 × 10-5 M) in water toward Cu2+ selectivity in the 

presence of (a) cations (b) anions 

To better understand the interaction between IsImSB and Cu2+, theoretical DFT computations 

were performed for IsImSB and its 1:1 complex IsImSB-Cu2+. In IsImSB the electron density in 

HOMO was distributed over the conjugated part of isatin and salicylaldehyde. While in LUMO 

there was a decrease in the electron density at oxygen atoms of isatin and salicylaldehyde.  On the 

other hand in IsImSB-Cu2+, the electron densities of HOMO and LUMO were allocated over 

the −OH and −NH groups, which lead to the complexation of Cu2+ with IsImSB. The calculated 

energy gap between HOMO and LUMO for IsImSB was found to be 1.58 eV (Figure 4B.13). 

Similarly, for IsImSB-Cu2+ complex, the energy gap was found to be 0.0268 eV. The energy gap 

of free IsImSB (1.573 eV) was larger than that of the IsImSB-Cu2+ complex (0.0268 eV). The 

decrease in the energy gap indicated energetically favourable conditions for complex formation. 

These results also supported the redshift in the experimental UV–vis spectra upon addition of the 

Cu2+.  

 

Figure 4B.13: Energy levels and frontier molecular orbitals of IsImSB and the IsImSB-Cu2+ 

complex 
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4B.2.3 Analytical Applications 

Microfluidic paper-based analytical device (µPAD) for detection of Cu2+ 

Fast, selective, proprietary, and inexpensive tools are especially meaningful for on-site 

environmental surveys. For the development of such devices, papers have been considered an 

appropriate substrate due to their advantages such as low cost, commercial availability, and easy 

design. In addition, papers are made of cellulosic fibers and are environmentally friendly, and due 

to their capillary properties, they can flow fluids into their channels without the need for a pump 

or external force. Efforts to develop paper-based microfluidics for the detection of heavy metal 

ions have attracted tremendous research attention due to the increasing environmental pollution of 

metals and their adverse effects on human health. These tools have all the features of the WHO-

approved diagnostic devices such as sensitivity, cost-effectiveness, user-friendliness, and 

portability. Hence, µPADs have recently been used for the on-site monitoring of environment sites. 

Due to its excellent variability and hydrophilicity, the paper can facilitate the adsorption and 

stabilization of target analytes and prevent excessive separation and dispersion by creating clear 

detection zones. Probe–metal complexes are effectively detected by the naked eye and can be 

measured using inexpensive optical patterns. Therefore, in this part of the study, the efficiency of 

paper microfluidics in the diagnosis of Cu2+ has been evaluated. 

In the production of microfluidic paper chips, hydrophilic capillary channels are created on paper 

using hydrophobic materials, in which no chemical reaction takes place between cellulose and 

hydrophobic materials. Different types of paper can be applied depending on the sensor application 

and how it is made. Because 30% to 90% of paper is porous and the shape is not the same in 

different types of paper, the structure of the pores can help in the use of paper in diverse fields. 

Therefore, the choice of paper type is of particular importance and several factors such as non-

decomposition and deformation after immersion in the liquid phase, heat loss and sufficient 

tolerance must be considered in this selection. In addition, microfluidic paper chips highly require 

water-absorbent paper. Therefore, filter paper can be considered the best matrix in the construction 

of microfluidic paper chips due to its large pores and high absorption ability. In this work, filter 

paper with wax coating was used to make PADs. 

The optical images on the PADs were captured under natural light, in which the color alternations 

of IsImSB were evaluated through the l-channels. Furthermore, the colorimetric sensing was 

performed by capillary method, in which the IsImSB probe was placed on the central part of the 
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PADs. In the presence of Cu2+, the color changed from yellow to red while there was no color 

change in the presence of the other ions. The reason for more adsorption of the IsImSB solution 

in the presence of Cu2+ is attributed to the interactions between Cu2+ ion and IsImSB, leading to 

the complexation of the Cu2+ and IsImSB (Figure 4B.14).  

 

Figure 4B.14: PADs for colorimetric detection of Cu2+ 

Smartphone Application for the Detection of Cu2+ 

The color change of IsImSB in the presence of varied concentrations of Cu2+ provided the 

prerequisites for the smartphone colorimetric detection strategy for Cu2+. Therefore, IsImSB was 

integrated with a smartphone to monitor the change in the RGB values. The color (red, green, and 

blue) on the standard RGB scale is represented by whole numbers ranging from 0 to 255. The 

number [255,255,255] on that scale denotes true white, while [0,0,0] denotes absolute black. The 

RGB values can be recorded to monitor color changes using a smartphone. The change in RGB 

(red, blue, green) values of the vails containing IsImSB solutions with different concentrations of 

Cu2+ were measured by using a back camera. The results showed that the color intensity of R and 

G decreased gradually. By considering the ratio between the red channel and the green channel 

(G/B) as the signal, a linear trend between the concentration of Cu2+ and the R/G value can be 

obtained. The R/G value is linear in the concentration range 15.39–153.85 M of Cu2+ (R2 = 0.9917) 

(Figure 4B.15a). The calculated LOD measured 5.55 nM, which is lower than the maximum 

amount of drinking water specified by the WHO (7 M). These results show that the detection of 

Cu2+ in a “portable” way is possible by using a simple smartphone. 

Recognition of Cu2+ on test strips 

To investigate the practicability of the IsImSB for Cu2+ detection, a simple paper-based sensor 

was used for real-time monitoring. The Whatman filter paper was immersed in the aqueous 

solution of IsImSB for 10 min and dried in air. On addition of various concentrations of Cu2+     



  

Chapter 4 
 

134 
 

(10-3 M to 10-5 M) showed different shades of red color on the paper strip depending on the 

concentration of Cu2+ (Figure 4B.15b). Thus, the paper strip experiment supported efficient and 

convenient techniques for the detection of Cu2+. 

 

Figure 4B.15: (a) Ratio of R/G versus Cu2+ concentration in the range of 0 to 16 μM 

(b) Test paper strips for detection of Cu2+ 

Real sample Analysis  

The practical feasibility of IsImSB as a colorimetric chemosensor was evaluated using water and 

urine samples. Different Water samples were first filtered and then spiked with various 

concentrations of Cu2+.  According to the obtained calibration curve with a wide linear range (0.3-

30 mM), the IsImSB could be appropriate for the quantitative detection of Cu2+ in environmental 

samples. As can be seen in Table 4B.1, considerable recoveries and R.S.D. values obtained for 

the determination of Cu2+ ions in water samples confirmed that the developed sensor could be 

useful for the quantitative detection of Cu2+ in real samples.  

Table 4B.1 Determination of copper ion in water 

Sample Cu2+ Spiked (M) Cu2+ recovered (M) Recovery % 

Mineral Water 20 19.87 99.35 

Tap Water 20 19.80 99 

River Water 20 19.90 99.5 

Wilson disease is an inherited disorder in which excessive amounts of copper accumulate in the 

body, particularly in the liver, brain, and eyes, a urinary copper excretion of more than 100 μg/24 

h (>1.6 μmol/24h) is considered diagnostic for symptomatic Wilson's disease. Consequently, there 

is an elevated likelihood of copper being excreted through urine. Thus, the identification of urine 

copper through a chemoreceptor could serve as a biomarker for diagnosing this condition. The 

ability of IsImSB to detect Cu2+ with a distinct naked eye colorimetric change from yellow to dark 
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red from human urine samples could as a diagnostic chemosensor for Wilson disease (Table 4B.2). 

The concentrations of copper ions in the spiked urine samples determined by the developed method 

were in good agreement with those of the added Cu2+ indicating that the present method is 

promising in practical applications.  

Table 4B.2 Determination of copper ion in Urine samples 

Sample Cu2+ Spiked (M) Cu2+ recovered (M) Recovery % 

 

Human Urine 

5 4.85 97 

10 9.89 98.9 

20 19.70 98.5 

Molecular logic gate 

The creation of molecular logic circuits, like logic gates, is an advancement in molecular 

perception analysis. The reversible colorimetric signaling of the probe IsImSB was used to create 

a molecular circuit diagram that mimics logic gate behavior. The molecular logic gate was 

activated using a variety of chemical inputs, including Cu2+ and EDTA, and its outputs were the 

strong absorbance signals at 489 nm. The absence and existence of inputs in digital coding were 

represented by the binary digits ‶0″ and ‶1″ For output, colorimetric ON mode (‶1″) denoted a 

significant absorbance at 489 nm, whereas OFF mode (‶0″) denoted a loss in the absorbance, 

therefore the output signal for IsImSB in the presence of Cu2+ was ‶1″ indicating that the system 

was in the ON state. The system status was OFF with no absorbance for the other input 

combinations, which showed that the output signal was ”0″. Thus, the aforementioned results 

conclusively show that INHIBIT molecular logic gates are designed for the potent reversible 

properties of the probe (Figure 4B.16). 

 

Figure 4B.16: Molecular logic gates and truth table based on Cu2+ and EDTA for IsImSB 



  

Chapter 4 
 

136 
 

A comparative literature report of chemsensor with IsImSB is presented in Table A11, Appendix 

A 

4B.3 CONCLUSION 

A simple and rapid colorimetric imidazolium-based chemosensor IsImSB has been developed to 

detect Cu2+ with a high sensitivity and good specificity. In the presence of Cu2+, an alteration in 

the absorption spectra of IsImSB was directly recognized by the naked eye. The IsImSB exhibited 

a color change from yellowish to red upon complexation with Cu2+. A good linearity was obtained 

between the absorption of IsImSB and the concentration of Cu2+, with an LOD of 10 nM. In 

addition, IsImSB served as a reversible colorimetric sensor for Cu2+ using EDTA as a restoring 

agent. Thus, IsImSB–Cu2+ can be used as a probe for the detection of EDTA via a reversible 

chelation process. IsImSB was successfully used to detect Cu2+ in real water and urine samples. 

In addition to the quantitative analysis, the qualitative capability of IsImSB was achieved by 

paper-based microfluidic devices (PADs). 
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5.1 General Conclusion 

Sensing target analytes in the environment or biological samples using abiotic receptors is the 

major thrust area at the boundaries of organic, inorganic, environmental, and medicinal chemistry. 

Though several strategies have been employed for detecting analytes, colorimetric and 

fluorometric detection accomplishes many advantages over other methods because it is cheap and 

easy to assess. However, the low solubility of chemosensors in aqueous media hampers their 

applications for biological and environmental samples. This limitation can be circumvented by 

using hydrophilic pyrazinium-, imidazolium- and pyridinium-salt as chemosensors. Therefore, it 

is essential to design and synthesize fluorometric and colorimetric receptors that can selectively 

and sensitively recognize analytes in aqueous medium.  

The current thesis entitled “Azinium and Azolium Salts as Fluorometric/Colorimetric 

Chemosensors” deals with the synthesis and application of chemosensor and their application in 

the detection of nitro explosives, anion and metal ions in a pure aqueous medium. The pyrazinium-

salt as chemosensors were synthesized by a simple Suzuki coupling approach followed by a 

nucleophilic substitution reaction. The synthesis of pyridinium and imidazolium-salt involved 

incorporation of O-alkylation and N-alkylation, respectively followed by condensation reaction to 

provide Schiff base chemosensors.  

5.2 Specific Conclusions 

The chapter-wise description of the thesis is as follows:  

Chapter 1: Introduction  

The first chapter of the thesis presents the general discussion related to the brief discussion about 

chemosensors, the necessity of chemosensor systems, and the performance of optical sensors. The 

basic principles of colorimetric and fluorescent chemosensors are described. The sensing 

mechanisms such as fluorescence resonance energy transfer, photoinduced electron transfer, 

aggregation-induced emission, monomer/excimer formation, C=N isomerization, CHEF/CHEQ, 

Ground-state complex formation, ESIPT, and IFE have been presented with brief explanations in 

this chapter. In the latter part, various examples of imidazolium, pyridinium, and pyrazine-based 

chemosensors exhibiting colorimetric and fluorometric responses for different analytes have been 

discussed. 
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Chapter 2: Material, Methods and Instrumentation 

This chapter explains the details of chemicals, instruments, software, and general methods used 

for the synthesis of pyrazinium, pyridinium, and imidazolium-salt as chemosensor. It also 

discusses the basic principles of various analytical instruments such as FT-IR, NMR, ESI-MS, 

single-crystal X-ray diffraction, UV-vis, fluorescence, time-resolved spectroscopy, XPS, and 

theoretical calculation. 

Chapter 3: Pyrazinium Salts for Fluorometric/Colorimetric Detection of TNP and Anions         

This chapter of the thesis is divided into three parts: 

Section 3A: Thiophene-Appended Pyrazinium Salt for Detection of TNP 

It deals with the synthesis of thiophene-appended pyrazinium salt, 1-benzyl-3,5-di(thiophen-2yl) 

pyrazin-1-ium bromide, BTPyz. The synthetic procedure included a microwave-assisted 

palladium-catalyzed reaction of 2,6-dichloropyrazine with thiophene-2-boronic acid followed by 

a nucleophilic addition reaction with benzyl bromide. BTPyz exhibited a selective response toward 

TNP, among other closely related nitroaromatic compounds and other commonly interfering 

cations/anions. The fluorescence quenching revealed a high binding affinity of picrate to BTPyz, 

due to the formation of ground state charged transfer complex (GSC) and resonance energy transfer 

(RET) as evident from 1H NMR spectra, single-crystal XRD, and density functional theory 

calculations.  Contact mode detection using paper strips of BTPyz confirmed the technique to be 

widely applicable for instant on-site detection of TNP. Detection of TNP in real water and soil 

samples demonstrated BTPyz as a promising detecting tool in environmental specimens. 

 

Figure 5.1: BTPyz for the detection of TNP 

Section 3B: Benzene-Appended Pyrazinium Salt for Detection of TNP and Sulfite Ions  

This chapter discusses the synthesis and investigation of the photophysical property of benzene-

appended pyrazinium salt, 1-benzyl-3,5-diphenylpyrazin-1-ium bromide, BPPyz. It exhibited a 
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decrease in the blue fluorescence emission in the presence of TNP as compared to other 

nitroaromatic compounds. BPPyz showed fluorescence quenching and rapid naked-eye detection 

with a significant color change in the presence of sulfite ions. The selectivity of BPPyz towards 

TNP was ascribed to the GSC formation and RET. The sulfite ion detection involved the formation 

of a GSC through hydrogen bonding with the pyrazinium proton. Moreover, BPPyz was integrated 

with a smartphone to develop a cost-effective approach for the on-site monitoring of sulfite ions. 

 

Figure 5.2: BPPyz for the detection of TNP and sulfite ions 

Section 3C: Pyrene-Appended Pyrazinium Salt for Detection of TNP and Nitrite Ions 

This chapter incorporates the design, synthesis and characterization of pyrene-appended pyrazine 

salt, 1-Methyl-3-(pyren-1-yl)pyrazi-1-ium iodide, MPyPyz for detection of TNP and nitrite. 

MPyPyz showed a fluorescence turn-off response for both analytes. The solid-state luminescent 

property was utilized for the visualization of latent fingerprints. 

 

Figure 5.3: MPyPyz for the detection of TNP and nitrite ions 

Chapter 4: Pyridinium- and Imidazolium Salts for Fluorometric/Colorimetric Detection  

                    of Metal Ions  

This chapter of the thesis is divided into two sections: 
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Chapter 4A: Schiff Base-Appended Pyridinium Salt for Detection of Aluminum(III) Ions 

This chapter incorporates the synthesis and application of Schiff base-appended pyridinium salt, 

(E)-1-(2-(3-hydroxy-4-((pyridine-2-ylimino)methyl)phenoxy)ethyl) pyridinium-1-ium bromide,  

BzPySB. It exhibited bright yellow color in the solid state with yellow fluorescence when 

examined under UV-vis light. In polar protic solvents, BzPySB existed in both keto and enol form 

while in polar aprotic solvents, enol form was predominant. The chemosensor BzPySB was 

utilized as a turn-on chemosensor for aluminum ions with high selectivity and sensitivity 

elucidated through 1H NMR, Mass spectrometry, and DFT calculations. The fluorescence emission 

phenomena may be attributed to chelation-enhanced fluorescence (CHEF) due to the restriction of 

C=N isomerization. The utilization of BzPySB was for the detection of aluminum in plant and 

living cells was investigated by fluorescence microscopy images. The solid-state fluorescence of 

BzPySB was utilized to visualize latent fingerprints on glass surfaces, revealing information about 

the peculiar individual characteristics of the fingerprints under investigation. 

 

Figure 5.4: BzPySB for the detection of Al3+ ions 

Chapter 4B: Schiff Base-Appended Imidazolium Salt for Detection of Copper(II) Ions 

This chapter discusses the synthesis and application of Schiff base-appended Imidazolium salt as 

colorimetric chemosensor, 2-((Z)-3-(((E)-2-hydroxybenzylidene) hydrazineylidene)-2-

oxoindolin-1-yl)-1-(1-methyl-1H-3l4-imidazol-3-yl)ethan-1-ylium bromide, IsImSB. The 

chemosensor incorporated imidazolium-salt based isatin in conjugation with (E)-2-

(hydrazineylidemehyl) phenol, resulting in a selective chemosensor for Cu2+.  When applied to the 

detection of Cu2+ ions, the probe prompts a noticeable color change from yellow to red. 
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Furthermore, investigations revealed that the probe operates ligand-to-metal charge transfer 

(LMCT) in its interaction with Cu2+, with a binding stoichiometry of 1:1. This was substantiated 

by Benesi-Hildebrand studies, Job's plot analysis, and density functional theory calculations. The 

practical real applications extended to a variety of substances, including paper strips, water, solid, 

and urine samples affirming the versatility and utility of the probe across different sample matrices. 

A selective, simple, fast, sensitive, quantitative, cost-effective, and eco-friendly approach for 

naked-eye detection of Cu2+ was developed through μPADs.  

 

Figure 5.5: IsImSB for the detection of Cu2+ ions 

5.3 Future scope of the research work 

Imidazolium and Pyridinium-salt as chemosensors have gained significant attention due to their 

properties like water solubility, high stability, tuneable properties, and wide applicability. The 

imidazolium and pyridinium-salt as chemosensor has been applied for the detection of Al3+ and 

Cu2+. In the future, through the incorporation of different chromophores, these salt-based 

chemosensors can be applied for the detection of various other analytes. The variation in amine 

group can yield different Schiff bases of BzPy and IsIm.  

Pyridinium and imidazolium-salt as water-soluble chemosensor have been previously reported for 

analyte detection, but only a few reports are available for the use of pyrazinium-salt as 

chemosensors. New chemosensors with various derivatives of pyrazine viz., 2-amino pyrazine, 

2,3-diamino pyrazine, pyrazine carbaldehyde/dicarbaldehyde can give chemosensors based on 

Schiff bases. Pyrazine on coupling reaction with pyrene-1-boronic acid can give various regio 

isomers having distinct AIE properties. The derivatives of pyrazine can be used for the synthesis 

of cagelike structures with aryl halides. Therefore, there is a wide scope for the synthesis and 
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application of pyrazinium-salt as chemosensors in analyte detection. As these chemosensors 

exhibit high water solubility, therefore, they can be applied for live cell imaging. The solid-state 

fluorescent properties of the pyrazinium, pyridinium, and imidazolium-salt can be used for 

investigating micro-level details of fingerprints.  



  

 
 

 

 

 

 

 

Appendices 



  

Appendices 
 

145 
 

Appendix-A 

Chapter 3 

Section A 

Figure A1: 1H NMR of TPyz 

Figure A2: 13C NMR of Tpyz 

Figure A3: HRMS of TPyz 

Figure A4: Fluorescence quenching percentage of p-cresol, 4-NP, 2,4-DNP and TNP 

Figure A5: HOMO-LUMO energy levels of BTPyz and organic analytes 

Section B 

Figure A6: 1H NMR of PPyz in CDCl3 

Figure A7: 13C NMR of PPyz in CDCl3 

Figure A8: HRMS of PPyz 

Figure A9: Individual UV-vis spectra of BPPyz, BPPyz-TNP and TNP 

Figure A10: Comparison of percentage fluorescence quenching obtained on addition of TNP, 

2,4-  DNP and 4-NP to the solution of BPPyz in water (2 × 10-5 M) 

Figure A11: Fluorescence spectra for BPPyz (2 × 10-5 M) with different amounts of 2,4-DNP 

Figure A12: Fluorescence spectra for BPPyz (2 × 10-5 M) with different amounts of 4-NP 

Figure A13: Stern-Volmer plot of BPPyz using 2,4-DNP as a quencher (2 × 10-5 M) 

Figure A14: Stern-Volmer plot of BPPyz using 4-NP as a quencher (2 × 10-5 M) 

Figure A15: HOMO-LUMO energy levels of BPPyz and organic analytes  

Figure A16: 13C NMR of BPPyz-SO3
2− complex in DMSO-d6 

Figure A17: The ratio of RGB (a) R/(R+G+B) (b) G/(R+G+B) (c) B/(R+G+B) (d) R/G (e) R/B 

(f) G/B versus SO3
2– concentration in the range of 0 to 20.0 µM 

Section C 

Figure A18: 1H NMR of PyPyz in DMSO 

Figure A19: 13C NMR of PyPyz in DMSO 
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Chapter 4 

Section A 

Figure A20: 1H NMR of 4-(2-bromoethoxy)-2-hydroxybenzaldehyde 

Figure A21: 13C NMR of 4-(2-bromoethoxy)-2-hydroxybenzaldehyde 

Figure A22: HRMS of 4-(2-bromoethoxy)-2-hydroxybenzaldehyde 

Figure A23: 1H NMR of BzPy 

Figure A24:.13C NMR of BzPy 

Figure A25: HRMS of BzPy 

Section B 

Figure A26: 1H NMR of IsIm in DMSO-d6 

Figure A27:13C NMR of IsIm in DMSO-d6 

Figure A28: HRMS of IsIm 
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Figure A1: 1H NMR of TPyz in CDCl3 

  

 

 

Figure A2: 13C NMR of Tpyz in CDCl3 
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Figure A3: HRMS of TPyz 

 

 

Figure A4: Fluorescence quenching percentage of p-cresol, 4-NP, 2,4-DNP and TNP 

 

Figure A5: HOMO-LUMO energy levels of BTPyz and organic analytes 
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Figure A6: 1H NMR of PPyz in CDCl3 

 

  

Figure A7: 13C NMR of PPyz in CDCl3 

 

 

Figure A8: HRMS of PPyz 
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Figure A9: Individual UV-vis spectra of BPPyz (2 × 10-5 M), BPPyz-TNP and TNP 

 

Figure A10: Comparison of percentage fluorescence quenching obtained on addition of TNP, 

2,4- DNP and 4-NP to the solution of BPPyz in water (2 × 10-5 M) 

 

Figure A11: Fluorescence spectra for BPPyz (2 × 10-5 M) with different amounts of 2,4-DNP 
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Figure A12: Fluorescence spectra for BPPyz (2 × 10-5 M) with different amounts of 4-NP 

 

 

Figure A13: Stern-Volmer plot of BPPyz using 2,4-DNP as a quencher (2 × 10-5 M) 
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Figure A14: Stern-Volmer plot of BPPyz using 4-NP as a quencher (2 × 10-5 M) 

 

 

Figure A15: HOMO-LUMO energy levels of BPPyz and organic analytes  
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Figure A16: 13C NMR of BPPyz-SO3
2− complex in DMSO-d6 

 

 

 

 

Figure A17: The ratio of RGB (a) R/(R+G+B) (b) G/(R+G+B) (c) B/(R+G+B) (d) R/G (e) R/B 

(f) G/B versus SO3
2– concentration in the range of 0 to 20.0 µM 
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Figure A18: 1H NMR of PyPyz in DMSO-d6 

 

Figure A19: 13C NMR of PyPyz in DMSO-d6 

 

Figure A20: 1H NMR of 4-(2-bromoethoxy)-2-hydroxybenzaldehyde in CDCl3 
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Figure A21: 13C NMR of 4-(2-bromoethoxy)-2-hydroxybenzaldehyde in CDCl3 

 

Figure A22: HRMS of 4-(2-bromoethoxy)-2-hydroxybenzaldehyde 

 

Figure A23: 1H NMR of BzPy in CDCl3 
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Figure A24: 13C NMR of BzPy in CDCl3 

 

 

Figure A25: HRMS of BzPy 
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Figure A26: 1H NMR of IsIm in DMSO-d6 

 

 

 

Figure A27: 13C NMR of IsIm in DMSO-d6 
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Figure A28: HRMS of IsIm  

 

 

Table A1: Inner filter effect Corrections  

TNP[M] Aem Aex Iobs Icorr Icorr /Iobs Icorr/Iobs,0 Eobs Ecorr 

0 0.000152 0.01867 1080000 1104967 1.021906 0 0 0 

5 0.000426 0.02137 1000000 1028167 1.024959 0.93049 7.407407 6.950434 

10 0.000211 0.02499 884830 910878.6 1.029439 0.82434 18.0713 17.56509 

15 0.00157 0.02871 742340 768675.2 1.035476 0.69565 31.26481 30.43456 

20 0.00252 0.03054 608020 631608.4 1.038795 0.57160 43.70185 42.83916 

25 0.00395 0.03063 499450 519735.1 1.040615 0.47036 53.75463 52.96374 

30 0.00573 0.03168 384120 401025.4 1.044011 0.36292 64.43333 63.70702 

35 0.00688 0.03224 293830 307366.2 1.046068 0.27816 72.79352 72.18322 

40 0.00755 0.03474 225310 236551.4 1.049893 0.21407 79.13796 78.59199 

45 0.00786 0.03685 169340 178284.9 1.052822 0.16134 84.32037 83.86514 

50 0.00761 0.0395 128660 135830.9 1.055735 0.12292 88.08704 87.70724 
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Table A2: Single-crystal XRD data and structure refinement of BTPyz and BTPyz-TNP complex 

Compound BTPyz BTPyz-TNP complex 

Empirical formula C19.5H17BrN2O0.5S2 C25H17N5O7S2 

Formula weight 431.38 563.55 

Temperature/K 293(2) 93(2) 

Crystal system Monoclinic monoclinic 

Space group P21/n C2/c 

a/Å 13.6130(2) 18.0779(3) 

b/Å 18.6032(2) 20.0433(3) 

c/Å 15.0166(2) 14.3377(3) 

α/° 90 90 

β/° 90.2640(10) 111.423(2) 

γ/° 90 90 

Volume/Å3 3802.84(9) 4836.20(16) 

Z 8 8 

ρcalcg/cm3 1.507 1.548 

μ/mm-1 5.049 2.513 

F(000) 1752.0 2320.0 

Crystal size/mm3 0.1 × 0.1 × 0.08 0.15 × 0.1 × 0.04 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 7.566 to 159.874 8.094 to 159.676 

Index ranges 
-14 ≤ h ≤ 17, -23 ≤ k ≤ 22, -16 

≤ l ≤ 19 

-21 ≤ h ≤ 23, -25 ≤ k ≤ 24, -

17 ≤ l ≤ 18 

Reflections collected 15315 14206 

Independent reflections 
7340 [Rint = 0.0249, Rsigma = 

0.0296] 

5121 [Rint = 0.0327, Rsigma = 

0.0347] 

Data/restraints/parameters 7340/0/453 5121/0/352 

Goodness-of-fit on F2 1.104 1.093 

Final R indexes [I>=2σ (I)] R1 = 0.0487, wR2 = 0.1321 R1 = 0.0473, wR2 = 0.1418 
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Final R indexes [all data] R1 = 0.0504, wR2 = 0.1333 R1 = 0.0504, wR2 = 0.1451 

Largest diff. peak/hole / e Å-3 1.48/-0.93 0.44/-0.34 

CCDC No.  2110747  2168277 

 

Table A3: Single-crystal XRD data and structure refinement of BPPyz and BPPyz-TNP 

complex 

Identification code BPPyz BPPyz-TNP 

Empirical formula C23H19BrN2 C29H21N5O7 

Formula weight 403.31 551.51 

Temperature/K 93(2) 93(2) 

Crystal system monoclinic monoclinic 

Space group P21/c C2/c 

a/Å 23.0173(3) 17.3755(2) 

b/Å 10.11520(10) 19.6061(2) 

c/Å 26.4430(3) 15.0107(2) 

α/° 90 90 

β/° 113.4840(10) 103.3710(10) 

γ/° 90 90 

Volume/Å3 5646.64(12) 4975.02(10) 

Z 12 8 

ρcalcg/cm3 1.423 1.473 

μ/mm-1 3.023 0.903 

F(000) 2472.0 2288.0 

Crystal size/mm3 0.13 × 0.08 × 0.05 0.14 × 0.12 × 0.1 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 8.376 to 159.512 6.904 to 159.878 

Index ranges 
-28 ≤ h ≤ 29, -12 ≤ k ≤ 6, -28 ≤ l 

≤ 33 

-11 ≤ h ≤ 21, -24 ≤ k ≤ 24, -

18 ≤ l ≤ 19 

Reflections collected 35513 15324 
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Independent reflections 
12044 [Rint = 0.0318, Rsigma = 

0.0322] 

5281 [Rint = 0.0248, Rsigma = 

0.0244] 

Data/restraints/parameters 12044/0/703 5281/0/371 

Goodness-of-fit on F2 1.076 1.058 

Final R indexes [I>=2σ (I)] R1 = 0.0361, wR2 = 0.0999 R1 = 0.0557, wR2 = 0.1389 

Final R indexes [all data] R1 = 0.0383, wR2 = 0.1014 R1 = 0.0592, wR2 = 0.1412 

Largest diff.peak/hole / e Å-3 0.72/-0.71 0.70/-0.72 

CCDC 2189176 2189177 

 

Table A4: Single-crystal data and structure refinement for BzPySB 

Identification code BzPySB 

Empirical formula C19H20BrN3O3 

Formula weight 418.29 

Temperature/K 133(2) 

Crystal system triclinic 

Space group P-1 

a/Å 7.5119(8) 

b/Å 7.5970(7) 

c/Å 16.9739(5) 

α/° 92.436(5) 

β/° 97.446(6) 

γ/° 109.972(9) 

Volume/Å3 898.81(14) 

Z 2 

ρcalcg/cm3 1.546 

μ/mm-1 3.327 

F(000) 428.0 

Crystal size/mm3 0.14 × 0.04 × 0.03 

Radiation 
Cu Kα (λ = 

1.54184) 

2Θ range for data collection/° 10.558 to 158.106 

Index ranges 
-9 ≤ h ≤ 9, -6 ≤ k ≤ 

9, -21 ≤ l ≤ 21 

Reflections collected 6808 

Independent reflections 
3551 [Rint = 0.0963, 

Rsigma = 0.0902] 

Data/restraints/parameters 3551/0/234 

Goodness-of-fit on F2 1.146 
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Final R indexes [I>=2σ (I)] 
R1 = 0.0687, wR2 = 

0.1779 

Final R indexes [all data] 
R1 = 0.0994, wR2 = 

0.2420 

Largest diff. peak/hole / e Å-3 1.54/-1.38 

 

Table A5: A comparison of literature reported Chemosensors for TNP detection 

S. No. Publication Material 

used 

Detection 

Limit 

Stern-Volmer 

constant 

Medium 

used 

1 BTPyz Pyrazinium-

based 

11.6 nM 3.8 × 104 M-1 Aqueous  

2 Ind. Eng. Chem. 

Res., 2021, 60, 

7987–7997. 

Triazine 

derivative 

209 nM 1.02 mM Aqueous  

3 CrystEngComm, 

2019, 21, 6252–

6260. 

Organic 

framework 

13.08 ppb 4.56 × 105 M-1 Aqueous  

4 New J. Chem., 

2017, 41, 8739–

8747. 

Pyridinium-

based 

10-13 M 6.73 × 108 M-1  Aqueous  

5 ACS Omega, 

2017, 2, 4424–

4430. 

Pyridinium-

based 

295 nM ̶ HEPES 

Buffer  

(pH-7) 

6 Sens. Actuators 

B Chem., 2016, 

229, 599–608.  

Imidazolium-

based 

107 nM and  

87 nM 

 

5 × 104 M−1 

and 

2.2 × 104 M−1 

Aqueous  
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Table A6: A comparison of literature reported Chemosensors for TNP detection 

S.No. Publication Material used Detection 

Limit 

Stern-Volmer 

constant 

Medium 

used 

1 BPPyz Pyrazinium-based 9 nM 4.12 × 105 M-1 water 

2 Analytica Chimica 

Acta, 2017, 965, 

111e122. 

Schiff base 500 nM 4.4 × 105 M-1 HEPES 

buffer 

3 Journal of 

Photochemistry & 

Photobiology, A: 

Chemistry, 428 

,2022, 113865. 

Fluorenone 0.5 nm 5.17 × 107 M-1  H2O/THF 

4 Anal. Chim. Acta, 

2013, 793, 99–106 

Hexaphenylbenzene 

derivative 

6.87 ppb 1.92 × 105 M−1 Aqueous 

medium 

5 Dalton Trans., 

2021, 50, 3816–

3824. 

Acylamide-based 61.5 ppb 2.4 × 104 M−1 H2O 

6 ACS Appl. Mater. 

Interfaces, 2015, 7, 

10491–10500 

Benzimidazolium-

based 

5 × 10-13 M 4.8 × 105 M−1 H2O: 

DMSO 

7 Journal of 

Molecular 

Structure, 2023, 

1289, 135886. 

MOF 3.91 × 104 

M− 1 

3.8 × 104 M−1 H2O 
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Table A7: A comparison of literature reported Chemosensors for SO3
2− detection 

S. No  Publication Material 

used 

Detection 

Limit 

S-V constant Mediu

m used 

Colorimetric/ 

Fluorometric 

1 BPPyz Pyrazinium

-based 

31 nM 3.8 × 105 M-1 Aqueou

s 

medium 

Colorimetric 

and 

fluorometric 

2 New J. Chem., 

2017, 41, 

10096 

Pyrazoline-

based 

7.56 mM, 

4.87 mM 

̶ HEPES

/ 

DMF 

Colorimetric 

and 

fluorometric 

3 RSC Adv., 

2015, 5, 91863 

BODIPy - 

based 
6.4 M ̶ Aqueou

s  

Colorimetric 

and 

fluorometric 

4 Sens.  

Actuators B 

Chem., 2016, 

231, 752–758 

Naphthoflu

orescein- 

based 

1.74 M ̶ DMSO/ 

PBS 

buffer  

Colorimetric 

and 

fluorometric 

5 Org. Biomol.  

Chem., 2014, 

12, 4637. 

Coumarin-

quinoliniu

m based 

8.9 ×10−8 

M 

̶ PBS 

buffer 

Colorimetric 

and 

fluorometric 

6 J. Agric. Food 

Chem. 2011, 

59, 11935–

11939. 

Boron-

dipyrromet

hene-based 

5.8 × 10−5 

M 

̶ H2O/ 

DMSO  

Colorimetric 

and 

fluorometric 

7 Chem. 

Commun, 

2020, 56, 

10549. 

Fluorescein 

based 

2.98 mM ̶ CH3CN

/ 

PBS 

buffer 

Fluorometric 
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Table A8: A comparison of literature reported Chemosensors for TNP detection 

S.No. Publication Material 

used 

Detection 

Limit 

Stern-Volmer 

constant 

Medium 

used 

1 MPyPyz Pyrazinium-

based 

05 nM 4.12 × 105 M-1 water 

3 Journal of Solid-State 

Chemistry,2020, 290, 

121561. 

AIE MOF 0.326 μM 1.8 ×105 M-1 H2O  

4 ACS Omega, 2018, 3, 

10306−10316 

Dabsyl 

based 

7.2 × 10-6 M 1.4 × 104 M-1 H2O/AC

N 

5 Spectrochimica Acta 

Part A: Molecular and 

Biomolecular 

Spectroscopy, 2023, 

285, 121867. 

Imidazole-

based 

7.2 × 10-8 M 2.70 × 105 M−1 DMSO/

water 

6 Journal of 

Photochemistry & 

Photobiology, A: 

Chemistry, 434 (2023) 

114224 

Dansyl-

based 

4.3 µM  2.17 x 104 M-1 ACN 

7 Journal of Molecular 

Structure, 2023, 1289, 

135886. 

Phenothiazi

ne 

0.2 ppb 4.05 × 10 M-1 DMF/H2

O 
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Table A9: A comparison of literature reported Chemosensors for NO2ˉ detection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S. No  Publication Material used Detection 

Limit 

Medium used 

1 MPyPyz Pyrazinium-based 12 nM Aqueous medium 

2 Chem. Commun., 

2019, 55, 9947-

9950. 

Anthracene 

carboxyimide- 

based 

84 nM EtOH/HCl 

3 Talanta, 2021, 

221, 121477. 

Aniline - based 60.63 nM HCl-ACN 

4 Adv. Sci., 2020, 7, 

2002991. 

Benzothiazole 2.2 fg DMSO-PBS buffer  

5 Talanta, 2016 152, 

155–161. 

Coumarin-

quinolinium based 

4.3 × 108 M HCl/H2O 

6 Food Chemistry, 

2021, 341, 12825. 

Aminophenyl 6.7 nM PBS Buffer 

7 Anal. Chem., 2015, 

87, 1274−1280. 

Diaminonaphthale 2.6 nM  HCl/H2O 
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Table A10: A comparison of literature reported Chemosensors for detection of Al3+ 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

S.No Publication Material 

used 

Detection Limit 

of Al3+ 

Medium used Bio 

imaging 

1 BzPySB Pyridinium 0.024 nM Water Yes 

2 ChemistrySelect, 

2023, 8, 

e202301023. 

Benzoxazole 

based 

13 nM Water-DMSO 

mixture 

No 

3 Dalton Trans., 

2018, 47, 

15907. 

Schiff base 11.34× 10-9 M HEPES buffer  Yes 

4 J. Lumin., 2020, 

219, 116908. 

Cu(I)-MOF 

based 

 

2.1×10-6 M 

MeOH No 

5 J. Photochem. 

Photobiol. A 

Chem., 2022, 433, 

114168. 

 

Coumarin 

based 

 

0.638 μM 

Water-DMF Yes 

6 ACS Omega, 2019, 

4, 18520−18529. 

Hydrazone 

based 

2.53 nM DMSO:HEPES  No 

7 Photochem. 

Photobiol. Sci., 

2019, 18, 2717. 

Antipyrine 

based 

30 nM MeOH No 
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Table A11: A comparison of literature reported Chemosensors for Cu2+ detection  

 

  

S. No  Publication Material used Detection Limit Medium used 

1 IsImSB Imidazolium-based 10 nM Aqueous medium 

2 Dalton Trans., 

2015, 44, 9120–

9129. 

Pyridine based 31.5 μM Bis–tris buffer 

3 Inorganica 

Chimica Acta, 

2016, 450, 131–

139. 

Terephthalic acid 0.25 M DMSO 

4 Inorganica 

Chimica Acta, 

2020, 508, 

119633. 

Thiosemicarbazide 1.7 μM Methanol–water 

5 Journal of 

Photochemistry 

and Photobiology 

A: Chemistry, 

2017, 332, 505–

514. 

Naphthalene 

quinoline 
1.31  10-5 M  CH3OH/aqueous 

HEPES buffer 

6 ChemistrySelect 

2020, 5, 9435 –

9442. 

Quinoline based 15.3 ppb MeOH 

7 Talanta, 2020, 

219, 121237. 

Quinoline-indolin-

2-one based 

27.25 × 10-6 M DMSO/H2O 
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B-1 List of Publications  
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4. Pragya and Bharti Khungar, Pyridinium-based chemosensor for detection of Al3+ and its 

various application. (Manuscript Communicated- asia.202401158)  

5. Pragya and Bharti Khungar, An imidazolium based colorimetric sensor for detection of 

Cu2+ in aqueous media: practical performance of Cu2+. (Manuscript under preperation) 

6. Pragya, Nitika and Bharti Khungar, An AIE-based pyrazinium salt for detection of TNP 

and Nitrite. (Manuscript under preparation) 
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Appendix B 

B-2 List of conferences and workshops attended 

Oral Presentations 

1. Pragya, B. Khungar. “Pyrazinium and Imidazolium based Fluorescent Chemosensor for 

Analyte detection in Aqueous Medium” at ICLMFA-LOCI (GNDU, Amritsar) Mar 14-

16, 2024. (Best RSC Oral Presentation) 

Poster Presentations 

1. Pragya, B. Khungar. “Pyrazinium-based Fluorescent Chemosensor for Selective 

Detection of TNP” held at ISCB-22 international Conference, BIT Mesra Ranchi, Nov 

17-19, 2022. 

2. Pragya, B. Khungar. “Pyrazinium-based Fluorescent Chemosensor for Selective 

Detection of TNP and Sulfite” held at FCASI-23 international conference University of 

Rajasthan, 20-21 April, 2023. 

3. Pragya, B. Khungar. “Pyrazinium-based Fluorescent Chemosensor for Selective 

Detection of Analytes” held at (CRSI-NSC-32) BITS Pilani, Pilani Campus, Feb 4-6, 

2024. 

4. Pragya, B. Khungar. “Fluorescent chemosensor for selective recognition of Picric acid in 

aqueous medium.” One-day MINI-SYMPOSIUM, Department of Chemistry, BITS 

Pilani, Pilani (Rajasthan), India 28th February 2022 

5. Pragya, B. Khungar. “Pyridinium-based Chemosensor for Relay detection of Al3+ and 

TNP ” held at MTIC-2023 (IISc, Bangalore) 16-18 Dec, 2023. 
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Workshops Attended 

1. International Workshop on “Supporting Chemistry Research with modern DFT (Density 

Functional Theory):   Software, Techniques, and Applications.” 

2. Workshop on INUP Basic Training Program in Nano Science and Technology held 

from 13th to 15th March 2023 at Centre for Nano Science and Engineering (CeNSE), 

Bangalore. 

3. DST-STUTI Workshop organized on “Analytical Advances in studing Molecules” by the 

Department of Chemistry from October 15-21, 2022.  

4. Workshop on “Confocal and Fluorescence Microscope” on April 12-13, 2024 held at Dept. 

of Biological Sciences, BITS Pilani, Pilani Campus. 
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Appendix C 

C-1 Brief Biography of candidate 

Pragya was born in Khetri, Rajasthan and her native place is Bihar. She obtained her B.Sc. Degree 

(Biology, Chemistry and Mathematics) from Patna Women’s College. She obtained her M.Sc. 

degree (Organic Chemistry) from Patna University. She has joined BITS as research scholar in 

2019 under the guidance of Dr. Bharti Khungar. During the tenure of Ph.D. programme, she was 

actively involved in the synthesis of pyrazinium, imidazolium- and pyridinium-based compounds 

for chemosensing for selective detection of toxic metal ions and explosive nitroaromatics. To the 

date she has published three research paper in the peer-reviewed international journals and 

presented research works in various national and international conferences in form of poster. Her 

research interest lies in the development of new chemosensors based on azinium and azolium salts 

to perform fluorometric/colorimetric applications in pure aqueous medium. 
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C-2 Brief Biography of Supervisor 

Dr. Bharti Khungar is a Professor at the Department of Chemistry, BITS Pilani, Pilani Campus. 

She carried out her doctoral research in Chemistry from the Department of Chemistry, University 

of Rajasthan, Jaipur and obtained the Ph.D. degree in 2002. After this, she worked as a Lecturer 

in the Department of Chemistry, Laxmi Devi Institute of Engineering and Technology, Alwar, 

Rajasthan till 2005. Before joining BITS, she worked at the post of Senior Lecturer at Banasthali 

University, Rajasthan for two years.  

Her research interests lie in the area of material science to develop pyrazinium, imidazolium-and 

pyridinium-based compounds for chemosensory applications in pure aqueous medium. Another 

recent area of her interest is green chemistry with a special focus on the synthesis of transition 

metal complexes as catalysts for carrying out simple organic transformation and screening their 

biological applications in water. She is the author of more than twenty-five publications in 

international journals of repute and has participated in more than thirty national and international 

conferences. She is the recipient of the Summer Research Fellowship for Teachers from 

Academies’ of Science, India 2013 and 2014 and executed research work at Bhabha Atomic 

Research Centre, Mumbai. She was selected for the University Immersion Abroad Scheme of 

BITS Pilani, 2016 and worked at Chapman University, Irvine, California, USA. She has 

successfully executed three sponsored projects funded by DST, SERB and UGC, India. Prof. 

Khungar has supervised three PhD students and currently four students are pursuing PhD under 

her supervision.   

 

 


