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PREFACE 

 

  The present research work of designing and synthesizing novel colorimetric and fluorescence 

chemosensors has found a prominent place in modern research. The area of this research field lies at 

the interface of many different research fields such as chemistry, physics, biology, environmental 

sciences and Medicine etc. A chemosensor or a molecular sensor is a compound, a molecule of 

which is capable of detecting a specific analyte by identifying and attributing changes in one or more 

of its properties, such as absorption, emission etc. The field has been recently found to have 

biological applications as in live cell imaging which helps in the purpose of detection of certain ions 

and analytes in various cancer cells. The current field has some applications in modern drug delivery 

systems too. 

  As the name suggests, the submitted thesis work entitled, “Development of new organic probes 

for optical detection of metal ions: Synthesis, characterization and sensing studies” contains 

novel design and synthesis of several colorimetric and fluorescence chemosensor molecules with 

rigorous spectral studies and binding studies with respect to the particular ionic analyte along with 

other coexisting ionic analytes. These newly fabricated molecules have been found to behave as 

chemosensors for certain environmentally and biologically important ionic analytes. Thorough 

spectral study viz. HRMS, IR- Studies, 
1
H as well as 

13
C NMR, UV-Vis and fluorescence has helped 

in determining the structure of the receptor and by various analytical studies the binding of the 

receptors and the ions has also been confirmed. Biological application of these molecules as bio-

markers in live-cell imaging studies has also been investigated.  This thesis consists of seven 

chapters based on the design, synthesis, spectral characterization and spectral study of sensing 

properties of the novel molecular sensors. Theoretical calculations based on Density Function 

Theory have often been used to ascertain the sensing mechanism of these chemosensors. A few of 

them also has been found to have application as molecular logic-gates. 
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 Chapter 1 serves as a brief introduction to the basic concepts of the present research work. It 

gives the basic definition of a chemosensor along with its classification. It explains the basic concept 

of different non-covalent forces involved in host-guest binding. The necessary criteria for the 

designing of molecular probes are also incorporated in this chapter. A concise literature survey of 

various reported chemosensors based on several molecular mechanisms have been discussed 

elaborately. 

 

 Chapter 2 is about the instruments and methods that were used during the course of the 

present research work. It serves as a brief description of instrumented procedures such as HRMS, IR,
 

1
H, 

13
C NMR, UV-Vis, fluorescence detection, lifetime decay measurement, crystallography etc. In 

this chapter, basic theory behind some of the relevant analytical procedures are also illustrated, such 

as measuring the limit of detection of the chemosensor, calculation of quantum yield and also 

derivation of association constant or binding constant. 

 

             Chapter 3 briefly describes the synthesis and characterization of a fluorescence “turn-on” 

receptor (HL) for both Al
3+

 and Hg
2+

 ions. The receptor is based on Rhodamine and coumarin 

moieties. The absorption, emission properties and cation sensing properties have been studied 

thoroughly. The structure has been optimized by computational methods and TDDFT and DFT 

calculations have also been done. 

 

             Chapter 4 demonstrates the design, synthesis and characterization of a thioether containing 

fluorescence “turn-on” probe (H2L) for the selective detection of Zn
2+

 in DMSO:water, 1:5 medium. 

The probe may be used reversibly and an INHIBIT logic gate was constructed using Zn
2+ 

and EDTA 

as the chemical inputs. The chapter also contains live-cell imaging studies using the ligand H2L, 

Zn
2+

 solution and MCF-7 cell line. 
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Chapter 5 presents a selective colorimetric chemosensor for Ni
2+

 ion, based on a pyridyl azo 

derivative and its synthesis, characterization, photo-physical properties and various cation sensing 

studies. DFT and TDDFT calculations also have been done to ascertain its structure and spectral 

tendencies. 

 

   Chapter 6 introduces the fabrication of a new coumarin-based “turn-on” probe HMBH for the 

selective and distinct fluorescence response towards Al
3+

 along with its synthesis, characterization 

and cation sensing studies. The fluorescence “turn-on” probe upon binding selectively with Al
3+

 

shows a great fluorescence enhancement at λmax= 456 nm.DFT and TDDFT computations have also 

been done to obtain the optimised structure of the ligand and the metal complex and their spectral 

properties. 

 

 Chapter 7 illustrates the synthesis, characterization, spectral studies, cation sensing studies of a 

novel fluorescence “Turn-on” probe (HBSA) for the selective detection of Zn
2+

 ion. Fluorescence 

titration clearly states that HBSA upon binding with Zn
2+ 

shows an emission peak at 529 nm with 

slight blue shift in emission intensity. The limit of detection is in the order of 10
-9 

M for Zn
2+ 

which 

clearly indicates high efficiency of HBSA in detecting Zn
2+

 ion. Electronic structure and sensing 

mechanism have been interpreted by DFT and TDDFT calculations.  

 

 To describe in a nutshell, the present thesis deals with the synthesis and characterization of a 

few novel organic molecules which have the capability to recognize and bind selectively with certain 

environmentally and biologically important metal ions along with the receptors’ application in live 

cell imaging and also in construction of molecular logic gates. I would like to note that few of these 

works have already been published in reputed international journals, a list of which has been given at 

the end of this thesis. 
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           In keeping with the general practice, due acknowledgement through proper citation has been 

made while reporting facts and scientific observations, whenever the findings of other investigators 

is used. I further proclaim that I am responsible for any unintentional error or lacunae in this thesis 

and any such error is deeply regretted. I hope it will not fail to intrigue its readers. 
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1.1. Introduction 

Although the chemists knew about coordination compounds since 18th century but any satisfactory 

theory was unavailable that could explain the observed properties of these compounds. The 

foundation stone was laid by Alfred Werner with his pioneering theory, published in 1893 based on 

which scientists and researchers could carry out their research. The field of coordination chemistry 

then branched off countless times into a plethora of various research fields including the one relevant 

here, ‘coordination chemistry of artificial molecular sensors and chemoreceptors’. In fact, after the 

development of the supramolecular chemistry in the late 1970s and the path breaking work of 

Pedersen, Cram and Lehn, a systematic research pattern for the fabrication of metal ion receptors 

was established. Although the coordination chemistry, as we know it, is mostly related to transition 

metals, the current field is not only limited to chemoreception of transition-metal ions but extends to 

various other metal ions like- Al, Zn, Hg, Cu, Ni etc. that are relevant in environmental science and 

human biology in some way or the other. A variety of probes has been fabricated in recent history of 

research in this field that can detect any particular analyte. But the search is always on, for a probe 

with even lower limit of detection, lower cost for synthesis and better thermodynamic and kinetic 

aspect of the binding reaction between the probe and the analyte. Therefore, in recent years, 

requirement for designing chemosensors for fast, on-time and cost-effective monitoring of 

environmental samples has seen a constant increase over time. The area of the field of research on 

chemosensors has expanded exponentially in terms of funding, numbers of papers published and the 

number of active researchers worldwide. In comparison with the traditional analytical tools and 

methods chemical sensors are portable, simple to use, works in-situ and most importantly can detect 

analytes at much lower concentrations. [1,2] These features enable chemosensors to carry about real-

time measurements and the errors occurring possibly due to sample transportation and sample 

storage can be greatly minimized [3]. 
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1.2 Supramolecular chemistry: From molecules to super-

molecules. 

As it was proposed by J. M. Lehn, supramolecular chemistry can be subtitled as the “chemistry 

beyond the molecules”. Its main focus has always been on the chemical systems containing a 

number of non-covalent assemblies of molecular subunits or components and their steric and 

stereoelectronical aspects. The objects of interest in supramolecular chemistry are supramolecular 

entities or “supermolecules” possessing features similar to those of the constituent molecules 

themselves. It can be said that molecules are to supermolecules what atoms are to molecules and that 

the non-covalent interactions are to supermolecules what covalent bonds are to molecules. So, just 

like the fact that molecular chemistry is based on the covalent bond formation, supramolecular 

chemistry is reliant on the weaker and reversible non-covalent interactions between molecules. 

Supramolecular assemblies have microscopic organization with macroscopic characteristics in them 

viz. mesomorphic phases, solid state structures, films, layers, membranes, vesicles, micelles etc. [4] 

Nature has many quintessential examples of the various structures, properties and functions, which 

can be achieved by supramolecular systems. The concept of supramolecular chemistry gives wings 

to the idea of molecular recognition. 

 

1.3. Binding with selection: Molecular recognition. 

Molecular recognition is a phenomenon that is quite common in various biological processes. It is 

also common in chemistry and material sciences. [5] Molecular recognition can be defined by the 

selective binding of a certain molecule or a certain ionic analyte with a receptor through non-

covalent interactions like hydrogen bonding, π-π interactions, hydrophobic forces, van der waals 

forces and ligand-metal coordination, the last one being the most relevant here. [6] Molecular 

recognition forms the basis of development of a chemosensor. It is one of the two major processes 

that occur during detection of an analyte by a chemosensor molecule. The other one being signal 

transduction. On the basis of this the overall structure of a chemosensor can be imagined to be an 
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ensemble of three components- a receptor, a transducer unit and a spacer. The role of the receptor is 

to selectively bind with an analyte. The role of the transducer is to send a signal upon binding of 

receptor and specific analyte. And the role of the spacer is to work as a stereo-electronic link 

between the two. In molecule recognition the receptor probe is also denominated as ‘the host’ and 

the analyte is called ‘the guest’ and the binding event is often termed as ‘host-guest interaction’. [7] 

The molecular recognition is dependent upon the shape, size, chemical properties and electronic 

requirements of the host and the guest. [8] 

Fig. 1.3.1: The binding event or Host-Guest Interaction 

In his pioneering work C. J. Pederson first introduced the concept of molecular recognition. [9] 

Pederson created crown ether macrocycles and then Lehn synthesized macrobicyclic ethers to bind 

and recognize cationic and anionic species, molecules etc. [10] Thus the “Host-Guest” chemistry 

started its journey with the crown ether serving as a molecular host to the cationic guests. [11] 

 

 

 

 

 

 

Fig. 1.3.2: 

The Macrocyclic and macrobicyclic ethers designed by Pederson and Lehn. 

 

 

 

 

Macrocyclic ether: Pedersen 

 

 

Macrobicyclic ether: Lehn 
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1.4. Chemosensors and chemodosimeters: what they are?  

Chemosensors are basically synthesized molecules that can bind with certain analytes selectively, 

reversibly, quickly and strongly enough which is accompanied by a concurrent change in one or 

more properties (viz. redox potential, absorption or fluorescence emission spectra) that can be 

monitored through an instrument or naked eye. [12,13] Based on the nature of change in properties 

of the binding molecule the chemosensors are termed as redox chemosensors or optical 

chemosensors etc. 

1.4.1. Types and sub-types of chemosensors: a classification. 

The classification of chemosensors can be done in a number of ways (Fig 1.4.1). According to their 

modus operandi the transducers may be stratified into two major groups: (i) “physical” and (ii) 

“chemical” sensors. They can also be classified into sub groups such as electrochemical, optical, 

electrical, magnetic, mass sensitive and thermometric indicating the type of change associated with 

the detection. [14] There can be two types of optical chemosensors, when they are broadly classified 

on the basis of the change occurring after the addition of the chemical species or analyte (viz. metal 

ion) to the receptor molecule. When the probe, acting as an indicator dye undergoes an absorption 

spectral change in the visible region of the electromagnetic spectra upon binding with the analyte, it 

is called a colorimetric chemosensor. The probe is called a fluorescence chemosensor when it 

undergoes a change in its fluorescence emission spectra upon binding with the analyte. 

 

Fig. 1.4.1: Classification of sensors 
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1.4.2. Optical chemosensors 

Our main area of focus is concerned with optical chemosensors which, as we previously proposed, 

consists of a few important elements 1) The receptor part, 2) The Spacer and 3) The transducer part. 

The receptor part is also called the recognition element and it is the part where identification of the 

analyte takes place upon its selective binding. The role of the transducer part or element is to send 

upon recognition, an optical signal that is detectable by a detector instrument. To design an efficient 

optical sensor a few criterions should be kept in mind- 

a) The optical signal given out by the transducer part should have high signal-to-noise ratio. 

b) There should be a considerable change of signal upon exposure to the analyte. 

c) The material or compound acting as sensor should be chemically stable. 

d) The indicator should be unreactive under uv-vis light. 

e) It is desirable that the sensor material does not get destroyed or change irreversibly upon 

reacting with the analyte. 

f) The chemicals and the materials used to synthesize the sensor should be cost effective. 

g) The sensor should be able to bind with the analyte quickly enough for real-time detection. 

h) The fabrication of the sensor should be done with resources having minimal chemical hazard. 

 

One can easily understand that meeting all these criteria together in a single optical chemosensor is a 

near impossible task and many of the existing ones have one or more limitations. Hence, there is 

always room at the top and the chemosensor research still thrives on this quest for designing the 

perfect one for each individual analyte. 

 

1.5. Fluorescence Technique: a robust technique for designing 

chemosensors. 

Chemosensors based on fluorescence technique shows reliable results even when performed in 

varied conditions and with excellent reproducibility. Fluorescent receptors often show improved 
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sensitivity which makes them capable of detection in minute levels. These chemosensors commonly 

show great selectivity towards the specific analyte because it is highly unlikely that the other co-

existing analytes would have same effects on the fluorescence properties of the receptor as the target 

analyte. [15-18] There can be broadly two types of receptors based on fluorescence technique one is 

the on/off type in which only the complexed or the non-complexed species is fluorescent and another 

is the type where a significant change is observed in its emission pattern such as wavelength, 

intensity etc. The on/off type can be divided into two sub-types one is called “Turn-On” where 

fluorescence is turned on upon complexation with the specified analyte and the other is called “Turn-

Off” where fluorescence of the receptor is quenched upon complexation with the analyte. The 

turning on and quenching of the fluorescence can also occur due to some kind of irreversible 

chemical change occurring upon addition of the analyte [19]. In fluorescence technique we can also 

measure the lifetime of the fluorescence excited states, polarization and energy transfer. 

 

1.5.1. Jablonski diagram: Excited state of the receptor molecule. 

Jablonski diagram is a schematic diagram showing the various energy transfer and relaxation 

processes which occur in the time hiatus between absorption and emission or non-emission of light 

energy. The several molecular processes which occur in the excited state of the molecule are 

explained by this diagram [20]. The Jablonski diagram is shown in Fig. 1.5.1. The symbols S0, S1 

and S2 represent the singlet ground electronic state, the first, and the second singlet exited electronic 

states respectively. While belonging to a particular electronic energy state, a fluorophore may exist 

in a range of vibrational energy levels, denoted by 0, 1, 2 etc. Since electronic transitions are very 

fast compared with nuclear motions according to Frank-Condon principle, the displacement of the 

nucleus becomes insignificant during electronic transitions. At room temperature most of the 

molecules populate the lower vibrational states, if not the lowest, of the electronic ground state. 

When the fluorophore molecules at S0 absorb light, they are excited to the higher vibrational levels 

of either S1 or S2. Internal conversion or IC of the exited state happens when molecules undergo 

transition from S2 to S1. Fluorescence is the emission of light energy during transition from the S1 to 

S0 state. Conversion from singlet spin state S1 to triplet spin state T1 is called intersystem crossing or 

ISC. Low intensity emission of long-duration during conversion from the triplet exited state, T1to 
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singlet ground state S0 is termed as phosphorescence. The rate constant for triplet to singlet emission 

i.e., phosphorescence are much smaller than that for fluorescence because this transition is spin-

forbidden. 

 

Fig. 1.5.1. Jablonski diagram: Energy transfer and relaxation processes occurring in the excited state 

of the molecule. 

 

1.5.2. Different fluorescence enhancing and quenching processes. 

Various fluorescence enhancing and fluorescence quenching processes play an important role in 

shaping the final emission pattern of the receptor molecule and the host-guest complex. In this 

segment these processes are briefly described. 

1.5.2.1. Fluorescence resonance energy transfer (FRET) 

Fluorescence resonance energy transfer process is the intermolecular dipole-dipole coupling 

mediated transfer of energy from an excited molecular fluorophore (Donor) to another ground state 

fluorophore (Acceptor) [21] (Fig. 1.5.2). The extent of energy transfer is proportional to the extent of 

spectral overlap between the absorption curve of the acceptor fluorophore and the emission curve of 
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the donor (Fig. 1.5.3). The spectral overlap is given by the Förster distance and the rate of energy 

transfer kt (r) is follows  

kt(r) = (1/d)(R0/r)
6   

where ‘r’ is the distance between the donor (D) and acceptor (A) and ‘τd’ is the lifetime of the donor 

in absence of energy transfer. The extent of energy transfer also depends on the distance r. Jablonski 

diagram shown in Fig. 1.5.2 represents the FRET process (D* +A→D + A*). 

  

 

Fig. 1.5.2: Jablonski diagram showing FRET and Fig. 1.5.3: Spectral overlap. 

   In the year 2010 Jian-Fa Zhu et. al. reported a FRET based fluorescence chemosensor containing 

spiropyran and 8-amino quinoline moieties. The fluorescence turn-on is explained on the basis of 

CHEF (Chelation Enhanced Fluorescence) and FRET relay between the two fluorophore moeities of 

the receptor. FRET occurs in this sensing molecule by excitation of the quinoline unit at 370 nm. 

Following an increase in the concentration of Zn2+, the low frequency fluorescent peak at 645 nm 

enhances with concurrent reduction of its high frequency fluorescent peak at 470 nm (associated 

with the quinoline moiety). A distinctive isosbestic point at 570 nm is evident from fluorescence 

titration curve. [22]  
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Fig. 1.5.4: complexation of Zn2+ with the spiropyran-quinoline receptor (Jian-Fa Zhu et. al.) 

   After a few years in 2014, another receptor based on dual fluorophore units, namely dansyl and 

rhodamine B, was reported by Jingyu Piao et. al. In this receptor the sensing mechanism of Fe(III) 

ions has been attributed to the ‘off-on’ FRET occurring between the donor dansyl unit and the 

rhodamine unit as the acceptor. Significant spectral overlap between the emission spectra of the 

dansyl moiety (broad emission band at 450-600 nm) and absorption spectra of the rhodamine B 

moiety after binding with Fe3+ is evident from the experimental results. This FRET turn-on may be a 

resultant factor due to the spirolactam ring opening associated to complexation of rhodamin receptor 

with the Fe3+ ion. Excitation at 420 nm gives rise to an intense emission peak at 578 nm and a 

comparatively weak one at about 507 nm in the fluorescence spectrum of the Fe3+ complex. [23]   

Fig. 1.5.5: Binding of Fe(III) to the dansyl-rhodamine B receptor reported by Jingyu Piao et. al. 
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   Very recently, Kanhu Charan Behera et. al. reported a pyrene-rhodamine FRET couple which acts 

as a detector for picric acid. As in other rhodamine based sensors in this case also the rhodamine part 

is the acceptor and the pyrene moiety is the donor in FRET. The Pyrene-rhodamine FRET couple is 

spaced by a 1,3- diamminopropane linker with high spatial flexibility which allows optimum probe-

analyte interaction. It was found from the steady state and lifetime data that the FRET occurs 

through-space by singlet–singlet excitation energy transfer as a mode of dipole– dipole interaction 

between the excited donor (D*) and acceptor (A) couple. Among the dual fluorescence output 

channel, i.e, the pyrene (at 428 nm) and the rhodamine (at 578 nm), the peak at 428 nm increases 

then decreases steadily upon gradual addition of picric acid and the peak at 578 nm appears only 

after addition of 2.0 equivalent of the analyte. [24] 

Fig. 1.5.6: Dansyl to Rhodamine FRET turn-on upon spirolactam ring opening (Behera et. al.) 

 

1.5.2.2. Chelation enhanced fluorescence (CHEF) and Chelation enhanced 

quenching (CHEQ) 

In Chelation enhanced fluorescence turn-on and quenching process, the geometry of the molecular 

structure of the fluorophore changes upon complexation with the metal ion. This brings upon 

changes to its stereo-electronic properties. But the CHEF effect is more common than the CHEQ as 

chelation causes more rigidity in the molecule causing the non-radiative relaxation processes to 

happen in much lower magnitude compared to the free receptor. Consequently, radiative relaxation 

or fluorescence emission gets turned on or increased in most of the cases. [25, 26] Along with 
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hindering the roto-vibrational relaxation processes, chelation also negates the possibility of PET 

processes increasing the probability of fluorescence emission turn-on. 

Zhiyong Zhang et. al. reported a phenylenevinylene terpyridine fluorescence chemosensor for both 

Cd(II) and Zn(II) metal ions in which the Cd(II) ion causes CHEF upon complexation whereas the 

Zn(II) ion causes CHEQ upon complexation with the receptor (mepvpt). When the chemosensor 

binds to Cd(II), the molecular structure becomes more planar and S3 → S0 & S4 → S0 radiative 

relaxation rates become higher than that of mepvpt leading to CHEF. In case of the Zn(II) complex, 

a new S4 → S0 emission is initiated and high S4 to triplet state ISC rates increase, which leads to 

CHQF. [27] 

 

Fig. 1.5.7: A receptor reported by Zhang et.al. showing CHEF and CHEQ 

In 2020, Luís Gustavo Teixeira Alves Duarte et al. reported a copper(II) sensor based on CHEQ. In 

this chemosensor, the quenching effect upon complexation with Cu(II) is explained on the basis of 

appearance of a faster and competitive non-radiative decay process due to the paramagnetic 

electronic configuration of Cu2+ ion and also by the electronic transitions due to ligand to metal 

charge transfer(LMCT). [28] 
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Fig. 1.5.8: Complexation of Cu(II) with the receptor reported by Duarte et al. leads to CHEQ. 

1.5.2.3. Photo induced electron transfer process (PET) 

Photo-induced Electron Transfer (PET) has been studied intensively and used widely for the purpose 

of sensing of cations and anions and is one of the most important factor in mechanisms of sensing in 

fluorescent chemosensors. In his pioneering work Weller described the thermodynamic basis for 

PET for intermolecular systems. [29] When an electron jumps to the lowest unoccupied molecular 

orbital (LUMO of the first exited state S1) upon excitation and then comes back to the highest 

occupied molecular orbital (HOMO of the ground state S0), the excess energy is emitted as light. 

This radiative relaxation is noted as fluorescence in a molecule. But after the photo-excitation of an 

electron from HOMO to LUMO, if a filled orbital from another part of the same molecule or from 

another molecular entity present in the vicinity lies in between the HOMO and the LUMO 

energetically i.e., if we have a donor group “D”, a Photo induced Electron Transfer (PET) occurs 

from this filled donor orbital to the singly occupied HOMO of the fluorophore (Step 1). A further 

electron transfer from the singly occupied LUMO of the fluorophore to the donor orbital reinstates 

the stable ground state but without any fluorescence emission (Step 2) (Fig. 1.5.5). 
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Fig. 1.5.9: FMO energy diagram showing steps of PET process. 

In 2020 Pavel A. Panchenko et. al. reported a Zn2+ chemosensor based on PET turn-off upon 

complexation. The receptor comprised of two distinct units among which napthalimide moiety is 

pretty common in previously reported PET based fluorescence chemoreceptors. [30] In the PET 

process occurring in the free receptor, the electron donation occurs from the filled HOMO which is 

localized on the the salicylidine moiety and the electron accepting half-filled HOMO (-1) belongs to 

the napthalimide chromophore. This non-radiative process is disrupted in the Zn2+-complex due to 

donation of electron pair on imine nitrogen to Zn2+ ion. Subsequently fluorescence gets turned on 

upon complexation with zinc ion. [31] 

 

Fig. 1.5.10: a) MO diagram based on energy calculations showing PET process in the free receptor. 

And b) two proposed modes of complexation of the receptor and Zn2+ reported by Pavel A. 

Panchenko et. al. 
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Xiao-li Yue et. al. reported a PET and ESIPT based Al3+ selective fluorescence chemosensor in the 

year 2017, which has a napthaline unit and a pyridine carboxylic hydrazone unit attached via a 

Schiff base linkage. In the uncomplexed state, the imine nitrogen can donate its lone pairs to the 

half-filled HOMO associated to the acceptor naphthalene moiety in excited state turning PET on. 

But, the non-radiative decay route via PET gets inhibited in the Al(III) complex due to unavailability 

of the lone pairs of electrons on the imine nitrogen and fluorescence turn-on takes place. [32] 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.5.11: Complete sensing scheme of the Al3+ receptor reported by Xiao-li Yue et. al. 

1.5.2.4. Excited State Intramolecular Proton Transfer (ESIPT) 

The ESIPT chromophores resembles the keto tautomer in terms of features unique to it. [33] But the 

ESIPT chromophores usually exist as the cis-enol form in the ground state and are stabilised by the 

intramolecular hydrogen bonding. According to Frank-Condon principle, upon excitation, the singlet 

excited state of the enol form gets populated with no relaxation in geometry. Then due to a fast 

ESIPT process, the excited singlet state of the cis-keto form gets populated. This cis-keto form is 

stabilised by intramolecular H-bonding as well. The ESIPT process is much faster compared to the 

fluorescence emission or radiative relaxation. Therefore, when the ESIPT chromophores show 
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fluorescence, it happens mainly due to the S1 to S0 electron transfer in the keto tautomer with a few 

exceptions (Fig. 1.5.12) [33]. The singlet excited state (S1) of the cis-keto form may also undergo 

deactivation by isomerizing to the excited trans-keto form and then by undergoing Internal 

Conversion (Fig. 1.5.13) [34]. Generally, large Stokes shift is observed for the ESIPT chromophores. 

ESIPT process has been the centre of attention due to its application in several fields such as 

molecular probes [35], luminescent materials [36], logic gates [37] etc. 

 

Fig. 1.5.12 and 1.5.13: Energy Profile diagram of ESIPT and deactivation of excited keto form [34] 

In 2015, Zhaodi Liu et.al. reported a fluorescence chemosensor for Mg2+ ion based on ESIPT turn 

off. It has a hydroxynapthaldehyde and an N-amminosuccinimide unit joined via Schiff-base 

linkage. The hydroxyl group situated at the ortho position to the imine functionality in the 

naphthalene ring induces ESIPT and causes stabilization to the enol and keto form of the receptor. 

Both the forms are in equilibrium and quite competitive in terms of respective concentrations. Upon 

selective coordination of Mg2+ ion to the receptor in an alcohol solvent the ESIPT between the imine 

nitrogen and the keto oxygen gets eliminated and hence the radiative decay i.e., fluorescence turns 

on. [38] 
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Fig. 1.5.14: The ESIPT process and ESIPT turn-off during the binding of Mg2+ with the receptor 

reported by Zhaodi Liu et.al. 

Another ESIPT based fluorescence turn-on receptor was reported in 2017 by Caixia Yuan et. al. 

Upon specific coordination of Zn2+ to the receptor the ESIPT occurring in its free state gets 

hindered. The same has been confirmed by various studies like, DFT calculations, p-NMR, pH effect 

etc. by the investigators. Presence of an intermolecular hydrogen bonding between the phenolic –OH 

hydrogen and the imine nitrogen evident in the X-ray diffraction crystallographic structure also 

strongly suggest possibility of an ESIPT going on. But tetrahedral coordination of zinc (II) with two 

molecules of the receptor ends the possibility of conversion of the more stable and strongly emitting 

enol form into a weakly emitting keto form in the excited state(ESIPT). Hence, a significant increase 

in fluorescence intensity is seen in case of Zn2+ complex. [39] 
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Fig. 1.5.15: The ESIPT turn-off upon binding of Zn2+ with the receptor reported by Caixia Yuan et.al. 

1.5.3. Types and mechanism of fluorescence quenching processes. 

Quenching is the photo-chemical processes that lead to a decrease in fluorescence intensity. These 

processes can happen during the lifetime of excited state. Quenching may occur due to collisional 

quenching, electron transfer, excited state reactions or due to formation of complexes in the ground 

state. There are mainly two types of quenching processes: (1) collisional or dynamic quenching and 

(2) static quenching. 

1.5.3.1. Dynamic or Collisional quenching 

Collisional quenching occurs upon collision of the excited state fluorophore with some other 

molecule in solution, called the quencher. The energy transfer from the excited state fluorophore to 

the quencher upon collision leads to deactivation and fluorescence quenching. Jablonski diagram 

shown in figure 1.5.8 represents the quenching process due to collision. The decrease in intensity 

due to collisional quenching is represented by Stern-Volmer equation:  
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Bimolecular quenching: - [F∗ + Q → F + Q*(or Q)]; Rate of quenching = kq [F∗ ][Q] 

Stern-Volmer equation:  F/F0 = 1 + K [Q] = 1 + kq0[Q] 

where K is the Stern-Volmer quenching constant, kq is the bimolecular quenching rate constant, 0 is 

the lifetime of the excited state of the fluorophore in absence of the quencher, and [Q] is the 

quencher concentration. The constant K mainly represents the sensitivity of the fluorophore to a 

quencher. A variety of molecules such as oxygen, halide ions, halogens, amines and certain amides 

like acrylamide etc. can act as fluorescence quenchers. Elements with high atomic weight strongly 

enhances the rate of intersystem crossing (i.e. the interchange of singlet and triplet states or vice 

versa) thereby quenching the fluorescence. This relaxation mechanism is hence known as the 

External heavy atom effect. Quenching by heavy atoms occur due to spin-orbit coupling also. 

Collisional quenching diminishes the lifetime of the fluorophore. 

 

 

 

 

 

 

 

 

Fig. 1.5.16: Jablonski diagram showing collision quenching 

 

1.5.3.2. Static quenching 

The fluorophore may also form in its ground state, a stable complex with an additional molecule 

acting as a quencher. The fluorophore is said to be statically quenched when this ground-state 
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complex is non-fluorescent. In such cases, the variation of the fluorescence emission intensity as a 

function of the concentration of the quencher is expressed by the equation: 

 

F0/F = 1 + Ka[Q], Ka= association constant of the complex. 

Unlike the dynamic quenching, static quenching (Figure 1.5.9) does not decrease the lifetime 

of the sample as the fluorophore molecules remaining un-complexed are able to emit after excitation. 

So they will have normal excited state properties. So, the quencher basically reduces the number of 

fluorophores which can emit upon excitation and consequently the emission from the sample is 

reduced. 

 

 

 

 

 

 

 

Fig. 1.5.17: Simple mechanism of dynamic quenching. 

 In 2017 L.Wang et al. extensively studied the fluorescence quenching of phenanthrene, 9-

phenanthrol and naphthalene upon treatment with different forms of humic acid as chemical 

quencher molecules. [40] He studied the comparative quenching abilities of original humic acid, 

hydrolysed, decarboxylated and bleached forms of humic acid. He also used the Freundlich Model to 

ascertain the binded and unbound concentration of the emitter molecule with the help of HPLC and 

subsequently found out the contribution of dynamic quenching in the total quenching process. The 

amount of dynamic quenching was quantified by subtracting the concentration of quencher bound 

fluorescent chemical (obtained from HPLC) from the total concentration of the quenched fluorescent 

chemical (obtained from the fluorescence quenching studies). 
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Fig. 1.5.18: Schematic representation of the interaction between different functional groups of 

Humic Acid quencher and the different fluorescent molecules used by L. Wang et al. [40] 

In 2019, E. Ciotta et al. studied the quenching of the unfolded fullerene nanoparticles (referred as 

UFNPs) upon addition of Cu(II) salts. [41. a)] It was demonstrated that the quenching effect is 

independent of the anionic part of the Cu(II) salt added. Therefore, the Cu2+ ion can be considered as 

the quenching agent in this case. In their previous work [41. b), c)] they also showed that upon 

addition of copper ion UV-Vis spectral change is observed but the lifetime of the UFNPs does not 

change. This fact hints at complexation between UFNPs and Cu2+ ions in the ground state and 

demonstrates the static nature of the overall quenching process. 
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Fig. 1.5.19 and 1.5.20: Fluorescence quenching curve and schematic representation of complexation 

of UFNP and Cu2+ ions. 

1.6. Chemical forces behind host-guest binding: Non-covalent 

interactions. 

The binding event, one of the most important step in supramolecular chemistry and chemosensing is 

reliant on various attractive and, very much undesirably, repulsive non-covalent chemical forces. 

The term, “non-covalent forces” covers a vast mélange of attractive and repulsive forces. The most 

relevant ones, along with a succinct statement about their energies, are described below.  

(1) Coulombic interactions [ion-ion interaction (100-350 kJ/mole), dipole-dipole (5-50 kJ/mole)], 

ion-dipole (50-200 kJ/mole); 

(2) Hydrogen bonding (4-120 kJ/mole)] interactions; 

(3) π-π stacking (0-50 kJ/mole) interactions; 

(4) Van der Waals forces (< 5 kJ/mole). 
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1.6.1. Coulombic interactions 

Coulombic interactions involve Electrostatic attraction forces between two opposite charges in an 

ion pair or partially developed charges on dipolar molecules. Ion-ion interactions {Figure 1.6.1(a)} 

are basically non-directional, but in case of ion-dipole and dipole-dipole interactions the dipoles 

must properly align themselves for effective binding. Many cation receptors (crown ethers, 

cryptands and spherands) and anion receptors (protonated or alkylated polyammonium 

macrobicycles) have been designed to hold the guest in place based on such ion-dipole interactions. 

   

Fig. 1.6.1: Electrostatic interactions (a) ion-ion (b) ion-dipole and (c) dipole-dipole. 

1.6.2. Hydrogen bonding 

 Hydrogen bonding is a special type among all the non-covalent interactions. Although it is called a 

‘bond’ it is not considered to be a proper one. By definition, hydrogen bond is a force of attraction 

working between an electronegative atom and a hydrogen atom covalently bonded with another 

electronegative atom of the same or a different molecule. Hydrogen bond plays a crucial role in 

molecular recognition. Hydrogen Bonding can be classified into two types, 1) intermolecular 

hydrogen bonding, where hydrogen bond occurs between different molecules and 2) intramolecular 

hydrogen bonding, where bonding occurs within a single molecule. This bond is weaker 

(characteristic hydrogen bond 5-30 kJ/mole) than ionic or covalent bonds but it is stronger than 

Vander Waals force. 

Biological systems like the DNA double helix have been found to be highly reliant on hydrogen 

bonds for its structure. In other words, hydrogen bonds can be said to be the basis of our mere 

existence and are also the basis of secondary, tertiary and quaternary structures of proteins (Fig. 

1.6.2 and 1.6.3). Hydrogen bonds have been the major binding interaction in many receptors 

designed to co-ordinate neutral organic species such as small alcohols, amides etc. and even anions. 
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By exploiting the precision and directional nature of the hydrogen bonds, individual components 

may be spatially arranged in order to build complex molecular architectures. 

 

Fig. 1.6.2 & 1.6.3: Hydrogen bonding in DNA double helix and secondary structure of protein. 

1.6.3. π-π stacking 

   The first synthetic application of a π-stacking interaction was postulated by E. J. Corey in 1972 for 

the chiral reduction of ketone during the synthesis of prostaglandins. But recently, organic chemists 

are increasingly using the term π-stacking in host-guest chemistry. 

π-stacking interaction is a type of non-covalent interaction which occurs when two separate 

π-conjugate systems come in close vicinity and align themselves parallel causing intermolecular 

interaction between p-orbitals (Figure 1.6.4). This p-p interaction can occur “face-to-face” 

(‘sandwich’), “edge-to-face” (T- shaped) or in “offset” (‘parallel-displaced’) manner. The 

compounds containing aromatic moieties stacked with each other by aromatic interactions make a 

large influence on molecule based crystal structure in solid state molecular recognition [42], 

porphyrin aggregation etc. [43] In Zimmerman’s molecular tweezers [44] the π-π interactions is 

thought to be associated with a parallel-displaced geometry. The crystal structures show that the two 

tweezers form complex with each other but with minimal π-overlap in its stacking interactions. [45] 
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The biological role of π- π interactions is evident in the repeated base pair stacking in DNA, the 

interaction of drugs with DNA and in folding of a protein molecule. [46] 

  The exact nature of π-stacking interaction is still a matter of debate. Among various proposed 

models to explain the observations, the electron donor-acceptor (EDA) model suggests that the 

strong attraction arises because of electronic interaction between an electron donor and electron 

acceptor whereas according to a charge transfer (CT) model, a CT complex is claimed to be formed 

due to association of a good electron donor and an acceptor which is characterized by a charge 

transfer transition band in the UV-vis absorption spectrum. [47] 

 

 

 

 

 

 

Fig. 1.6.4: Different modes of π-stacking interactions: (a) Sandwich (face to face), (b) T-shaped 

(edge to face) and (c) Parallel-displaced (offset). 

1.6.4. Van der waals force 

Van der Waals force is a relatively weak electric force of attraction that exists in gases, in liquefied 

and solidified gases, and in almost all organic liquids and solids as the main intermolecular force. 

This kind of forces are named for the Dutch physicist Johannes Diderik van der Waals, who in 1873 

first postulated these intermolecular forces in developing a theory to account for the properties of 

real gases. Solids that are held together by van der Waals forces characteristically have lower 

melting points and are softer than those held together by the stronger ionic, covalent, and metallic 

bonds because The energy of this force of attraction is much less than other bonding interactions 

even less than hydrogen bonding interactions. 



Chapter 1 

 

26 

 

Van der Waals forces may arise from three sources. First, if some of the molecules are permanent 

electric dipoles. The tendency of such permanent dipoles to align with each other results in a net 

attractive force. This can be called the dipole-dipole type. Second, the presence of permanent 

dipoles may temporarily induce polarization in other nearby nonpolar molecules. The attractive force 

resulting from the interaction of a permanent dipole with a neighboring induced dipole may be called 

the dipole-induced dipole type. Third, when there are no permanent dipoles present (e.g., in the 

noble gas argon or the organic liquid benzene), a force of attraction still arises due to fluctuating 

polarization of an atoms or a molecule and subsequent induction upon another nearby atom or 

molecule. These Van der Waals forces can be called fluctuating dipole-induced dipole type. In 

supramolecular chemistry these forces provide additional stabilization to the binding of a 

hydrophobic guest into the hydrophobic cavity. 

 

 

Fig. 1.6.5: Types of Van der waals’ forces: a) dipole-dipole; b) dipole-induced dipole; c) fluctuating 

dipole-induced dipole type. 
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1.7. An ideal chemosensor and different approaches to design 

one. 

 

1.7.1. Criteria of designing an ideal chemosensor 

As the pioneering works in the chemosensor field suggests, the chemistry of synthetic receptors were 

broadly associated with detection of transition metal ions. But the chemistry of chemo-receptors 

today is not only restricted to transition metal ions but has expanded to all types of cationic, anionic 

or neutral substrates of organic, inorganic and even biological origin. The effectiveness of 

complexation between the receptor and the substrate depends upon various types of interactions as 

we have already discussed in the previous section. Now in order to design an ideal receptor for any 

substrate the chemist needs to stick to a few basic criteria, as it is mentioned hereunder: 

The chemist needs… 

(1) To consider steric effects between receptor and substrate and use it advantageously. E.g. A 

concave domain or a cavity and convex domain or a bulge in the structure of the receptor and the 

substrate.  

(2) To look for Presence of additional binding interactions in complementary binding sites in the 

correct configuration on the receptor and on substrate in order to attain complementary electronic 

and nuclear distribution. 

(3) To design several interaction sites when non-covalent interactions are the principal forces of 

binding. 

(5) To achieve high photo stability and high selectivity of the receptor. 

(6) To ensure that the receptor has satisfactory shelf life. 

(7) To make sure that both the host and the guest love (both are solvophilic) or, if the case is so, hate 

(both are solvophobic) the solvent or medium. 

(8) To keep the chemistry of synthesis as green as possible.  
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Hypothesized receptors may be synthesized either by multistep total synthesis of the target 

receptor molecule or by regio-specific functionalization of certain easily available small molecules. 

Simpler synthetic design having limited number of recognition elements leads to simple sensing 

patterns. Structural units that may react to or be perturbed by external factors should be avoided. The 

investigations relevant to this thesis are focused on endo-receptors in which the binding sites are 

situated inside a molecular cavity. [48] For a certain host molecule, guest molecules are taken into 

consideration only after evaluating all the probable recognition elements. 

1.7.2. Different schemes in designing a chemosensor 

The selectivity of any receptor for its specified guest, e.g. a particular cation, depends upon the ratio 

between the receptor’s binding affinity towards a specified cation and other competing cations. Thus 

an efficient host boasts of a stronger affinity for a single particular guest cation compared to other 

coexisting cations. As the extent of selectivity of a host is controlled by a vast number of factors like 

size of guest ions and binding site, and functional behaviour of host and guest molecule, electronic 

charge distribution throughout the host molecule, solvent polarity etc., designing and synthesizing a 

selective and efficient host molecule is a very taxing task. 

1.7.2.1. Changes in absorption spectra upon binding with cations or anions 

Even if the chemoreceptor does not have any fluorophore attached to it or if it has no fluorescence 

properties at all, it may still be able to detect an ionic analyte. When a certain ionic species 

selectively brings about particular changes to the absorption spectra of a chromophore giving rise to 

new absorption peaks, the colorimetric change is observable under naked eye and the molecule can 

act as a colorimetric chemosensor to that ion. This is the basic approach and does not have the 

benefit of fluorescence technique. 

In 2021, Yongjie Ding et al. reported a dual chemosensor for the colorimetric detection of Fe2+ and 

fluorescence detection of Al3+ [49]. In this quinolone based receptor the absorption band at 344 nm 

experienced a red shift to 363 nm upon addition of Fe2+ and a new band appears in the visible region 

at around 670 nm giving rise to the colorimetric change from faint yellow to dark green. Such visible 

change is not seen in presence of other coexisting cations making the receptor a good chemosensor 
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for the selective colorimetric detection of Fe(II). In 2017 another colorimetric sensor for Fe(II) and 

Fe(III) ions was reported by Ju Byeong Chae et. al. wherein addition of Fe2+ and Fe3+ ions cause 

distinct changes to the absorption spectra of the receptor with extinction of the peak at 430 nm and 

evolution of a new bands at 350 nm and 490 nm with an isosbestic point at 382 nm. [50] 

 

 

 

 

 

 

 

Fig. 1.7.1: Basic sensing scheme of the receptor reported by Yongjie Ding et al. 

 

 

 

 

 

 

Fig. 1.7.2: Binding mode of the receptor reported by Ju Byeong Chae et al. 
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1.7.2.2. Fluorescence turn-on and turn-off upon binding with ionic analytes 

In this approach researchers often work with known fluorophores or precursors to a fluorophore eg. 

Fluoresceins, hydroxy coumarines, amino coumarines, Rhodamine-6G, Rhodamine-B, chromenes 

etc. These fluorophore moieties can be functionalized into various novel compounds with proper 

binding sites by incorporating new functional groups and new moieties by organic reactions. 

Subsequently if a certain ionic analyte selectively and significantly changes the emission spectra of 

the novel receptor upon binding, it can be said to work as a chemosensor towards that ion. One can 

also plan to turn off the fluorescence of the receptor fluorophore by some reaction whereafter a 

certain analyte once again selectively turns on the fluorescence upon complexation. A third scenario 

is also possible where the chemoreceptor is fluorescent and the ionic analyte quenches the 

fluorescence upon binding.  

 In 2014 S. tong et. al. reported a Rhodamine based mercury ion chemosensor associated with a 

fluorescence turn-on upon addition of Hg2+ ion to the free receptors namely Rs-Naph and Rb-Naph 

and the receptors taken in an up-conversion β-NaYF4: Y(III)/ Er(III) excitation host. In presence of 

Hg(II) ions new emission bands at 578 nm and 580 nm are observed for Rs-Naph and Rb-Naph 

respectively. [51] 

Fig. 1.7.3: Synthesis and binding scheme of the receptor reported by S. Tong et. al. 
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 Very recently in 2022 H. Kim et. al. reported a fluorescence turn-on chemosensor that can act as a 

dual chemosensor for both Zn2+ and Hg2+ ions based on naphthalene and carbothiamide moieties. 

The reported chemosensor namely NTHC van detect Zn2+ ions and Hg2+ in different solvent 

mediums, respectively buffer (pH=7.0) for Zn2+ and DMSO:buffer (99:1, v/v) for Hg2+. Upon 

addition of Zn2+ a fluorescence band at 448 nm drastically increases in intensity and in case of 

fluorescence titration with Hg2+ a band at 460 nm increases in intensity. [52] 

Fig. 1.7.4 a) and b): Binding of receptor with Zn2+ ions and sensing of Hg2+ ions by 

desulphurization technique in the chemosensor reported by H. Kim et. al. 

 In 2015 E. Senkuytu et. al. reported a fluorescent turn-off chemosensor for Fe3+ and Cu2+ ions based 

on amine substituted fluorenylidene bridged cyclotriphosphazenes. [53] The presence of both Fe3+ 

and Cu2+ ions decrease the intensity of distinct emission band at 370 nm corresponding to the 

receptor molecule. In the same year W. Cui et al. reported a fluorescence turn-off for the detection of 

silver ion. The receptor molecule is structurally based on a conjugate polymer containing 2,3- 

di(pyridine-2-yl) quinoxaline. [54] Upon addition of Ag+ ions to the polymerized sensing material 

colorimetric changes occur along with changes to the emission spectra. The emission peak at 525 nm 

rapidly diminishes in terms of intensity as soon as silver ion is added to the receptor ensemble. 
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Fig. 1.7.5 a) and b): Sensing scheme for sensing of Ag+ ions and the fluorescence curve upon 

addition of 3 equivalents of Ag+ in the chemosensor reported by W. Cui et. al. 

1.7.2.3. Sequential fluorescence turn-on or turn-off upon de-complexation of the 

receptor and the analyte 

In some cases, sequential addition of a second analyte sets the receptor free from the receptor-

analyte ensemble by forming insoluble compound or a stronger complex with the first analyte and 

subsequently the emission behavior of the receptor emerges once again. If the freeing of the receptor 

happens with selectivity for a certain second analyte, the complex between the receptor and the first 

analyte is said to act as a sequential chemosensor to the second ionic analyte. For eg. S2- and I- ions 

can free a receptor from its Hg2+ ion complex, F- ions can free a receptor from its Al3+ ion complex, 

and Cl- ions can free an Ag+ ion receptor from its complex etc. 

Jaewon Kim et al. reported a sequential chemosensor for chloride ions in which the silver ion 

complexes of the various substituted benzimidazole compounds are used. [55] The sensing event is 

associated with addition of chloride ions to the silver complex and subsequent fluorescence turn-on 

due to liberation of the benzimidazole molecule following precipitation of silver ions as silver 

chloride. The optimum benzimidazole derivative shows an emission maximum at about 344 nm. 

Upon addition of Ag+ ions the fluorescence gets quenched and after sequential addition of Cl- ions 

the receptor gets freed and fluorescence gets turned on once again. 
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Fig. 1.7.6 a) and b): Sensing scheme for sensing of Cl- ions and the fluorescence titration curve 

upon addition of Cl- to the chemosensor reported by J. Kim et al. 

In 2014, Yong-Sheng Mi et al. synthesized and characterized a rhodamine- quinolone based 

chemosensor (named as REQ). The receptor had the ability to detect both Al3+ and F- ions 

sequentially. [56] Upon gradual addition of Al3+ solution to the buffer solution containing the 

receptor REQ, the fluorescence intensity increases alongside the increment in the concentration of 

the Al3+ ions and an emission maximum can be observed at 584 nm. This indicates prominence of 

the open ring form of the rhodamine moiety in the Al3+ complex. But after sequential addition of 

Fluoride(F-) ions the more stable fluoride complex of the aluminium ion(AlF6
3-) cis formed and the 

receptor is freed. This causes the lactam ring in the rhodamine moiety to reform and results in the 

quenching of the fluorescence maxima at 584 nm.    

 

 

 

 

 

 

Fig. 1.7.7 a) and b): Scheme for sequential sensing of Al3+ and F- ions by the chemosensor reported 

by Y-Sheng Mi et al. 
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1.7.2.4. Approaches to design host molecules for anionic analytes 

1.7.2.4.1 Binding site-signaling subunit approach for anionic analytes 

In this approach Many anionic sensors are designed by covalent attachment of signaling subunits and 

anion binding sites. [57] The moment the coordination site binds the anion, the properties of the 

signaling subunit changes giving rise to alterations either in the absorption behaviour (chromogenic 

chemosensor) or in its emission behavior (fluorogenic chemosensor). (Figure 1.7.1) 

Fig. 1.7.1: Binding site-signaling subunit approach 

1.7.2.4.2 Displacement approach for anionic analytes 

Here in this approach, upon addition of a target anion to the solution containing the non-covalently 

attached binding subunit-transducing indicator ensemble (Receptor-Indicator ensemble), a 

displacement reaction occurs. The binding site coordinates the incoming anion whereas the signaling 

subunit or the Indicator returns to the solution retrieving the spectral behavior in its free state. If the 

signaling subunit or free indicator has different than that of the molecular ensemble, then the anion 

binding process is associated to a signaling event.  

 

Fig. 1.7.8: Displacement approach for anionic analytes 
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1.7.2.4.3. Chemodosimeter approach 

Chemodosimeters are inherently different from chemosensors in the way that they are designed 

based on irreversible chemical reactions that accompany the transduction event. [58, 59] So, 

chemodosimeters may not be reversible or reusable but they are very selective towards a specific 

anionic or cationic analyte. [60]  

A chemodosimeter may function in two ways, one in which the anion reacts by forming covalent 

bond with the chemodosimeter and therefore is attached to product. In the second type, the anion 

initiates and catalyzes a chemical reaction. The reaction of the anionic analyte with the 

chemodosimeters can either turn –on fluorescence or inflict a ratiometric change in the emission 

curve. Figure 1.8 represents the types of a chemodosimeter graphically. 

Fig. 1.7.9: Types of chemodosimeters. 

1.8. Applications of chemosensors as optical biosensors, in live-

cell imaging and molecular logic gates 

Chemosensors have been known to offer a variety of applications. Out of these applications, a few 

that are relevant to this thesis is discussed briefly in the ensuing segment. 
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1.8.1. Application as optical biosensors 

Biosensors are analytical devices that consists of a fixed biological sensing element and a transducer 

element. The detection of biomolecules in a complex sample is achieved by converting the chemical 

signal into an optical or electrical signal produced by the physio-chemical transducer. Quantifying 

the strength of the signal we can also deduce the analyte concentration. [61 a), b)] The sensing event 

is initiated by molecular recognition of the targeted analyte. The detection process is associated with 

the stereo-electronic interaction between the analyte and the sensing element and its effect on the 

transducer. [62] The factors that are assessed for the selection of the proper biological sensing 

element, are the specificity towards a particular analyte, ease of storage, operational and 

environmental stability. The choice is also dictated by the type of analyte to be detected such as 

heavy metal ions, small organic compounds, antigens, microbes, hormones or nucleic acids etc. 

Some common biological sensing element that have been used widely may be classified into 

enzymes, antibodies, DNA, receptors, organelles and microorganisms. Even cells or tissues of both 

plant and animals have been used as biological sensing elements. [63, 64] 

In 2015, Giorgi Shtenberg et al. designed and fabricated a simple optical biosensor for trace heavy 

metals using enzymatic activity inhibition. The target enzyme has been immobilized on the surface 

of the pore walls of PSi nanostructures. Specific interaction between the target enzyme and the 

heavy metal ions modifies the enzymatic activity negatively. This interaction makes the real-time 

monitoring of heavy metal ions possible by translating into a shift in the reflectivity spectrum of the 

PSi film as its effective optical thickness (EOT) changes. The enzyme used in this activity inhibition 

sensing concept is horseradish peroxidase (HRP). It is one of the most important peroxidases in 

biotechnological research. In absence of heavy metal ions, the enzymatic action upon the substrate 

molecules gives insoluble products which is deposited in the nanopores on the PSiO2 film and causes 

a substantial redshift in the EOT. But this EOT shift is not observed in presence of heavy metal ions 

which interact with the enzyme and decreases its action thereby (see fig. 1.8.1). [65] 
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Fig. 1.8.1: Schematic representation of the sensing of the heavy metal ions by monitoring the optical 

thickness. a) No red shift in EOT in presence of metal ions and b) Red shift in EOT in absence of 

heavy metal ions. [65] 

1.8.2. Application in live cell imaging 

Various metal ions like Copper (Cu2+), zinc (Zn2+), aluminium (Al3+) and iron (Fe3+) have a crucial 

role in biology and also in the intracellular activities. [66]. Cu2+ is involved in mitochondrial 

respiration and neuronal functions, Zn2+ works as the active centers of many enzymes, Al3+ has long 

been suspected to be a neurotoxic agent causing Alzheimer’s disease, whereas both Fe2+ and Fe3+ is 

essential for oxygen delivery and electron transport. [67, 68, 69] Therefore, it is very important to 

trace these metal ions in the intra-cellular region as well as in solution phase. In the recent 

chemosensor research various receptors have been used for live cell imaging studies to explore their 

capability to detect various metal ions in-vivo.  

In 2018, Ezhumalai et al. synthesized a couple of turn-on macrocyclic chemosensors for Al3+ ion. 

Live cell imaging studies were done with KB cells (papilloma). The receptors namely ‘me1’ and 

‘dm2’ exhibited good cell membrane permeability. Upon addition of Al3+ ions the intracellular 
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concentration of Al3+ increases and fluorescence gets turned on due to PET turn-off and the cells 

appear fluorescent under confocal microscope (see fig. 1.8.2.). [70] 

 

 

 

 

 

 

 

 

 

Fig. 1.8.2:  Fluorescence images of KB cells treated with compounds ‘me1’ and ‘dm2’, and 

Al(NO3)3 under bright field, fluorescence field and the overlay of the two. [70] 

Subsequently in 2022, Pranabendu Das et al. reported a piperazine based Schiff base chemosensor 

for the detection of Zn(II), Cu(II) and F-. The live cell imaging studies has been done with HeLa 

cells which have been incubated with the bare chemosensor(HL) and subsequently with Zn(II). The 

addition of triggers blue fluorescence in the intra cellular region showing that the chemosensor can 

detect Zn(II) in the intracellular environment. (see fig 1.8.3.) [71] 
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Fig. 1.8.3:  Fluorescence microscopy images of HeLa cells incubated with HL and HL- Zn(II).[71] 

1.8.3. Application in construction of molecular logic gates 

In recent times construction of molecular logic gates has been an area of interest in chemosensor 

research. [72-74] It may have various applications such as in digital information security, molecular 

arithmetic, construction of memory devices and drug action. A molecular logic gate, used as a digital 

building block, may be constructed when there is more than one chemical input that corresponds to a 

single signal output giving rise to a logic function viz. AND, OR, NAND or INHIBIT. [75]  

In 2022, P. Das et al. reported construction of an INHIBIT logic gate with three chemical inputs viz. 

the free ligand(HL), Zn(II) ion and EDTA and the fluorescence emission at 459 nm as a single 

output. The Zn(II) ion turns on the emission at 459 nm upon its addition to the free receptor. On 

further addition of EDTA, it forms a stronger complex with Zn(II) and frees the receptor again 

turning the emission output off. EDTA has been used as a chemical output via an inverter. The fig. 

1.8.4 shows the inhibit logic gate and the relevant truth table. [76] 
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Fig. 1.8.4:  The logic circuit and the truth table for the chemosensor reported by P. Das et al. [76] 

In 2008, D. Zhang et al. reported a merocyanin receptor marked ‘L’ which was used to construct a 

few unique logic circuits having NAND, NOR and INHIBIT functions. The polarity of the solvent is 

the first input (Input value is ‘1’ when a high polarity solvent is used and ‘0’ when a low polarity 

solvent is used) and the second input is either H+ concentration or Hg2+ in case of different logic 

gates. The two output signals are the fluorescence emissions at 470 nm and 520 nm (output is 

regarded as ‘1’ when the relative intensity is over 70-80% and ‘0’ when it is below 10-30%). Both 

H+ and Hg2+ concentrations lead to fluorescence quenching of the ligand but only when high polarity 

solvent is used. The molecular logic circuits and the truth tables are schematically represented in the 

fig. 1.8.5 and fig. 1.8.6. [77] 
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Fig. 1.8.5:  The NAND logic gate reported by D. Zhang et al. and the corresponding truth table. [77] 

 

 

 

 

 

Fig. 1.8.6:  The NOR and INHIBIT logic gate reported by D. Zhang et al. and the corresponding 

truth table. [77] 
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1.9. Aim of the thesis 

The aim of the present thesis is to explain, to its readers, how the chemosensor research works and to 

demonstrate how to conceptualize and develop chemosensors for selective determination of toxic 

and biologically relevant metal ions. It also consists of a complete body of research work on metal 

ion chemosensors along with their application in modern science. Keeping in mind the ever-

increasing need to develop efficient, selective and low-cost chemosensors for the detection of metal 

ions, a few novel efficient aluminium, mercury, nickel and zinc ion sensors have been synthesized 

using economically viable routes. The chemosensors binds with the selective metal ions very quickly 

along with a visible change in most cases and hence have the benefit of real time, naked-eye 

detection. In comparison with the conventional methods, which require expensive analytical 

instruments that are difficult to transport, these chemosensors are far superior for on-field sample 

analysis. They all have comparatively lower limit of detection than their predecessors. This enables 

them to detect metal ions in biological and environmental samples even when these ions are present 

in very minuscule quantities. The optical sensors presented here are also found to be effective in the 

metal ion concentration ranges prescribed by WHO. Most of the chemosensors in this thesis are 

reversible in nature and can be reused. This thesis also duly notes the application of the 

chemosensors as optical biosensor, in live cell imaging studies, construction of certain molecular 

logic gates and in development of easy detection tools such as ‘dip sticks’. 
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2.1. Introduction 

The nascent step in designing a chemosensor is the creation of a scheme and devising a plan for 

synthesis of the targeted molecular chemosensor. The actual synthesis follows the first step which is 

carried out in the wet laboratory. This chapter talks about the steps thereafter and more specifically 

the instruments and techniques required in those steps. Characterization of the synthesized probe and 

the metal complexes mentioned throughout this thesis is done with instrumental methods such as 

HRMS, IR, 1H-NMR, 13C-NMR, X-ray diffraction crystallography etc. A plethora of photo-physical 

instruments or techniques such as UV-VIS Spectrophotometer or UV-Vis spectroscopy, Fluorimetry, 

Time-resolved fluorimetry or Lifetime decay fluorimeter and pH-meters for pH-studies etc. are used 

in the sensing studies of the chemoreceptor. Single crystal X-ray diffraction method is used to 

determine the structure of the chemosensor molecule in the cases where single crystal of the 

compound has been obtained. 

 

2.2. Methods of characterization 

Thorough characterization of the purified synthesized receptor molecule was carried out using the 

different techniques as described below. 

2.2.1. High resolution mass spectrometry (HRMS) and Elemental analysis 

High Resolution Mass Spectrometry is an essential part of the characterization process after the 

synthesis step. From the molecular ion peak given in the HRM spectra we can know the molecular 

weight of the synthesized compound and compare it with that of the desired chemosensor. We can 

also comment about the structural composition of the synthesized molecule by recognizing mass 

fragments in the spectra. 

In this technique, sample molecules are bombarded with a beam of electrons having high 

energy. As a result, the molecules ionize and break up into many a number of fragments. Some of 

them are positive ions. Each type of ion has a particular m/z ratio i.e., mass to charge ratio. For most 

ions, the charge is one and thus m/z ratio is basically the molecular mass of the ion. A distinct signal 

is obtained for each value of m/z which corresponds to the mass of the particular fragment. The 
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intensity of each signal corresponds to the relative abundance of the ion generating the signal. The 

Intensity of the most intense peak in the structure is taken as 100% and it is known as the base peak. 

Elemental analysis is also a proven technique which gives the percentage of elements like C, 

H and N present in a compound. In this thesis all the HRMS data were recorded on Waters (Xevo G2 

Q-TOF) mass spectrometer and the elemental analysis was carried out in a 2400 Series-II CHN 

analyzer, Perkin Elmer, USA. 

2.2.2. Infrared Spectroscopy (IR spectra)   

Infra-red spectroscopy is another potent method which gives ample information indicating the 

structure of synthesized probes. Unlike UV-VIS spectrum which consists of moderately few peaks, 

the IR technique produces a spectrum including a great number of absorption bands from which a lot 

of information may be collected about a particular structure. Upon absorption of infra-red radiation, 

the various bonds in a molecule begin to bend and stretch. The most significant infra-red region is 

from 2.5 to 15  in which molecular vibrations can be detected and measured. The absorption of 

IR radiations can be assigned either in terms of wavelength () or in terms of wave number ().  

Mostly, IR spectra of various samples are plotted as absorbance or percent transmittance versus 

wave number. The correlation between wave number and wavelength is as follows: 

                                                Wave number =1/wavelength (in cm) 

Band intensity is either expressed in terms of absorbance (A) or transmittance (T). 

                                                            A = log10(1/T)  

When a molecule absorbs IR radiation it causes excitation of that molecule from a lower to 

the higher vibrational energy level. These vibrational energy levels are connected with a number of 

narrowly spaced rotational levels. Among all the bonds in a molecule only those associated with a 

change in dipole moment upon vibration are eligible to absorb in the IR frequency region. In case of 

such bonds, vibrational transitions accompany dipole moment change and are called IR-active 

transitions. The compounds having such a vibrational transition will be called IR-active compounds. 

Thus IR spectroscopy is also termed as vibrational-rotational spectroscopy.  

All the IR data in this thesis were recorded on a RX-1 PerkinElmer spectrophotometer and 

samples were prepared as KBr pellets. 
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1H as well as 13C NMR spectroscopies are the most useful analytical techniques to characterize the 

structure of a newly synthesized chemosensor. Nuclear magnetic resonance is a phenomenon which 

occurs when the magnetic energy of the protium nucleus or some other type of nuclei, under an 

external static magnetic field, interacts with the oscillating magnetic field of an electromagnetic 

radiation.  Among all the spectroscopic methods, the NMR spectroscopy uses electromagnetic wave 

with the lowest frequency for excitation. The sample nucleus absorbs electromagnetic energy in the 

radio-wave region. The absorption peaks appear at different frequencies depending upon the type of 

proton or other nuclei contained in the sample compound.  

It is a nondestructive technique and gives response in molar ratio, which allows structure 

elucidation of the desired molecules. In this method the protons in an organic or inorganic molecule 

are exposed to a powerful magnetic field. Under the influence of that external magnetic field the 

different protons then start their waltz like dance like a spinning top or to be more scientific, start to 

precess at different frequencies. [1] Now these precessing protons can either align themselves in 

parallel or in anti-parallel orientation with respect to the external magnetic field. Now when these 

precessing protons are irradiated with steadily changing radio frequencies, protons undergo 

transition from low-energy parallel state to high-energy anti-parallel state. This transition only 

occurs when they find a match between the transition energy and the energy of the radiation. In that 

case absorption occurs and a signal is obtained. The spectrum obtained by this experiment is called 

nuclear magnetic resonance spectrum. In an NMR spectrum, magnetic field strengths applied for all 

the types of protons are measured and the corresponding absorption peaks are plotted. The total 

number of signals at different field strengths indicates the types of the different sets of equivalent 

protons present in the sample molecule. The position of the signals in the total field range of the 

spectrum helps us to know if the protons are adjacent to any particular electron attracting or electron 

releasing group.  

When a molecule is placed in a magnetic field, the electrons also circulate the protons 

thereby producing secondary magnetic fields. When this induced field is in opposition with the 

external magnetic field, the proton is said to be shielded. When shielding occurs the protons undergo 

transition at a higher magnetic field and are said to be shifted upfield. Deshielding effect makes the 

proton to absorb radio frequency at a lower magnetic field and hence are said to be shifted 

downfield. These shifts are called chemical shifts. For determining chemical shifts of protons of 

various natures in a molecule, the signal for tetramethylsilane (TMS) is taken as a reference. For a 

2.2.3. 1H-NMR Spectroscopy: waltz with a proton 
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particular proton in a molecule, NMR signal appears at a particular field strengths compared to a 

reference signal from TMS. The chemical shift is the difference in the signal position of a particular 

proton with respect to the reference signal given by the TMS protons. It is measured in equivalence 

frequency and expressed as  value. Its unit is ppm (parts per million) as is evident from the units 

taken in the numerator and the denominator. 

 = (sample - TMS)/operating frequency 

(unit of numerator in hertz and denominator in megahertz) 

The solvent used must have no protons so that it does not give absorption of its own in NMR 

spectrum. Conventionally deuterated solvents like CDCl3 and DMSO-D6 are used as deuterium is 

effectively NMR silent in the operating frequency range of proton NMR. [2] 

In an NMR spectrum, the area under each peak is proportional to the number of protons in each set 

of protons present in the studied compound. Often due to the coupling of different protons in the 

surroundings of the absorbing proton, a signal undergoes splitting to form multiplets. Importantly the 

separation between the midpoints of the two adjacent peaks in a multiplet is usually called the J-

coupling constant. The coupling constants are generally expressed in Hz.   

In case of NMR titration, inferences about the stability of the host-guest complex can be 

drawn by determining the association constant from analysis of the chemical shift values. The exact 

stoichiometry of a receptor molecule can be determined by simply plotting the chemical shift versus 

host-guest mole ratio when the binding constant is large and exchange is fast. When broad range of 

binding constants is considered and dynamic exchange between the free host and the complex is fast 

on the NMR time scale, Job’s method is usually adopted for the stoichiometry of the complex. If it is 

slow on the NMR time scale, the stoichiometry of the complex is apparent [2]. 

Each and every 1H NMR spectra of all the synthesized chemosensors, their metal complexes 

and other associated compounds were recorded on a Bruker 300 MHz instrument. 
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Fig 2.1: The waltz of a proton: Larmor precession & Fig 2.2: NMR spin energy levels under 

external magnetic field (B0). 

2.2.4. 13C NMR Spectroscopy: waltz of the other kind 

13C-NMR is comparatively an young technique. There are prominent differences between the 1H and 

13C spectra both in the form of recording as well as in application. The nuclear spin quantum number 

is denoted by I and its value for C12 nucleus is equal to zero. So, being non-magnetic it does not give 

rise to NMR signal. On the contrary, C13 has a spin quantum number equal to ½ and it is NMR 

active but with natural abundance of 1.11% only. Every C13 signal couples strongly with the directly 

attached protons and also couples with the protons which are in two to four bonds distance from it. 

The value of the coupling constants changes in accordance to the distance between C13 and the 

proton. For almost all organic molecules, complete C13 spectra appear in the range of 0-200 ppm. 

The common internal standard used for 13C NMR is tertramethylsilane TMS. 

All the 13C NMR spectra of the synthesized compounds in the thesis was recorded on a 

Bruker 300 MHz instrument. 

2.2.5. UV-Vis absorption spectroscopy 

The foremost step in the ion sensing studies of the chemo-receptors is the study of changes in the 

absorption spectra of the ligand upon gradual addition of the specific ionic analytes that is being 

sensed along with the other co-existing ions. The specific changes in the absorption spectra indicates 

complexation and are often associated with a colorimetric change i.e., alteration in its color.  
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    The wavelength range in which absorption is studied is between 200-700 nm (UV-Visible range), 

hence the name. Since, radiation in this range can inflict electronic transition, the alternate title for 

this technique is Electronic spectroscopy. For visible and ultra-violet spectrum, electronic excitations 

leads to the promotion of electrons from a lower energy molecular orbital to a higher energy 

molecular orbital. Compounds which absorb in the visible range appears colored to the human eye 

and any change in the spectrum of such compound results in change of color.  

In the UV-Vis plot or the absorption spectrum, the wavelength (nm)is taken in the x-axis and the 

absorbance (a.u.) is taken in the y- axis as a function of the former. Generally the spectrum consists 

of a number of absorption bands. There are two laws explaining the absorption changes by the 

molecules. These are:(i) Lambert’s law and (ii) Beer’s law.  

As a combination of these two laws, the Lambert-Beer’s law can be stated as: 

 

I(ν) = I0(ν)10-ε(ν)cl 

Where I0() and I() are the intensity of incident light and transmitted light respectively at the 

frequency , ε is the molar extinction coefficient or absorptivity at frequency which can be 

expressed in L(liters)mol-1cm-1, c is the concentration of solution in moles litre-1 and l is the path 

length (cm) of the absorbing medium. 

For a UV-Vis experiment, absorption spectra of the solvent in which the sample is dissolved, 

is recorded at first. Now one can eliminate the contribution of the solvent from the absorption 

spectra of the probe itself so that no solvent peaks are recorded. This process is called as baseline 

correction. The samples of desired concentration are then taken in a quartz cuvette and the 

absorption spectrum measurement is carried out. All the electronic spectra reported in this thesis 

were recorded in a Perkin Elmer Lambda 750 spectrophotometer. 

2.2.6. Fluorescence Spectroscopy  

The emission spectra of the synthesized probes were also recorded and analyzed to check if the 

probe has the scope of being a fluorescent chemosensor. If a specific and reproducible change in the 

emission spectra of the probe is observed upon addition of a selective analyte then various detailed 

studies (viz. Fluorescence titration, competition study, pH study, fluorescence lifetime 

measurements) are required to ascertain the sensing pattern of the receptor. 
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A brief study of the Jablonski diagram reveals the fundamentals of photoluminescence 

processes that occur in various molecules. Jablonski diagram illustrates a variety of processes that 

occur between absorption and emission of light energy by complex molecular systems. It 

demonstrates various radiative  and non-radiative processes which occur in the excited state of the 

molecule [3]. The Jablonski diagram is shown in Figure 2.2. The symbols S0, S1 and S2 signifies 

respectively the singlet, ground, first and second electronic states. At each of these electronic energy 

levels, there exists a number of vibrational energy levels, represented as by 0, 1, 2, etc. The 

electronic transitions occur in about a femtosecond. The displacement of the nucleus is irrelevant in 

such a small time span. This is demonstrated in Frank-Condon principle. The fluorophores do not 

populate the higher or excited vibrational levels at normal temperatures. Hence, absorption and 

emission take place mostly from or to the lowest vibrational energy states. The fluorophore gets 

excited to some higher vibrational level of either S1 or S2 upon absorption of light energy. When the 

molecules jump from S2 to S1 the process is called internal conversion. When the molecules undergo 

radiative relaxation from S1 to S0 state emission of light energy occurs and the process is termed 

fluorescence. Conversion of S1 to T1 is called intersystem crossing due to change in spin. Emission 

of light occurring during spin forbidden transition from the triplet ground state to singlet ground 

state is termed as phosphorescence [4]. As phosphorescence is spin forbidden the rate constants for 

such emission are much smaller than those for fluorescence.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.3: Jablonsky diagram demonstrating all the excitation and relaxation processes involved in 

photoluminescence. 
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For a typical fluorescence measurement, the samples of desired concentration were prepared 

in quartz cuvette and the emission spectra were recorded without any baseline correction as in this 

case contribution in the photo-luminescence spectra from the solvent part is negligible. All the 

fluorescence spectral data reported in this thesis were recorded with the aid of Shimadzu RF-6000 

fluorescence spectrophotometer at room temperature (298 K). 

2.2.7. Fluorescence lifetime measurement 

Fluorescence lifetime of an excited state is the characteristic average time a molecule stay in that 

excited state before undergoing decay. The Fluorescence lifetime decay curve is plotted against time 

for a particular emission wavelength which arises upon excitation at a particular wavelength. In 

general, a fluorescent molecule exhibits a single exponential decay and the relationship between 

their emission intensity and time can be expressed as: 

I(t) = I(0) exp(-kt) 

Where, I(0) and I(t) are the fluorescence intensity at the original stage (t = 0) i.e., the moment when 

excitation stops and at any given time ‘t’ respectively; k is the rate constant describing the decay 

processes. Both radiative and non-radiative decays affect the rate constant, k.  

A radiative decay rate constant is kr which is characterized by lifetime τr and a non-radiative decay 

rate constant is knr, characterized by lifetime τnr. So, the equation of lifetime derived given as: 

k = kr + knr = 1/τr + 1/τnr = 1/τ   and the equation becomes, 

I(t) = I(0) exp (-t/τ) 

One can obtain the overall fluorescence lifetime τ, by fitting a single exponential decay to the 

experimental fluorescence decay curve.  

For a typical measurement, the samples of desired concentration were prepared in quartz 

cuvette and the emission spectra were recorded. The lifetime measurement of synthesized probes is a 

valuable tool to study further about these sensors. All the lifetime decay measurement in this thesis 

work was done using time-correlated single photon counting set up from Horiba Jobin-Yvon. The 

emission decay data were collected on a Hamamatsu MCP photomultiplier (R3809) and were 

analyzed by using IBH DAS6 software. The goodness of fit was evaluated by χ2 criterion and visual 

inspection of the residuals of the fitted function to the data. Generally, fluorescence has a lifetime of 

a few nanoseconds (ns), while spin-forbidden phosphorescence has a lifetime in the order of 

microsecond (μs) to millisecond (ms). 
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2.2.8. Single crystal X-ray diffraction technique 

Single crystal X-ray diffraction provides various important data like, unit cell dimensions, bond-

lengths, bond-angles and details of site-ordering etc. about the internal lattice of crystalline 

substances in a non-destructive way. Next step is the single-crystal structure refinement or in other 

words ‘solving of crystal structure’ where the data generated from the X-ray analysis is interpreted 

and refined to obtain the crystal structure. 

In 1912, Max von Laue discovered that the spacing of planes in the crystal lattice of 

crystalline substances act as three-dimensional diffraction gratings for X-ray wavelengths. X-ray 

diffraction has emerged as a familiar procedure for the study and deduction of crystal structures and 

atomic spacing. In X-ray diffraction constructive interference occurs between monochromatic X-

rays, that are produced by a cathode ray tube,  and a crystalline sample. X-rays from the source are 

usually filtered to generate monochromatic radiation and directed towards the sample compound. 

The rays incident upon the sample produces constructive interference only when conditions satisfy 

Bragg's Law (nλ = 2dsinθ). Where, ‘λ’ denotes the wavelength of electromagnetic radiation, ‘θ’ is 

the diffraction angle and ‘d’ is the lattice spacing in a crystalline sample. After diffraction, the X-

rays are then detected, processed and counted. By altering the geometry of the incident rays, the 

orientation of the mounted crystal and the detector, all possible diffraction possibilities of the lattice 

should be attained [5]. All diffraction methods are based on generation of X-rays in an X-ray tube. A 

vital component of all diffraction is the angle between the incident and diffracted rays.  

Single crystals were mounted on glass fibers with epoxy cement as described in relevant 

thesis work. X-ray analysis was done using Apex II CCDC diffractometer with fine-focus sealed 

tube graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) at room temperature. The data was 

processed with SAINT and corrected for absorption using SADABS [6]. The structures were solved 

by direct method using the program SHELXTL [7] and was refined by full-matrix least squares 

technique on F2 using anisotropic displacement parameters for all non-hydrogen atoms. Hydrogen 

atoms were included in the refinement process as per the riding model. The Mercury 3.0 software 

was used for the analysis of bond distances and angles. 
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2.3. Instrumentation segment of the spectroscopic techniques 

2.3.1. NMR technique 

Nuclear magnetic resonance spectrophotometer makes use of a magnet, a radio-frequency, a detector 

and an amplifier. The detection system is used to note down that energy is being transferred from the 

radio-frequency beam to the nucleus. The sample under examination is taken in a glass tube which is 

positioned between the pole faces of a magnet. A radio-frequency source is made to fall on the 

sample. It can be completed by feeding energy into a coil placed around the sample tube. A signal is 

detected if the nuclei in the sample resonates with the source. Energy is transferred from the source 

via nuclei to the detector coil. The output from the detector can be directed to a cathode ray 

oscillograph or to a strip of chart recorder after amplification. 

The instrumentation technique is shown in Figure 2.4. 

 

 

 

 

 

 

 

 

Fig. 2.4: Schematic diagram of instrumentation of NMR spectroscopy. 

2.3.2. IR technique 

In common IR instruments the source of Infra-red light used for scanning is Nernst glower. It is 

basically a rod containing the sintered mixture of the oxides of Zirconium, Ytterbium and Erbium. 

The rod produces Infra-red radiations when it is electrically heated to 1500°C.  

Silicon carbide may also be used in the rod to produce Infra-red radiations. Optical prisms or 

gratings is used to obtain monochromatic light. For prism material, glass or quartz cannot be used 

since they absorb strongly through most of the IR-region. Sodium chloride or certain alkali metal 

halides are commonly used as cell containers or for prism materials as these are transparent to most 

of the IR region under consideration. Light from the source is split into two beams. One of the beams 
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is passed through the sample under examination and is called the sample beam. The other beam is 

called the reference beam. When the beam passes through the sample, it becomes less intense due to 

the absorption of certain frequencies. Now there will be a difference in the intensities of the two 

beams. Intensities of the bands can be recorded as a linear function T (transmittance) against the 

corresponding wave-number. 

The instrumentation technique is illustrated in Figure 2.5. 

 

 

 

 

 

 

 

 

Fig. 2.5: Schematic representation of instrumentation of IR spectroscopy. 

2.3.3. HRMS technique 

The instrumentation of mass spectrometer consists of three main parts: 

(a) Ion source. The first and a significant step of achieving a mass spectrum is to ionize the sample 

compound. The common procedure used for the fabrication of ion in mass spectrometer is by the 

bombardment of electrons. The bombarding electrons are generated from an electrically heated 

tungsten filament. A few milligram of the substance is produced as vapor in the source at an 

operating pressure of 10-6 mm. The vapor is permitted to pass through a slit into the ion chamber. 

Here it is bombarded by a flow of electrons produced by a tungsten filament. Due to bombardment, 

the molecules generally lose one electron to form a parent ion radical. But if the energy of the 

bombarding electron is around 70 eV, additional energy is consumed in fragmenting the parent ion. 

This results in the formation of fragment ions or the daughter ions. 

(b) Quadrupole Mass filter. The positively charged ions generated in the ion chamber are 

accelerated by pertaining an acceleration potential. Theses ions then go through the mass filter or the 

mass analyser. Here the fragmented ions are differentiated on the basis of their m/z ratio and their 

mass to charge ratio is measured.  
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(c) Ion detector. The ions which are separated by the mass analyser, are detected and measured 

electrically. The ions pass through the collecting slit one after the other and fall on the detector. The 

instrumentation technique is shown in Figure 2.6. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6: Schematic of instrumentation of High resolution mass spectrometry. 

2.3.4. UV-Vis technique 

The roll of a spectrophotometer is to detect the percentage transmittance of light radiation when light 

of a constant intensity and frequency range is passed through the sample compound taken in solution 

phase. Thus, the instrument compares the intensity of the transmitted light with that of the incident 

light or light transmitted through the pure solvent.  

The modern UV-Vis spectrometers consist of a few key parts viz. the source of light, a 

monochromator filter, a detector, an amplifier and the data recording devices. The most popular 

sources of light are hydrogen-deuterium discharge lamp and tungsten Filament lamp. These two 

lamps cover the whole frequency range of the UV-Vis region. Most spectrophotometers are double 

beam instruments. The primary source of light is divided into two beams of equal intensity by a 

beam splitter. One of which passes though the sample and the other through the reference. A 

schematic representation is given below in Figure 2.7. which shows the detailed instrumentation of a 

ultra-violet spectrophotometer. 
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Fig. 2.7: Schematic presentation of different parameters involved in absorption spectra measurement  

2.3.5. Fluorimetry 

A fluorimeter is a device that measures the intensity and its distribution throughout the wavelength 

range visible to human eye.  After excitation by a certain wavelength of light generally from UV 

region of the spectrum the fluorophore undergoes radiative relaxation and emits visible light which 

is then detected, quantified and represented digitally by a detector-computer assembly.  Modern 

fluorometers can detect the emission from a fluorescent molecule in very minute concentrations.  

The basic components of a fluorometer are an excitation source, an excitation 

monochromator, a sample chamber, where a cuvette containing the sample solution is placed, an 

emission monochromator and a detector. Most commercial instruments use the right angle detector 

approach as it reduces the background noise. In normal instrumentation mode, the sample compound 

is excited with polarized light and the intensity of the emitted florescence by that compound is 

measured by a polarizer analyser. A schematic representation of the fluorimeter instrument is shown 

in Figure 2.8 which demonstrates the detailed instrumentation. 
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Fig. 2.8: Schematic representation of a fluorimeter. 

2.3.6. Fluorescence lifetime technique 

The Fluorescence lifetime instruments record the life time of the excited state of a certain 

fluorophore over the course of many events. To reconstruct the lifetime decay profile a technique 

known as TCSPC or time-correlating single photon counting is used. It is a method of comparing the 

timing of a pulsed excitation source, like a laser or a LED, with the timing of the arrival of single 

photons on a detector. It requires many a repetition of pulses of excitation source and photons 

detected to achieve a required statistical data precision. The instrumentation of a TCSPC-

fluorescence lifetime machine is shown schematically in the following diagram (Figure 2.9).  

 

 

 

 

 

 

 

Fig. 2.9 Schematic diagram of a TCSPC instrument 
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2.4. Some essential analytical methods to study the 

chemosensors 

2.4.1. Quantum yield measurement 

Photoluminescence quantum yield is the efficiency, of a luminescent particle, of converting absorbed 

light into emitted light, i.e., 

                           Quantum Yield = number of emitted photons /number of absorbed photons 

 Quantum yield is alternately named as quantum efficiency (QE) or fluorescence efficiency. The 

value of Quantum yield may vary between 0 and 1. Higher the quantum yield, brighter is the 

emission. To measure the quantum yield of a sample one needs to compare its emission with a 

reference dye with known quantum yield or one can also measure the absolute quantum yield. To 

measure the Quantum yield, the absorbance of both the sample and the reference dye were recorded. 

Thereafter, emission spectra were recorded using the maximal excitation wavelengths and the 

integrated areas of the spectra were calculated further. The quantum yields were then measured by 

using the following equation: 

Φx = Φs× (
𝑰𝒙

𝑰𝒔
) × (

𝑨𝒔

𝑨𝒙
) ×  (

𝒏𝒙

𝒏𝒔
)

𝟐

 

Where, x & s designate the unknown and standard solution respectively, φ is the quantum yield, I is 

the integrated area under the fluorescence spectra, A is the absorbance and n is the refractive index 

of the solvent.  

The selection of the reference dye was varied throughout the thesis work according to the position of 

the absorbance peaks in each case. All the absorption and fluorescence spectra were recorded using 

Perkin Elmer Lambda 750 spectrophotometer and Shimadzu RF-6000 fluorescence 

spectrophotometer respectively. 

2.4.2. Calculation of binding constant of synthesized ligand 

The binding constant or the association constant of a receptor is the parameter that determines if the 

probe is stable enough to successfully bind with the specific analyte or not. Binding constant (Ka) 

was calculated from the fluorescence intensity data according to the Benesi-Hildebrand equation. 

The relevant equation that is stated below. 
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1/(F-Fo) = 1/{Ka(Fmin/max–Fo) [M
n+]x} + 1/[Fmin/max-Fo] 

Here F0, F and Fmin/max indicate the emission in absence of, at any intermediate and at infinite 

concentration of the analyte respectively. Ka is the binding constant and [Mn+] is the concentration of 

the analyte (in most cases, the metal ion with which the probe binds). When 1/ (F-F0) was plotted 

against 1/[Mn+] for any particular sensor, the value of Ka was obtained as the ratio of intercept and 

slope of the curve (see the Benesi-Hildebrand equation). When the plot of 1/(F-F0) vs. 1/[ Mn+] gives 

a straight line it indicates 1:1 complexation of the probe with the corresponding metal. 

2.4.3. Determination of limit of detection of synthesized chemosensors  

The value of limit of detection or LOD value determines the sensitivity of a chemosensor towards a 

specific analyte. Hence it is a very important term in the field of chemosensors and 

chemodosimeters. The lower is the LOD value of a chemosensor, the greater will be its ability to 

sense the analyte in very minuscule concentrations. Especially in case of toxic analytes, the low 

detection limit value is very desirable as the receptor should be able to detect such analytes in 

concentration levels much lower than its permissible values. 

                  The LOD value of each receptor was calculated based on the fluorescence titration curve 

obtained by gradual addition of the analyte into the ligand solution. To determine the S/N ratio, the 

emission intensity of the probe itself was measured repeatedly for 10 times and the standard 

deviation of blank measurements was determined. So the limits of detection of the desired probes 

were determined by using the following equation throughout the thesis work: 

DL = K × Sb1/S 

Where K = 2 or 3 (we take 3 in this case); Sb1 is the standard deviation of the blank solution; S is the 

slope of the calibration curve. 
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An Efficient Fluorescence “Turn-On” Chemosensor Comprising 
of Coumarin and Rhodamine Moieties for Al3+ and Hg2+ 

 

Abstract 

A potent fluorescence ‘turn-on’ receptor (HL) based on rhodamine and coumarin moieties for the 

detection of Hg2+ and Al3+ is synthesized by condensation of rhodamine 6G hydrazide and 4-

hydroxy-3-acetylcoumarin. In presence of Al3+ and/or Hg2+ the receptor (HL) exhibits deep pink 

colouration and a sharp band at 528 nm is appeared in UV–Vis titration. Upon gradual addition of 

Al3+ and/or Hg2+ to the solution of HL significant enhancement of fluorescence intensity is observed 

at 564 nm in MeCN:H2O (1:5, v/v) medium. The receptor is strongly bound to Al3+ and/or Hg2+ and 

the association constants (Ka) are found to be 1.74 × 104 and1.04 × 104 M−1 for Al3+and Hg2+ 

respectively. 
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3.1. Introduction 

 Mercury is considered to be one of the most toxic heavy metals and can cause serious 

environmental and health problem [1,2]. It may have adverse effect on human nervous system, 

digestive and immune systems including lungs, kidneys, skin, eyes, brain and nervous system [3-5]. 

According to the Environmental Protection Agency (EPA) the limit of inorganic mercury(II) level in 

drinking water should be less than 2 ppb [6,7]. On the other hand, aluminum is one of the most 

common metals in nature and has abundant use in electrical, food packaging and food processing 

industry which causes easy bioaccumulation of the metal in human body and plants [8-11]. 

Aluminium has neurotoxic effects and has long been suspected as one of the factors causing the 

Alzheimer’s and Parkinson's disease [12]. Al3+ can cause osteomalacia [13] and also acts as a 

metalloestrogen facilitating the gene-expression in breast cancer cell and therefore its growth [14-

17]. The World Health Organization (WHO) prescribed the average human intake of aluminium as 

around 3-10 mg/day and its limit in drinking water should be less than 7.41 μM [18-21]. Therefore, 

facile and financially viable methods of detecting Hg2+ and Al3+ in environmental and biological 

samples has become a matter of utmost interest. Detection by measuring luminescence property is 

simple, highly sensitive, quick and reversible in nature [22-24].  

3.2. Basis of present work 

 Till date very few chemosensors are reported comprising of coumarin and rhodamine 

moieties that can detect Al3+ and/or Hg2+ [25-28]. Herein, the reported chemosensor, 3-(1-

(rhodamine-6G-hydrazidimino)ethyl)-4-hydroxy-2H-chromen-2-one (HL) was synthesized 

following an economically cheap route. It can detect both Al3+ and Hg2+ with high selectivity in 

solution phase and also has the benefit of being reversible. Both the metal ions i.e., Hg2+ and Al3+ 

induce huge increase in emission intensity, but the emission intensity is quenched significantly in 

presence of F- and S2- for Hg2+ and Al3+ respectively. 
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3.3. Results and discussions 

3.3.1 Synthesis of HL 

The synthesis of HL was carried out via a two stepped process. In the first step rhodamine 6G 

hydrazone was synthesized by reacting rhodamine 6G with hydrazine hydrate in ethanol following 

the reported procedure [40]. The rhodamine 6G hydrazone was then condensed with 3-acetyl-4-

hydroxycoumarin in ethanol under reflux to form the Schiff base HL (Scheme 3.1). 

 

 

 

 

 

 

Scheme 3.1: Synthesis of rhodamine 6G hydrazone and the receptor HL 

 

3.3.2 Spectral characterization and analysis of HL 

IR spectrum of HL in KBr pellets showed stretching at 1721 cm-1 corresponding to the -lactone 

C=O, stretching at 1689 cm-1  and 1638 cm-1 for the keto C=O of the rhodamine moiety and for the 

imine C=N respectively (Fig. S1). 1H-NMR spectra were taken in CDCl3 solvent showed a peak at 

14.95 for the hydrogen bonded enolic OH proton (Fig. S2), which was absent in the metal 

complexes [HL-Al3+] and [HL-Hg2+], indicative of the coordination with the metal through O and N 

donor site of HL. The aromatic protons appeared in the range, 8.05-6.26 ppm as expected. Slight 

downfield shift of the protons of the aromatic zone in the [HL-Al3+] and [HL-Hg2+] complexes in 

comparison with the free HL is attributed to the coordination of the receptor with Al3+ and Hg2+ ions. 
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The mass spectra of free ligand showed m/z peak at 615.3093 corresponding to [HL + H]+ and that 

of the complexes [HL-Al3+] and [HL-Hg2+]  showed m/z peak at 765.3854 for H+[Al(HL-H)(NO3)2] 

and 855.2132 for Na+[Hg(HL-H)(H2O)] respectively (Fig. S4). 

3.3.3 Cation sensing studies: UV-Vis spectroscopy studies 

Free receptor HL exhibits a strong absorbance band at 302 nm along with a shoulder at 338 nm, in 

1:5, v/v MeCN:H2O in neutral pH (pH=7.2).  As shown in Figs. 3.1 and 3.2, upon addition of 

aqueous solution of Al3+ and Hg2+ to the solution of HL, a new peak arose at 528 nm and became 

intense with increasing the concentrations of metal ions. During the addition of Al3+ and Hg2+ 

beautiful colour change (red pink) was observed due to the formation of coordination compounds by 

opening the spirolactam ring of HL (Fig. 3.3). The effect of other metal ions i,e, Na+, K+, Ca2+, 

Mg2+, Mn2+, Fe3+, Cr3+, Co2+, Ni2+, Cu2+ and Cd2+ on the UV-Vis spectrum of HL has also been 

studied, but no significant changes are observed except for Cu2+ (Fig. 4). The selectivity and 

sensitivity of HL towards Al3+ and Hg2+ were examined by adding different metal ions to the HL 

solution. It shows specific selectivity towards Al3+ and Hg2+ in CH3CN/H2O (1:5, v/v) solution, 

whilst no significant change was observed with other competing metal ions except Cu2+ (Fig. 3.4).  

 

Fig. 3.1 and 3.2: Change in UV-Vis spectrum of HL (10 µM) upon gradual addition of Al3+ (20 µM) 

and Hg2+ in CH3CN/H2O (1:5, v/v, pH = 7.2) 
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Fig. 3.3: Visual changes in colour of HL in presence of different cations 

 

 

 

 

 

 

 

 

 

Fig. 3.4: Change in UV-Vis spectrum of HL (10 µM) in presence of various cations (20 µM) in 

CH3CN/H2O (1:5, v/v, pH = 7.2) 
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3.3.4 Cation sensing studies: Fluorescence emission studies 

The metal ion sensing property of HL was also investigated by monitoring the changes in 

fluorescence properties upon addition of several metal ions such as Na+, K+, Ca2+, Mg2+, Al3+, Mn2+, 

Fe3+, Cr3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+ in CH3CN/H2O (1:5, v/v, pH = 7.2). The free receptor 

(HL) exhibits a very weak emission band at 550 nm upon excitation at 338 nm with very poor 

emission quantum yield  = 0.005. With the addition of Al3+ and/or Hg2+ remarkable enhancement 

of fluorescence intensity is observed. For Al3+ the fluorescence intensity enhanced by 47 fold ( = 

0.131), while for Hg2+ enhancement was 34 fold ( = 0.097) with emission max = 564 nm (Figs. 3.5 

and 3.6). The increase in fluorescence intensity is accompanied by the opening of spirolactam ring of 

the receptor upon chelation with Al3+ and Hg2+.  

 

Fig. 3.5 and 3.6: Change in emission spectrum of HL (10 µM) upon gradual addition of Al3+ (20 

µM) and Hg2+ (20 µM) in CH3CN/H2O (1:5, v/v, pH = 7.2). Inset shows the visual effect of addition 

of Al3+ to HL in UV light. 

Notably, the addition of excess other metal ions including Cu2+, caused insignificant changes in 

fluorescence intensity (Fig. 3.7). These enhancements of fluorescence reflect a strong selective OFF-

ON fluorescent signaling property of HL for Al3+ and Hg2+.  
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Fig. 3.7: Change in emission spectrum of HL (10 µM) upon gradual addition of different cations (20 

µM) in CH3CN/H2O (1:5, v/v, pH = 7.2) 

However, on gradual addition of F- to HL-Al3+ and S2- to HL-Hg2+ solutions, fluorescent intensity at 

564 nm gradually decreases (Figs. 3.8 and 3.9). The quenching of fluorescence intensity for HL-Al3+ 

and HL-Hg2+ is very selective for F- and S2- respectively, other anions have no significant effect on 

fluorescence intensity.   

 
Fig. 3.8 and 3.9: Change in emission spectrum of HL-Al3+ complex (10 µM) upon addition of F- (20 

µM) and Change in emission spectrum of HL-Hg2+ complex (10 µM) upon addition of S2- (20 µM) 

in CH3CN/H2O (1:5, v/v, pH = 7.2) 
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Fluorescence emission intensity of HL was measured in presence of different metal ions i.e., Na+, 

K+, Ca2+, Mg2+, Al3+, Mn2+, Fe3+, Cr3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+ in MeCN:H2O (1:5, v/v, 

pH=7.2) but there is hardly any increase in emission intensity except for Al3+ and Hg2+. Then to 

these solutions Al3+ was added which then shows obvious fluorescent enhancements (Fig. 3.10). 

Similar fluorescence enhancement was also seen when Hg2+ was added to HL solution in presence of 

various other metals (Fig. 3.11). Thus the synthesized receptor HL is highly efficient in detection of 

Al3+ and Hg2+ even in presence of other metals and thus it can detect Al3+ and Hg2+ in biological or 

environmental samples where other metals usually co-exist with them. 

 

 

 

 

 

Fig. 3.10 and 3.11: competition study- Emission intensity of HL Upon addition of various metals 

and effect of subsequent addition of Al3+ and Hg2+ 

 

3.3.5 Binding studies of HL with Al3+ and Hg2+ 

Jobs plot for complexations of HL with Al3+ and Hg2+ with emission intensity taken on Y-axis shows 

a maximum in the plot corresponding to ~0.5 mole fraction indicating 1:1 complex formations of HL 

with Al3+ and Hg2+ (Figs. S5 and S6). From emission spectral change, limit of detection of the 

chemosensor for Al3+ and Hg2+ were determined using the equation LOD = K × SD/S where SD is 
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the standard deviation of the blank solution and S in the slope of the calibration curve (Figs. S9 and 

S10). The limit of detection for Al3+ was found to be about 6.05×10-8 M and for Hg2+ and the same 

was found to be 7.557×10-8 M. These results clearly demonstrate that the chemosensor is highly 

efficient in sensing Al3+ and Hg2+ even in very minute level. Among all other common metal ions, 

Al3+ and Hg2+ resulted in pronounced fluorescence enhancement and the association constants (Ka) 

were determined by the fluorescence titration method for HL with Al3+ and Hg2+. The association 

constants were found to be 1.74×104 and 1.04×104 M-1 for Al3+ and Hg2+ respectively by the 

Benesi-Hildebrand equation (Figs. S11 and S12).  

3.3.6 Effect of pH on emission properties 

The effect of pH on the emission intensity of the receptor (HL) in absense and presence of Al3+ and 

Hg2+ were studied. In case of HL there is hardly any change in fluorescence intensity in the pH range 

4-12 (Fig. 3.12). Below pH 4 a sharp increase in fluorescence intensity is observed due to 

protonation of hydroxy O atoms and imine N preventing the excited state intramolecular proton 

transfer (ESIPT) process. ESIPT is more dominant as a relaxation process than fluorescence. So only 

when it is stops relaxation happens through fluorescence route and we observe an increase in 

fluorescence intensity [41]. For similar reason on addition of 1.2 equivalents of Al3+ and Hg2+ the 

fluorescence intensity increases. The fluorescence intensity first increases with the increase of pH 

and maximum at pH range 6-8. But, on further increase in pH fluorescence intensity drops 

drastically due to the dissociation of metal complexes at pH > 8. Thus, the receptor (HL) is efficient 

in detection of Al3+ and Hg2+ in the biologically relevant pH range (6-7). 
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Fig. 3.12: Effect of pH on fluorescence intensity of receptor HL (-■-■-), HL+Al3+ (-●-●-) and 

HL+Hg2+ (-▲-▲-) 

3.3.7 Probable sensing mechanism 

The fluorescence “turn–on” upon addition of both Al3+ and Hg2+ can be attributed to the opening of 

the spirolactam ring of the Rhodamine-6G hydrazide moiety which establishes a long conjugation 

between the Rhodamine and the coumarin moieties. The complexation also eliminates the hydroxyl 

proton which switches off the non-radiative ESIPT process. There may also be a possibility of 

“FRET turn-on” from Rhodamine (donor) to Coumarin (acceptor) upon complexation with the metal 

ion (see Fig.3.13)  

 

 

 

 

 

Fig.3.13: Probable sensing scheme. 
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3.3.8 DFT calculations 

To know the electronic structures of free receptor, HL and its complexes with Al3+ and Hg2+, 

geometry optimizations were carried out using DFT method. The optimized structures of HL, HL-

Al3+ and HL-Hg2+ are shown in Fig. 3.14. The HOMO-LUMO energy gap for free receptor (3.86 eV) 

is significantly reduced upon complexations with Al3+ (2.83 V) and Hg2+ (2.85 V), and are reflected 

in the UV-Vis spectra of the complexes. To get depth inside into the changes in absorption spectrum 

of HL upon addition of Al3+ and Hg2+, TDDFT calculations by TDDFT/CPCM method in 

acetonitrile were carried out. The calculated vertical electronic excitations are noted in Table 3.1. 

The absorption bands of free receptor at 303 and 338 nm correspond to HOMO  LUMO and 

HOMO-2  LUMO transitions respectively. In complexes the HOMO  LUMO transition is red 

shifted compare to free receptor and appeared at 519 nm HL-Al3+ and  514 nm for HL-Hg2+.  

 

Compounds calc. (nm) E (eV) f Key excitations expt. (nm) 

 

HL 

350.8 3.5347 0.3202 (81%)HOMOLUMO 338 

305.6 4.0566 0.1296 (86%)HOMO-2LUMO 303 

 

 

HL-Al3+ 

519.4 2.3869 0.6637 (77%)HOMOLUMO 530 

499.4 2.4828 0.0993 (69%)HOMOLUMO+1 491 

353.8 3.5045 0.2177 (89%)HOMO-2LUMO 346 

 

 

HL-Hg2+ 

514.3 2.4106 0.6649 (92%)HOMOLUMO 527 

472.8 2.6222 0.1253 (95%)HOMO-1LUMO 493 

353.7 3.5057 0.2207 (87%)HOMO-3LUMO 344 

Table 3.1: Calculated vertical excitations of HL, HL-Al3+ and HL-Hg2+ by TDDFT/CPCM method. 
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a b c 

Fig. 3.14: Optimized structures of (a) HL, (b) HL-Al3+ and (c) HL-Hg2+ by DFT/B3LYP method 

 

3.4. Experimental  

3.4.1 Materials and methods 

Rhodamine-6G hydrochloride and 4-hydroxycoumarin were purchased from Sigma Aldrich. All 

other organic chemicals and inorganic salts were purchased from Merck and used without further 

purification. 

Elemental analysis was carried out in a 2400 Series-II CHN analyzer, Perkin Elmer, USA. HRMS 

mass spectra were recorded on Waters (Xevo G2 Q-TOF) mass spectrometer. Infrared spectra were 

taken on a RX-1 Perkin Elmer spectrophotometer with samples prepared as KBr pellets. Electronic 

spectral studies were performed on a PerkinElmer Lambda 750 spectrophotometer. Luminescence 

property was measured using PerkinElmer LS 55 fluorescence spectrophotometer at room 

temperature (298 K). NMR spectra were recorded using a Bruker (AC) 300 MHz FTNMR 

spectrometer of ~0.05 M solutions of the compounds in CDCl3.  

The luminescence quantum yield was determined using Coumarin-120 laser dye as reference. The 

compound and the reference dye were excited at the same wavelength, maintaining nearly equal 

absorbance (~0.1), and the emission spectra were recorded. The area of the emission spectrum was 



Chapter 3 

 

80 

 

integrated using the software available in the instrument and the quantum yield was calculated 

according to the following equation: 

S/R  =  [AS / AR ] × [(Abs)R /(Abs)S ] × [S
2/R

2] 

Here, S and R are the luminescence quantum yields of the sample and reference, respectively. AS 

and AR are the areas under the emission spectra of the sample and the reference respectively, (Abs)S 

and (Abs)R are the respective optical densities of the sample and the reference solution at the 

wavelength of excitation, and S  and  R are the values of refractive index values for the respective 

solvent used for the sample and reference. 

Fluorescence lifetimes were measured using a time-resolved spectrofluorometer from IBH, UK. The 

instrument uses a picoseconds diode laser (NanoLed-03, 370 nm) as the excitation source and works 

on the principle of time-correlated single photon counting. The goodness of fit was evaluated by 2 

criterion and visual inspection of the residuals of the fitted function to the data. 

3.4.2 Synthesis of the receptor HL 

Rhodamine-6G hydrochloride (0.480 g, 1.0 mmol) was taken in ethanol and refluxed with an excess 

of hydrazine monohydrate (3.0 mL) for 2 h and kept for cooling overnight. Rhodamine-6G 

hydrazide was obtained as a pink precipitate. 3-Acetyl-4-hydroxy-2H-chromen-2-one (0.204 g, 1.0 

mmol) and rhodamine-6G hydrazide (0.429 g, 1.0 mmol) was refluxed together in ethanol medium. 

The product was collected by evaporation of solvent under reduced pressure. Yield was 75%. 

Calc. for C37H34N4O5 (HL): Calc. (%) C 72.195, H 5.528, N 9.105. Found (%), C71.967, H 5.524, 

N 9.098. 

 1H NMR data (CDCl3, 300 MHz): 14.9526 (1H, s), 8.028 (1H, m), 7.942 (1H, m), 7.855 (1H, d, 

J= 6.741 Hz), 7.602(2H, m), 7.477 (1H, m), 7.097 (2H, m), 6.369 (1H, s), 6.303 (2H, s), 6.212  (1H, 

s), 4.14 (4H, q, J=7.8), 2.37 (3H, s), 2.17 (6H, s), 1.07 (6H, t, J=7.1).  

IR data (KBr) (cm-1): 3386, (O-H); 1722 and 1689, (C=O); 1638, (C=N). 

HRMS data: calc. for C37H35N4O5 [M + H]+ (m/z): 615.70; found: 615.31.  
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3.4.3 General Method for UV-Vis and Fluorescence Titration 

3.4.3.1 Recording absorption and emission spectra  

Stock solution of the receptor HL (10 μM) in [(MeCN/H2O), 1:5, v/v] (at 25°C) using HEPES 

buffered solution at pH=7.2 was prepared. Solutions of the guest cations using their chloride salts in 

the order of 100 μM were prepared in deionized water. The changes in absorption and emission 

spectra were monitored by gradual addition of solutions of different cations to HL solution (10 μM). 

Aqueous solutions of different anions (100 μM) were added to HL-Al3+ and HL-Hg2+ solutions (10 

μM) and spectra were recorded by means of UV-Vis and fluorescence methods. 

3.4.3.2 Job’s Plot by Fluorescence Method 

A series of solutions containing HL (10 μM) and metal salt (10 μM) were prepared so that the 

volume remained constant (4 mL) each with Al3+ and Hg2+. MeCN:H2O (1:5, v/v) was used as 

solvent at pH 7.2 using HEPES buffer. Job’s plots were drawn by plotting ΔF versus mole fraction 

of Al3+ and Hg2+ [ΔF = change of emission intensity at 564 nm]. 

3.4.4 Computational methods 

All calculations were carried out at the B3LYP [29-31] level using Gaussian 09 software [32]. The 

6-31+G(d) basis set was assigned for all the elements except for Hg. For Hg, Lanl2DZ basis set with 

effective core potential was used [33].  The geometries of HL, HL-Al3+ and HL-Hg2+ were fully 

optimized using DFT method in singlet ground state. Vertical electronic excitations based on B3LYP 

optimized geometries were computed using the time-dependent density functional theory (TDDFT) 

formalism [34-36] in acetonitrile using conductor-like polarizable continuum model (CPCM) [37-

39].  

 

3.5. Conclusions 

An efficient and selective fluorescent ‘turn-on’ chemosensor (HL) based on coumarin and 

rhodamine moieties for the detection of Hg2+ and Al3+ has been successfully synthesized. The 
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colorimetric and fluorogenic detections of Al3+ and/or Hg2+ have been carried out by UV-Vis and 

fluorescence methods respectively. The limit of detection for both the metal ion was found to be in 

the order of 10-8 M and so it can be used as an efficient probe for the detection of trace level of Hg2+ 

and Al3+ in solution. 
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Fig. S1: IR spectrum of HL in KBr 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2: 1H NMR spectra of HL, HL-Al3+ and HL-Hg2+ in CDCl3 
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Fig. S3: 13C NMR spectrum of HL in CDCl3 

 

 

 

 

 

 

 

 

 

 

a)                                              b)                                                c) 

Fig. S4: HRMS spectra of (a) HL, (b) HL-Al3+ and (c) HL-Hg2+ in acetonitrile 
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Fig. S5: and S6: Job’s plot diagram of receptor (HL) for Al3+ and Hg2+ by fluorescence method. 

 

 

 

 

 

 

 

 

 

 

 

Fig. S7 and S8: Mole ratio plot of receptor (HL) for Hg2+ and Al3+ by fluorescence method. 
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Fig. S9 and S10: Linear response curve of HL at 564 nm depending on the concentration Al3+ and 

Hg2+ 

 

 

Fig. S11 and S12: Linear plot for the determination of association constant of HL-Al3+ and HL-Hg2+ 

complexes following Benesi-Hildebrande equation using fluorescence titration data. 
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A thioether containing reversible fluorescence “turn-on” 
chemosensor for selective detection of zinc(II): Applications in 

live cell imaging and inhibit logic gate. 

 

Abstract 

A new fluorescence probe (H2L) is designed and synthesized for efficient and selective detection of 

zinc(II). H2L exhibits fluorescence “turn-on” response with substantial enhancement of emission 

intensity with Zn2+ even in presence of other coexisting cations found in various environmental and 

biological samples. The calculated value of limit of detection (LOD) is 1.73×10-9 M. Exploiting the 

reversibility of the probe in presence of EDTA an INHIBIT logic gate is constructed with Zn2+ and 

EDTA as chemical inputs. DFT and TDDFT calculations are used to interpret electronic structure 

and elucidate the sensing mechanism. Cytotoxicity assay by MTT method with human breast cancer 

cell line (MCF-7) reveals that H2L has negligible cytotoxicity and was used in live cell imaging  
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4.1. Introduction 

 Zn(II) is the second most abundant transition metal in human body after iron [1, 2] and plays 

indispensable roles in biological systems including regulation of cell growth, apoptosis, neural signal 

transmissions and catalysis [3, 4]. Disturbance of zinc level in the human body may cause a series of 

diseases, Parkinson’s disease, Alzheimer’s disease, metabolic disorder, prostate cancer etc. [5–7]. 

Excess intake of Zn(II), also may lead to diabetes, superficial skin diseases and even prostate cancer 

[5]. The above facts strongly advocate for the necessity of developing new and cost effective 

methods for efficient detection minuscule level of Zn(II) in biological samples. Fluorescent 

technique has recently gained profound attention as a powerful detection tool for non-invasive 

detection of metal ions because of its simplicity, sensitivity and reversible nature [8–10]. Recently, a 

good number of fluorescent probes are designed, based mostly on quinoline [11, 12], coumarin [12, 

13], BINOL [14], fluorescein [15,16] and bipyridyl [17] fluorophores for effective detection of 

Zn(II). However, many of them require complex synthesis procedures involving drastic reaction 

conditions and expensive chemicals. The present chemosensor (H2L) is prepared by simple Schiff 

base condensation reaction of 3,5-dichlorosalicylaldehyde and 2,2-(butane-1,4-

diylbis(sulfanediyl))dianiline in methanol. Schiff bases are known to be a good complexing agent 

and extensively used for fluorogenic detection of metal ions [18, 19] and anions [20–22]. In recent 

years, Schiff bases of salicylidene derivatives are extensively used for the recognition of metal ions 

and anion sensing [23–25]. Moreover, the thioether containing fluorescence probes are known to be 

very efficient for selective detection of Zn(II) [26, 27]. In the present case the thioether containing 

chemosensor, H2L exhibits significant and selective fluorescence enhancement in presence of Zn(II) 

in DMSO:H 2 O (1:5, v/v) solution at pH 7.2. In presence of Zn(II), fluorescence intensity of H2L 

enhanced significantly at 490 nm and an intense green fluorescence is observed under UV light. The 

structure of L–Zn2+ is confirmed by single crystal X-ray diffraction method. The cytotoxicity of the 

present probe towards human breast cancer cell lines (MCF-7) is studied and the probe is utilized for 

fluorescence live cell imaging. 
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4.2. Basis of present work 

As discussed in the introductory section, due to escalated need for development of fluorescent 

receptors for the detection of Zn2+ ion, a number of fluorescent chemosensors has been reported till 

date. In 2017, Wen-Kui Dong et al. reported a Schiff base turn-on fluorescent sensor for Zn2+. Upon 

addition of Zn2+ to the receptor the non-radiative PET process stops and the fluorescence gets turned 

on. [28] Very recently, Kettalu Ananthan Karthick et al. reported a novel pyridoxal based 

fluorescence sensor for selective turn–on fluorescent in presence of Zn2+. [29] Vijay Kumar et al. 

also recently reported a turn-on fluorescence sensor capable of detecting Zn2+ based structurally on 

napthalimide rings. [30] But, as discussed in the introduction and ensuing section 4.3.5 the present 

thioether based chemosensor has the advantage of high detection limit and application as a 

biomarker. 

 

4.3. Results and discussion 

4.3.1 Synthesis of H2L 

Synthetic procedure of formation of H2L involves two very economic viable and easy steps. In the 

first step 2-aminothiophenol is alkylated with 1,4-dibromobutane. The alkylated product, in which 

two 2-aminothiophenol molecules are joined with a four carbon alkyl bridge, is then subjected to 

Schiff base condensation with 3,5-dichlorosalicylaldehyde in 1:1 molar ratio under refluxing 

condition for 5 hours to form the chemosensor H2L (Scheme 4.1). The receptor H2L is characterized 

by elemental and mass spectral analysis along with several other 

spectroscopic techniques (IR, UV–vis and NMR) (Figs. S1–S4). 

 

 

 



Chapter 4 

 

94 

 

 

 

 

 

 

 

 

 

 

Scheme 4.1: Synthesis of receptor H2L 

4.3.2 Spectral characterization and analysis of H2L 

In IR spectrum of H2L, imine (C=N) stretching frequency appears at 1590 cm−1 and the aromatic 

double bonds appear at 1532–1494 cm−1. The OH stretching frequency appears at 3281, 3591 and 

3716 cm−1 while the bands at 2843 and 3005 cm−1 appear due to –CH stretching (Fig. S1). In 1H-

NMR spectrum of the sensor H2L, OH protons appear at δ13.19 ppm which is absent in the L-Zn2+ 

complex due to coordination of H2L to the Zn2+ ion (Fig. S4). The imine proton appears at δ8.54 

ppm. The aromatic protons in the receptor appear as expected in the region δ7.16–7.44 ppm. In the 

L-Zn2+complex, all aromatic protons appear at a bit downfield compared to that of H2L, which can 

be clearly explained due to the coordination of Zn2+ with H2L. Mass spectrum shows m/z peak 

corresponding to [H2L+H+] at 651.47 (Fig. S2) while for L-Zn2+complex, the peaks at 714.91 

corresponds to [Zn(H2L)+H+] species (Fig. S3) supporting 1:1 complex formation. 

4.3.3 Cation sensing studies: UV-Vis spectroscopy studies 

The probe (H2L) (10 μM) showed a strong absorbance band at 361 nm in DMSO:H2O (1:5, v/v, pH 

= 7.2) solution. Upon gradual addition of aqueous solution of Zn2+ (20 μM) into it, the absorbance 

at 361 nm decreased with generation of a new absorption band at 406 nm. The formation of this new 
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absorption band may be due to the coordination of H2L with Zn2+. A distinct isosbestic point 

appeared at 390 nm (Fig. 4.1). 

The absorption spectral changes of H2L were also studied in presence of other metals i.e., Na+, K+, 

Ca2+, Mg2+, Mn2+, Fe3+, Al3+, Cr3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+ (Fig. 4.2). Only Ni2+ showed a 

change in the absorption spectrum other than Zn2+ but no abrupt change was observed for any other 

metal ions. 

 

Fig. 4.1 and 4.2: Change in UV-Vis spectrum of H2L upon gradual addition of Zn2+ and Change in 

absorption spectra of H2L (10 µM) upon addition of different metal ions, i.e., Na+, K+, Ca2+, Mg2+, 

Mn2+, Fe3+, Cr3+, Al3+, Co2+, Ni2+, Hg2+, Cu2+, Pb2+ and Cd2+ (40 μM) in DMSO:H2O (1:5, v/v) using 

HEPES buffered solution at pH =7.2. 

4.3.4 Cation sensing studies: Fluorescence emission studies 

The chemosensor, H2L (10 μM) shows very weak emission band with a maxima (F0) at around 556 

nm (φF = 0.005) in DMSO:H2O (1:5, v/v, pH = 7.2) solution in the absence of metal ions. Gradual 

addition of Zn2+ (20 μM) to the probe solution showed a “turn-on” emission response with a blue 

shift of the emission intensity by ~ 66 nm at 490 nm (φF = 0.265) (Fig. 4.3). Further, on addition of 

EDTA into L-Zn2+ solution, fluorescent intensity at 490 nm gradually diminishes due to the 

chelation of Zn2+ with EDTA resulting in the release of the free probe H2L (Fig. 4.4). This 

observation proves the reversible nature of H2L indicating to the fact that our synthesized probe can 
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be reused, making it very viable economically. The enhancement of emission intensity upon addition 

of Zn2+ followed by quenching of fluorescence intensity upon addition of EDTA reflects a strong 

selective OFF-ON-OFF fluorescent signaling property of the ligand.  

 

 

 

 

 

 

 

 

 

Fig. 4.3 and 4.4: Change in emission spectrum of H2L (10 μM) upon gradual addition of 100 μM 

Zn2+ in 1:5, v/v DMSO:H2O and Change in emission spectrum of H2L-Zn2+ upon gradual addition of 

EDTA in 1:5, v/v DMSO:H2O. 

Fluorescence emission intensity of H2L (10 μM) was also studied in presence of other metal ions, i.e; 

Na+, K+, Ca2+, Mg2+, Al3+, Mn2+, Fe3+, Cr3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+ (20 μM) in DMSO:H2O 

(1:5, v/v, pH = 7.2) but there is hardly any change in emission intensity of H2L except for Cd2+. In 

presence of Cd2+, H2L shows slight increase in the fluorescence intensity. In case of Cd2+, 

fluorescence intensity increases about 7 fold (Fig. 4.5). But this emission enhancement is merely 

negligible compared to the huge and sharp “turn-on” emission enhancement of 64 fold in presence of 

Zn2+.  
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Fig. 4.5: Change in emission intensity of H2L (10 µM) upon addition of different metal ions, i.e., Na+, K+, 

Ca2+, Mg2+, Mn2+, Fe3+, Cr3+, Al3+, Co2+, Ni2+, Hg2+, Cu2+, Pb2+ and Cd2+ (40 μM) in DMSO/H2O (1/5, v/v) 

using HEPES buffered solution at pH=7.2. 

The competition study revealed that in presence of Zn2+, the emission intensity of Cu2+, Fe3+ and 

Cr3+ were changed but for the other metal ions, there is hardly any changes in the emission intensity 

(Fig. 4.6). Thus the synthesized receptor (H2L) is highly efficient in detecting Zn2+ in presence of 

other metals and in addition to that it can detect zinc in biological or environmental samples where 

other metals usually co-exist with Zn2+.  

 

 

 

 

 

  

Fig. 4.6: Competition study using fluorescence method after addition of different analytes (40 μM) in the 

solution of H2L (10 μM) in presence of Zn2+ (40 μM). 
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 4.3.5 Binding studies with H2L and Zn2+ and Detection limit of H2L 

Job’s plot of emission intensity shows maxima at ~0.5 mole fraction of the analyte indicating 1:1 

complex formation of H2L with Zn2+ (Fig. S5). From emission spectral change, limit of detection of 

the sensor, H2L is determined for Zn2+ using the equation LOD = K ×SD/S, where SD is the standard 

deviation of the blank solution and S is the slope of the linear response curve (Fig. S6). The limit of 

detection for Zn2+ is found to be 1.73 ×10-9 M from fluorescent spectral titration. This clearly 

demonstrates that H2L is highly efficient in sensing Zn2+ even in very minuscule levels. The 

association constant (Ka) has been determined by plotting the fluorescence intensity as a function of 

Zn2+ concentration to a suitable computer-fit non-linear program. From the non-linear plot the 

association constant (Ka) is found to be 6.91 ×104 M-1 (Fig. S7). In Table 4.1, we have compared the 

limit of detection and association constant values of some previously reported Zn2+ sensors with our 

synthesized probe (H2L). 

 

Serial Structure of chemosensors Limit of Detection 

(LOD) 

Association constant 

(Ka) 

Reference 

1 

 

 

 

 

3.20×10-6 M 

 

 

 

4.00×104 M-1 

 

 

 

[28] 
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2 

 

 

 

 

 

 

1.80×10-8 M 

 

 

 

 

 

1.24×104 M-1 

 

 

 

 

 

[29] 

3 

 

 

 

 

 

1.44×10-7 M 

 

 

 

 

2.25×104 M-1 

 

 

 

 

[30] 

4 

 

 

 

6.10×10-8 M 

 

 

 

2.91×103 M-1/2 

 

 

 

[31] 

5 

 

 

 

3.43×10-6 M 

 

 

1.30×105 M-1 

 

 

[32] 

6 

 

 

 

 

2.06×10-6 M 

 

 

 

1.00×105 M-1 

 

 

 

[33] 
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4.3.6 Lifetime decay profile of the receptor H2L 

A nanosecond time-resolved fluorescence technique has been executed in order to observe the 

excited state behavior of H2L and its complex with Zn2+ in DMSO:H2O (1:5, v/v, pH = 7.2). The life 

time decay fit well in mono-exponential decay profile for free probe with life time of 0.77 ns (χ2 = 

1.01), while for L-Zn2+ complex bi-exponential decay is observed with significant enhancement of 

average life time, tav = 2.67 ns (χ2 = 1.02) (Fig. 4.5). The low fluorescence lifetime of the free probe 

(H2L) may be due to the ESIPT effect. After complexation with Zn2+, structural rigidity appears in 

the probe and it shows the CHEF effect and ESIPT is also suppressed. Consequently, the emission 

lifetime increased significantly in the complex. 
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6.50×10-7 M 

 

 

 

 

1.30×104 M-1 
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1.73×10-9 M 

 

 

 

 

6.91×104 M-1 
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Fig. 4.7: Time-resolved fluorescence decay profile of H2L (●), H2L –Zn2+ complex (▲) and prompt 

(■) ( λex = 370 nm).  

 

4.3.7 pH study 

The effect of pH on the emission intensity of the receptor (H2L) (10 μM) was studied in absence and 

presence of Zn2+. In case of H2L, emission intensity was slightly increased in the acidic pH range of 

2.0–3.0 due to the protonation of the imine functionality preventing the excited state intramolecular 

proton transfer (ESIPT) process. There is again a decrease in fluorescence intensity from acidic to 

the near neutral pH range 4.0–7.0 where the intensity is really low (Fig. 4.6). Above pH 7.0, sharp 

increase in the emission intensity was observed due to deprotonation of phenolic hydroxyl group. As 

a result, the excited state intramolecular proton transfer (ESIPT) process gets hindered resulting in 

the enhancement of the fluorescence intensity [35, 36]. On addition of Zn2+ to the probe solution, the 

fluorescence intensity remained mostly unchanged at pH < 4.0, while there is an increase in 

fluorescence intensity as seen in the pH range 5.0–7.0. But, on further increase in pH, fluorescence 

intensity drops slowly due to the formation of Zn(OH)2 at pH > 8.0 followed by the dissociation of 

the Zn2+ complex. Thus the receptor (H2L) is efficient in detecting Zn2+ in the biologically relevant 



Chapter 4 

 

102 

 

pH range (6.0–7.6). However, at low pH range (pH ≤4.0), H2L tends to combine with protons and at 

higher pH values (pH ≥8.0), the ESIPT process gets hindered due to the deprotonation of phenolic 

hydroxyl group and hence in such extreme pH ranges, the receptor (H2L) becomes ineffective in 

detecting Zn2+. 

 

 

 

 

 

 

 

 

 

Fig. 4.8: Effect of pH on fluorescence intensity of receptor H 2 L (-●-) and L -Zn 2 + (-■-) complex. 

 

 

4.3.8 Application as logic gate 

Molecular logic gate with biological and chemical compounds as inputs have surfaced as an 

alternative for silicon based logic gates. Several combinations of logic gates are used to execute 

arithmetic operations in semiconductor technology [37, 38]. The molecular logic gates, capable of 

carrying out Boolean logic operations in response to physical, chemical and biological inputs have 

become a fascinating topic for research in information technology. Moreover, logic gates with one or 

more chemical inputs have been developed to operate at the nano dimension [39, 40]. Several 

molecular logic function systems are reported recently [41, 42]. Here we have used our synthesized 

chemosensor H2L as the basis of the molecular logic function with Zn2+ as well as the chelating 
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agent EDTA as chemical inputs and emission mode at 490 nm as the output. Emission maxima at 

490 nm appears as a result of coordination of H2L with the metal Zn2+. Upon addition of EDTA to 

the above solution, the emission intensity at 490 nm again decreases. So it is noticed that, with two 

inputs as Zn2+ and EDTA, H2L has the ability to exhibit INHIBIT function via emission output. An 

INHIBIT logic gate represents an AND gate with an inverter in one of its input. Only when Zn2+ is 

present and values of the other input i.e., EDTA is 0 then the emission at 490 nm is 1. Thus the 

emission maxima at 490 nm with Zn2+ and EDTA as chemical inputs can be explicated as a 

monomolecular circuit showing an INHIBIT logic function (Scheme 4.2). 

 

 

 

 

Scheme 4.2. Truth table and the monomolecular circuit based on Zn2+ and EDTA as chemical inputs 

and emission mode at 490 nm as output. 

 

 

4.3.9 Probable sensing mechanism 

When Zn2+ is absent, H2L shows a weak emission band at around 556 nm. Upon gradual addition of 

Zn2+ the receptor H2L shows an excellent fluorescence intensity enhancement of 64-fold with new 

emission maxima at 490 nm. The quenching of emission intensity in free probe (H2L) may be 

attributed due to the excited state intramolecular proton transfer (ESIPT) process and/or photo 

induced electron transfer (PET) process. The ESIPT and PET processes get inhibited due to the 

coordination with Zn2+ to the thioether sulphur atom, imine nitrogen atom and the disappearance of 

Input Output 

IN1 IN2 OUT 

Zn2+ EDTA Emission at 490 nm 

0 0 0 

0 1 0 

1 0 1 

1 1 0 
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the proton of aromatic-OH group in L-Zn2+ complex. Moreover, the chelation enhanced fluorescence 

(CHEF) may also occur in the complex due to the rigid structure of L –Zn2+. (See Fig. 4.7) 

 

 

 

 

 

 

 

 

 

Fig. 4.9: Schematic representation of probable sensing mechanism. 

 

 

 

4.3.10 Molecular crystal structure of H2L complex 

The 1:1 complexation of the probe (H2L) with Zn2+ is further confirmed by single crystal X-ray 

structure of L-Zn2+ complex. The details of crystallographic data and refinement parameters are 

summarized in table S1. An ORTEP plot of L-Zn2+ complex along with the numbering scheme is 

shown in Fig. 4.8. The crystal structure exhibits a pseudo-octahedral geometry around Zn(II) center 

bonded with the receptor (H2L) molecule in the di-anionic form in N2S2O2-hexadentate binding 

fashion. The metal is coordinated to the ligand through the imine nitrogen atoms (N1 and N2), 
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phenolic oxygen atoms (O1 and O2) and thioether-S atoms (S1 and S2), forming an octahedral 

complex. The selected bond distances and angles of complex are summarized in table S2. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10: ORTEP plot of H2L–Zn2+ complex with 35% ellipsoidal probability. 

4.3.11 Electronic spectra and DFT calculation 

To gain a detailed insight into the electronic structure and electronic transition processes, geometry 

optimizations using density functional theory DFT and TDDFT calculations of free probe (H2L) and 

L-Zn2+ complex are carried out in B3LYP/6-31+G(d) method. The optimized structures of H2L and 

L-Zn2+ are shown in Fig. S8. Contour plots of H2L and L-Zn2+ are shown in Fig. S9 and S10 

respectively. The energy and composition of some selected molecular orbitals of H2L and L-Zn2+ are 

summarized in table S3. The significant observation of DFT calculation is that the HOMO-LUMO 

energy gap of H2L is significantly decreased from 3.65 eV to 3.22 eV in the Zn2+ complex, which is 

well corroborated with the HOMO-LUMO transitions of H2L and L-Zn2+. The HOMO→LUMO 

transition for the free probe is found to be at λ= 382.6 nm (λexpt = 361 nm) for H2L, while for L-Zn2+ 

it is calculated to be at 422.2 nm (λexpt = 406 nm). 
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4.3.12 Cell bio-imaging 

To further elaborate its practical application, the fluorescence probe is used for bio-imaging of 

human breast cancer cell lines (MCF-7). The cell viability study by MTT method revealed that the 

free probes (H2L) has negligible toxicity at lower concentration levels on MCF-7 cell lines and IC50 

dose is found to be 52.4 μM for the free probe (Fig. 4.9). For imaging study, MCF-7 cell lines 

treated with 15 μM H2L and Zn2+ solutions separately in six well plates. To visualize the 

morphological changes, the cells were stained with DAPI. For free probe, no significant fluorescence 

is observed under fluorescence microscope through green channel. But when the cells are incubated 

with both 15 μM H2L and Zn2+ and observed under fluorescence microscope a striking green 

fluorescence was observed through green channel (Fig. 4.10). 

 

 

 

 

 

 

 

 

Fig. 4.11: MTT assay of Zn2+, H2L and L-Zn2+ complex on MCF-7 cells. 

 



Chapter 4 

 

107 

 

 

Fig. 4.12: Fluorescence image of MCF-7 cells after incubation with 15 μM H2L and 15 μM L-Zn2+ 

complex. DAPI is used to stain the nucleus. Incubation period is 24 h. 

 

4.4. Experimental  

4.4.1 Materials and methods 

2-Aminobenzenethiol and 1,4-dibromobutane were purchased from Sigma Aldrich and used without 

further purification. 3,5-Dichlorosalicylaldehyde was prepared from 2,4-dichlorophenol using the 

reported procedure [43]. All other reagents and solvents were purchased from commercial sources 

and used without any further purification.  

Elemental analysis was carried out in a 2400 Series-II CHN analyzer, Perkin Elmer, USA. 

HRMS mass spectra were recorded on Waters (Xevo G2 Q-TOF) mass spectrometer. Infrared 

spectra were taken on a RX-1 Perkin Elmer spectrophotometer with samples prepared as KBr 

pellets. Electronic spectral studies were performed on a PerkinElmer Lambda 750 

spectrophotometer. Luminescence property was measured using Shimadzu RF-6000 fluorescence 

spectrophotometer at room temperature (298 K). NMR spectra were recorded using a Bruker (AC) 
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300 MHz FTNMR spectrometer of ~0.05 M solutions of the compounds in CDCl3. Fluorescence 

lifetime measurements were carried out by using time-correlated single photon counting set up from 

Horiba Jobin-Yvon. The emission decay data were collected on a Hamamatsu MCP photomultiplier 

(R3809) and were analyzed by using IBH DAS6 software. The goodness of fit was evaluated by 2 

criterion and visual inspection of the residuals of the fitted function to the data. 

4.4.2 Synthesis of the receptor H2L 

Synthetic procedure of formation of H2L involves two very economic cheap and easy steps. In the 

first step 2-aminothiophenol is alkylated with 1,4-dibromobutane using a reported technique [44]. 

Methanolic solution (20 ml) of the alkylated product (3.041 g., 10 mmol) is then added dropwise to 

the methanolic solution (20 ml) of 3,5-dichlorosalicylaldehyde (1.899 g., 10 mmol) with constant 

stirring. After the addition is complete the mixture is kept at refluxing condition for 10 h. After 

cooling the reaction mixture solvent was removed under reduced pressure using rotary evaporator. 

The solid mass thus obtained was recrystallized from dry methanol to get the pure ligand (H2L). 

Yield was 3.942 g. (80%). 

Anal. Calc.C30H24N2Cl4O2S2 (H2L): C 55.39; H 3.72; N 4.31. Found: C 55.33; H 3.66; N 4.25. 

IR data (KBr, cm-1):1590 (C=N); 2843 and 3005 (-CH); 3281, 3591 and 3716 (OH).  

1H NMR (300 MHz, CDCl3): δ13.19 (1H, s), 8.54 (1H, s), 7.15-7.44 (8H, m), 2.96 (2H, t, J = 6.99 

Hz), 1.82 (1H, m).  

HRMS (m/z): calculated for [M+H]+  = 651.4737; found = 651.4703. 

4.4.3 General Method for UV-Vis and Fluorescence Titration 

4.4.3.1 Recording absorption spectra  

Stock solution of the receptor H2L (10 μM) in [(DMSO/H2O), 1:5, v/v] (at 25°C) using HEPES 

buffered solution at pH = 7.2 was prepared. The solution of the guest cations using their chloride 

salts in the order of 100 μM were prepared in deionized water. Solutions of various concentrations 

containing host and increasing concentrations of cations were prepared separately. The changes in 



Chapter 4 

 

109 

 

UV-Vis spectra of receptor (10 μM) upon gradual addition of 100 μM metal ion solutions were 

recorded.  

4.4.3.2 Recording emission spectra 

Stock solution of the receptor H2L (10 μM) in [(DMSO / H2O), 1:5, v/v] (at 25°C) using HEPES 

buffered solution at pH=7.2 was prepared. To it ZnCl2 (100 μM) solution was gradually added and 

fluorescense spectra were recorded. EDTA solution of 100 μM was added to the same solution 

where Zn2+ was added gradually to H2L and fluorescense spectra were recorded. Chloride salts of  

Na+, K+, Ca2+, Mg2+, Mn2+, Fe3+, Cr3+,Al3+, Co2+,Ni2+, Cu2+, Cd2+ and Hg2+ in DMSO : H2O (1:5, 

v/v, pH=7.2) of 100 μM concentration were also added to the 10 μM H2L solution and fluorescence 

spectra were  recorded. To it further ZnCl2 (40 μM) solution was added and spectra were recorded. 

For fluorescence study excitation wavelength used was 425 nm (excitation slit = 3.0 and emission 

slit = 3.0). 

4.4.3.3 Job’s plot by fluorescence method  

For Job’s plot experiment H2L (20μM) in (1:5, v/v) H2O:DMSO and 20μM ZnCl2 were prepared as 

stock solution using HEPES buffer at pH 7.2. The concentration of each solution was varied keeping 

the total volume fixed at 5 mL. Fluorescence intensity was monitored at 490 nm. Job’s plot were 

drawn by plotting ΔF as a function of mole fraction of Zn2+ (ΔF = change of intensity of the emission 

spectrum at 490 nm). The excitation wavelength used was 425 nm. 

4.4.3.4 Determination of fluorescence Quantum Yields (Φ) of H2L and its complex 

with Zn2+  

The luminescence quantum yield was determined using quinine sulfate (φs = 0.54 in 0.5M H2SO4) as 

reference dye. The compounds and the reference dye were excited at the same wavelength and the 

emission spectra were recorded. The area of the emission spectrum was integrated and the quantum 

yield is calculated according to the following equation: 

Φx = Φs× (
𝑰𝒙

𝑰𝒔
) ×  (

𝑨𝒔

𝑨𝒙
) × (

𝒏𝒙

𝒏𝒔
)

𝟐
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Where, x & s designate the unknown and standard solution respectively, φ is the quantum yield, I 

is the integrated area under the fluorescence spectra, A is the absorbance and n is the refractive index 

of the solvent. 

The quantum yields of H2L and L-Zn2+ are determined using the above mentioned equation and the values 

are found to be 0.005 and 0.265 respectively. 

4.4.3.5 Determination of detection limit 

The detection limit was calculated based on the fluorescence titration. To determine the S/N ratio, the 

emission intensity of H2L without Zn2+ was measured by 10 times and the standard deviation of blank 

measurements was determined. The detection limit of H2Lfor Zn2+ was determined from the following 

equation1: 

DL = K × Sb1/S 

Where K = 2 or 3 (we take 3 in this case); Sb1 is the standard deviation of the blank solution; S is the slope of 

the calibration curve. 

For Zn2+: From the graph we get slope = 2.37 × 108 and Sb1 value is 0.13703. Thus using the formula we get 

the Detection Limit = 1.73 × 10-9 M i.e., H2L can detect Zn2+ in this minimum concentration through 

fluorescence techniques. 

4.4.3.6 Determination of binding constant from fluorescence titration data 

Binding constant was calculated according to the Benesi-Hildebrand equation. Ka was calculated following 

the equation stated below. 

1/(F-Fo) = 1/{Ka(Fmax–Fo) [Mn+]x} + 1/[Fmax-Fo] 

Here F0, F and Fmax indicate the emission in absence of, at intermediate and at infinite concentration of metal 

ion respectively. 

4.4.4 Computational method 

Full geometry optimizations were carried out using the density functional theory (DFT) method at 

the B3LYP [45,46] level for the compounds. All calculations were performed with Gaussian 09 

program package [47]. The calculations were aided by the Gauss View visualization program. All 

elements except aluminium were assigned 6-31+G(d) basis set. The vibrational frequency 
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calculations were performed to certain that the optimized geometries represent the local minima and 

there were only positive eigen values. Vertical electronic excitations based on B3LYP optimized 

geometries were computed using the time-dependent density functional theory (TDDFT) formalism 

[48-50] in methanol using conductor-like polarizable continuum model (CPCM) [51-53]. 

4.4.5 Live cell imaging 

4.4.5.1 Cell cytotoxicity assay 

MCF-7 cells were evaluated for cytotoxicity with zinc chloride (Zn2+), H2L (receptor) and complex 

(L-Zn2+) by the following protocol as described by Hamdi et al [54]. Cells were then seeded in 96-

well plates at a density of 1x104 cells per well and cultivated in CO2 incubator for 24 h after that. 

The cells were treated in aqueous medium while H2L was dissolved in DMSO, but the final 

concentration of DMSO while treatment of cells was maintained below 1%. After treatment for 24 h, 

Methyl tetrazolium dye (MTT) (5 mg/ml) was added to each well and the plates were incubated in 

the dark at 37°C for 2 h. Thus MTT was used to determine the cell viability and absorbance of MTT 

formazan was determined at 595 nm in spectrophotometer (Epoch Micro-plate Spectrophotometer, 

USA). Untreated cells were served as 100% viable. 

4.4.5.2 Cell Bio imaging 

MCF-7 cells were seeded for overnight on 22×22 mm glass cover slips. After 18 hours the cell 

media was discarded and fresh DMEM was added with adding H2L and L-Zn2+ respectively for 24 

hours at a dose less than LD50 as found from cell cytotoxicity assay. After 24 hours the cell media 

was discarded and cells were washed with ice cold1X Phosphate buffer saline for 5 times to remove 

any excess H2L receptor present in the surroundings. Finally, the cover slip was mounted on a glass 

slide and observed under a fluorescent microscope (Leica DM4000 B, Germany) at 20x 

magnification. 

4.4.6 Crystallographic studies 

Details of crystal analysis, data collection and structure refinement data for L-Zn2+ complex is given 

in Table S1. Crystal mounting was done on glass fibers with epoxy cement. A red, needle shaped 

single crystal of the L-Zn2+, with dimensions of 0.18 mm × 0.08 mm × 0.06 mm was selected.Single 
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crystal data collection of the selected crystal was performed with an automated Bruker SMART 

APEX CCD diffractometer using graphite monochromatized Mo K radiation ( = 0.71073 Å). 

Reflection data were recorded using the  scan technique. The data was processed with SAINT and 

corrected for absorption using SADABS [55]. The structures were solved and refined by full-matrix 

least-squares techniques on F2 using the SHELXTL program [56]. The absorption corrections were 

done by the multi-scan technique. All data were corrected for Lorentz and polarization effects, and 

the non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in the 

refinement process as per the riding model. Crystallographic data have been deposited at the 

Cambridge Crystallographic Data Centre with CCDC 1497208 for L-Zn2+. Copies of the data can be 

obtained free of charge on application to the CCDC, 12 Union Road, Cambridge CB2 IEZ, UK. Fax: 

+44-(0)1223-336033 or e-mail:deposit@ccdc.cam.ac.uk. 

 

4.5 Conclusion 

Synthesis of highly sensitive and selective chemosensor (H2L) for the selective detection of Zn2+ is 

reported. Remarkable enhancement of fluorescence intensity upon addition of Zn2+ provides a useful 

detection technique for Zn2+. Reversibility of H2L towards Zn2+ is checked upon incremental 

addition of EDTA into L-Zn2+. An INHIBIT logic gate is constructed using Zn2+ and EDTA as 

chemical inputs. Moreover, the chemosensor is efficient in detection of Zn2+ in presence of other 

metals. Further, the structure of L-Zn2+ complex is confirmed by single crystal X-ray 

crystallography. The developed chemosensor can also be utilized to detect Zn2+ in the intracellular 

region of human breast cancer cells (MCF-7). 
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Figure S1: IR spectrum of the probe (H2L) 

 

 

 

 

 

 

 

 

 

 

 

Figure S2 and S3: HRMS spectrum of the probe (H2L) and L-Zn2+ complex 
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Figure S4: 1H NMR (300 MHz) spectra of the probe (H2L) and L-Zn2+ complex in CDCl3 

 

Figure S5 and S6: Job’s plot of H2L for Zn2+ and Linear response curve of H2L at 490 nm depending on the 

Zn2+ concentration. 

 

 



Chapter 4 

 

119 

 

 

 

 

 

 

 

Figure S7: Determination of association constant of H2L at 490 nm depending on the Zn2+ concentration 

using Benesi-Hildebrand equation. 

 

 

 

 

 

 

                                               (A)                                                                 (B) 

Figure S8. Optimized structure of (A) H2L and (B) L-Zn2+ complex by DFT/B3LYP/6-31+G (d) 

method. 
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Figure S9. Contour plots of some selected molecular orbitals of H2L 

 

 

 

 

 

 

 

 

 

Figure S10. Contour plots of some selected molecular orbitals of L-Zn2+ 
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Table S1: Crystallographic data and refinement parameters of L-Zn2+ 

 

Formula C30H22Cl4N2O2S2Zn 

Formula Weight 713.79 

Crystal System Monoclinic 

Space group 
P21/n 

a, b, c [Å] 7.939 (5), 17.404 (5), 20.076 (5) 

 90.000 

β 95.318 (5) 

γ 90.000 

V [ Å3] 2762 (2) 

Z 4 

D(calc) [g/cm3] 
1.717 

µ (Mo K) [ mm-1] 1.463 

F(000) 1448 

Absorption Correction multi-scan 

Temperature (K) 293 

Radiation [Å] 0.71073 

θ(Min-Max) [º] 2.14-20.14 

Dataset (h; k; l) -9 and 9; -20 and 19; -23 and 23 

Total, Unique Data, R(int) 15899/4786/0.0821 

Observed data [I > 2σ(I)] 2674 
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Table S2: Selected bond distances (Å) and angles (º) of L-Zn2+ complex 

Bonds (Å) H2L-Zn2+ 

Zn1-O2 1.915(8) 

Zn1-O1 1.996(8) 

Zn1-N2 2.006(9) 

Zn1-N1 2.020(9) 

Zn1-S2 2.401(3) 

Zn1-S1 2.504(4) 

Angles (°)  

O2-Zn1-O1 98.1(3) 

O2-Zn1-N2 88.0(3) 

O1-Zn1-N2 88.9(3) 

O2-Zn1-N1 93.7(3) 

O1-Zn1-N1 89.1(3) 

N2-Zn1-N1 177.6(3) 

O2-Zn1-S2 168.0(2) 

O1-Zn1-S2 87.1(2) 

N2-Zn1-S2 81.2(2) 

Nref, Npar 4786/370 

R, wR2
 0.0789, 0.2153 

Δq(max) and Δq(min) [e/Å3] 0.626 and -0.930 

Goodness of fit(S) 1.072 
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N1-Zn1-S2 97.2(3) 

O2-Zn1-S1 79.7(3) 

O1-Zn1-S1 171.0(2) 

N2-Zn1-S1 99.7(3) 

N1-Zn1-S1 82.4(3) 

S2-Zn1-S1 96.83(13) 

Table S3: Energy and compositions of some selected molecular orbitals of L-Zn2+ 

MO Energy 

(eV) 

% of composition 

H2L Zn Cl 

LUMO+5 0.13 98 1 1 

LUMO+4 0.08 97 2 1 

LUMO+3 -0.69 100 0 0 

LUMO+2 -0.73 99 1 1 

LUMO+1 -1.82 99 0 1 

LUMO -1.9 99 1 1 

HOMO -5.12 86 1 13 

HOMO-1 -5.39 87 1 12 

HOMO-2 -6.22 94 2 5 

HOMO-3 -6.31 92 1 7 

HOMO-4 -6.51 92 2 7 

HOMO-5 -6.64 87 2 11 

HOMO-6 -7.0 94 2 3 
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Table S4: Vertical electronic transitions calculated by TDDFT/B3LYP/CPCM method for 

H2Land L-Zn2+ in DMSO 

HOMO-7 -7.18 97 0 3 

HOMO-8 -7.25 88 2 10 

HOMO-9 -7.34 78 1 21 

HOMO-10 -7.39 82 1 17 

 

Compounds 

Eexcitation 

(eV) 

λexcitation

(nm) 

Osc. 

Strength 

(f) 

 

Key  transitions 

 

Character 

 3.2404 382.6 0.4634 (67%)HOMOLUMO 

(28%)HOMO-1LUMO 

π(L) π*(L) 

 3.6223 342.3 0.3102 (47%)HOMO-3LUMO+1 

(48%)HOMO-2LUMO 

π(L) π*(L) 

H2L 3.9365 315.0 0.0107 (38%)HOMO-5LUMO 

(42%)HOMO-4LUMO+1 

π(L) π*(L) 

 3.9372 314.9 0.3001 (45%)HOMO-5LUMO+1 

(38%)HOMO-4LUMO 

π(L) π*(L) 

 4.5134 274.7 0.5393 (30%)HOMO-6 LUMO 

(30%)HOMO-7 LUMO+1 

π(L) π*(L) 

 2.9368 422.2 0.1046 (98%)HOMOLUMO π(L) π*(L) 

 3.0179 410.8 0.0686 (96%)HOMOLUMO+1 π(L) π*(L) 
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L-Zn2+ 3.0961 400.5 0.710 (95%)HOMO-1LUMO π(L) π*(L) 

 3.2068 386.6 0.2024 (94%)HOMO-1LUMO+1 π(L) π*(L) 

 3.5888 345.5 0.0293 (42%)HOMO-2 LUMO+1 π(L) π*(L) 

 4.2578 291.2 0.0293 (88%)HOMO LUMO+2 π(L) π*(L) 
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Novel pyridyl based azo-derivative for the selective and 

colorimetric detection of nickel(II) 

 

Abstract 

A highly sensitive and selective pyridyl based colourimetric chemosensor (H2L) for the efficient 

detection of Ni2+ has been reported. The synthesized chemosensor H2L is highly efficient in 

detecting Ni2+ even in presence of other metal ions that commonly co-exist with Ni2+ in several 

environmental as well as biological samples. H2L also shows distinct colour change from green to 

deep red visible under naked eye due to specific binding with Ni2+. This colour change is actually 

obtained due to formation of a new band at 510 nm upon gradual addition of Ni2+.  The cation 

sensing property of the receptor H2L has been mainly studied by UV-Vis spectroscopy. Electronic 

structure of the H2L-Ni2+ complex and sensing mechanism have been interpreted theoretically by 

DFT and TDDFT calculations.  

 

 

 

 

 

 

 

 

 

 



Chapter 5 

 

128 

 

 

 

5.1. Introduction 

Recognition and sensing of metal ions has become an active field of research owing to its potential 

application in several fields which includes chemistry, bio-medicine, and environmental studies. 

[1,2] Detection of nickel(II) is highly important due to its toxic nature and widespread use in various 

industrial and catalytic processes. [3] Increased exposure to nickel(II) causes several diseases such as 

pneumonitis, dermatitis, asthma, several problems of the central nervous system and even cancer of 

the nasal cavity and lungs. [4,6] Thus the detection nickel(II) is of utmost importance in several 

biological, industrial and food samples. Most of industrial method of detection of nickel(II) depends 

on time consuming and involvement of sophisticated analytical techniques which includes atomic 

absorption or emission spectrometry, [7,8] liquid chromatography [9,10] and fluorometric 

chemosensors. [11,12] In spite of the fact that these methods are highly sensitive they are not 

convenient for “in-the-field” detection as they require expensive instruments which are very difficult 

to carry. Hence detection of nickel(II) using a very simple-to-use method, low cost and also very 

rapid, is of increasing demand. Colourimetric sensors comprises of a class of reagent which shows a 

distinctive colour change visible under ‘naked eye’, on selectively binding with certain specific 

analytes without the employment of sophisticated and expensive equipment. [13,14] Thus the 

development of colourimetric sensor for the easy and rapid detection of nickel(II) is a demanding 

field of research.  

5.2. Basis of present work 

Till date only a few efficient colorimetric chemosensor for the selective detection of Ni2+ have been 

reported. A quinoxaline based colourimteric and ratiometric chemosensor for the detection of 

nickel(II) has been reported by S. Goswami et.al. [15] Peralta-Domínguez et. al. reported a Schiff 

base derivative of cinnamaldehyde used efficient detection of nickel(II) by colourimetric method. 

[16] Several coumarin based colourimetric chemosensors for nickel(II) have been reported so far by 

Jiang et. al. and Wang et. al. [17,18] 
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5.3. Results and discussion 

5.3.1 Synthesis of H2L 

The receptor H2L (Scheme 5.1) has been synthesized by a very economically cheap and facile route 

which involves azo coupling of diazotized 2,6- Diaminopyridine with p-cresol in alkaline medium. 

The compound has been characterized by elemental and mass spectral analysis along with other 

spectroscopic techniques (IR, UV–Vis, NMR etc.) (see Experimental Section). 

 

 

 

 

 

 

 

Scheme 5.1: Synthesis of pyridyl based chemosensor H2L 

5.3.2 Spectral characterization and analysis of H2L and H2L-Ni2+ 

IR spectra of the free receptor H2L, shows a broad stretching at 1585 and 1417 cm-1 corresponding to 

(C=N) and (N=N) respectively (Fig. S1). The stretching band at 3430 cm-1 corresponds to (O-

H). In the H2L-Ni2+complex, the band at 3430 cm-1 disappears due to co-ordination to the metal 

center while the (C=N) and (N=N) appeared at 1536 and 1407 cm-1 again due to coordination(Fig. 
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S2).  HRMS spectrum of H2L shows peak at 370.5 and 348.45 corresponding to H2L+Na+ and 

H2L+H+ respectively (Fig. S3). The HRMS spectrum of H2L-Ni2+ complex shows a strong peak at 

427.8 which corresponds to Na[Ni(L-2H)]+ species and a weak peak at 491.2 which corresponds to  

Na[Ni(L-2H)(MeOH)2]
+ (Fig. S4) supporting 1:1 complex formation. In the octahedral environment 

four coordination sites are satisfied by the N,N,O,O donors of H2L while the remaining two 

coordination sites are occupied by two MeOH molecules which is used as solvent. The proposed 

octahedral geometry is further supported by the HRMS data. NMR spectrum of H2L shows a singlet 

peak at 2.17 corresponding to the –CH3 protons. The –OH peak appeared at the highly deshielded 

region of  14.50 and all the other aromatic protons appeared as expected in the deshielded zone of  

6.61-8.17 (Fig. S5). 

5.3.3 Cation sensing studies: UV-Vis spectroscopy studies 

Stock solution of the receptor H2L (10 μM) in [(MeOH/H2O), 1:1, v/v] (at 25°C) using HEPES 

buffered solution at pH = 7.4 was prepared. The solution of the guest cations using their chloride 

salts in the order of 100 μM were prepared in deionized water. Solutions of various concentrations 

containing host and increasing concentrations of cations were prepared separately. The spectra of 

these solutions were recorded by means of UV-Vis methods. 

Receptor H2L (10 μM) shows an absorbance band at 381 nm along with a shoulder at 316 nm. 

Addition of NiCl2 (100 μM) solution causes decrease in intensity of the absorption band at 381 nm 

and a new absorption band appears at 510 nm with a distinct isosbestic at around 402 nm (Fig. 5.1). 

The shoulder band of H2L at 316 nm vanishes on addition of Ni(II) to it. This indicates the formation 

of a complex between the receptor H2L and Ni2+. Due to the complexation with Ni2+, distinct colour 

change occurs from green to deep red.  
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Fig. 5.1: Change in UV-Vis spectrum of HL (10 μM) upon gradual addition of 10 μM Ni2+. Inset 

shows the visual effect of addition of Ni2+ to H2L in ambient light. 

 

Furthermore, the sensing ability of H2L with Ni2+ at different pH has also been studied. At lower pH, 

the receptor H2L has no significant response to Ni2+ in absorption spectroscopy may be due to 

protonation of the receptor H2L. The absorbance at 510 nm is maximum and almost constant in the 

pH range 7.2 to 9.8, above pH 9.8 the absorbance is gradually decreased may due to hydrolysis (Fig. 

5.2). Thus the receptor H2L is also suitable in the detection of Ni(II) in the physiological pH of 7.4 as 

present in several biological samples.  
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Fig. 5.2: Absorbance of H2L at 510 nm in MeOH/H2O (1:1, v/v) with different pH 

From UV-Vis spectral change, limit of detection of the chemosensor H2L for Ni2+ is determined 

using the equation LOD= K × SD/S where SD is the standard deviation of the blank solution and S 

in the slope of the calibration curve (Fig. 5.6). The limit of detection for Ni2+ is found to be 0.83 µM 

from UV-Vis spectral titration. This result clearly demonstrates that the developed chemosensor is 

highly efficient in sensing Ni2+ even in very minute level and can serve as a highly efficient ‘naked-

eye’ chemosensor for Ni(II). The association constant of Ni2+ for the receptor H2L is found to be 

1.27×105 M-1 (Fig. S6) based on UV-Vis spectral titration. 

UV-Vis spectrum of H2L is also studied in presence of other metals i,e, Ca2+, Mg2+, Mn2+, Fe3+, Al3+, 

Cr3+, Co2+, Zn2+, Cu2+, Cd2+ and Hg2+ but no significant changes are observed in either of the cases 

except to that in Co2+ (Fig. 5.3). Though Co2+ interferes only slightly but under naked eye, it shows 

only a very light yellow colour when added to H2L compared to the bright deep red colour which 

H2L shows in presence of only Ni(II).  
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Fig. 5.3: UV-Vis spectra of chemosensor (H2L) (10 μM) upon addition of various metal ions i,e,  

Ca2+, Mg2+, Mn2+, Fe3+, Al3+, Cr3+, Co2+, Zn2+, Cu2+, Cd2+ and Hg2+ (20 μM). Inset shows the visual 

effect of addition of various metal ions to the receptor H2L 

 

The selectivity of H2L for Ni2+ is studied in the presence of other metal ions such as  Ca2+, Mg2+, 

Mn2+, Fe3+, Al3+, Cr3+, Co2+, Zn2+, Cu2+, Cd2+ and Hg2+. The intensity of the absorption band at 510 

nm due to formation of H2L-Ni2+ complex is not at all disturbed due to the presence of other metal 

ions simultaneously in solution (Fig. 5.4). Thus H2L shows an excellent binding affinity for Ni2+ 

even in the presence of other metal ions and can detect Ni2+ very rapidly in other physiological as 

well as environmental samples where other metal ions like Ca2+, Mg2+, Mn2+, Fe3+, Al3+, Cr3+, Co2+, 

Zn2+, Cu2+, Cd2+ and Hg2+ usually coexist with the analyte.  
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Fig. 5.4: Absorbance intensity of chemosensor (H2L) (10 μM) upon addition of 10 μM Ni2+ along 

with various metal ions i,e,  Co2+, Cu2+, Zn2+ , Hg2+, Cd2+, Mn2+, Mg2+, Ca2+, Al3+, Fe3+, Cr3+, K+ (20 

μM) 

Job’s plot of the UV-Vis titration reveals that the maximum absorption  at 510 nm corresponds to 

mole fraction at 0.5 (Fig. 5.5). Thus it clearly indicates that the complex formation between Ni2+ and 

H2L has the stoichiometric ratio of 1:1. The mole ratio plot also reflects that the absorption intensity 

at 510 nm increases till the mole ratio of the analyte to the receptor H2L reaches 1.0, thus indicating 

1:1 complex formation (Fig. S7).  

For naked eyed detection, the distinct change in color has been observed at the minimum 

concentration of ~1 μM for Ni2+, which is much lower than the maximum contaminant level goal 

(MCLG = 1.7 × 10−5 M) reported by American Environmental Protection Agency (EPA) for Ni2+ in 

drinking water [30]. The detection limit determined by UV–Vis method is 8.3 × 10−7 M (Fig. 5.6). 
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Fig. 5.5 and 5.6: Job’s plot diagram of the receptor (H2L) for Ni2+ at 510 nm and Linear response 

curve of H2L at 510 nm depending on the Ni2+ concentration 

 

5.3.4 Electronic spectra and DFT calculation 

To get detailed insight into the interaction of H2L with Ni2+ the DFT studies on H2L and H2L-Ni2+ 

complex have been carried out. The optimized structure of H2L is shown in Fig. 5.7.  In an 

octahedral environment for the nickel(II) complex four coordination sites are occupied by the 

N,N,O,O donors of H2L and the axial positions are occupied by coordinated methanol molecules 

(Fig. 5.8). The proposed geometry is supported by mass spectral analysis of H2L-Ni2+ complex and 

two electron paramagnetism of the complex. The contour plots of selected molecular orbitals of H2L 

are shown in Fig. S8. The HOMO and HOMO-1 are π bonding in character and concentrated on the 

phenolate moieties, while HOMO-2 and HOMO-3 have non-bonding in character and concentrated 

on the azo(N=N) functions. The LUMO and LUMO+1 have π anti-bonding in character with major 
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contribution of π*(N=N). The α-spin and β-spin molecular orbitals obtained in UB3LYP calculation 

of nickel complex are shown in Fig. S9 and Fig. S10 respectively. The HOMOs and LUMOs are 

mainly concentrated on the coordinated ligand with major contribution of dπ(Ni) orbitals in β-spin 

LUMO+2 and LUMO+3.  

 

 

 

 

 

 

Fig. 5.7: Optimized structure of the receptor H2L by DFT/B3LYP method 

 

 

 

 

 

 

 

Fig. 5.8: Optimized structure of the H2L-Ni2+ complex by DFT/B3LYP method 
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The changes in electronic spectrum of H2L upon complexation with Ni2+ have been interpreted by 

TDDFT calculations. In methanol H2L shows two sharp bands at 382 nm and 273 nm along with two 

shoulders at 433 nm and 317 nm. The calculated band at 457 nm corresponds to the shoulder at 433 

nm because of n  π* transition. The sharp bands at 382 nm and 273 nm have π  π* origin (Table 

1). In nickel(II) complex the new band at 510 nm corresponds to intra-ligand charge transfer 

transitions (ILCT) and well matched with calculated transition at 540 nm. The sharp band at 378 nm 

in the complex corresponds to the calculated transitions at 387 nm and 342 nm having ILCT in 

character.    

5.4. Experimental  

5.4.1 Materials and methods 

p-Cresol and 2, 6- Diaminopyridine were purchased from Sigma Aldrich. All other organic 

chemicals and inorganic salts were available from Sisco Research Lab, Mumbai, India and used 

without further purification. Commercially available SRL silica gel (60–120 mesh) was used for 

column chromatography. 

Elemental analysis was carried out in a 2400 Series-II CHN analyzer, Perkin Elmer, USA. HRMS 

mass spectra were recorded on Waters (Xevo G2 Q-TOF) mass spectrometer. Infrared spectra were 

taken on a RX-1 Perkin Elmer spectrophotometer with samples prepared as KBr pellets. Electronic 

spectral studies were performed on a Perkin Elmer Lambda 750 spectrophotometer. NMR spectra 

were recorded using a Bruker (AC) 300 MHz FTNMR spectrometer of ~0.05 M solutions of the 

compounds in CDCl3. Magnetic susceptibilities were measured on a Gouy balance using 

Hg[Co(SCN)4] as the calibrant. Diamagnetic correction was made using Pascal’s constants. 

 

5.4.2 Synthesis of the receptor H2L 

2, 6- Diaminopyridine (1.5 g, 13.745 mmol) was dissolved in 5 mL conc. HCl and 10 mL distilled 

water and cooled to 0°C.  Sodium nitrite (2.276 g, 32.99 mmol) was dissolved in minimum volume 

of water and cooled to 0°C.  The diazotized solution was added dropwise with constant stirring to p-
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cresol (2.87 ml, 27.49 mmol) dissolved in aqueous solution of sodium carbonate (3.0 g, 28.30 

mmol). The product was purified by column chromatography using silica gel (60-120 mesh) and 

eluted by 30% (v/v) ethyl acetate petroleum ether mixture. Yield was, 3.6 g, 75%. 

Anal. Calc. C19H17N5O2 (H2L): C, 65.69; H, 4.93; N, 20.16 %. Found: C, 65.45; H, 4.82; N, 

20.21%.   

IR data (KBr, cm-1): 3430 (O-H), 1585 (C=N); 1417 (N=N).  

1H NMR (CDCl3, 300 MHz):  (ppm): 14.50 (2H, s), 9.07 (2H, s), 8.16 (2H, d, J = 9.0 Hz), 7.69-

8.84 (1H, t,J= 6.1 Hz),  6.94 (2H, d, J = 8.07 Hz), 6.63 (2H, d, J = 8.25 Hz), 2.17 (6H, s).  

HRMS m/z, 370.4980 (calculated for C19H17N5O2 + Na+: 370.36), 348.4120(calculated for 

C19H17N5O2 + H+: 348.38). 

 

5.4.3 Syntheses of the H2L-Ni2+ complex 

0.05 g (0.14 mmol) of H2L was dissolved in CH3CN-DMF (3:1, v/v) and the solution was stirred for 

10 minutes. To it NiCl2.6H2O (0.33 g, 0.14 mmol) was added and further stirred for another 1 hour. 

The colour of the H2L solution was green but on addition of Ni2+, colour instantaneously changed to 

deep red with the formation of deep red precipitate. The solution was filtered and the residue was 

washed with n-hexane, dried in a desiccator over anhydrous CaCl2 under vacuum. The dried 

complex thus obtained was subjected to various spectroscopic analyses. The complex is air-stable, 

non-hygroscopic, soluble in MeOH, DMSO and DMF.  

 Anal. Calc. C19H15N5O2Ni (H2L): C, 66.08; H, 4.38; N, 20.28 %. Found: C, 66.20; H, 4.42; N, 

20.21%.   

IR data (KBr, cm-1): 1536 (C=N); 1407 (N=N).  

HRMS m/z, 491.2237 (calculated for C21H23N5NiO4 + Na+: 491.12), 427.7238(calculated for 

C19H15N5NiO2 + Na+: 427.04). μeff (B.M.): 2.97. 

5.4.4 General method for UV-Vis studies 
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5.4.4.1 UV-Vis method 

For UV-Vis titrations, stock solution of the sensor H2L was prepared (c = 10 µM) in [(MeOH/H2O), 

1:1, v/v] (at 25°C) using HEPES buffered solution at pH = 7.4. The solution of the guest cations 

using their chloride salts in the order of 100 μM were prepared in deionized water. Solutions of 

various concentrations containing host and increasing concentrations of cations were prepared 

separately. 

5.4.4.2 Job’s plot by UV-Vis method 

A series of solutions containing H2L (10 μM) and NiCl2 (100 μM) were prepared in such a manner 

that the sum of the total metal ion and H2L volume remained constant (5 mL). MeOH:H2O (1:1, v/v) 

was used as solvent at pH 7.4 using HEPES buffer. Job’s plots were drawn by plotting (A-A0) versus 

mole fraction of Ni2+ at 510 nm [A0 = absorption intensity of the free receptor and A is the 

absorption intensity of H2L after addition of Ni2+ at 510 nm]. 

5.4.4.3 Determination of Detection Limit 

The detection limit was calculated based on the UV-Vis titration. To determine the S/N ratio, the 

absorption intensity of H2L without any analyte was measured by 10 times and the standard 

deviation of blank measurements was found to be 2.7900×10-4. 

The limit of detection (LOD) of HL for Ni2+ was determined from the following equation: LOD= K 

× SD/S, where K = 3 in this case, SD is the standard deviation of the blank solution and S is the 

slope of the calibration curve. From the graph we get slope = 1013.57576, and Sb1 value is 

2.7900×10-4 (Fig. 5.6). Thus using the formula, we get the LOD = 0.83 μ M. 

5.4.4.4 Determination of Association constant 

Binding constant was calculated according to the Benesi-Hildebrand equation. Ka was calculated 

following the equation stated below. 

1/(A-Ao) = 1/{K(Amax–Ao) [Ni2+]n} + 1/[Amax-Ao] 

Here Ao is the absorbance of receptor in the absence of guest, A is the absorbance recorded in the 

presence of added guest, Amax is absorbance in presence of added [Ni2+]max and Ka is the association 
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constant (M-1). The association constant (K) could be determined from the slope of the straight line 

of the plot of 1/(A-Ao) against 1/[Ni2+]n. n =1. The association constant (Ka) as determined by UV-

vis titration method for sensor with Ni2+ is found to be 1.27×105
 M

-1. (Fig. S6) 

 

5.4.5 Computational method 

All computations were performed using the Gaussian09 (G09) program [19]. The 6-31+G(d) basis 

set was assigned for C, H, N and O atoms [20]. The LANL2DZ basis set with effective core 

potential was employed for the nickel atom [21-23]. The vibrational frequency calculations were 

performed to ensure that the optimized geometries represent the local minima of potential energy 

surface and there are only positive Eigen-values. The vertical electronic excitations based on B3LYP 

optimized geometries were computed using the time-dependent density functional theory (TDDFT) 

[24-26] formalism using methanol as solvent for H2L and H2L-Ni2+ complex using conductor-like 

polarizable continuum model (CPCM) [27-29].  

5.5. Conclusion 

The sensing ability of the receptor H2L for Ni2+ has been extensively studied using UV-Vis 

spectroscopy and several other spectroscopic tools. The synthesized chemosensor H2L is highly 

efficient in detecting Ni2+ over other metal ions that commonly coexist with Ni2+ in physiological 

and environmental samples. H2L also shows distinct colour change from light-green to deep red 

distinctly visible under naked eye due to specific binding with Ni(II). Thus H2L provides a pathway 

for a very rapid, sensitive and selective detection of Ni2+. Moreover, the pyridyl based framework 

H2L has been synthesized using a very facile and economically cheap synthetic pathway. 
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Fig. S1: IR spectrum of the receptor H2L in KBr disk 

 

 

 

 

 

 

 

 

 

 

Fig. S2: IR spectrum of H2L+ Ni2+ in KBr disk 
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Fig. S3: HRMS spectra of the receptor H2L. 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4: HRMS spectra of the receptor H2L-Ni2+ complex. 
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Fig. S5: 1H-NMR spectra of the receptor H2L 

 

 

 

 

 

 

 

 

 

 

Fig. S6: Determination of binding constant of H2L for Ni2+from UV-Vis titration data 
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Fig. S7: Mole ratio plot of Ni2+ to the receptor H2L 

 

 

Fig. S8: Contour plots of selected molecular orbitals of chemosensor H2L 
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Fig. S9: Contour plots of some selected MOs (α-spin) of H2L-Ni2+ complex. 
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Fig. S10: Contour plots of some selected MOs (β-spin) of H2L-Ni2+ complex. 
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Fig. S11: Spin density plot of H2L-Ni2+ complex 
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distinct response towards Al3+ 
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Anewcoumarin-based “turn-on” probe for the selective and 

distinct fluorescence response towards Al3+ 

 

Abstract 

A new coumarin based fluorescent probe, HMBH was effectively fabricated and the structures are 

thoroughly characterized by NMR and HRMS spectroscopy. HMBH displays a selective and 

discrete “turn-on” fluorescence response for Al3+ in MeOH/H2O (1/9, v/v, pH=7.2) solution with 

almost 30-fold emission intensity over other analytes. No such changes in emission intensity were 

observed in case of other cations. HMBH shows a low detection limit of about 10-9M which supports 

the fact that this newly developed probe can detect Al3+ in very tiny level. The stoichiometric ratio of 

the probe towards Al3+ was found to be 1:1 from Job’s plot experiment. The electronic structures of 

the sensor have been explained by DFT and TDDFT calculations. 
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6.1. Introduction 

Fabrication of fluorescent sensors for distinctive recognition of several analytes have been 

considered to be a noteworthy area of research for quite some time now owing to their amazing roles 

in numerous fields such as industry, biology, environment, medicines, living systems etc. [1-7]. This 

technique is chosen over other methods owing to their rapid response with high sensitivity, non-

destructive appeal, good tunability etc. [8-12]. Among several biologically significant metal cations, 

discrimination of aluminium ion has drawn a massive interest of scientists towards itself owing to its 

daily use in human life as well as due to its toxic effects on human health [13-18]. Aluminium is 

acclaimed to be the third most abundant and most prevalent elements found in the lithosphere [19, 

20] and regardless of its toxic nature, it has many advantages in our daily life as well as in industrial, 

biological and environmental arenas. The extensive use of aluminium in our everyday life, such as 

aluminium foil, cookware, as electronic components in several gadgets, the paper production, food 

additives and aluminium-based medicines results into a great exposure of this toxic metal to the 

environment as well as in human health [13, 21-24]. The acid rain causes the excess amount of 

aluminium in soil and water which eventually results into harmful consequences for the growth of 

the plants [25]. Aluminium is a crucial metal ion in the human body but can turn into a harmful 

element if accumulated in unregulated amounts which ultimately leads to several severe diseases and 

the permanent damage to central nervous system and immunity of our body [26, 27]. Aluminium is 

known as the neurotoxin that is supposed to be the root cause of Alzheimer’s disease [28]. Its 

excessive toxicity also results in health hazards such as encephalopathy, dementia, osteomalacia, 

Parkinson's disease and breast cancer [29-32]. In addition, aluminium retains its concentration in the 

body tissues and cells for a longer time-period before expulsion from the body [19] which suggests 

us to take admissible quantities of aluminium only. The World Health Organization (WHO) 

approved the standard human consumption of aluminum to be around 3-10 mg day-1 and allowable 

intake of aluminum in a week in the human body is predicted to be 7 mg kg-1 body weight [33, 34]. 

Despite of its toxic and destructive nature, Al3+ cannot be kept away from our modern life which 

leads to the endangerment of human health as well as environment by its fatal toxicity. Thus, 

detection of Al3+ ions is an essential step to manage its adverse effects on human health as well as to 

the environment, industry, plant lives etc. Hence, designing a new switch for the detection of Al3+ 
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has an intense significance. Due to the fact that Al3+ is a hard-acid, it has been established that Al3+ 

favors to coordinate with donor sites like N and O atoms which are hard bases [35-40] and it is well 

known that schiff-bases are popular as hard bases which provides nitrogen-oxygen-rich coordination 

spheres for Al3+. As an outcome, a great number of Schiff-base based probes have been fabricated 

for sensing Al3+ ion solely [41-44]. 

6.2. Basis of present work 

Due to the high demand of Al3+ sensors, there are some reports on fabrication of new sensors for 

selective recognition of aluminium over other cations. As for example, S. L. Hu et al. introduced a 

simple pyrazoline-based fluorescent probe that demonstrated fluorescence quenching pattern for Al3+ 

in aqueous solution [45]. T. H. Ma et al. gave a detailed account of a novel dual-channel fluorescent 

sensor for Al3+ [46]. Recently, Hwang et al. reported a simple Schiff base probe which selectively 

binds with aluminium with a very little detection limit of 290 nM and shows live cell imaging 

studies [47]. Another interesting report on aluminium sensors is found by Balamurugan et al. They 

synthesized a phenazine fluorophore based sensors which displays AIE effect selectively for Al3+ ion 

[48].  

Herein, we investigated a new fluorescent probe, HMBH showing a sharp ‘turn-on’ emission 

response for Al3+ selectively. The synthesis of our target molecule, HMBH includes a very easy and 

economically inexpensive procedure. At first, compound 1 was obtained via a simple Schiff base 

condensation in methanol medium for 5 h. Then again a simple Schiff base condensation of 

compound 1 with 4-chloro-2-oxo-2H-chromene-3-carbaldehyde (2) was performed in ethanol under 

refluxing condition for 9 h which ultimately yield our highly fluorescent probe, HMBH. 

Fluorescence titration reveals that HMBH shows almost a ~30-fold “turn-on” emission enhancement 

upon addition of Al3+ in MeOH/H2O (1/9, v/v, pH=7.2) solution. The sensing aptitude of this newly 

developed probe (HMBH) in presence of other cations in MeOH/H2O (1/9, v/v, pH=7.2) solution has 

also been explored but there is barely any change in emission intensity observed in case of others. 
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6.3. Results and discussions 

6.3.1 Synthesis of HMBH 

The synthetic route of the probe (HMBH) is displayed in Scheme 6.1. The chemical structures of 

HMBH and its Al3+ complex is established by 1H and 13C NMR spectroscopy and ESI mass 

spectroscopic techniques (See appendix). 

 

 

 

 

 

Scheme 6.1: Synthesis of chemosensor HMBH. 

6.3.2Spectral characterization and analysis of HMBH 

FT-IR spectrum of HMBH is taken in KBr disk and it shows bands at 3271 and 3088 cm-1 which is 

due to the two free –OH group stretching. The absorption band at 1679 cm-1 is due to the presence of 

C=O stretching. The band at 1617 cm-1 indicates the presence of -C=N stretching and the band at 

1550 cm-1 accounts for the -NH bending in HMBH. 1H-NMR spectra are recorded in DMSO-d6 for 

compound 1 and HMBH. In case of compound 1, a singlet at δ 4.68 ppm is observed for NH2 proton 

whereas NH proton appears at δ 10.08 ppm as another singlet and the last singlet due to the presence 

of -OH proton appears at δ 12.50 ppm. The aromatic protons are found in the expected region of δ 

6.82-7.83 ppm. In case of HMBH, the two -OH protons appear at 12.54 and 12.62 ppm as singlet 

while another singlet appears at δ 9.95 ppm for the presence of -CH=N imine proton along with the 

last singlet at δ 8.72 indicating the presence of -NH proton . The aromatic protons are observed at 

the range of  6.99-7.96 ppm. 13C-NMR spectrum of HMBH is recorded in DMSO-d6. Mass 
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spectrum shows a peak corresponding to [Compound 1-H+] at (m/z) 153.1211 for compound 1 

whereas the probe, HMBH displays a strong peak at 325.1012 corresponding to [HMBH+H+]. 

6.3.3 Cation sensing studies: UV-Vis spectroscopy studies 

The probe shows a moderate absorbance band at 371 nm with a small shoulder hump at 388 nm in 

MeOH/H2O (1/9, v/v) using 10 mM HEPES buffered solution at pH=7.2. Gradual addition of Al3+ 

into the solution of HMBH results in shifting of the band at 371 nm to 367 nm whereas the small 

hump at 388 nm appears to be distinct and sharper and it shifts to 385 nm (Fig. 6.1a) establishing the 

coordination of Al3+ to the probe. The changes of UV-Vis spectrum of HMBH are also explored in 

presence of other cations i.e., K+, Mg2+, Mn2+, Na+, Ca2+, Cr3+
, Fe3+,  Ni2+, Hg2+, Co2+, Zn2+, Cd2+, 

Pb2+ and Cu2+ and no noteworthy change is noticed for other metals(Fig. 6.1b). 

 

 

 

 

 

 

Fig. 6.1:(a) Change in UV-Vis spectrum of HMBH (20 μM) on gradual addition of Al3+ (40 μM) in 

MeOH/H2O (1/9, v/v) using HEPES buffered solution at pH=7.2and (b) UV-Vis spectra of HMBH 

(20 μM) upon addition of 2 equivalent of various cations i.e., Na+, K+, Mg2+, Mn2+, Co2+, Ni2+, Ca2+, 

Fe3+, Cr3, Zn2+, Cu2+, Hg2+, Pb2+ and Cd2+ (40 μM) in MeOH/H2O (1/9, v/v) using HEPES buffered 

solution at pH=7.2. 

6.3.4 Cation sensing studies: Fluorescence emission studies 

The fluorescence spectrum of the free probe (HMBH) displays a band with a very weak emission 

intensity with the maxima (F0) emerging at 463 nm (excitation, 370 nm) in MeOH/H2O (1/9, v/v). On 

gradual addition of Al3+ to HMBH solution, an emission maximum is noticed at 456 nm along with a 
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very slight blue shift which displays a sharp ~30 fold “turn-on” increment in fluorescence intensity 

(Fig. 6.2).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2:Change in emission spectrum of HMBH (20 μM) upon gradual addition of Al3+ (40 μM) in 

MeOH/H2O (1/9, v/v).  Inset shows effect of addition of Al3+ to HMBH upon UV radiation 

The sensing capacity of this newly manufactured probe for Al3+ in presence of other cations like 

Ca2+, Mg2+, Na+, K+, Fe3+, Cr3+, Mn2+, Ni2+, Co2+, Hg2+, Zn2+, Cu2+, Pb2+ and Cd2+ (20 µM) in 

MeOH/H2O (1/9, v/v) are also studied (Fig. 6.3a) but there is no noticeable change in emission 

intensity of HMBH except a slight increase of emission intensity in case of Mg2+. To explore the 

selectivity of HMBH for Al3+, interference experiment is executed by recording the emission 

intensity of HMBH (10 μM) in presence of other cations like Ca2+, Mg2+, Mn2+, Na+, K+, Co2+, Ni2+, 

Cr3+, Fe3+, Zn2+, Hg2+, Pb2+, Cu2+ and Cd2 (20 μM) before the addition of Al3+ in MeOH/H2O (1/9, 

v/v, pH=7.2) (Fig. 6.3b). It is noticed that a variety of competitive cations do not result in any 

noteworthy interference for Al3+.  
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Fig. 6.3:(a) Emission intensity of HMBH (20 μM) upon addition of other cations like Mg2+, Mn2+, 

Na+, K+, Fe3+, Cr3, Co2+, Ni2+, Ca2+, Cu2+, Hg2+, Zn2+, Pb2+ and Cd2+ (40 µM) in presence of Al3+(40 

µM) in MeOH/H2O (1/9, v/v) (pH=7.2) and (b) Emission intensity of HMBH (20 μM) (black bar). 

On addition of Mg2+, Mn2+, Na+, K+, Fe3+, Cr3, Co2+, Ni2+, Ca2+, Cu2+, Hg2+, Zn2+, Pb2+ and Cd2+ (40 

µM) in MeOH/H2O (1/9, v/v) (pH=7.2) (red bars). Al3+ (40 µM) in presence of other cations (blue 

bars) 

6.3.5 Binding studies of HMBH with Al3+ 

The mole ratio plot of HMBH demonstrates that the probe exhibits an enhancement in emission 

intensity till the ratio of HMBH-Al3+ attains the value of ~1 after which no further distinct increase 

in the emission intensity is seen (Fig. 6.4a). The emission intensity on addition of aluminum ion 

increased linearly with the amount added in between 0-9 M which suggests that HMBH owned a 

linear response range towards Al3+ with R=0.995. Job’s method for emission spectrum is performed 

and a maxima is observed in the plot corresponding to 0.5 mole fraction demonstrating 1:1 

complexation of HMBH with Al3+ (Fig. 6.4b). From luminescence spectral change, limit of detection 

of the probe for Al3+ is calculated utilizing the equation LOD = K × SD/S where SD is the standard 

deviation of the blank solution and S is the slope of the linear response curve. The limit of detection 
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for Al3+ is determined to be 3.16×10-9 M (Fig. 6.5a) which evidently reveals that the probe is vastly 

capable in identifying Al3+ even in very tiny level in the aqueous solution. The binding constant Ka is 

calculated by using the Benesi-Hildebrand equation. The ratio of intercept and slope of the potted 

straight line yields the association constant. Plot of 1/[F-F0] vs. 1/[Al3+] gives a straight line 

signifying 1:1 complexation between HMBH and Al3+. So from emission spectral titration, the 

association constant of HMBH with Al3+ is established to be1.79×105 M-1 (Fig. 6.5b) indicating that 

the complexation of Al3+ with the probe, HMBH is sufficiently strong enough. A comparison study 

of LOD and binding constant is given in Table 6.1. 

 

 

Table 6.1: Comparison of detection limit and binding constant (Kb) of some recently reported Al3+ 

sensors 

Sl. 

No. 

Chemosensors Limit of detection 

(LOD) 

Binding constant 

(Kb) 

Refs 

1. 

 

21.7 × 10-6M Not reported [49] 

2. 

 

99.5×10-9M 2.5 × 104M-1 [50] 

3. 

 

1×10-5M 6.02× 103 M-1 [51] 
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4. 

 

9 ×10-9 M 

 

 

2.8× 103 M-1 [52] 

5. 

 

0.49 × 10-6 M 

 

4.58 × 104 M-1 

 

[53] 

6. 

 

2.9 ×10-7 M 3.1 × 108 M-1 [47] 

7. 

 

 

 

14 ppb 

 

 

1.5 ppm 

 

 

Not reported 

[48] 

8. 

 

1.05 ×10-8 M Not reported [54] 
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Fig. 6.4:(a) Mole ratio plot of HMBH for Al3+ and (b) Job’s plot of the probe (HMBH) for Al3+ 

(where ΔF designates the change of emission intensity at 463 nm) 

 

 

 

 

9. 

 

3.55 ×10-7 M 5.42 × 105 M-1 [55] 

10. 

 

3.16×10-9M 1.79×105M-1 Present 

work 
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Fig. 6.5:(a) Linear response diagram of HMBH at 456 nm depending on the Al3+ concentration and 

(b) Association constant plot of HMBH for Al3+ from fluorescent titration data 

 

6.3.6 Effect of pH on emission properties 

Now the acid base titration was performed to explore the pH effect on the emission intensity of the 

probe (HMBH) with or without Al3+. In case of HMBH, emission intensity remains almost same 

with increasing pH except showing slight increase in basic region whereas on addition of Al3+, 

fluorescent intensity of HMBH increases in the pH range of 6.1-9.5 but in further basic region, the 

emission intensity decreases (Fig. 6.6) thereby stating the fact that HMBH can recognize Al3+ 

effectively into the pH range of 6-9. In the basic pH range, the -OH group is deprotonated driving 

the probe to dissociate and thereby resulting in the inability of HMBH in recognizing Al3+. Hence 

the probe HMBH can identify Al3+ in the natural pH region with enough efficiency. 
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Fig. 6.6: Outcome of pH on emission intensity of HMBH (-■-■-) and HMBH+Al3+ (-●-●-) 

 

6.3.7 Dip-stick experiment: Recognition of Al3+ using TLC plate 

To exhibit some astounding applications of this probe (HMBH), an experiment was performed. It is 

popular as dipstick experiment. In this experiment the synthesized probe can act as a fluorescent 

portable kit which displays distinct sensing response towards a fixed analyte in solid state as well as 

solution state. This experiment is worth mentioning, as from this method, one can get vital 

qualitative data for the detection of Al3+ without even using any kind of instrumental techniques. So 

to carry out this experiment, a few thin-layer chromatography (TLC) plates were arranged and they 

are immersed into HMBH solution (2 × 10−4 M) in MeOH and then set aside for a short time to 

evaporate the solvent. Then the TLC plates are dipped into Al3+ (2 × 10−3 M) solution once and then 

the plates are set aside in order to dry them like before. This experiment helps us to ascertain the 

identification of Al3+ through bare eyes with much ease. The colour of the TLC plates confirms the 

change of the color from colorless to cyan in presence of Al3+ in the UV compartment (Fig. 6.7). 
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Fig. 6.7: TLC plates after dipping in HMBH-MeOH solution and in HMBH-Al3+-MeOH solution 

under UV compartment. [HMBH] = 2 × 10-4 M, [Al3+] = 2 × 10-3 M. Excitation wavelength of the 

UV light is 370 nm. 

 

6.3.8 Plausible sensing mechanism 

The sharp enhancement in the fluorescence intensity of the probe (HMBH), upon addition of Al3+ 

may be accredited to ESIPT turn-off and CHEF (Chelation induced fluorescence) process. When 

aluminium gets coordinated to HMBH, the hydroxyl proton on coumarin moiety disappears hence 

ESIPT is turned off. It is also found that in the complex, due to rigid binding with the metal the 

stiffness of the complex increases which restricts various bond rotations. This restriction of non-

radiative processes clarifies the reason of the enhancement in emission intensity of HMBH after 

addition of aluminium. A plausible binding pattern of HMBH with Al3+ is shown in the illustration 

below (Scheme 6.2). 
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Scheme 6.2: Sensing mechanism of HMBH. 

6.3.9 DFT calculations 

To achieve profound knowledge about the electronic structure and electronic transition processes, 

geometry optimizations of HMBH and HMBH-Al3+ utilizing DFT/B3LYP method and TDDFT 

calculations have been executed. The optimized structures of the HMBH and HMBH-Al3+ complex 

are displayed in Fig. 6.8. The selected highest occupied molecular orbitals (HOMOs) and lowest 

unoccupied molecular orbitals (LUMOs) of HMBH and HMBH-Al3+ are also studied (see 

appendix). The energies and compositions of chosen molecular orbitals of HMBH-Al3+ is 

summarized in Tables 6.4 (Appendix). The HOMO-LUMO energy gap of HMBH (4.0 eV) is 

significantly diminished in the HMBH-Al3+ (3.67 eV), which is revealed in the shifting of low 

energy bands in the complexes. Additionally, to understand the electronic transitions, time 

dependent density functional theory (TDDFT) was utilized in the optimization of the geometries of 

the compounds. The low energy transition for HMBH at 342 nm (expt., 371 nm) corresponds to the 

HOMO-LUMO transition. For HMBH-Al3+ (Table 6.2), the low energy band shifted to 372 nm 

(expt., 367 nm) (Table 6.3- Appendix). 
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Fig.6.8: Optimized structure of (A) HMBH and (B) HMBH-Al3+ complex by DFT/B3LYP/6-

31G(d,p) method. 

6.4. Experimental  

6.4.1 Materials and methods 

4-hydroxycoumarin and salicylic acid were purchased from Sigma-Aldrich. Other inorganic salts 

and solvents were available from commercial suppliers. 

Elemental analysis was executed in a 2400 Series-II CHN analyzer, Perkin Elmer, USA. Infrared 

spectra were recorded on a RX-1 Perkin Elmer spectrophotometer with samples arranged as KBr 

pellets. HRMS mass spectra were studied using Waters (Xevo G2 Q-TOF) mass spectrometer. 

Electronic spectral studies were carried out on a PerkinElmer Lambda 750 spectrophotometer. 

Luminescence property was studied using PerkinElmer LS 55 fluorescence spectrophotometer at 

room temperature (298 K). NMR spectra were studied and confirmed using a Bruker (AC) 300 MHz 

FTNMR spectrometer of ~0.05 M solutions of the compounds in CDCl3 or in DMSO-d6.  

The luminescence quantum yield was calculated using Coumarin-120 laser dye as reference. The 

excitation wavelength of the compound and the reference dye were same, upholding almost the same 

absorbance (~0.1), and the emission spectra were recorded. The area of the emission spectrum was 

integrated with the help of the software accessible in the instrument and the quantum yield was 

determined according to the following equation: 
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S/R  =  [AS / AR ] × [(Abs)R /(Abs)S ] × [S
2/R

2] 

Here, S and R are the luminescence quantum yields of the sample and reference, respectively. AS 

and AR designate the areas under the emission spectra of the sample and the reference respectively, 

(Abs)S  and (Abs)R indicate the respective optical densities of the sample and the reference solution 

at the wavelength of excitation, and S  and  R stand for the values of refractive index values for the 

respective solvent used for the sample and reference. 

Fluorescence lifetimes were recorded with the help of a time-resolved spectrofluorometer from IBH, 

UK. The instrument uses a picoseconds diode laser (NanoLed-03, 370 nm) as the excitation source 

and the working principle of the instrument is time-correlated single photon counting. The goodness 

of fit was estimated by 2 criterion and visual assessment of the residuals of the fitted function to the 

data. 

6.4.2 Synthesis of 2-hydroxybenzohydrazide (1) 

N2H4.H2O (excess) was added to the solution of Methyl salicylate (1 g, 0.66 mmol) in methanol (10 

ml). The mixture was stirred for 4 hours in refluxing condition. After cooling at room temperature, 

methanol was evaporated and water (10 ml) was added to the product and then extracted using 

dichloromethane (3 × 20 ml). Then the DCM portion was dried over the anhydrous sodium sulphate 

and evaporated. The evaporation of the solvent under reduced pressure affords an off-white 

compound (0.83 g, 83%). The compound is sufficiently pure and used straight for the next step 

without further purification. 

Analytical data for C7H8N2O2: Calc. (%) C 55.31, H 5.26, N 18.36. Found (%), C 55.26, H 5.30, N 

18.41.  

1H NMR (DMSO-d6, 300 MHz): δ 4.68 (s, 2H), 6.82-6.95 (m, 2H), 7.39 (d, J = 6.0 Hz 1H), 7.83 (d, 

J = 6.0 Hz, 1H), 10.08 (s, 1H), 12.51 (s, 1H). 

HRMS (ESI, positive):m/z, 153.0586 (calculated for [C7H8N2O2 + H+]), found: 153.1211. 
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6.4.3 Synthesis of (E)-2-hydroxy-N'-((4-hydroxy-2-oxo-2H-chromen-3-

yl)methylene)benzohydrazide (HMBH) 

2-hydroxybenzohydrazide(1) (0.07 g, 0.48 mmol) was added to the ethanolic solution of 4-chloro-2-

oxo-2H-chromene-3-carbaldehyde(2) (0.1 g, 0.48 mmol) and the mixture was refluxed for about 9 

hours. After the reaction reaches its end point, yellowish product was obtained which was put 

through to column chromatography furthermore to yield pure bright yellow solid. Yield was, 0.128 

g, 80%. 

Analytical data for C17H12N2O5: Calc. (%) C 62.91, H 3.78, N 8.68. Found (%), C 62.96, H 3.73, N 

8.64.  

1H NMR (DMSO-d6, 300 MHz): 6.99 (t, J = 6 Hz, 2H), 7.34 (t, J = 6.0 Hz, 2H), 7.45 (t, J = 6.0 

Hz, 1H), 7.68 (t, J = 6.0 Hz, 1H), 7.83 (d, J = 9.0 Hz, 1H), 7.96 (d, J = 9.0 Hz, 1H), 8.72 (s, 1H), 

9.95 (s, 1H), 12.54 (s, 1H), 12.62 (s, 1H) .  

13C NMR (CDCl3, 75 MHz): 97.5, 117.2, 117.3, 120.6, 123.8, 125.3, 128.6, 129.2, 134.5, 154.8, 

157.3, 158.4, 161.4.   

IR data (KBr, cm-1): 3271 (-OH stretch), 3088 (-OH stretch), 1679 (-C=O stretch), 1617 (-

C=N stretch), 1550 (-NH bending).  

HRMS (ESI, positive):m/z,325.0746 (calculated for [C17H12N2O5 + H+]), found: 325.1012. 

6.4.4 General Method for UV-Vis and Fluorescence Titration 

6.4.4.1 UV-Vis Method 

Stock solution of the probe HMBH (20 μM) was prepared in MeOH/H2O (1/9, v/v, 10 mM HEPES 

buffer, pH = 7.2). The solution of the guest cations were arranged utilizing their chloride salts in the 

order of 40 μM in deionized water. Solutions of diverse concentrations including host and increasing 

concentrations of cations were organized individually. The changes in UV-Vis spectra of the probe 

(20 μM) upon steady increasing concentration of cation solutions were recorded.  
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Stock solution of our probe, HMBH (10 μM) was prepared in MeOH/H2O (1/9, v/v, 10 mM HEPES 

buffer, pH = 7.2). Fluorescence spectra were studied using chloride salts of different guest cations 

like Fe3+, Cr3+
, Na+, Ca2+, Mg2+, K+, Mn2+, Co2+, Ni2+, Pb2+, Cu2+, Hg2+, Zn2+ and Cd2+. For 

competition studies, Al3+ (20 μM) solution was added to each of the probe-cation solutions and 

spectra were studied. The excitation wavelength used was 370 nm. 

 

6.4.4.3 Job’s Plot by Fluorescence Method 

For Job’s plot experiment, a sequence of solutions comprising HMBH (10 μM) and Al3+ (20 μM) 

were arranged in such a manner that the summation of the total metal ion and receptor volume 

remained invariable (2 ml). Fluorescence spectra was taken at room temperature by plotting ΔF 

versus mole fraction of Al3+ (ΔF = change of intensity of the emission spectrum at 370 nm).  

6.4.5 Computational methods 

All theoretical calculations were executed with the aid of the Gaussian09 (G09) program [56]. 

Full geometry optimization of HMBH was executed using the DFT method with Becke’s three 

parameterized Lee-Yang-Parr (B3LYP) exchange functional level [57, 58] with the 6-31+G(d) basis 

set which was allotted for C, N, H and O atoms. The vertical electronic excitations were observedby 

means of the time-dependent density functional theory (TDDFT) formalism [59-61] in methanol. 

The solvent effect was considered by the help of conductor-like polarizable continuum model 

(CPCM) [62-64] with similar B3LYP level and basis sets. The GaussSum 2.2 was utilized to 

estimate the contributions of molecular orbitals in electronic transitions [65].  

6.5. Conclusions 

Herein a coumarin based “turn-on” fluorescence switch (HMBH) was reported which selectively 

detects Al3+ among other cations. All the UV-Vis and emission studies show the desired change that 

confirmed the sensing property of HMBH. The fluorescence study reveals that HMBH displays a 

sharp “turn-on” enhancement in the emission intensity with a noteworthy emission leap of about 30 

6.4.4.2 Fluorescence Method 
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folds. The structure of the fabricated fluorescent switch has also been confirmed by several other 

elemental analyses and the possible binding modes of the probe with aluminium were also studied 

through DFT and TDDFT methods. The lower LOD value than WHO level (7.41 × 10-6 M) also 

corresponds to the fact that HMBH can detect aluminium in very minute level. 
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IR spectrum of HMBH in KBr disk 

 

 

 

 

 

 

 

 

 

1H-NMR (300 MHz) spectra of Compound 1in DMSO-d6 
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1H-NMR (300 MHz) spectra of HMBH in DMSO-d6 

 

 
 

 

 

13C-NMR (75 MHz) spectra of HMBH in DMSO-d6 
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HRMS spectra of the Compound 1 

 

 

 

 

 

 

 

HRMS spectra of the receptor HMBH 

 

Calcd. for C7H8N2O2 [M + H]+ 

(m/z) = 153.0586; found=153.1211 

Calcd. for C17H12N2O5 [M + H]+ 

(m/z) = 325.746; found = 325.1012 
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Contour plots of some selected molecular orbitals of HMBH 
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HOMO 

E=-6.31 eV  

HOMO-1 

E=-6.8 eV 

HOMO-2 

E=-6.85 eV 

   

LUMO 

E=-2.64 eV 

LUMO+1 

E=-1.89 eV 

LUMO+2 

E=-1.12 eV 

Contour plots of some selected molecular orbitals of HMBH-Al3+ 

 

 

Table 6.2: Vertical electronic transitions calculated by TDDFT/B3LYP/CPCM method for HMBH 

Energy 

(eV) 
Wavelength 

(nm) 
Osc. strength (f) Key transitions Character 

3.6181 342.67 0.9506 (97%) HOMOLUMO π(L) π*(L) 

4.0689 304.71 0.0116 (92%)HOMO-1LUMO π(L) π*(L) 

4.2062 294.77 0.0786 (85%) HOMO-2LUMO π(L) π*(L) 
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Table 6.3: Vertical electronic transitions calculated by TDDFT/B3LYP/CPCM method forHMBH-

Al3+ adduct 

 

 

 

 

 

 

 

 

 

 

4.3285 286.44 0.0304 (85%) HOMOLUMO+1 π(L) π*(L) 

4.4113 281.06 0.0124 (70%) HOMO-4LUMO π(L) π*(L) 

Energy 

(eV) 
Wavelength 

(nm) 
Osc. strength (f) Key transitions Character 

3.3307 372.25 0.8924 (98%) HOMOLUMO π(L) π*(L) 

3.7768 328.27 0.0547 (78%)HOMO-1LUMO π(L) π*(L) 

3.8838 319.24 0.0300 (77%) HOMO-2LUMO π(L) π*(L) 

4.1236 300.67 0.0028 (70%) HOMOLUMO+2 π(L) π*(L) 

4.6075 269.09 0.0358 (75%) HOMO-1LUMO+1 π(L) π*(L) 
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Table 6.4: Energy and compositions of some selected molecular orbitals of HMBH-Al3+  

 

 MO Energy  

(eV) 

% of composition 

Al HMBH 

LUMO+5 -0.57 2 98 

LUMO+4 -0.69 1 99 

LUMO+3 -0.9 0 100 

LUMO+2 -1.12 2 98 

LUMO+1 -1.89 0 100 

LUMO -2.64 0 100 

HOMO -6.31 0 100 

HOMO-1 -6.8 0 100 

HOMO-2 -6.85 1 99 

HOMO-3 -7.4 1 99 

HOMO-4 -7.43 0 100 

HOMO-5 -7.53 0 100 

HOMO-6 -7.59 0 100 

HOMO-7 -7.78 0 100 

HOMO-8 -8.08 0 100 

HOMO-9 -8.17 0 100 

HOMO-10 -8.26 1 99 



Chapter 7 

 

181 

 

 

 

 

A new ESIPT-ICT mediated dual 

channel fluorescence “turn-on” 
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A new ESIPT-ICT mediated dual channel fluorescence “switch-
on” probe for specific detection of Zn2+ 

 

 

 

Abstract 

A highly fluorescent probe (HBSA) was synthesized and characterized by varieties of spectroscopic 

techniques. Fluorescence titration clearly states that HBSA acts as a “turn-on” fluorescent probe for 

the detection of Zn2+ with slight blue shift in emission intensity in MeOH/H2O (1/1, v/v, pH=7.2) 

solution over other analytes. Though there is hardly any change in emission intensity observed in 

case of others. The limit of detection is in the order of 10-9 M for Zn2+ which clearly indicates high 

efficiency of HBSA in detecting them in minute quantity. DFT and TDDFT calculations are done to 

interpret electronic structure and sensing mechanism. 
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7.1. Introduction 

Zinc gathers its maximum attention probably as the second most significant nutrient after Vitamin D 

among the several note worthy trace elements in our body, appearing in the enzymes circulated all 

over the human body.[1-3] Compounds derived from zinc are broadly utilized in medical grounds as 

anticancer agents, radio-protective agents, tumor photosensitizers and insulin mimetic to fight 

diabetes mellitus. Besides, zinc performs numerous roles in human physiopathology. [4-7] Moreover 

the additional Zn2+ ions existing in water and soil may diminish the microbial activity of soil, 

triggering phytotoxic effect thereby resulting in muddy and smelly water. [5,8] Zinc being the 

second most abundant and essential element among the physiologically vital trace elements in 

human body has drawn much attention due to its crucial and active role in various biological 

processes like gene transition, oxygen transport, neural signal transmission, cellular metabolism and 

apoptosis [9-11]. Although a deficiency of zinc in human body can cause an uncontrolled 

metabolism which actually can stimulate high blood cholesterol and various neurological diseases 

such as Alzheimer's disease, Parkinson's disease, ischemic stroke, infantile diarrhea and epilepsy 

.[12-14] As per the WHO rules, the allowed limit of Zn2+ consumption in drinking water is 76 μM. 

[15] Besides Zn2+ regulates brain excitability and acts as a crucial factor in synaptic plasticity. [16, 

17] In addition, an excess of zinc in the environment may reduce the soil microbial activity thereby 

acting as a pollutant. [18, 19] For these reasons, the scheme and fabrication of a selective and non-

interfering method to detect free zinc ions is still extremely desirable. 

Fluorescent probes are generally designed in such a fashion that the fluorescence 

response they show is caused by some proposed mechanisms such as intermolecular charge transfer 

(ICT) [20-22], excited-state intramolecular proton transfer (ESIPT) [23], chelation-induced 

enhanced fluorescence (CHEF) [24], photo-induced electron transfer (PET) [25], excimer/exciplex 

formation [26, 27] and fluorescence resonance energy transfer (FRET). [28-30] Among them, ESIPT 

mediated probes can exhibit large stroke shifts and brilliant light stability owing to its keto-enol 

tautomerism. [31, 32] On the other hand, the ICT mechanism would cause blue shift of the emission 



Chapter 7 

 

184 

 

spectra of the probe as it binds with metal ions thereby causing adequate enhancement in the 

emission profile. 

7.2. Basis of present work 

During the last few decades, several analytical tools have been reported for the exploration of ions. 

Among these methods, detection of ions by a colorimetric and fluorescent technique has been of a 

great attraction owing to its advantages of selective sensing, high sensitivity and easy modus 

operandi. [33-35] Due to the high demand of zinc sensors, many fluorescent probes were being 

reported, mainly based on Schiff bases, polythiacrown ethers etc. [36-42] Although in most of the 

report, the detections have suffered from the interference of Cd2+ and sometimes from Ca2+
.
 [43-50] 

Schiff base fluorescent sensors have attracted several researchers’ attention owing to their simple 

synthetic route with diverse singular structures and cost effective precursor materials. [51,52-56]In 

spite of low yields in various circumstances and tiresome workup procedure, Schiff bases have 

several advantages, comprising high sensitivity, low price, rapid detection and easy-to-synthesize 

protocol.[57,58]Schiff bases can be useful as a chelating agent for the recognition of numerous metal 

ions. The fore most disadvantage of some previous procedures like ICP-AES and ICP-MS is they 

identify total metal ions without oxidation state and proper environment of coordination state along 

with the much expensive, time consuming, low infrastructural backup and high skill necessities for 

any operation which greatly restricted their application for routine analysis of countless samples.[59-

61]So, in this consequence, in pursuit of precise sensitivity, easy-to-use,  low cost and experimental 

effortlessness, we design and present a simple new fluorescent probe, HBSA showing distinctive 

‘turn-on’ emission properties for Zn2+. Synthetic route towards our target molecule, HBSA simply 

involves the schiff base condensation of (E)-4-(hydrazono(phenyl)methyl)benzene-1,3-diol (1) with 

4-(diethylamino) salicylaldehyde (2) in ethanol solvent under refluxing condition. Fluorescence 

titration reveals that HBSA acts as a “turn-on” fluorescent probe for the detection of Zn2+ in 

MeOH/H2O (1/1, v/v, pH = 7.2) solution. The sensing capacity of the developed sensor (HBSA) in 

presence of other cations and anions in MeOH/H2O (1/1, v/v, pH = 7.2) solution are also studied but 

there is hardly any change in emission intensity observed in case of other ions. 
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7.3. Results and discussions 

7.3.1 Synthesis of HBSA 

The synthetic route of HBSA is portrayed in Scheme 7.1. The chemical structures of HBSA and its 

Zn2+ complex is confirmed by 1H and 13C NMR spectroscopy and ESI mass spectroscopic 

techniques (See appendix). 

 

 

 

 

 

 

 

 

 

Scheme 7.1: Synthesis of chemosensor HBSA. 

 

7.3.2 Spectral characterization and analysis of HBSA 

1H-NMR spectra are recorded in DMSO-d6 for compound 1 whereas in CDCl3 for HBSA. In 

case of the former, a singlet at  5.95 ppm is observed which is due to the presence of -NH2 proton. 

The aromatic ring protons appear as expected in the region of  6.09-7.54 ppm. The two singlets for 

the two -OH protons appear at 10.69 and 12.92 ppm respectively. In case of HBSA, the three -OH 

protons appear at 10.72, 11.09 and 13.57 ppm respectively as singlets while the other singlet at  
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 1.13 ppm accounts for the presence of six -CH3 protons and another singlet at  3.32 ppm appears 

for four –CH2 protons. The aromatic protons appear at the range of  6.05-8.45 ppm. 13C-NMR 

spectra is recorded in CDCl3 for HBSA.FT-IR spectrum of compound 1 taken in KBr disk and 

exhibits bands at 3338 and  3258 cm-1 which is due to the free –OH group stretches. The absorption 

band at 1620 cm-1 is due to the presence of C=N stretching. The band at 2915 cm-1 indicates the 

presence of C-H stretch in compound 1. Similarly, in case of HBSA, the IR spectrum which was also 

taken in KBr disk shows 3528 and 3329 cm-1 owing to the free -OH stretches. The band at 3061 cm-1 

confirms the presence of =C-H stretch. The band at 2972 cm-1 indicates the presence of C-H stretch 

and 1637 cm-1accounts for the C=N stretch present as the imine group in HBSA. Mass spectrum 

shows a peak corresponding to [Compound1-H+] at (m/z) 229.1097 for compound 1whereas the 

probe, HBSA shows a strong peak at 404.1244 corresponding to [HBSA+H+]. 

 

7.3.3 Cation sensing studies: UV-Vis spectroscopy studies 

The probe HBSA (10 μM) shows a strong absorbance band at 414 nm and at 265 nm in MeOH:H2O 

(1/1, v/v) using 10 mM HEPES buffered solution at pH = 7.2. Gradual addition of Zn2+ into the 

probe solution showed a decrease of the band at 414 nm to 431 nm with two new band formations at 

333 nm and 465 nm (Fig. 7.1a). Two distinct isosbestic points were observed at 371 nm and 444 nm 

respectively. The changes of UV-Vis spectrum of HBSA are also studied in presence of other cations 

like Na+, K+, Ca2+, Mg2+, Mn2+, Fe3+, Cr3+, Al3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+ (Fig. 7.1b). 
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Fig. 7.1:(a) Change in UV-Vis spectrum of HBSA (10 μM) upon gradual addition of Zn2+ (40 μM)in 

MeOH/H2O (1/1, v/v) using HEPES buffered solution at pH=7.2 and (b) UV-Vis spectra of 

chemosensor (HBSA) (20 μM) upon addition of 2 equivalent of various cations i.e., Na+, K+, Ca2+, 

Mg2+, Mn2+, Fe3+, Cr3+, Al3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+(40 μM) in MeOH/H2O (1/1, v/v) using 

HEPES buffered solution at pH=7.2. 

7.3.4 Cation sensing studies: Fluorescence emission studies 

In the absence of the ions, the emission spectrum of the probe exhibits a band with moderately 

weak emission intensity with the maxima (F0) appearing at 545 nm (excitation, 420 nm) in 

MeOH/H2O (1/1, v/v) with an emission quantum yield (f) of 0.01. Upon addition of Zn2+ to the 

probe solution, an emission maximum was observed at 529 nm having a blue shift with a sharp 

increase in emission intensity having emission quantum yield, φ= 0.29 (Fig. 7.2).  
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Fig. 7.2: Change in emission spectrum of HBSA (10 μM) upon gradual addition of Zn2+ (40 μM) 

inMeOH/H2O (1/1, v/v). Inset shows effect of addition of Zn2+ to HBSA upon UV radiation 

The sensing capacity of the developed probe for Zn2+ in presence of other respective cations in 

MeOH/H2O (1/1, v/v) are also studied (Fig. 7.3a) but there is hardly any change in emission 

intensity of HBSA. To investigate the selectivity of HBSA for Zn2+, interference experiment is 

carried out by recording the emission intensity of HBSA (10 μM) in presence of other cations like 

Na+, K+, Ca2+, Mg2+, Mn2+, Fe3+, Cr3+, Al3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+(20 μM) before the 

addition of Zn2+(Fig. 7.3b)in MeOH/H2O (1/1, v/v, pH=7.2)respectively. It is observed that the 

various competitive ions do not cause any significant interference forZn2+. 
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Fig. 7.3:(a)Emission intensity of HBSA (10 μM) upon addition of other cations like Na+, K+, Ca2+, 

Mg2+, Mn2+, Pb2+, Fe3+, Cr3+, Al3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+(40 µM) in MeOH/H2O (1/1, v/v) 

(pH=7.2) and (b)Emission intensity of HBSA (20 μM) (black bar). Upon addition of Na+, K+, Ca2+, 

Mg2+, Mn2+, Fe3+, Cr3+, Al3+, Co2+, Ni2+, Cu2+, Cd2+ and Hg2+(40 µM) in MeOH/H2O (1/1, v/v) 

(pH=7.2) (red bars). Zn2+ (40 µM) in presence of other cations (blue bars) 

7.3.5 Binding studies of HBSA with Zn2+ 

Mole ratio plot obtained from the emission study indicates that the probe, HBSA shows an 

increase in emission intensity till the ratio of HBSA-Zn2+ reach at ~1, after that there is hardly any 

increase in emission intensity (Fig. 7.4a). Job’s plot analysis was carried out which revealed that the 

maxima appears at a mole fraction of 0.5 for HBSA-Zn2+ thereby establishing the fact that HBSA is 

bonded to Zn2+ in 1:1 complex formation (Fig. 7.4b). From the emission spectra, the detection limit 

of HBSA forZn2+ is ascertained. The equation LOD = K × SD/S is used, where SD is the standard 

deviation of the blank solution and S is the slope of the linear response curve. The limit of detection 

for Zn2+ is found to be 3.07 × 10-9 M (Fig. 7.5a) which clearly demonstrates that the probe is highly 

efficient in sensing Zn2+ even in very minute level. The plot shows a good linear relationship 

suggesting 1:1 complex formation of HBSA with both Zn2+ with R= 0.989. The binding constant 
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Kais determined from the ratio of intercept and slope of Benesi-Hildebrand plot. Plot of 1/[F-F0] vs. 

1/[ Zn2+] gives a straight line indicating 1:1 complexation between HBSA and Zn2+. So from 

fluorescent spectral titration the association constant of HBSA with Zn2+ is found to be 6.48×104 M-1 

(Fig. 7.5b). 

 

 

 

 

 

 

 

Fig. 7.4: (a) Mole ratio plot of HBSA for Zn2+ and (b) Job’s plot diagram of the receptor (HBSA) 

for Zn2+(where ΔF indicates the change of emission intensity at 529 nm) 

 

 

 

 

 

 

 

 

Fig. 7.5: (a) Linear response curve of HBSA at 529 nm depending on the Zn2+ concentration and (b) 

Determination of association constant of HBSA for Zn2+from fluorescent titration data 
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7.3.6 Effect of pH on emission properties 

The effect of pH on the emission intensity of the probe (HBSA) in absence and presence of Zn2+ 

is studied. In case of HBSA, emission intensity increases in the pH range of 2-4 but on pH 5.7, there 

is a sharp decrease in the emission intensity of HBSA which on further increase of pH shows almost 

no change. Now on addition of Zn2+ the fluorescent intensity sharply increases in the pH range of 

almost 2-6. On further increasing pH in the range of 7-10, the fluorescence intensity remains almost 

same (Fig. 7.6).  

 

 

 

 

 

 

Fig. 7.6: pH dependence of fluorescence intensity of HBSA and after addition of Zn2+ 

7.3.7 Probable sensing mechanism 

Upon gradual addition of Zn2+ to the solution of HBSA, an emission maximum was blue shifted at 

529 nm with a sharp increase in emission intensity. The enhancement in the emission intensity of 

HBSA after addition of Zn2+ may be attributed to the mechanism named ESIPT (Excited state 

intramolecular proton transfer) process [62]. At first, HBSA itself exhibited slightly moderate 

emission intensity as ESIPT was ‘on’ as the transferable hydrogen remained free and could be 

transferred to give two desired ‘keto-enol’ tautomers (Scheme 7.2). But after incorporation of Zn2+, 
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as it binds to HBSA, the tautomerization gets inhibited thereby ‘switching off’ the ESIPT process 

which accounts for the enhancement and blue shift in emission intensity. This blue shift may also be 

due to the internal charge transfer (ICT). 

 

 

 

 

 

 

 

 

Scheme 7.2: Sensing mechanism of HBSA. 

7.3.8 DFT calculations 

To explain the electronic structure and electronic transition processes, geometry optimizations of 

HBSA and its complex with Zn2+ using DFT/B3LYP method and TDDFT calculations have been 

carried out on the optimized geometries. The optimized structures of HBSA and HBSA-Zn2+ are 

shown in Fig. 7.7a and Fig. 7.7b. All the contour plots of the HOMO and LUMO of HBSA and 

HBSA-Zn2+ are summarized (see appendix). The HOMO-LUMO gap of HBSA is decreased from 

3.56 eV to 3.29 eV in the Zn2+ complex which suggests the shifting of low energy band in the 

complex thereby indicating to the fact that a new band was formed at longer wavelength after 

addition of Zn2+ into HBSA solution which was due to the HBSA-Zn2+ complex formation. The 

intense band at 414 nm in methanol for HBSA corresponds to HOMO  LUMO transition 

(calculated  = 417 nm, f= 1.41) (Table 7.1), while the HOMO  LUMO transition for the HBSA-

Zn2+ complex is obtained at 433 nm (f= 1.10) (Table 7.2) corresponding to the experimental 

absorption band 431 nm in methanol. 
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Fig.7.7: Optimized structure of (A) HBSA and (B) HBSA-Zn2+ complex by DFT/B3LYP/6-

31G(d,p) method. 

 

7.4. Experimental  

7.4.1 Materials and methods 

4-(diethylamino)salicylaldehyde and (2,4-dihydroxyphenyl)(phenyl)methanone were purchased 

from Sigma-Aldrich. All other organic chemicals and inorganic salts were available from 

commercial suppliers and used as it is without any further purification. 

7.4.2 Synthesis of (E)-4-(hydrazono(phenyl)methyl)benzene-1,3-diol (1) 

N2H4.H2O (excess) was added to the solution of (2,4-dihydroxyphenyl)(phenyl)methanone (1.0 

g, 4.66 mmol) in ethanol (10 ml). The mixture was stirred for 2 hour in refluxing condition. After 

cooling at room temperature, the solvent was evaporated under reduced pressure and water (10 ml) 

was added to the crude product and extracted the organic part using dichloromethane (3 × 20 ml). 

The DCM portion was dried over anhydrous sodium sulphate and evaporated to get yellow solid 

(0.92 g, 86%). The compound is pure enough and used directly for the next step without further 

purification. 
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Analytical Data for C13H12N2O2: Calc. (%) C 68.41, H 5.30, N 12.27. Found (%), C 68.39, H 5.20, 

N 12.17.  

IR Data (KBr, cm-1): 3338 (-OH stretch), 3258 (-OH stretch), 2915 (C-H stretch), 1620 (C=N 

stretch).  

1H NMR (CDCl3, 300 MHz): 5.95 (s, 2H), 6.09 (dd, J1 = 2.1 Hz, J2 = 2.1 Hz, 1H), 6.24 (s, 1H), 

6.31 (d, J = 8.5 Hz, 1H), 7.23 (d, J = 6.7 Hz, 3H), 7.54 (m, 3H), 10.69 (s, 1H), 12.92 (s, 1H).  

HRMS(ESI, positive):m/z, 229.0977 (calculated for [C13H13N2O2 + H+]), found: 229.1041. 

7.4.3 Synthesis of 4-((Z)-((E)-(4-(diethylamino)-2-hydroxybenzylidene)hydrazono) 

(phenyl) methyl)benzene-1,3-diol (HBSA) 

4-(diethylamino)-2-hydroxybenzaldehyde (2) (0.1g, 0.517 mmol) was added to the ethanolic 

solution of 4-(hydrazono(phenyl)methyl)benzene-1,3-diol (1) (0.12 g, 0.525 mmol)  and the mixture 

was refluxed for about 7 hours. After completion of the reaction, yellowish orange product was 

obtained which was subjected to column chromatography furthermore to yield pure orange solid. 

Yield was, 0.143 g, 81%. 

Analytical Data  for C24H25N3O3: Calc. (%) C 71.44, H 6.25, N 10.41. Found (%), C 71.40, H 6.22, 

N 10.39.  

1H NMR (CDCl3, 300 MHz): 1.13 (t, J = 6.9 Hz, 6H), 3.32 (q, J = 7.02 Hz, 4H), 6.05 (s, 1H), 

6.19-6.27 (m, 2H), 6.51 (s, 1H), 6.83 (d, J = 8.7 Hz, 1H), 7.06 (d, J= 8.7 Hz, 1H), 7.28 (s, 1H), 7.29 

(s, 1H), 7.52 (d, J= 6.3 Hz, 3H), 8.45 (s, 1H), 10.72 (s, 1H), 11.09 (s, 1H), 13.57 (s, 1H).  

13C NMR (CDCl3, 75 MHz): 12.6, 44.6, 97.8, 103.7, 104.2, 106.9, 107.3, 113.0, 128.0, 128.5, 

128.9, 133.5, 134.7, 151.6, 159.7, 161.1, 161.4, 162.4, 169.0.   
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IR data (KBr, cm-1): 3528 (-OH stretch), 3329 (-OH stretch), 3061 (=C-H stretch), 2972 (C-H 

stretch), 1637 (C=N stretch).  

HRMS (ESI, positive):m/z, 404.1974 (calculated for [C24H25N3O3 + H+]), found: 404.1244. 

7.4.4 General Method for UV-Vis and Fluorescence Titration 

7.4.4.1 UV-Vis Method 

Stock solution of the receptor HBSA (10 μM) in [(MeOH/H2O), 1:1, v/v] (at 25°C) using 

HEPES buffered solution at pH = 7.2 was prepared. The solution of the guest cations and anions 

using their chloride and sodium salts respectively in the order of 1 × 10-5 M were prepared in 

deionised water in HEPES buffer. Solutions of a number of concentrations containing the probe and 

increasing concentrations of cations and anions were prepared separately. The changes in UV-Vis 

spectra of receptor (10 μM) upon gradual addition of both the solutions were recorded.  

7.4.4.2 Fluorescence Method 

Stock solution of the receptor HBSA (10 μM) in [(MeOH/H2O), 1:1, v/v] (at 25°C) using 

HEPES buffered solution at pH = 7.2 was prepared. Fluorescence spectra were recorded using 

chloride salts of different guest cations such as Na+, K+, Ca2+, Mg2+, Mn2+, Fe3+, Cr3+, Al3+, Co2+, 

Ni2+, Cu2+, Cd2+ and Hg2+. For competition studies, Zn2+ (40 μM) solution was added to probe-cation 

solution and spectra were recorded. The excitation wavelength used was 420 nm.  

7.4.4.3 Job’s Plot by Fluorescence Method 

For Job’s plot experiment, a series of solutions containing HBSA (10 μM) and Zn2+ (40 μM) 

were prepared in MeOH:H2O (1:1, v/v) solution using HEPES buffer at pH 7.2 in such a manner that 

the sum of the total metal ion and receptor volume remained constant (2 ml). Job’s plots were drawn 
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by plotting ΔF versus mole fraction of Zn2+ (ΔF = change of intensity of the emission spectrum at 

529 nm).  

7.4.5 Computational methods 

All computations were executed using the Gaussian09 (G09) program [63]. The calculations 

were executed by the Gauss View visualization program. Complete geometry optimization of HBSA 

was carried out using the DFT method at the B3LYP level of theory [64, 65]. The 6-31+G(d) basis 

set was assigned for C, H, N and O atoms. The vibrational frequency calculations were completed to 

ascertain that the optimized geometries signify the local minima and there are only positive Eigen 

values. The lowest 40 singlet-singlet vertical electronic excitations based on B3LYP optimized 

geometries were computed using the time-dependent density functional theory (TDDFT) formalism 

[66-68] in methanol using conductor-like polarizable continuum model (CPCM) [69-71] with the 

same B3LYP level and basis sets. 

7.5. Conclusions 

Thus in this present work a “turn-on” fluorescence probe (HBSA) was fabricated which selectively 

and distinctly detects Zn2+ among other cations. All the UV-Vis and fluorescence studies 

demonstrate the anticipated change that confirmed the sensing property of HBSA. The structure of 

the developed chemosensor has also been confirmed by several other elemental analyses and also pH 

study has been done. The LOD value also corresponds to the fact that HBSA can detect Zn2+ in very 

minute level. 1H-NMR spectra of the free ligand and complex was also carried out to confirm the 

binding of Zn2+with HBSA (Fig. S4 and S5). 
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Figure S1: IR spectrum of Compound 1 in KBr disk   

 

 

 

 

 

 

 

 

 

 

Figure S2: IR spectrum of HBSA in KBr disk 
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Figure S3:1H-NMR (300 MHz) spectra of Compound 1 in DMSO-d6 

 

 

 

 

Figure S4:1H-NMR (300 MHz) spectra of HBSA in CDCl3 
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Figure S5:1H-NMR (300 MHz) spectra of HBSA-Zn2+ complex in CDCl3 

 

 

 

 

 

 

Figure S6:13C-NMR (75 MHz) spectra of HBSA in CDCl3 
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Figure S7: HRMS spectra of the Compound 1 

 

 

 

 

 

 

Figure S8: HRMS spectra of the receptor HBSA 

 

 

Calcd. for C13H13N2O2 

[M + H]+ 

(m/z): 229.0977; found: 

229.1097 

Calcd. for C24H26N3O3 

[M + H]+ 

(m/z): 404.1974; found: 

404.1244 
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Table S1: Contour plots of some selected molecular orbitals of HBSA 

   

HOMO 

E=-4.97 eV  

HOMO-1 

E=-5.78 eV 

HOMO-2 

E=-5.91 eV 

   

LUMO 

E=-1.6 eV 

LUMO+1 

E=-0.3 eV 

LUMO+2 

E=-0.13 eV 

 

Table S2: Contour plots of some selected molecular orbitals of HBSA-Zn2+ 

   

HOMO 

E = -5.18 eV  

HOMO-1 

E = -5.63 eV 

HOMO-2 

E = -6.07 eV 
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LUMO 

E = -1.89 eV 

LUMO+1 

E = -0.78 eV 

LUMO+2 

E = -0.35 eV 

 

Table S3: Vertical electronic transitions calculated by TDDFT/B3LYP/CPCM method for HBSA 

 

 

 

 

 

 

 

Energy(eV) Wavelength (nm) Osc. strength (f) Key transitions 

2.9712 417.28 1.4123 (99%) HOMOLUMO 

3.7171 333.55 0.0267 (83%)HOMO-1LUMO 

3.7765 328.31 0.0176 (73%) HOMO-2LUMO 

3.8198 324.58 0.0013 (61%) HOMO-4LUMO 

4.0709 304.56 0.1856 (70%) HOMO-3LUMO 
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Table S4: Vertical electronic transitions calculated by TDDFT/B3LYP/CPCM method forHBSA-

Zn2+ 

 

Table S5: Energy and compositions of some selected molecular orbitals of HBSA -Zn2+ 

Energy (eV) Wavelength (nm) Osc. strength (f) Key transitions 

2.8576 433.87 1.1060 (98%) HOMOLUMO 

3.3542 369.64 0.0350 (93%)HOMO-1LUMO 

3.7182 333.45 0.0092 (85%) HOMO-2LUMO 

3.7882 327.29 0.2512 (65%) HOMO-3LUMO 

4.0522 305.97 0.0043 (54%) HOMOLUMO+1 

4.2901 289.00 0.0547 (93%) HOMOLUMO+2 

MO Energy 

(eV) 

% of composition 

Cl Zn HBSA 

LUMO+5 0.23 1 29 71 

LUMO+4 0.11 0 26 74 

LUMO+3 -0.24 0 2 98 

LUMO+2 -0.35 0 3 97 

LUMO+1 -0.78 0 3 97 
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LUMO -1.89 0 1 99 

HOMO -5.18 0 1 99 

HOMO-1 -5.63 0 1 99 

HOMO-2 -6.07 0 0 100 

HOMO-3 -6.18 0 0 100 

HOMO-4 -6.74 10 2 88 

HOMO-5 -6.98 5 0 95 

HOMO-6 -7.07 1 0 99 

HOMO-7 -7.25 68 2 30 

HOMO-8 -7.27 91 2 6 

HOMO-9 -7.51 4 0 95 

HOMO-10 -7.7 26 6 68 
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level in drinking water should be less than 2 ppb [6, 7]. On 
the other hand aluminum is one of the most common metals in 
nature and has abundant use in electrical, food packaging and 
food processing industry which causes easy bioaccumulation 
of the metal in human body and plants [8–11]. Aluminium has 
neurotoxic effects and has long been suspected as one of the fac-
tors causing the Alzheimer’s and Parkinson’s disease [12]. Al3+ 
can cause osteomalacia [13] and also acts as a metalloestrogen 
facilitating the gene-expression in breast cancer cell and there-
fore its growth [14–17]. The World Health Organization (WHO) 
prescribed the average human intake of aluminium as around 
3–10 mg/day and its limit in drinking water should be less than 
7.41 μM [18–21]. Therefore facile and financially viable meth-
ods of detecting Hg2+ and Al3+ in environmental and biological 
samples has become a matter of utmost interest. Detection by 
measuring luminescence property is simple, highly sensitive, 
quick and reversible in nature [22–24].

Till date very few chemosensors are reported comprising of 
coumarin and rhodamine moieties that can detect Al3+ and/or 
Hg2+ [25–28]. Herein, the reported chemosensor, 3-(1-(rhoda-
mine-6G-hydrazidimino)ethyl)-4-hydroxy-2H-chromen-2-one 
(HL) was synthesized following an economically cheap route. 
It can detect both Al3+ and Hg2+ with high selectivity in solu-
tion phase and also has the benefit of being reversible. Both the 
metal ions i.e., Hg2+ and Al3+ induce huge increase in emission 
intensity, but the emission intensity is quenched significantly in 
presence of F− and S2− for Al3+ and Hg2+ respectively.

Experimental

Materials and Methods

Rhodamine-6G hydrochloride and 4-hydroxycoumarin 
were purchased from Sigma Aldrich. All other organic 

Abstract  A potent fluorescence ‘turn-on’ receptor (HL) 
based on rhodamine and coumarin moieties for the detection 
of Hg2+ and Al3+ is synthesized by condensation of rhoda-
mine 6G hydrazide and 4-hydroxy-3-acetylcoumarin. In pres-
ence of Al3+ and/or Hg2+ the receptor (HL) exhibits deep pink 
colouration and a sharp band at 528 nm is appeared in UV–vis 
titration. Upon gradual addition of Al3+ and/or Hg2+ to the 
solution of HL significant enhancement of fluorescence inten-
sity is observed at 564 nm in MeCN:H2O (1:5, v/v) medium. 
The receptor is strongly bound to Al3+ and/or Hg2+ and the 
association constants (Ka) are found to be 1.74 × 104 and 
1.04 × 104 M− 1 for Al3+ and Hg2+ respectively.

Keywords  Fluorescence turn-on sensor · Rhodamine-
coumarin based chemosensor · Detection of Hg2+ and 
Al3+ · DFT calculation

Introduction

Mercury is considered to be one of the most toxic heavy metals 
and can cause serious environmental and health problem [1, 2]. 
It may have adverse effect on human nervous system, diges-
tive and immune systems including lungs, kidneys, skin, eyes, 
brain and nervous system [3–5]. According to the Environmen-
tal Protection Agency (EPA) the limit of inorganic mercury(II) 

Electronic supplementary material  The online version of this 
article (doi:10.1007/s10895-017-2144-9) contains supplementary 
material, which is available to authorized users.
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a b s t r a c t 

A new fluorescence probe (H 2 L) is designed and synthesized for efficient and selective detection of Zn(II). 

H 2 L exhibits a “turn-on” fluorescence response with substantial enhancement of emission intensity with 

Zn 2 + even in presence of other coexisting cations found in various environmental and biological samples. 

The calculated value of limit of detection (LOD) is 1.73 × 10 −9 M. Exploiting the reversibility of the probe 

in presence of EDTA, an INHIBIT logic gate is constructed with Zn 2 + and EDTA as chemical inputs. DFT 

and TDDFT calculations are used to interpret electronic structures and elucidate the sensing mechanism. 

Cytotoxicity study by MTT method with human breast cancer cell lines (MCF-7) reveals that H 2 L has 

negligible toxicity in low concentration levels and can be effectively used for live cell imaging. 

© 2020 Elsevier B.V. All rights reserved. 

1. Introduction 

Zn(II) is the second most abundant transition metal in hu- 

man body after iron [ 1 , 2 ] and plays indispensable roles in biolog- 

ical systems including regulation of cell growth, apoptosis, neu- 

ral signal transmissions and catalysis [ 3 , 4 ]. Disturbance of zinc 

level in the human body may cause a series of diseases, parkin- 

son’s disease, alzheimer’s disease, metabolic disorder, prostate 

cancer etc. [5–7] . Excess intake of Zn(II), also may lead to di- 

abetes, superficial skin diseases and even prostate cancer [5] . 

The above facts strongly advocate for the necessity of develop- 

ing new and cost effective methods for efficient detection mi- 

nuscule level of Zn(II) in biological samples. Fluorescent tech- 

nique has gain profound recent attention as a powerful detec- 

tion tool for non-invasive detection of metal ions because of its 

simplicity, sensitivity and reversible nature [8–10] . Recently, a 

good number of fluorescent probes are designed, based mostly 

on quinoline [ 11 , 12 ], coumarin [ 12 , 13 ], BINOL [14] , fluorescein 

[15,16] and bipyridyl [17] fluorophores for effective detection of 

Zn(II). However, many of them require complex synthesis proce- 

dures involving drastic reaction conditions and expensive chemi- 

∗ Corresponding author. 

E-mail address: tapank.mondal@jadavpuruniversity.in (T.K. Mondal). 

cals. The present chemosensor (H 2 L) is prepared by simple Schiff

base condensation reaction of 3,5-dichlorosalicylaldehyde and 2,2 / - 

(butane-1,4-diylbis(sulfanediyl))dianiline in methanol. Schiff bases 

are known to be a good complexing agent and extensively used for 

fluorogenic detection of metal ions [ 18 , 19 ] and anions [20–22] . In 

recent years, Schiff bases of salicylidene derivatives are extensively 

used for the recognition of metal ions and anion sensing [23–

25] . Moreover, the thioether containing fluorescence probes are 

known to be very efficient for selective detection of Zn(II) [ 26 , 27 ]. 

In the present case the thioether containing chemosensor, H 2 L ex- 

hibits significant and selective fluorescence enhancement in pres- 

ence of Zn(II) in DMSO:H 2 O (1:5, v/v) solution at pH 7.2. In pres- 

ence of Zn(II), fluorescence intensity of H 2 L enhanced significantly 

at 490 nm and an intense green fluorescence is observed under UV 

light. The structure of L -Zn 

2 + is confirmed by single crystal X-ray 

diffraction method. The cytotoxicity of the present probe towards 

human breast cancer cell lines (MCF-7) is studied and the probe is 

utilized for fluorescence live cell imaging. 

2. Results and discussion 

2.1. Synthesis and formulation 

Synthetic procedure of formation of H 2 L involves two very eco- 

nomic viable and easy steps. In the first step 2-aminothiophenol is 

https://doi.org/10.1016/j.molstruc.2020.129179 
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A highly sensitive and selective pyridyl based colorimetric chemosensor (H2L) for the efficient detection of Ni2+

has been reported. The synthesized chemosensor H2L is highly efficient in detecting Ni2+ even in the presence of
other metal ions that commonly co-exist with Ni2+. H2L also shows distinct color change from green to deep red
visible under naked eye due to specific bindingwith Ni2+. This color change is due to formation of a new band at
510 nm upon gradual addition of Ni2+. The association constant has been found to be 1.27 × 105 M−1 with limit
of detection (LOD) of 8.3 × 10−7 M. Electronic structure of the H2L–Ni2+ complex and sensing mechanism have
been interpreted theoretically by DFT and TDDFT calculations.

© 2016 Elsevier B.V. All rights reserved.

Keywords:
Pyridyl based chemosensor for Ni2+

Colorimetric sensor
Naked eye detection
Spectral characterization
DFT calculation

1. Introduction

Recognition and sensing of metal ions has become an active field of
research owing to its potential application in several fields which in-
cludes chemistry, bio-medicine, and environmental studies [1,2]. Detec-
tion of nickel(II) is highly important due to its toxic nature [3] and
widespread use in various industrial and catalytic processes. Increased
exposure to nickel(II) causes several diseases such as pneumonitis, der-
matitis, asthma, several problems of the central nervous system and
even cancer of the nasal cavity and lungs [4–6]. Thus the detection of
nickel(II) is of utmost importance in several biological, industrial and
food samples. Most of the industrial methods for detection of nickel(II)
are time consuming and depends on the involvement of sophisticated
analytical techniques which includes atomic absorption or emission
spectrometry [7,8], liquid chromatography [9,10] and fluorometric
chemosensors [11,12]. Inspite of the fact that these methods are highly
sensitive, they are not convenient for “in-the-field” detection as they re-
quire expensive instrumentswhich are very difficult to carry. Hence de-
tection of nickel(II) using a very simple-to-use method which is rapid
and also of low cost, is of utmost demand.

Colorimetric sensors comprise a class of reagent which shows a dis-
tinctive color change visible under ‘naked eye’, on selectively binding
with certain specific analytes without the employment of sophisticated
and expensive equipment [13,14]. Thus the development of colorimet-
ric sensor for the easy and rapid detection of nickel(II) is a demanding
field of research as only a fewhave been reported till date. A quinoxaline

based colorimetric and ratiometric chemosensor for the detection of
nickel(II) has been reported by S. Goswami et.al [15]. Besides, Peralta-
Domínguez et al. reported a Schiff base derivative of cinnamaldehyde,
used for efficient detection of nickel(II) by colorimetric method [16].
Several coumarin based colorimetric chemosensors for nickel(II) have
been reported so far by Jiang et al. and Wang et al. [17,18].

In our previous work we have reported new benzimidazole based
colorimetric sensor for nickel(II) [19]. In continuation to develop new
colorimetric sensor, we have synthesized new pyridyl based azo deriv-
ative (H2L) for the selective, sensitive and rapid recognition of nickel(II).
The cation binding property has been mainly investigated by UV–Vis
spectroscopy and naked–eye detection. The chemical, electronic struc-
ture and photo physical properties have been studied by various spec-
troscopic analyses abetted with DFT and TDDFT calculations.

2. Experimental

2.1. Materials and methods

p-Cresol and 2, 6-Diaminopyridine were purchased from Sigma
Aldrich. All other organic chemicals and inorganic salts were available
from Sisco Research Lab, Mumbai, India and used without further puri-
fication. Commercially available SRL silica gel (60–120 mesh) was used
for column chromatography.

Elemental analysis was carried out in a 2400 Series-II CHN analyzer,
Perkin Elmer, USA. HRMSmass spectra were recorded onWaters (Xevo
G2 Q-TOF) mass spectrometer. Infrared spectra were taken on a RX-1
Perkin Elmer spectrophotometer with samples prepared as KBr pellets.
Electronic spectral studies were performed on a Perkin Elmer Lambda
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Abstract Herein we report the selective detection of Cu2+ and
SO3

2− by phenanthraquinone thiosemicarbazone (PQTSC)
chemosensor. The chemosensor is efficient in detecting Cu2+

over other metal ions, while the PQTSC-Cu2+ complex selec-
tively sense SO3

2− over other anions. On addition of Cu2+ to the
receptor solution, quenching of emission intensity is observed
by 16 folds and upon gradual addition of SO3

2− to this solution,
the emission intensity increases and the maxima is regained.
The limit of detection for Cu2+ detection calculated from fluo-
rescence titration is 1.06 × 10−8 M and the association constant
of PQTSC with Cu2+ is found to be 2.18 × 105.

Keywords Phenanthraquinone thiosemicarbazone
(PQTSC) . Chemosensor . Fluorescent turn-off sensor .

Copper sensor

Introduction

Metal ions in well-balanced concentration benefit the eco-
system and human health whereas their abnormal concentra-
tion will be very much dangerous towards eco-system.
Therefore, simple and selective methods for the determination
of metal ions have attracted considerable amount of attention
[1]. Copper (II) after iron and zinc, ranks the third most

abundant essential trace element in the human body and plays
an important role in many important physiological processes
in organisms [2]. Because of its role as catalyst in a variety of
biological processes, copper is required by nearly every living
organism [3]. Its biochemical activity involves oxygen trans-
portation, hormone maturation, signal transduction etc. [4].
Copper (II) also plays a significant role in biological, environ-
mental and chemical systems [5, 6]. Copper is an essential
element for the formation of hemoglobin, red blood cells
and bones of the human system [7]. Nevertheless, copper
ion at excessive concentration is very toxic. Copper is also
treated as a remarkable metal pollutant due to its enormous
use [8]. Some copper catalyzed reactions usually lead to liver
damage especially for infants [9]. Its maximum tolerable level
is 2.0 mg L−1 in drinking water (WHO, 1993). The disorder in
Cu(II) metabolism may lead to severe neurodegenerative dis-
eases, such as Alzheimer’s and Wilson’s diseases, amyotro-
phic lateral sclerosis, Menke’s syndrome and hematological
manifestations [10–14]. Hence, to monitor and to regulate the
concentration of copper ion is essential for organisms.

Considerable efforts had been taken to develop selective
sensors for copper ions in the past few decades [15, 16].
Among the numerous analytical methods that are available
for the detection of copper ions, fluorescent sensors offer dis-
tinct advantages such as high sensitivity, selectivity along with
some biological activities [17–19].

Due to its simplicity, sensitivity and tenability, the artificial
chemosensors have been classified to be an effective tool for
detection of selective metal ions by fluorescence technique.
Recently, several reported molecules have the capability to
detect copper by quenching of fluorescent intensity [20, 21].
This is because Cu2+ ion shows an inherent fluorescence
quenching property as a paramagnetic species [8].

For anion recognition, substantial efforts have been made
to develop selective and efficient fluorescent sensors as the
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a  b  s  t  r  a  c  t

A  novel  coumarin  based  azo-phenol  ligand  (H2L) has been  synthesized  and  characterized  by several
spectroscopic  techniques.  An almost  16  fold  enhancement  of  emission  intensity  has  been  observed  upon
gradual  addition  of  Mg2+ to  H2L  in  DMSO:H2O (1:5  v/v)  medium  while  it has  no  significant  effect  in
emission  intensity  even  in presence  of  other  metal  ions.  The  emission  intensity  of  L-Mg2+ complex  has
almost  quenched  on  gradual  addition  of  F− to it.  The  limit  of  detection  for  both  Mg2+ and  F− are  of 10−8 M
order,  hence  the newly  developed  chemosensor  is highly  efficient  in  detecting  Mg2+ and  F− in very  minute
levels.  The  chemosensor  can  even  detect  Mg2+ in  the  intracellular  region  of  human  lung  cancer  cells  (A549
cells).

© 2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Magnesium is one of the most abundant divalent intracellular
cation present in the human body [1–3] and it is considered as an
important and essential element for all biological living things [4].
After potassium, magnesium is the most predominant cation in liv-
ing cells, which plays an important role in many enzymatic systems
in human body [5]. Magnesium also controls neuronal activity, neu-
romuscular transmission and cardiac excitabilities [6–8] along with
some cellular functions like DNA and protein synthesis, membrane
stabilization, proliferation of cells and also cell death [9]. Gener-
ally 3.0-4.3 mg/kg/day of magnesium should be considered for a
human body from the food sources like meat, fish, seafood, dairy
products etc. [10–12]. But excessive as well as low intake of mag-
nesium can play an etiological role in several severe diseases. Low
intake of this metal cation can lead to some rigorous diseases like
acute migraine, cardiac diseases, high blood pressure, osteoporo-
sis, diabetes whereas presence of excess magnesium in our body
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can cause coma, even death [13]. Therefore a simple and conve-
nient method for the detection of Mg2+ in biological, industrial and
environmental field as well as its estimation in food sources have
much importance nowadays. Sometimes under intracellular condi-
tions, Ca2+ interferes with Mg2+ [14] and as a result Mg2+ detection
becomes hard enough to perform. So our aim here is to fabricate
such an efficient probe that will selectively detect Mg2+ in presence
of other metal ions along with Ca2+.

Development of chemosensors for the detection of anions has
also become an interesting field of research from past few years for
their importance in various biological as well as in environmental
sciences [15–18]. Among them, the detection of fluoride is of great
interest due to its important roles in many diseases and environ-
mental pollutants [19–21]. Fluoride is used in dental cure and in
treatment of osteoporosis and also in detection of residue of some
nerve gases [22]. However, a high intake of fluoride can lead to sev-
eral diseases like kidney malfunction, gastric disorders and skeletal
fluorosis [23–27]. So the detection of fluoride is very much needed
for the sake of environment and human health.

During the past few decades fluorescent chemosensors are
widely used for the detection of metal ions [28,29]. Few fluores-
cent probes which were designed for Mg2+ detection in the past few
years, were mainly based on metal chelating structures like crown
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