
 

 

DESIGN, SYNTHESIS AND EVALUATION OF SOME NOVEL 

FLUORESCENT CHEMOSENSORS FOR MERCURY (II) ION 

DETECTION VIA DIFFERENT MECHANISMS 

 

 

 

 

 

Ph.D. THESIS 

 

 

 

by 

 

 

 

MUZEY BAHTA GEBREMDEHIN 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

DEPARTMENT OF CHEMISTRY  

INDIAN INSTITUTE OF TECHNOLOGY ROORKEE  

ROORKEE – 247 667 (INDIA) 

 MAY, 2019 



DESIGN, SYNTHESIS AND EVALUATION OF SOME NOVEL 

FLUORESCENT CHEMOSENSORS FOR MERCURY (II) ION 

DETECTION VIA DIFFERENT MECHANISMS 

 

 

A THESIS  

 

 

Submitted in partial fulfilment of the  

requirements for the award of the degree  

 

of  

 

DOCTOR OF PHILPSOPHY  

 

in 

 

CHEMISTRY  

 

by  

 

MUZEY BAHTA GEBREMDEHIN 

 

 

 

 

 

 

 
 

 

 

 

 

 

DEPARTMENT OF CHEMISTRY  

INDIAN INSTITUTE OF TECHNOLOGY ROORKEE  

ROORKEE – 247 667 (INDIA) 

 MAY, 2019 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©INDIAN INSTITUTE OF TECHNOLOGY ROORKEE ROORKEE-2019  

ALL RIGTS RESERVED  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



INDIAN INSTITUTE OF TECHNOLOGY ROORKEE  

ROORKEE   

 

 
CANDIDATE’S DECLARATION 

 

 

I hereby certify that the work which is being presented in the thesis entitled “DESIGN, 

SYNTHESIS AND EVALUATION OF SOME NOVEL FLUORESCENT 

CHEMOSENSORS FOR MERCURY (II) ION DETECTION VIA DIFFERENT 

MECHANISMS” in partial fulfilment of the requirement of the award of the Degree of 

Doctor of philosophy and submitted in the Department of chemistry of the Indian Institute of 

Technology Roorkee, Roorkee, is an authentic record of my own carried out during a period 

from July, 2015 to May, 2019 under the supervision of Dr. Naseem Ahmed, Professor, 

Department of Chemistry, Indian Institute of Technology Roorkee, Roorkee. 

The matter presented in the thesis has not been submitted by me for the award of any 

other degree of this or any other Institution. 

(Muzey Bahta) 

This is to certify that the above statement made by the candidate is correct to the best of my 

knowledge.                           

 

                                                                                                            (Naseem Ahmed) 

                                                                                                                         Supervisor 

The PhD Viva-Voce Examination of Mrs. Muzey Bahta, Research Scholar, has been 

held on ____________________. 

 

Chairman, SRC                                                                    Signature of External Examiner 

 

                   This is to certify that the student has made all the corrections in the thesis. 

 

 

(Naseem Ahmed)  

     Supervisor                                                                                     Head of the Department 

 Dated:____________________. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to My Family and Parents 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





i 

 

ABSTRACT OF THE THESIS 

Increasing demand for fast and accurate environmental pollution monitoring requires new 

sensing techniques with outstanding performance, high sensitivity, selectivity and reliability 

and fluorescence chemosensors offer this distinctive reward over other analytical methods and 

have been considered as an ultimate tool for monitoring trace toxicants. As one of the most 

toxic heavy metals, Hg2+ ion has become an ultimate goal for its prolonged effects and 

rigorous terrorization to the environment and biological system. Novel organic molecular 

scaffolds for recognition and sensing of environmentally and biologically toxic Hg2+ ions with 

high selectivity and sensitivity detection in aqueous solution are persistently important for 

practical research in different fields of science.  

The central theme of this present thesis entitled “DESIGN, SYNTHESIS AND 

EVALUATION OF SOME NOVEL FLUORESCENT CHEMOSENSORS FOR 

MERCURY (II) ION DETECTION VIA DIFFERENT MECHANISMS” discuss about 

the design, synthesis, characterization and photophysical properties studies of some Hg2+ ion 

receptors. All chemosensors were characterized by different spectroscopic methods and the 

photophysical behaviors of these chemosensors towards Hg2+ ion were observed through UV-

visible and fluorescence spectroscopy. In addition to that the binding modes of chemosensors 

with Hg2+ ion were examined by using IR, NMR titration, HRMS and fluorescence lifetime.  

This thesis includes five chapters, the first chapter deals with “General Introduction”, which 

is providing brief discussions about principle of optical chemosensors, some common 

photophysical mechanisms of fluorescence chemosensors and review of some recognition 

mechanisms Hg2+ ion.  

Chapter 2 presents about design and synthesis of 1,4-benzothiazine hydrazide as 

selective and sensitive colorimetric and Turn-On fluorometric sensor for Hg2+ detection 

in aqueous medium. A highly colorimetric and fluorimetric chemosensor, 3-oxo-[1,4]-

benzothiazin-2-ylidene acetohydrazide (L2) is reported for the mercury detection. In HEPES-

buffered solution (CH3CN:H2O, 1:2, v/v, pH 7.2), L2 showed a characteristic absorption peak 

at 340 nm, addition of Hg2+ induced colour change from light yellow to purple with 

significant enhancement in absorbance at 340 nm and a new band centered at 550 nm with 

red-shift of 110 nm.  

Furthermore, the L2 exhibited high sensitivity and selectivity with overall emission change of 

more than 100-fold fluorescence intensity enhancement towards Hg2+ ion with a 1:1 binding 
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stoichiometry and 1.938x103 M−1 binding constant within detection limit as low as 5.4x10-8 

M.  

More importantly, it has good practicability in real water sample. Apart from this, theoretical 

elucidation of the experimental outcome has also been supported by applying density 

functional theory (DFT) to the ligand and the complex. Moreover, the solution of in situ 

generated L2+Hg2+ complex displayed high reversibility by I- through Hg2+ displacement 

approach. This reversibility in fluorescence suggested that the promising applicability of 

chemosensor as “off–on–off” naked eye sensor and  practical applicability of L2 as an 

INHIBIT logic gate based on the emission changes with the inputs of Hg2+ and I- was 

investigated. 

 

 

Chapter 3 describers about a novel 1,8-naphthalimide as highly selective naked-eye and  

ratiometric fluorescent sensor for detection of Hg2+ ion. in this chapter a novel 

chemosensor 2-(2-mercaptophenyl)-1H-benzo[de]isoquinoline-1,3-(2H)-dione (L3) is 

reported for Hg2+ ion detection. The selective binding of Hg2+ to L3 afforded new absorbance 

and fluorescence peaks at 438 nm and 480 nm respectively, in addition to the existing bands 

of L3 at 332 nm and 376 nm. It also showed apparent colour change from colourless to 

yellowish green and weak fluorescent to bright yellowish green strong fluorescent due to 

selective binding of Hg2+. This sensor forms a 1:1 stoichiometry with high binding constant 

(3.89 x 104 mol-1L) and limit of detection 1.74 x10-8 M with high selectivity and sensitivity 

towards Hg2+ in the presence of other interfering metal ions. More importantly, it has good 

practicability in environmental water sample. The outcome of photo-physical experiment has 

also been in good accordance with the time-resolved fluorescence lifetime decay and the 

density functional theory (DFT) estimations. Moreover, the L3-Hg2+ solution displayed high 

colorimetric and fluorimetric reversibility via the addition of KI. This reversibility in 
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fluorescence showed potential applicability of chemosensor L3 as “on–off–on” naked eye 

sensor.  

 

Chapter 4 illustrates naphthalimide-amino acid conjugates chemosensors for Hg2+ 

detection based on chelation mediated emission enhancement in aqueous solution.1,8–

Naphthalimide-Amino acid conjugates (L4 and L5) were designed, synthesized via straight 

forward reaction as Hg+2 chemosensors. These chemosensors were found to display 

aggregation-induced emission (AIE) property along with increment in quantum yield upon 

changing the medium from methanol to CH3OH:H2O (1:99, v/v). They exhibited a quick 

response, splendid selectivity and sensitivity toward Hg2+ ion over other interfering metal ions 

through sharp selective Turn-On fluorescence via chelation mediated aggregation-induced 

emission(AIE) in CH3OH/H2O (1:99, v/v) medium. Job’s plot revealed the formation of 2:1 

ligand to metal stoichometric complex.  The chemosensors L4 and L5 could detect Hg2+ ion 

as low as 22 nM and 5.6 nM respectively. Intriguingly, the fluorescence reversibility study 

showed good reversibility by adding Hg2+ salts and KI sequentially.  
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Chapter 5 presents synthesis and evaluation of AIEE active sulfamethizole 

functionalized 1,8-naphthalimide for ratiometric fluorescence sensing of Hg2+ ion in 

aqueous media and anti-microbial activity. A sulfamethizole functionalized 1,8-

naphthalimide molecule (L6) has been designed and synthesized which exhibited AIEE active, 

fluorescence sensing of Hg2+ ion and Ag+ complex as anti-microbial activity. The 

hydrophobic nature of naphthalimide fluorogenic moiety instigated the aggregation induced 

emission (AIE) in aqueous medium, which led to excimer emission upon intramolecular 

excimer formation via metal ion-induced assembly. The high selectivity of the sensor was due 

to quenching of the monomeric emission of L6 at 390 nm with red shift to gradual 

enhancement in new peak at 483 nm and 478 nm for Hg2+ and Ag+ ions respectively, which 

resulted in ratiometric detection. The competitive experiment revealed that the chemosensor 

is selective to Hg2+ over Ag+ ion and selective and sensitive ratiometric response to Hg2+ 

without interference of any other tested metal ions. The limits of detection of Hg2+ ion is 14.7 

nM in 99% aqueous solution. Meanwhile, visual fluorescence color change of L6 from blue 

to green was observed under Uv-lamp upon addition of Hg2+ ion to L6 solution. Anti-

microbial activities were tested against Gram negative strain. Under similar concentrations, 

L6 and L6-Ag+ compounds have shown much better anti-microbial activities than the most of 

the tested antibiotics available in the market.  
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1.1 Introduction 

Metal ions owing to their indispensable importance in different aspects of life [1], there is a great 

deal of significance for their detection by the scientific community working in different fields of 

study such as chemical-biology, biochemistry, environmental science and chemistry [2]. Metal 

ions have been extensively identified and classified into two main categories that attract a special 

interest of researchers; the first group is biologically essential metal cations, including Ca2+, K+, 

Na+, Fe2+, Zn2+, Cu2+, etc. which play important signaling roles in our biological systems.  To 

guarantee their normal biochemical functions, detection of their concentrations level and 

maintaining within an appropriate range is very crucial. The other group is biologically toxic, 

such as Hg2+, Cd2+, Cr3+, As+, and Pb2+ which are toxic pollutants in the environment [3]. 

Consequently, the development of effective detection system for monitoring their toxic effect 

is very important as well [4–7]. 

Among the various available cation detection methods, viz flame photometry, atomic 

absorption spectrometry [8], optical emission spectroscopy (OES) [9], ion sensitive 

electrodes, cyclic voltammetry, electron microprobe analysis, inductively-coupled plasma-

mass spectrometry (ICP-MS) [10], Atomic fluorescence spectrometry, X-ray fluorescence 

spectrometry [11], etc., are expensive, and often require large samples size and specialized 

personnel to carry out the operational procedures [12]. On the other hand, the fluorescence 

based sensors, owing to their attractive reward viz robustness, high sensitivity, selectivity, 

rapidity, long lifetime, ease of measurement, relative low costs, non-destructive methodology 

and detection of metal ions in living cells, the fluorescence sensors offer unique advantages over 

other different detection methods [5,13,14] and have been considered as an ultimate tool for 

monitoring trace amounts of toxic cations and anions. In this regard, design and synthesis of 

novel fluorescent sensors with improved performance are becoming very active research area 

in both organic and analytical chemistry and many fluorescent sensors have been synthesized 

and successfully used. This chapter focuses on over viewing current developments in design, 

synthesis and application of fluorescent sensors for mercury ion sensing based on different 

approaches.  
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1.2 Fluorescence Sensing 

Fluorescence is the property of some molecules which can absorb a higher energy radiation at 

shorter wavelength and excited to high energy level and then re-emit radiation (fluorescence 

emission) of lower energy at longer wavelength upon relaxation from the excited state on 

nano seconds time scale. The change in absorbed and emitted radiation wavelength is called 

stokes shift [15].  

Why fluorescence?  

Fluorescence based detection is more selective and sensitive than absorption based 

counterpart. This is because fluorescence measurement is done directly without comparison 

with reference beam which is relative to dark background, while, absorption is calculated as 

the difference in light intensity pass though reference and sample [16].  

Fluorescent sensors are molecular receptors that transform molecular interaction into 

analytically useful signals upon specific host-guests binding system. A typical fluorescence 

sensor contains a recognition site or receptor connected to signal unit or fluorophore which is 

the functional group responsible for emitting fluorescence which translates the recognition 

event into fluorescence signal. The basic requirements for fluorescent sensor are; strong 

affinity and selective binding of the receptor towards the target analyte, sensitive signal 

recognition unit to the photophysical change in the sensor on analyte binding and stable to 

environmental interference [17].   

Binding of analyte changes the fluorescence nature of the fluorophore; this can accomplished 

in two ways: by increasing or decreasing the quantum efficiency “Turn On” or “Turn Off  ” 

fluorescence, intensity based fluorophores; or by changing the spectral features, shifting 

emission wavelengths, dual emission in ratiometric fluorophores.  
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1.3 Some Common Photophysical Mechanisms for 

Fluorescence Sensing 

The detection of the analyte by fluorescent sensors is based on the change of the 

photophysical properties of the sensor on the analyte binding to the receptor unit (via host-

gust interaction) (Figure 1.1) that exhibit a change in emission profile of the fluorophore 

which can be either “Turn On” or “Turn Off  ” or both in the case of ratiometric. This 

phenomenon is guided by a few photophysical interaction mechanisms such as photoinduced 

electron transfer (PET), intermolecular charge transfer (ICT), fluorescence resonance energy 

transfer (FRET), excited state intermolecular proton transfer (ESIPT), chelation enhanced 

fluorescence emission (CHEF) or chelation enhanced quenching (CHEQ), excimer formation, 

and aggregation-induced emission (AIE) /aggregation-caused quenching (ACQ). This 

different fluorescence sensing mechanisms with some examples of recently reported Hg2+ ion 

selective chemosensors are briefly discussed in this section. 

 

Figure 1.1 General host gust interaction of chemosensor and analyte. 

1.3.1 Photoinduced Electron Transfer (PET) 

Electron transfer processes in systems containing a donor (D) and acceptor (A) molecular 

units coupled by a rigid bridge can be easily taking place by applying some kind of fast 

perturbation energy. The electron transfer in a molecule having the donor and the acceptor 

linked by rigid aliphatic spacer via typical light excitation is called photoinduced electron 

transfer [18]. PET takes place by electron transfer from the lone pair electrons of N, O, and S 

of the receptor group to HOMO of the excited fluorophore [19], the photoexcitation localizes 

the acceptor and the HOMO of the donor atom which is at high energy than the HOMO of the 

acceptor transfers its electron to the acceptor’s HOMO, this electron transfer process opens 

PET which quenches the fluorescence of the sensor [20]. Fluorescence sensors that work by 

PET mechanism are widely accepted mechanism for their fluorescence “Turn-On” character 
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upon binding with analyte molecule via PET inhibition by coordination of the analyte to 

electron pair of donor atoms of the sensor (Figure 1.2) [21,22].  

 

Figure 1.2 Representation of PET mechanism 

Lee et al. reported PET based fluorescent chemosensor 1 (Figure 1.3) by combining of 2-

aminoethyl piperazine receptor and 4-chloro-7-nitrobenz-2-oxa-1,3-diazole fluorophore [19]. 

Addition of Hg2+ ion to chemosensor 1 enhances the fluorescence of the sensor at 542 nm via 

PET inhibition upon Hg2+ binding to 2-aminoethyl piperidine. Recently in 2018, Zhoul et al. 

reported a new fluorescent chemosensor 2 (Figure 1.3) based on the BODIPY fluorophore 

containing carboxyl-thiol as Hg2+ receptor [23] for the detection of Hg2+ ion in aqueous 

media. Hg2+ binding to chemosensor show “Turn On” fluorescence at 581 nm with about a 

630-fold enhancement via PET inhibition.   

 

Figure 1.3 PET based chemosensors for Hg2+ detection. 
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1.3.2 Intramolecular Charge Transfer (ICT) 

Generally ICT based sensors are molecules containing electron donating linked with electron 

withdrawing groups by π-spacer, which allows the charge transfer in the excited state from 

the electron rich donor to the accepter which accomplished by large stoke shift [24]. The 

presence of both donor and acceptor in one molecule at the two opposite ends of the spacer 

results in ICT. Due to their delocalized π-system conjugated organic compounds are 

considered to be a good bridge for ICT to form donor–π–acceptor (D–π–A) system. The 

degree of ICT process depends on the donor and acceptor strength, as well as the length of the 

π system spacer blend the two groups [25]. D-π-A type molecules exhibit large dipole 

moment (∆µ) changes upon photoexcitation which promotes the formation of polaron pairs, 

the predecessor for charge carriers which causes large stoke shift due to a photoinduced ICT 

process [26,27]. The binding of analyte with the donor species decreases the electron donating 

ability of the fluorophore and it causes blue shift, while the analyte binding with the acceptor 

group increases the electron withdrawing capability of the accepter moiety and develops a red 

shift in both absorption and fluorescence spectra of the sensor (Figure 1.4) [28].   

Goswami et al. [29] reported chromen-2-one derivative containing 7-(diethylamino)-3-

(pyrimidin-4-yl)-2H-chromen-2-one chemosensor 3 (Figure 1.5) for Hg2+ ion detection in 

mixed aqueous media. Which shows chelation enhanced quenching of fluorescence (CHEQ) 

at 509 nm via photoinduced electron transfer (PET) from electron lone pairs of nitrogen and 

simultaneously, ‘push–pull’ induced ICT between coumarin and pyrimidine moiety upon 

binding with Hg2+ it exhibits red shift around 80 nm in absorption with naked eye color 

change from green to red, and a new band centered at 575 nm with fluorescence color change 

from yellowish green to light orange in Hg2+ binding. Other ICT based fluorescent 

chemosensor 4 (Figure 1.5) with strong push–pull system containing aniline nitrogen as 

electron donor and carbonyl and benzothiazolyl as electron accepters for Hg2+ ion detection 

was reported by Wang et al. in 2006. Addition of Hg2+ impose blue shift in both emission and 

absorption, binding of Hg2+ to the receptors responded ratiometrical by blue shift of around 

100 nm from 567 to 475 nm [30]. Recently in 2018, Rani et al. reported fluorescence Turn 

Off   Hg2+ and pyrophosphate ion chemosensor 5 (Figure 1.5) by conjugating of 1H-

phenanthro-[9,10d]imidazole as electron donor and anthraquinone as electron acceptor units 

through the π-system to get push-pull based ICT phenomenon in H2O/CH3CN (1:9; v/v) 

solution [31].  
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Figure 1.4 Representation of ICT mechanisms 

 

Figure 1.5 ICT based chemosensors for Hg2+ sensing 
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1.3.3 Fluorescence Resonance Energy Transfer (FRET) 

FERT are fluorescent sensors based on a distance dependent radiationless energy transfer 

from high energy excited state donor molecule to low energy ground state acceptor molecule. 

The term “Resonance Energy Transfer” refers to intermolecular energy transfer of dipolar 

coupling of emission of donor moiety to the excitation of accepter moiety [32]. The emission 

energy of the donor overlaps with the absorption spectrum of the acceptor molecule, the 

acceptor may be a fluorescent or non-fluorescent molecule (Figure 1.6). If the acceptor is a 

fluorophore it absorbs the emission of high energy and excited state donor group and gets 

excited and remits the energy radiatively upon relaxation to its ground state, it is turn on 

fluorescence. Meanwhile, non-fluorescent acceptor imposes quenching [33]. The rate of 

energy transfer is strongly dependent on degree of spectral overlap, relative orientation of the 

transition dipoles, and donor-acceptor proximity [34,35].  

 

Figure 1.6 Representation of FRET mechanism 
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Liu et al., reported a ratiometric OFF/ON-type FRET-based fluorescent sensor 6 (Figure 1.7) 

for Hg2+ ion detection using 1,8-naphthalimide as energy donor and rhodamine B as energy 

acceptor on the basis of spirolactam ring opening followed by mercury promoted 

desulfurization and intramolecular cyclization to oxadiazole which opens the FERT 

mechanism. The fluorescent chemosensor with weak band centered at 540 nm 1.8 

naphthalimide exhibited strong rhodamine B emission centered at 585 nm upon Hg2+ ion 

addition [36]. Similarly Xu et al., reported another ratiometric sensor 7 (Figure 1.7) containg 

naphthalimide moiety donor and Rhodamine B acceptor conjugated by ethylenediamine for 

selective Hg2+ detection based on FRET mechanism. Upon treatment of the sensor with Hg2+ 

resulted quenching in the characteristic emission band naphthalimide moiety at 381 nm and 

new strong emission  appeared at 585 nm which increases with Hg2+ concentration attributed 

to FRET mechanism between the naphthalimide donor moiety and the rhodamine acceptor 

moiety [37]. 

Two Chemosensor containing  pyrido[1,2- a]benzimidazole in sensor 8 [38] and imidazo[1,5-

a]pyridine in sensor 9 [39] as energy donors linked with rhodamine energy acceptor, by 

piperazine for Hg2+ detection based on FERT was reported by Ge et al.in 2017 (Figure 1.7). 

Upon addition of Hg2+ ions, the imidazo[1,5-a]pyridine emission of 9 centered at 466 nm and 

the pyrido[1,2-a]benzimidazole of 8 centered at 464 nm gradually quenched and a new 

emission corresponding to rhodamine ring-opened appears at 584 nm and gradually becomes 

prominent. The simultaneous “off–on” mechanism of the two fluorescence bands suggested 

that the structure transformation into open-ring structure via Hg2+ induced spirolactam ring 

opening which favours FRET from the donors to ring-opened rhodamine [38,39]. Petdum et 

al. in 2018 developed FRET-based ‘‘Turn-On’’ chemosensor 10 (Figure 1.7) comprising 

[5]helicene energy donor and rhodamine 6G energy acceptor connected by a hydrazide 

moiety for selective detection of Hg2+ ion. The sensor showed excellent selectivity towards 

Hg2+ through Hg2+ ion induced ring opening which allows the FRET process, indicated by a 

new absorbance centered at 528 nm and Turn On emission at 549 nm, which are characteristic 

of ring opened rhodamine 6G [40]. Most of the reported FRET-based chemosensors for Hg2+ 

ions sensing used the rhodamine acceptor this is due to the long range absorption fluorescence 

emission of rhodamine upon Hg- induced spirolactam ring opening.  



Chapter 1 2019 

 

9 

 

 

Figure 1.7 FERT based chemosensors for Hg2+ sensing 

1.3.4 Excited State Intramolecular Proton Transfer (ESIPT) 

ESIPET is a photo-induced enol–keto tautomerization of an excited state molecule [41]. 

Molecules could exhibit ESIPT via transfer of proton from hydroxyl or amino hydrogen bond 

donor to carbonyl oxygen (C=O) or pyridyl nitrogen (=N) hydrogen bond acceptor through a 

pre-existing intramolecular hydrogen bonding [42,43], this significantly changes the electronic 

structure and photophysical properties of the molecule in the excited state [44]. The excited enol 

is swept to its corresponding keto and back to its ground state enol form by emitting radiation 

[45]. Enol-keto-tautomerization is dependent in the donor-acceptor character and sensitive to 

acidity/basicity medium and nature of the solvent system. ESIPT fluorophores are ultrafast 

emitters with a large stokes shift dual emission compared to other fluorophores; this is due to 

an enormously fast enol to keto photo-tautomerization (Figure 1.8) [46]. Most ESIPT 

fluorophores are ESIPT Off and ESIPT On ratiometric fluorescent sensors and exhibit dual 

keto and enol emissions [47–49].   



Chapter 1 2019 

 

10 

 

 

Figure 1.8 Representation of ESIPT mechanism 

A ESIPT based ratiometric fluorescence sensor for detection of Hg2+ ion based on the 

Hg2+promoted hydrolysis of a vinyl ether derivative of 2-(benzothiazol-2-yl)phenol  

chemodosimeter 11 a-f (Figure 1.9) in aqueous system was designed and reported by Santra 

et al., 2011. Addition of Hg2+ results quenching of the exciting blue fluorescence and emerges 

cyan emission at high wavelength responsible for the keto form generated through the ESIPT 

after hydrolysis of the vinyl ether [50]. Kaur et al., 2019 synthesized an effective 

chemosensor 12 (Figure 1.9) based on a naphthalene for Hg2+ and cysteine recognition in 

aqueous:CH3CN (9:1 (v/v), pH 7.0 HEPES buffer). Addition of Hg2+ ion and cysteine 

displays “On-Off-On” emission at 454 nm due to ESIPT procedure, the ESIPT character of 

sensor terminated by presence of Hg2+ ions due to the equilibrium shift from keto to enol form 

quenches the emission and the high affinity of Hg2+ to sulfhydryl group releases the free 

sensor and the characteristic emission of the free chemosensor emerges back [51]. 
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Figure 1.9 ESIPT based fluorescence sensors for Hg2+ detection 

1.3.5 Chelation Enhanced Fluorescence Emission (CHEF) and Chelation 

Enhanced Quenching (CHEQ) 

The fluorescence response of a fluorophore to analyte species is dependent on how the analyte 

coordinated to the receptor group of the sensor and can be categorized as either “Turn-On” or 

“Turn-Off”. When the chelation process increases the conjugation of the ligand and thereby it 

switch-on the fluorescence nature of the sensor, which leads to turn on or fluorescence 

emission enhancement, this process is called CHEF. When the chelation of the analyte 

molecules to the receptor turned off the fluorescence nature of the fluorophore, it leads to 

chelation enhanced fluorescent quenching (CHEQ). Due to better sensitivity of turn on than 

quenching CHEF approach is most desirable for metal ion sensing. Owing to the chelation 

tendency of organic donor ligands to form chelated complex with metal ion and fluorescence turn 

on after the host-gust interaction, number of CHEF based chemosensors for metal ion are reported 

[52–54].  

Ahamed and Ghosh in 2011 reported a selective sensing of Hg2+ ion by a chelation induced 

fluorescent enhancement (CHEF) in acetonitrile. The chemosensor 13 (Figure 1.10) 
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containing two tris(2-aminoethyl)amine based tripodal amide as chelating agent receptor and 

2-quinolyl moiety as both fluorophore and chelating agent, the selective chelation of 13 

towards Hg2+ induces fluorescence enhancement [55]. Lee et al., 2012 reported CHEQ based 

fluorescence turn-off chemosensor 14 (Figure 1.10) for Hg2+ which strongly quenches the 

fluorescence of 14 in solution phase by forming covalent bonding to the fluorophore, it could 

be due to possible π complex formation of Hg2+ with the anthracenyl group [54].  

 

Figure 1.10 CHEF & CHEQ based chemosensors for Hg2+ sensing 

1.3.6 Excimer/Exciplex Formation 

An excimer/exciplex is excited state dimmer species which are monomers in the ground 

electronic state; this is due to resonance interactions of excited state molecules with neighbor 

ground state molecules. The excimer has broad red-shifted fluorescence emission that appears 

slowly at longer wavelengths than their monomers [56,57] with longer decay time due to the 

formation of the excimers via diffusion of ground state monomer and excited monomer after 

excitation [58–60]. Excimeric emissions are identified by their two characteristic fluorescence 

emissions varying with concentration, in concentrated solution, the lower energy long 

wavelength excimer emission enhanced while the high energy short wavelength monomeric 

emission is quenched [61]. This is also known to give “ratiometric type of sensors” because 

the switch between monomer and excimer emission intensity provides a quantitative 

magnitude of ions present in solution.  

Shellaiah et al. reported a novel pyrene Schiff base derivative fluorescent chemosensor 15 

(Figure 1.11), containing free thiol receptor for Hg2+ ion detection, showed fluorescence 

Turn-On response to Hg2+ ions, via chelation enhanced fluorescence (CHEF) through excimer 

formation in DMSO:H2O (v/v=7/3) at pH 7.0 Hg2+ binds to free thiol receptor and bring 

pyrene moiety of sensor close together that can encapsulate to form excimer [62]. Razi et al. 
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reported a novel pyrene based derivative 16 (Figure 1.11), having monomer and excimer 

emissions at 393 nm and 506 nm in the absence and presence of Hg2+ ion respectively. Hg2+ 

ion binds to the hydroxyl and diamine receptors and bring pyrene moiety of sensor close 

together that can encapsulate to form excimer in phosphate buffer [63]. Recently in 2018, 

Puangsamlee et al. developed another pyrene derivative 17 (Figure 1.11) having two 

pyrenylacetamide moieties covalently bound to 2-[4-(2aminoethylsulfanyl)butylsulfanyl] 

ethanamine receptor based sensor, 17 for Hg2+ and Cu2+ ions sensing via intramolecular 

excimer formation [64]. 

.  

Figure 1.11 Excimer based chemosensors for Hg2+ sensing 

1.3.7 Aggregation-Induced Emission (AIE)/Aggregation-Caused 

Quenching (ACQ) 

Most organic fluorophores with large delocalized π-conjugated units are strong emitters in 

diluted solution, but weak or non-fluorescent in high concentration in aggregate state due to 

aggregation caused quenching (ACQ) effect. This quenching problem has limited the practical 

application of organic fluorophores to some level. In contrary to the ACQ effect, aggregation 

induced emission is a novel property of brilliant fluorophores that goes the opposite way, they 

are weakly or non-fluorescent in diluted solution while exhibiting bright fluorescence upon 

aggregate formation. This distinctive photophysical property is correlated with a restriction of 

intramolecular rotation (RIR) mechanism which closes the non-radiative relaxation path and 

opens radiative pathway [65–68]. Because of their practical applicability in organic 

electronics, chemical sensing, and fluorescence cell imaging as aggregates or solid films AIE 

active fluorophores have garnered a significant attention [69,70].    
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AIE based fluorescent chemosensor 18 (Figure 1.12) for the detection of Hg2+ ion in aqueous 

medium was reported by Neupane et al. on the basis of peptide receptor and 

tetraphenylethylene fluorophore [71]. The peptide receptor selective bound Hg2+ ion and give 

“Off-On” response via metal induced aggregation fluorescence enhancement at 470 nm and 

bring 30 fold enhancements with increasing Hg2+ ion concentration. Similarly, Chatterjee et 

al. reported AIE active tetraphnylethylene-boronic acid chemodosimeter 19 (Figure 1.12) 

chemodosimeter Turn-On sensor via Hg-promoted trans-metalation reaction for detection of 

both inorganic and organic mercury ions species in aqueous solution [72]. Shyamal et al. 

reported AIE active fluorescent sensor 1-(Anthracen-2-yliminomethyl)-napthalen-2-ol 

chemosensor 20 (Figure 1.12) for Hg2+ via disaggregation of sensor in H2O-THF mixture 

[73].   

Ma et al. in 2014 developed a Turn-On fluorescence chemosensor 21 (Figure 1.12) which 

contains 9,10-distyylanthracene fluorophore and thymine Hg2+ ion receptor groups for Hg2+ 

ion detection via thymine–Hg2+–thymine complex based on AIE feature. The AIE active 

chemosensor 21 shows further fluorescence emission enhancement with red shift from 501 to 

521 nm up on chelation with Hg2+ ion in 3:2 CH3CN-H2O solutions [74]. Similarly in 2019, 

He et al. reported AIE active o-phthalimide based selective turn on fluorescence chemosensor 

22 (Figure 1.12) for selective Hg2+ detection on the basis of efficient binding of two thymine 

bases (T) with Hg2+ to form a stable T-Hg-T complex aqueous solution.    

 

Figure 1.12 AIE & ACQ based fluorescence sensors for Hg2+ sensing 
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1.4 Importance of Mercury ion (Hg2+) Detection 

Mercury is a heavy metal that is more painstaking threat to human health and the environment 

wellbeing. Once inorganic mercury ions inter to the environment, microbes convert them into 

organic mercury mostly the neurotoxin methyl mercury which can easily pass though the 

biological membranes [75,76]. Due to its membrane permeability and high affinity to thiol 

group of proteins and enzymes [77,78], exposure to mercury ion (Hg2+) can destroy human 

central nervous system, endocrine system and various cognitive and motor disorders and leads 

to Minamata disease even in very low-dose, especially for children [79–84]. As one of the 

most toxic heavy metals [85,86], Hg2+ has become a focal point for its rigorous terrorization 

and its prolonged effects to environment and biological systems [78,87–89] and lots of efforts 

have been engaged to develop and design fluorescent sensors specific for Hg2+ determination 

[88,90]. 

Fluorescent sensors follow either selective host-guest binding interaction or specific chemical 

reaction and impose fluorescence properties change in the sensor in re-organization of target 

analyte. Fluorescent sensors that are governed by reversible none covalent binding between 

the receptor molecules and analyte species are known as a chemosensor. While, those 

undertake a specific irreversible chemical reaction between sensor molecule and analyte are 

called chemodosimeters [46,91]. Based on their recognition mechanisms, Hg2+ sensors can be 

classified into two categories as reaction based and coordination based Hg2+ sensors.   

1.5 Reaction Based Hg2+ Sensors 

Reaction based fluorescence sensors which undergo specific irreversible chemical reaction 

between sensor molecule and analyte species, induce a fluorescence or/and color change in 

the signal unit are called chemodosimeters [92,93]. The photophysical character of 

chemodosimeters molecule changes due to the chemical reaction which makes the detection 

reliable and easier [91]. Owning to their high sensitivity and specificity, chemodosimeter has 

been getting much attention in fluorescence sensing and bio-imaging research field [94,95]. 

Reaction based Hg2+ sensors are very attractive for selective and sensitive detection of Hg2+ 

ion, the development of Hg2+ ion selective chemodosimeters are generally based on Hg2+ 

promoted desulfurization reactions, such as cyclization, hydrolysis, and elimination of 

thioether [95,96], Hg2+ mediated hydration of alkynes to ketones and hydrolysis of the 

vinyl and alkynes ether [97,98] and Hg2+ mediated rhodamine spiro-systems ring opening 

[99].   
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1.5.1 Hg2+ Detection via Hg2+-Promoted Desulfurisation of Thioamide 

into Amide 

 

In 1992 the first chemodosimeter for Hg2+ sensing was reported by Chae and Czarnik this 

chemodosimeter 23 (Figure 1.13) was used for Hg2+ detection via desulfurisation reaction of 

thioamide group into amide group, which causes turn on fluorescence, due to the 

desulfurisation of thioamide group which efficiently quenches the fluorescence of the 

fluorophore via photoinduced electron transfer followed by oxidation to amide group which 

have no PET effect. The chemodosimeter was selective to Hg2+and Ag+ [100]. And in 2006, 

Song et al. reported Hg2+ ion selective Off–On dosimeter 24 (Figure 1.13) on the basis of 

irreversible desulfurization of thioamide into an amide counterpart in similar to Czarink 

group’s work. Rapid recognition with low detection limit of 5.4x10-7 M and little interferences 

by Cd2+ and Ag+ only 10 and 13% respectively among the tested metal ions [101].  

Thiocoumarins based Hg2+ selective chromogenic and fluorogenic chemodosimeter system 25 

(Figure 1.13) based on conversion of thiocumarinto coumarin by selective Hg2+ ion promoted 

desulfurization reaction was developed by Choi et al. in 2009, chemodosimeter 25 was highly 

selective to Hg2+ ion in the presence of potential interfering ions with low detection limit of 

8.9x10-7 M [102]. Zhang et al. in 2011 reported the synthesis and application of another 

chemodosimeter 26 (Figure 1.13) based on oxazine-thione, for selective and sensitive Hg2+ 

ion sensing. The desulfurization reaction of carbonyl sulfide takes advantage of the high 

affinity of Hg2+ for sulphur shows dramatic color change and exhibiting a large blue shift of 

100 nm in its absorption spectra and a selective enhancement in fluorescence intensity upon 

addition of Hg2+ ions [103]. 

 

Figure 1.13 Hg2+ selective chemodosimeter based on Hg2+ triggered desulfurization reaction. 
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1.5.2 Hg2+ Detection via Hg2+ Promoted Cyclic Guanylationo Thiourea to 

Imidazoline 

 

Liu and Tian in 2005, reported the first ratiometric fluorescent chemodosimeter 27 (Figure 

1.14) for selective and sensitive detection of Hg2+ ion based on dehydrothiolazition reaction. 

Hg2+ promoted cyclic guanylation of thiourea to imidazoline moiety was come up with a 

suitable fluorometric and colorimetric sensing. The absorption spectra of 27 blue shifted from 

435 nm to 350 nm with an isosbestic point at 391 nm and the yellow–green fluorescence 

emission at 530 nm shifted to blue fluorescence at 475 nm an isoemissive point at 510nm 

[104]. Other Hg2+ selective fluorescent chemodosimeters 28 and 29 based on Mercury 

promoted intramolecular cyclic guanylation of thiourea to imidazoline was also reported in 

2007. The Hg2+ ion induced ring opening of rhodamine spirolactam leads to cyclic 

guanylation of thiourea to imidazoline in chemodosimeter 28 (Figure 1.14)and azo-

component containing chemodosimeters responsible for the Hg2+ ion induced desulfurization 

and cyclization in chemodosimeter 29 (Figure 1.14) by Lee et al. [105] and Wu et al. [96] 

respectively. Subsequently in the year 2009, Lee and his coworkers reported another 

fluorescent chemodosimeter 30 (Figure 1.14) with absorption wave length of 630 nm and 

emission at 652 nm for Hg2+ ion detection. The reaction of 30 with Hg2+ ion causes 

desulfurization cascade cyclization accompanied by blue shift in both absorption and 

emission with ratiometric fluorescence enhancement. The chemodosimeter 30 revealed dual 

absorptions at 592 nm and 630 nm and addition of Hg2+ ion induces blue shift to 546 and 583 

nn and fluorescence enhancement with blue shift from 652 to 626 nm respectively [106]. A 

highly selective and sensitive Porphyrin fluorophore with thiourea reactive moiety 

chemodosimeter 31 (Figure 1.14) for Hg2+ ion detection in aqueous solution was synthesized 

by Lv et al. in 2017. Chemodosimeter 31 shows ratiometric response in absorption and 

fluorescence emission change upon addition of Hg2+ ion promoted cyclization to imidazoline 

in aqueous media induces bathochromic shift both in absorption from 413 nm to 425 nm and 

emission from 651 nm to 601 nm with isoemission point at 630 nm [107].  

Recently in 2018, Singh et al. synthesized a multifunctional self-assembled dual- 

chemodosimeter Schiff base thiourea hybrid with o-phenylenediamine based dual 



Chapter 1 2019 

 

18 

 

chemodosimeter 32 (Figure 1.14) was used for optical identification of Hg2+, CN- and 

Hg(CN)2 from each other. The chemodosimeter 32 undergoes desulfurization followed by 

guanylation reaction of the Schiff base thiourea hybrid to form benzimidazole. Addition of 

Hg2+ promotes Hg2+ assisted ESIPT phenomena (red shifted in the emission centered at 

458nm to 510 nm and hyperchromic effect in absorption between 400 to 480 nm associated 

with fluorescence quenching at 510 nm. The flake like structure 32 undergoes analyte induced 

self-assembly to different arrangement, such as a bunch of nano rods with Hg2+, segregated 

nano-rods with curvy ends with CN- and spherical with Hg(CN)2 ion pair [108]. 

 

Figure 1.14 Hg2+ ion selective chemodosimeters based on Hg2+ ion triggered interamolecular 

cyclic guanylation of thiourea to imidazoline. 
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1.5.3 Hg2+ Detection via Hg2+-Promoted Cyclization of 

Thiosemicarbazide to Oxadiazole 

 

Mercury promoted desulfurization and intramolecular cyclization reaction of 

thiosemicarbazide to 1,3,4- oxadiazole of rhodamine derivative fluorescent chemodosimeter 

with fluorophore conjugated with rhodamine B hydrazide by thiourea as spacer for selective 

Hg2+ ion detection were designed and synthesized by Yang et al. in 2005 (chemodosimeter 

33) and Shang et.al. in 2008 (chemodosimeter 34). Chemodosimeter 33 (Figure 1.15) showed 

26-fold fluorescence enhancement and red shift from 553 to 557 nm in the presence of Hg2+ 

[109]. While, the dual colourimetric and ratiometric fluorescence chemodosimeter 34 (Figure 

1.15) with absorption centered at 490 nm and green fluorescence at 520 nm showed a dual 

ratiometric response both in absorption and emission upon addition of Hg2+ ion accompanied 

by red shifting in absorption peak from 520 to 565 nm and in fluorescence from 520 to 591 

nm respectively. This is due to mercury promoted desulfurization and intramolecular 

cyclization of thiosemicarbazide to 1,3,4-oxadiazole [110]. Another fluorescent 

chemodosimeter 35 (Figure 1.15) based on spirocyclic ring-opening of rhodamine-based dyes 

followed by mercury promoted desulfurization and intramolecular cyclization of 

thiosemicarbazide to 1,3,4-oxadiazole for selective recognition of Hg2+ have been reported by 

Liu  et al. in 2013. The chemodosimeters 35 showed high sensitivity and selectivity Turn-On 

fluorescence to Hg2+ with color change which can be detected by naked-eye in aqueous media 

and it was applicable in monitoring the blood Hg2+ ions intoxicosis mice [111]. 

 

Figure 1.15 Hg2+ ion selective chemodosimeter based on Hg2+ triggered desulfurisation and 

intramolecular cyclization of thiosemicarbazide to 1,3,4-oxadiazole. 
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1.5.4 Hg2+ Detection via Hg2+-Promoted Elimination of Thioether 

Another important example of desulfurization reaction based fluorescence chemodosimeter 

are a dithioacetal/dithioketal, a mercapto protected aldehyde or ketone group which could be 

converted to the previous corresponding carbonyl derivatives by the selective Hg2+ promoted 

desulfurization (deprotection) reaction. Therefore, significant number of Hg2+ selective 

chemodosimeter based on the carbon–sulfur bond cleavage of dithioacetal/dithioketal to 

corresponding carbonyl derivatives were developed.   

 

By taking the good performance of ratiometric sensors and the selective deprotection reaction 

of thioacetal into consideration Cheng et al. developed two new ratiometric fluorescent 

chemodosimeter 36a and 36b (Figure 1.16) towards Hg2+ and Ag+ ions detection, using ICT 

photophysical mechanism, in which the fluorophore are conjugated phenyl rings and aldehyde 

electron accepter group. Both probes showed selective recognition of Hg2+ and Ag+ among the 

tested metal ions, this is because of the selective cleavage of thioacetals by Hg2+ and Ag+ 

[112]. π-extended anthracene-bearing thioacetals 37 (Figure 1.16) was used by Chinna et al. 

in 2018 a Turn-On fluorescence chemodosimetric responses to Hg2+ ions via selective Hg2+ 

promoted deprotection/desulfurization reaction of thioacetal leads to formation of ICT based 

strong fluorescent formyl products [113]. 

Song et al. in 2013 reported as covalent assembly type fluorescent probe 38 (Figure 1.16) for 

Hg2+ detection with a new way of Hg2+ promoted cleavage of 1,3 dithiolane results Turn On 

fluorescence. Coordination one thiolane moieties with Hg2+ causes subsequently cleavage of 

the carbon–sulfur bond which consequently caused alkyl sulfonium ion which is highly 

electrophile and reacts the nucleophile N,N-dithylaniline group to re-aromatization followed 

by elimination of Hg(S-CH2CH2–S) complex and furnishes fluorescent pyronin B scaffold 

[114]. And in the year 2018, Pan et al. reported a novel thioacetal elimination based reaction 

coumarin chemodosimeter 39 (Figure 1.4) via the “covalent assembly” principle, which 

detected Hg2+ and CH3Hg+ with excellent selectivity and sensitivity. The desulfurization of 

1,3-dithiolane to formyl group and the ortho-2-aminophenyl group plays key role in 

condensation to generate cyclic amine with larger conjugation than the probe though the Hg2+ 
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ion promoted desulfurization followed intramolecular condensation which results hetrocyclic 

product. Probe 39 exhibits absorption and emission maximum at 405 nm and 492 nm 

respectively. Meanwhile, upon addition of Hg2+ or MeHg+ it shows good ratiometric character 

both in absorbance and fluorescence and after complete reaction with Hg2+ the absorbance and 

fluorescence shifts to 480 nm and 572 nm respectively. 39 shows detection limit of 27 nM 

and 5.8 mM for Hg2+ ion and CH3Hg+ respectively [115]. 

 

Figure 1.16 Hg2+ ion selective chemodosimeter based on Hg2+ triggered desulfurisation / 

deprotection reaction of dithioacetal/dithioketal. 
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1.5.5 Hg2+ Detection via Hg2+- Promoted Hydration of Alkynes to 

Ketones 

Hg2+ ion react with electron rich alkynes to undergo hydrolysis reaction to produce carbonyl 

moieties. The hydration of alkynes to give an enol in water could be promoted by Hg2+ ion, in 

which this enol form is tautomerizes into ketone is known as Kucherov reaction [116]. 

Formation of acetone by the hydrolysis of isopropenyl acetate promoted by Hg2+ ion through an 

oxymercuration–deoxymercuration mechanisms is one of the known examples [117]. Therefore, 

significant number of Hg2+ ion selective fluorescent sensors based on Hg2+ ion promote 

hydrolysis of vinyl ether and oxymercuratyion of an alkyne via 𝜋-electrophilicity of mercury ion 

was developed. 

Having the alkynophilicity of Hg2+ ion into account, coumarin-based alkyne fluorescent 

chemodosimeter 40 (Figure 1.17) was developed for Hg2+ ions detection, via the Hg2+ 

promoted conversion of alkyne to ketone in water by Lee et al. in 2009. The Hg2+ promoted 

hydration of alkynes to ketones induces more electron-withdrawing carbonyl group which 

exhibits bathochromic shift in absorbance from 425 nm to 471 nm with isosbestic point at 450 

nm and fluorescence intensity quenching [118]. Subsequently, in 2011 the same group tried to 

modify the Turn Off chemodosimeter 40 into ‘Turn On’ chemodosimeter 41 (Figure 1.17) by 

incorporating amide group into the coumarin-based alkyne. Interestingly, the chemodosimeter 

containing porpagargyl amide 41 was established a ratiometric result by cyclization of the 

propargyl amide to corresponding oxazole derivative on the presence of Hg2+, along with red 

shift from 427 nm to 475 nm and isosbestic point at 438 nm and ratiometric fluorescence 

emission with gradual quenching of at 469 nm, and fluorescence enhancement at 492 nm with 

an isoemissive point at 472 nm, which detects Hg2+ with LOD of 2.7 μM [119]. Taking the 

advantage of thiophilicity and alkynophilicity of Hg2+ ion. Lin et.al. reported chemodosimeter 

42 (Figure 1.17) containing both the thiol and alkyne moieties utilized for Hg2+ ion 

recognition. Reaction of Hg2+ with the alkyne group triggers a spirocyclic ring opening with a 

concomitant intramolecular attack by the thioamide sulphur to the alkyne functionality which 

directs to the thiazole ring formation with mercurated exocyclic double bond which undergoes 

further Hg2+ promoted hydrolysis to corresponding thiozole carbaldehyde with rapid 

fluorescence enhancement up to 140-fold at 566 nm and color change [120]. 
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Figure 1.17 Hg2+ ion selective chemodosimeter based on Hg2+ ion promoted hydration of 

alkynes to ketones 

1.5.6 Hg2+ Detection via Hg2+ ion Promoted Hydrolysis of Vinyl Ether 

and Isopropenyl Acetate 

It is known that Hg2+ catalyzes hydration of alkynes to form the corresponding ketones. A 

sensitive and specific “Turn On” fluorogenic chemodosimeter 43 (Figure 1.18) for Hg2+ ion 

detection based on the Hg2+ promoted cleavage of the fluorescence-masking alkyl group have 

been developed by Song et al. in 2008. Reaction of Hg2+ with the alkynes of chemodosimeter 

43 first leads to mercuration reaction followed by hydrolysis/demercuration, to produces the 

corresponding ketone which leads to 219 fold emission enhancements at 523 nm in aqueous 

and it was used for detection of Hg2+ ion in fish tissue in ppb level [121]. This mechanism has 

also been applied in designing chemodosimeter 44 (Figure 1.18) in 2011 by Ando and Koide 

for selective detection of Hg2+ ion. Vinyl-ether has also high affinity to Hg2+ ion and 

ultimately the hydrolysis reaction leads to the corresponding acetaldhyed and phenolate 

formation. consequently, non-fluorescent chemodosimeter 44 showed ‘Turn On” fluorescence 

in the presence of Hg2+ at 515 nm, which was applicable for Hg2+ ion detection in dental and 

river water samples with LOD of lower than ppb level [122].  

Similarly, naphthalimide derived selective chromogenic and ratiometric fluorometric 

chemodosimeter 45 (Figure 1.18) for Hg2+ ion detection via Hg2+ ion promoted hydrolysis of 

aryl vinyl was reported by Jiang et al. in 2014. The hydrolysis of aryl vinyl ether group 

produced highly fluorescent 4-hydroxynaphthalimide due to the strong donating ability of 

oxygen anion which opens ICT process, resulting bathochromic shift from 456 nm to 546 nm 

with isosbestic point at 506 nm accompanied by colorless to light yellow color [123].  

Another fluorescent chemodosimeter 46 (Figure 1.18) contains2-(1(p-tolyl)-phenothro[9,10-

d]imidazol-2-yl)phenol as fluorophore scaffold and vinyl group recognition unit have been 

reported by Gu et al. in 2015. The Hg2+ ion induced cleavage of the fluorescence masking 
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vinyl group to results deprotection of OH group in the probe which opens excited state 

intramolecular proton transfer (ESIPT) that Turn On the fluorescence with shift from short 

wave length (380 nm) to long wave length (477 nm) with red shift of about 100 nm attributed 

to ratiometric detection of Hg2+ ion with LOD of 7.8 nM and fluorescence naked eye detection 

under long UV-light with color change from blue to green fluorescence [124].   

 

Figure 1.18 Hg2+ ion selective chemodosimeter based on Hg2+ ion promoted hydrolysis of 

vinyl ether and isopropenyl ether. 

1.5.7 Hg2+ Promoted Spirolactam Hydrolysis Reaction 

The Rhodamine spirolactam is non-fluorescent and colorless, binding of Hg2+ ion induces 

spirolactam ring-opening via Hg–O bond formation followed by Hg2+ promoted irreversible 

hydrolysis in the presence of water, which results an intense colored and high emission. 

Several Hg2+ chemodosimeters have been developed and reported based on this principle.  

Du et al. in 2010 designed rhodamine B based chemodosimeter 47 (Figure 1.19), for selective 

Hg2+ ion sensing. The Hg2+ promoted ring opening of 47 via Hg–O bond formation followed 

by hydrolysis of hydrazide into carboxylic acid to release rhodamine B showed a clear “Turn 

On” fluorescence. Addition of Hg2+ ion to 47 solution enhances the fluorescence intensity at 

579 nm significantly by over 370 fold and a new absorption peak emerged at around 554 nm. 

Chemodosimeter 47 was selective and sensitive to Hg2+ with LOD of 0.91 ppb [125]. Ni et al. 

in 2013 [126] and Zhang and Zhu in 2014 [94] designed rhodamine B Schiff bases based 

chemodosimeter 48 and 49 (Figure 1.19) by conjugation of Rhodamine B hydrazide with 

glyoxylic acid and glyoxal respectively, as selective and sensitive fluorogenic and 

chromogenic Hg2+ ion detectors. The coordination of Hg2+ to chemodosimeter 48 and 49 

undergoes rhodamine-B spirolactam ring opening followed by rapid Hg2+ promoted 

hydrolysis of hydrazide to carboxylic acid functionality in aqueous system which transforms 

the colorless chemodosimeter into a pink colored accompanied by “Turn On” fluorescence. In 

the presence of Hg2+ ion 48 and 49 showed a new absorption maxima at 555 nm and 561 nm 
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and drastically enhanced “Turn On” emission intensity at 578 nm and 576 nm for 48 and 49 

respectively, with distinct color change from colorless to pink which provided “naked eye” 

detection of Hg2+ ion.  

Another rhodamine 6G derived chemodosimeter 50 (Figure 1.19), via Hg2+ promoted 

hydrolysis reaction of rhodamine spirolactam has been designed and developed by Bay et al. 

in 2019. The colorless and non-fluorescent chemodosimeter was turned into pink color and 

yellow fluorescent emitter at 558 nm due to selective Hg2+ promoted hydrolysis reaction of 

rhodamine spirolactam. The chemodosimeter was selective and sensitive to Hg2+ with LOD of 

0.08 µM for colorimetric and 0.008 µM for fluorometric methods [127]. 

 

Figure 1.19 Hg2+ ion selective chemodosimeter based on Hg2+ promoted hydrolysis reaction 

of rhodamine spirolactam ring. 
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1.6 Coordination Based Hg2+ Sensors 

In order to design fluorescent sensor for detection of analyte species, it is imperative to 

establish a fitting receptor moiety that selectively binds the analyte and change fluorescence 

properties of the fluorophore. This can be accomplished through careful selection of 

appropriate binding moiety and signal units. Metal-ligand coordination bonding, by its very 

nature, fulfils these criteria. Subsequently, integrating fluorescence signal unit with specific 

receptor moiety for a definite metal ion is common approach to design chemosensor for metal 

ion detection. Coordination of metal ions to the receptor will alter the photophysical 

properties of the fluorescence signal unit [128]. Hence, variety of sensors based on direct 

coordination of metal to ligand has been reported.   

Alfonso et al. reported two ferrocene-based Heteroditopic receptors for selective detection of 

Hg2+ ion, containing two pyridine ring group as the binding moiety chemosensors 51 [129] 

and 52 [130] (Figure 1.20). The weak fluorescence at 507 nm of 51 shows 227 fold chelation-

enhanced fluorescent (CHEF) towards Hg2+ accompanied by red shift of 28 nm with 1:1 

stoichiometry detection limit 1.81 μM. While, addition of Hg2+ ion to 52 was accomplished 

by 165 fold fluorescence enhancement based on CHEF process and red-shifted from 512 nm 

to 544 nm.  

Jonaghani and Zali-boeini in 2017 reported quinoline derived naphthothaizole fluorescence 

probe 53 for selective detection of Hg2+ ion in 1:1 of MeCN/water mixture and exhibited 

absorption maxima centered at 356 nm and emission at 433 nm. Upon Hg2+ ion addition a 

new absorption peak centered at 504 nm emerges with red shift of about 71 nm and 

observable quenching in the existing fluorescence band with LOD of 34.2 nM, additionally 

the sensor shows visual blue to green fluorescence color change under Uv-light [131]. Other 

fluorescent chemosensor 54 (Figure 1.20) with anthracene core fluorescence signaling unit 

bridge by triazole to oxyquinoline to get selective receptor unit with high coordination affinity 

to Hg2+ ion through the nitrogen atom of triazole ring and quinoline ring in water/THF 6:4 

mixture and display fluorescence Turn-Off response was reported by Gupta et al. in 2017 

[132].  
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Figure 1.20  Hg2+ selective chemosensors with pyridine core receptor 

Chen et al. in 2011 reported a squaraine containing dithiocarbamate moiety a fluorescent 

sensor 55 (Figure 1.21) with H-aggregate nature as selective colorimetric and Turn On 

fluorimetric Hg2+ ion detector with 1:2 stoichiometry and LOD of 7.1 nM. The selective 

coordination of Hg2+ with the dithiocarbamate acceptor groups of fluorescent sensor induces a 

700 fold emission enhancements and color change from purple to blue which resulted from 

deaggregation of the H-aggregate [133]. Taki et al. reported other reversible selective Hg2+ 

ion sensor containing thioether receptor unit chemosensor 56 (Figure 1.21) bearing 

hexathioether moieties as metal receptor which preferably binds soft metal Hg2+ ion in an 

aqueous solution. 56 exhibits a swift enhancement in emission intensity of around 20-fold 

upon Hg2+ ion binding with receptor group of 56 with an extremely high femto-molar binding 

affinity and 1:1 binding stoichiometry. 56 were reversible by addition of Glutathione and 

applicable in monitoring Hg2+ ion level change in the mitochondria of living cells [134].  

 

Figure 1.21 Hg2+ selective chemosensors with thioether moieties receptors 

Tharmaraj and Pitchumani in 2012 reported foluorescent chemosensor 57 (Figure 1.22) by 

reaction of dansyl chloride with 2-aminothiophenol for detection of Hg2+ via twisted ICT in 

aqueous:CH3CN (1: 1 v/v) solution. The coordination of Hg2+ with thio and sulfonamide group 

results interamolecular charge transfer from the electron rich N, N-dimethylamino group to the 

electron poor sulfonamide moiety exhibits a significant fluorescence quenching accompanied by 
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red shift from 495 to 514 nm and blue shifts in absorbance from 342 nm to 330 nm with LOD of 

1.5 nM [135]. Srivastava et al. in 2013 reported other ICT based fluorescent chemosensor 58 

(Figure 1.22) containing sulfonamide group for detection of Hg2+ in 1:1 MeCN/water solution by 

introducing benzhydryl and dansyl groups bridged by piperazine to generate a stable configuration 

by acquiring an efficient electron rich ICT probe to work on the push–pull mechanism.  The 

coordination of Hg2+ with nitrogen atoms of piperazine unit and sulfonamide group activates the 

charge transfer from N,N-dimethylamine to sulfonamide moiety induces quenching and detects 

Hg2+ as sensitive as 20 nM [136]. 

 

Figure 1.22 Hg2+ selective chemosensors with sulfonamide receptors 

Dimerized cysteine amino acid residues with dansyl fluorophore based fluorescent 

chemosensor 59 (Figure 1.23) containing sulfonamide and cysteine dimer as receptors in the 

designing of selective Hg2+ sensor were reported by Joshi et.al in 2010. 59 exhibited an 

outstanding selective Turn-On response to Hg2+ with blue shift from 541 to 507 nm upon 

excitation with 330 nm in 100% aqueous solution. The sensor showed LOD of 7.8 nM with 

good reversibility via addition of EDTA solution [137]. Other Amino acid based fluorescence 

chemosensors containing pyrene fluorophore and sulfonamide and methionine receptors 60 

[138] and tryptophan as a receptor 61 (Figure 1.23) [139], were designed and reported by 

Lee and his coworkers in 2011 and 2013 respectively. The addition of Hg2+ to 60 induced 

decreasing in intensity of absorption spectra at 352 nm and a ratiometric response by a 

significant decreasing the intensity of the monomer emission centered at 385 nm and 

enhancement in excimer emission of the pyrene moiety at 480 nm with increasing Hg2+ 

concentration as indication of dimerization of two pyrene fluorophores in binding with Hg2+ 

with binding stoichiometry of 2:1 in pH 7.4 HEPES buffer (10 nM) containing 2% DMF. The 

PET mechanism of 61 from indole to pyrene with absorption at 352 nm and fluorescence at 

390 nm was inhabited by the coordination of Hg2+ to the indole and amino acid groups and 

exhibited significant decrease in the absorbance and progressively increasing excimeric 

emission at 480 nm due to the stacked dimerization of two pyrene fluorophores in binding 

with Hg2+ with binding stoichiometry of 2:1 in 5:95 MeCN/water 10 mM HEPES buffer pH 

of 7.4.  
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Figure 1.23 Hg2+ selective chemosensors with sulfonamide and-amino acids receptors. 

Recently, Aliberti et al. reported a set of dansyl-amino acids based fluorescent chemosensors 62a-e 

(Figure 1.24) for Hg2+ ions recognition using methionine and cysteine derivatives as receptors via 

different fluorescence emission modes in aqueous buffers [140]. 62a shows quenching at low 

concentration of Hg2+ ion (0.02-0.4 equiva.) and enhancement upon increasing the 

concentration above 0.6 equivalents with blue shift from 550 nm to 500 nm. Suggesting that 

formation of two different stoichometric ratio of metal-ligand complexes 1:1 and 2:1 

complexation for lower and higher amounts of Hg2+ ions respectively. In case of 62b which 

also contains thioether group, shows modest fluorescence enhancement in comparing to 62a. 

While the strong emitter 62c exhibited strong quenching on binding to Hg2+ with slight blue 

shift from 520 to 510nm. Similarly Hg2+ induces strong fluorescence quenching into 62d and 

62e. 

.  

 

Figure 1.24 Hg2+ selective chemosensors with dansyl-amino receptors. 



Chapter 1 2019 

 

30 

 

A fluorescent chemosensor 63 (Figure 1.25) containing a crown thioether group as the binding 

moiety and naphthalimide as fluorophore exhibited Turn On for Hg2+ and Turn Off   for Ag+ 

dual signaling properties in aqueous solution was reported by Chen et al. in 2010 [141]. 

Likewise, Atilgan et al. synthesized near-IR emitting based ratiometric chemosensor 64 

(Figure 1.25), using dithia-dioxa-aza macrocycle as Hg2+ ion recognition unit linking with 

BODIPY fluorophore. The binding of Hg2+ ion to 64 induced a blue shift from 720 nm to 630 

nm, which induced by blocking of the electron donating ability of the amino groups due to the 

coordination of heave metal mercury, this decreases the conjugation and blocks ICT and 

causes blue shift followed by color change from blue to green [142]. 

 

Figure 1.25 Hg2+ selective chemosensors containing crown thioether or dithia-diazo receptor 

group. 

Highly selective and reversible Hg2+ ion receptor with free thiol recognition unit containing 

rhodamine based fluorescent sensor 65 (Figure 1.26) with a light “Off–On” system was 

reported by Liu et al. in 2012. Addition of Hg2+ to 65 induces distinct fluorescence and color 

change in 80:20 ethanol/water solution which resulted from the spirolactam ring opening. 

Strong affinity of the thiol for Hg2+ starts up the opening of spirolactam ring through Hg-S 

and Hg-O bond formation. This induces emission enhancement at 576 nm with swift color 

change from colorless to pink and emission at 558 nm with LOD of 2.5 μM. And good 

reversibility was acquired by addition of tetra-butyl ammonium iodide (TBAI) [143]. 

Chemosensor 66 (Figure 1.26) with S, N, O possible coordinating atoms to Hg2+ ion binding 

was reported by S. Gwon and his co-workers in 2015.   
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The chemosensor 66 was dual mode chemosensor for Hg
2+

and CN‾ ions based on 

styrylbenzothiazolium having hydroxyl, thioether and aniline nitrogen as a receptor group for 

selective binding of Hg2+. the ligation of electron rich aniline nitrogen with Hg2+ ion favors 

ICT process leads to a evident color change from pink to colorless with blue shift from 516 

nm to 383 nm in absorption and fluorescence quenching [144].      

Recently, other S, N, O atoms coordinating moiety Hg2+ ion receptors chemosensor 67 

(Figure 1.26) with the coumarin Schiff base fluorophore for selective colorimetric and 

fluorometric Hg2+ ions detection in nano-molar level in mixed aqueous-organic solution was 

developed and reported by Shaily et al. in 2017. Addition of Hg2+ ions to the chemosensor 

tune the yellowish green solution into orange which can be detected by naked eye 

accompanied by fluorescence intensity quenching, more importantly, it was used for elective 

detection of CN- ion by displacement of Hg2+ ions [145].   

 

Figure 1.26 Hg2+ selective chemosensors with S, N, and O atoms coordinating moiety 

receptor. 

1.7 Objective of the Thesis 

From above discussion, it is evident that the detection and estimation of toxic metals is very 

important and relevant in the context of human health and environmental protection. The 

literature survey discloses that, even though there are numerous reported Hg2+ sensors, the 

search for fluorescence sensors with precise high sensitivity, selectivity and good response 

time is still needs more exploration. And owing to its hazardous and biotoxicity to the 

environment and ecosystem, recognition of Hg2+ is creditable.  

The central theme of this thesis is designing and synthesis of some novel fluorescent 

chemosensors with high selectivity and sensitivity, and their photochemical studies for 



Chapter 1 2019 

 

32 

 

selective recognition of Hg2+ ion in aqueous system. In this thesis, synthesis, 

characterizations, binding and sensing mechanisms of the synthesized ligands have been 

analyzed via different instrumental techniques viz FTIR, 1H and 13C NMR, HRMS, UV-Vis, 

fluorescence spectroscopy and lifetime analysis have been used for the entire studies. 

Furthermore, density functional theory (DFT), molecular logic gate and anti-microbial 

behavior have been applied in some schemes. 

This thesis work is summarized into five chapters, the first chapter is about general 

introduction which defines fluorescence sensing, and importance of metal sensing particularly 

focuses on the selective recognition of Hg2+ ion, and brief discussion on principle of some 

common photophysical mechanisms of fluorescence sensors and reviews some common type 

of Hg2+ ion receptors in different mechanistic approaches.  

Second chapter presents the design and synthesis of 1,4-benzothiazine hydrazide (L2) for 

selective and sensitive colorometric and Turn On fluorometric detection of Hg2+ ion in 1:2 

MeCN/water HEPES buffer at pH of 7.2, which is applicable in real sample analysis. The 

experimental findings were supported by applying density functional theory (DFT) and 

further the reversible behavior of receptors applied as INHIBIT logic gate.  

The third chapter discusses a novel colorometric and ratiometric fluorescence chemosensor 2-

(2-mercaptophenyl)-1H-benzo[de]isoquinoline-1,3-(2H)dione (L3) for detection of Hg2+ ions 

applied in environmental water sample. The outcome of photo-physical experiment has also 

been in good accordance with the DFT estimations. The ‘On-Off-On’ emission reversibility 

works in the principle of IMPLICATION logic gate.  

The fourth chapter describes two AIE active naphthalimide-amino acid conjugates 

chemosensors (L4 and L5) for Hg2+ detection based on selective chelation mediated emission 

enhancement in MeCN/water  (1:99, v/v) medium. 

The fifth chapter discloses the AIEE active and monomer-excimer switching emission via 

metal ion-induced assembly based ratiometric fluorescent chemosensor sulfamethizole 

functionalized 1,8-naphthalimide (L6) for Hg2+ ion detection in aqueous medium and anti-

microbial activity of the ligand and its silver complex. All the synthesized chemosensors in 

this thesis are working in aqueous medium either by Turn On or by ratiometric methods 

which makes them more attractive and desirable. 
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2.1 Introduction 

Development of selective and efficient detection methods for range of toxic heavy metal ions 

and anions is at the center of attention for researchers over the past few decades due to their 

wide range applications in biological, industrial and environmental processes [1–3]. In the 

viwe, researchers across the universe have been putting lot of efforts in designing and 

synthesis of novel chromogenic and fluorogenic organic molecules for as chemosensors 

which are efficiently competent to detect toxic cations and anions [4,5]. Among all heavy 

metal ions mercury ion gets substantial attention due to its notorious history [6,7]. The 

toxicity of mercury and its prolonged effect to human health and the ecosystem is well known 

[8,9]. Contamination of mercury ion is extensive and come up from a array of natural 

processes as well as anthropogenic activities, such as thermometers, barometers, mercury 

lamps, caustic soda, gold mining, fertilizer industries and waste incineration [10,11]. Both 

inorganic mercury ion and elemental mercury can be transformed into methylmercury 

(CH3HgX) by microbial in the environment [12]. Owing to its non-biodegradability 

methylmercury accumulated through the food chain in animal and human leads to cell 

dysfunctions [13,14]. As a result, it induces serious health problems, such as damage to brain, 

nervous system and kidneys due to permeability of Hg2+ ion through biological membranes 

[15]. The United State environmental protection agency (USEPA) has set the highest tolerable 

level of mercury in drinking water to be 2 ppb; this is due to the extreme toxicity of mercury 

ion [16].  

Given these environmental and toxicological concerns, effort to create new sensitive and 

selective mercury detection strategies in different sources has been increased [17]. So, several 

classical analytical techniques for Hg2+ screening have been established, mainly includes 

anodic stripping voltammetry [18], inductively coupled mass spectroscopy, atom is emission 

and absorption spectroscopy, x-ray absorption and fluorescence, surface enhance roman 

spectroscopy etc. [19–23]. Though these techniques are selective and sensitive, the expensive 

instrumentation and necessitates for skilled manpower, controlled experimental conditions 

and time taking sample pre-treatment procedure make them disadvantageous. Apart from 

these classical analytical techniques, a variety of sensors have been proven to be powerful 

tools for detection of mercury ion to list some electrochemical sensors [24], DNA 

functionalized sensors [25], fluorescence sensors [26,27] and colorometric sensors [28–30] 

etc. among these sensors colorometric and fluorscence sensores are more atractive and widely 

investigated, this is due to their advantages like fast detection, nondestractive analysis high 
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sensitivity and selectivity, naked eye visual detection and operational simplicity [31–33]. 

Therefore, designing a new fluorometric/colorimetric mercury sensor with high selectivity 

and sensitivity in aqueous medium is highly recommended. Bearing this idea in mind, we 

designed and efficiently synthesized 3-oxo-[1,4]-benzothiazin-2-ylidene acetohydrazide, 

which is highly sensitive and selective colorimetric and fluorimetric mercury sensor.  

2.2 Experimental section 

2.2.1 Materials and Reagents 

2-aminothiophenol, diethyl-acetylenedicarboxylate and hydrazine hydrate were purchased and 

used without further purification all stock solutions of cations were prepared using their 

perchlorate. The NMR spectra were recorded in JEOL 400 MHz spectrophotometer and TMS 

as internal standard. Perkin-Elmer FT-IR 1000 spectrophotometer were used for IR spectra 

with the help of KBr solid film. Absorption and emission spectra were recorded using 

Specord S600 PC double beam spectrophotometer with cell of 1 cm path length and Horiba 

RF-5301 PC with 1 cm path length standard quartz cell. Inductively coupled plasma mass 

spectrometry (ICP-MS) was used for water sample analysis.  

2.2.2 Synthesis of Chemosensor 

Chemosensor was prepared in two steps [34–36].    

 

Scheme 2.1. Synthesis of L2 (3-oxo-[1,4]-benzothiazin-2-ylidene acetohydrazide. 

Synthesis of Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate: To 2-aminothiophenol (2 

mmol), 2 mmol of diethyl-acetylenedicarboxylate was added slowly and mixed for 5 min with 

spatula, the homogeneous paste was allowed to stand at room temperature for 5 minto get to a 

yellow solid product; the product was collected and washed with ethanol to obtained 

analytically pure product in quantitative yield. The reaction progress was monitored by thin 

layer chromatograph (TLC). 
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Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate: 1H NMR (400 MHz, CDCl3) δ(ppm): 

10.27 (s, 1H), 7.28 (d, J = 8.3 Hz, 1H), 7.20 (t, J = 7.6 Hz, 2H), 7.19 (s, 1H), 7.08 (t, J = 8.0 

Hz, 1H), 7.02 (d, J = 8.3 Hz, 1H), 4.28 (q, J = 7.6,  2H), 1.34 (t, J = 7.6 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ (ppm):  169.9, 156.0, 140.0, 138.0, 125.6, 124.1, 122.7, 117.0, 114.8, 

91.1, 60.3, 14.2. (Figure 2.15-2.16). 

Synthesis of 3-oxo-[1,4]-benzothiazin-2-ylidene acetohydrazide (L2): 2 mmol ethyl (3-

oxo-[1,4]-benzothiazin-2-ylidene)acetate with hydrazine hydrate (2 mmol) in 4ml of ethanol 

was refluxed at 80 oC for 3 hr to get light yellow precipitate of 3-oxo-[1,4]-benzothiazin-2-

ylidene acetohydrazide after completion of the reaction indicated by TLC the reaction mixture 

was cold done to room temperature and product was collected by filtration and washed with 

ethanol to obtained analytically pure product, Yield: 91%.  

3-oxo-[1,4]-benzothiazin-2-ylidene acetohydrazide (L2): 1H NMR (400 MHz, DMSO-d6) δ 

(ppm): 11.60 (s, 1H), 9.14 (s, 1H), 7.28 (d, J = 7.2 Hz, 1H), 7.09 (m, 1H),6.97 (t, J = 7.2 Hz, 

1H), 6.88 (t, J = 7.2 Hz, 1H), 5.57 (s, 1H), 4.29 (s, 2H). 13C NMR (100 MHz, DMSO-d6) δ 

(ppm):  165.3, 149.8, 137.4, 135.5, 131.2, 122.9, 119.0, 116.5, 116.1, and 114.8.  IR (KBr): 

λmax 3377, 3298, 3063, 1612, 1586, 1471, 1443, 1303, 1244, 1154, 1021, 859, 751, 697,545, 

465 (Figure 2.17-2.19). 

2.2.3 Absorbance Measurements 

The photophysical properties of the chemosensor L2 was studied through colorimetric and 

UV-visible absorption at room temperature in HEPES buffered solution (CH3CN:H2O, 1:2 

v/v, pH 7.2). A stock solution of 1 mM of L2 was prepared in CH3CN and diluted to get 

10μM  sample solution in HEPES buffered solution (CH3CN:H2O, 1:2 v/v, pH 7.2) and 

sample was analyzed by taking 3 ml of 10 μM L2 followed by addition of 10 μL of aqueous 

stock (1mM) solution of the metal salts. Perchlorate salts of various metal ions such as Ag+, 

Mn2+, Mg2+, Na+, K+, Ca2+, Ba2+, Hg2+, Cd2+,  Fe2+, Cu2+, Zn2+, Co2+, Al3+, Sn2+,  and Ni2+  

were used to investigate the photo chemical properties of L2. 

2.2.4 Fluorescence Measurements 

The photophysical properties of the chemosensor L2 was studied through colorimetric and 

UV-visible absorption at room temperature in HEPES buffered solution (CH3CN:H2O, 1:2 

v/v, pH 7.2). A stock solution of 1 mM of L2 was prepared in CH3CN and diluted to get 10 

μM sample solution in HEPES buffered solution (CH3CN:H2O, 1:2 v/v, pH 7.2).  
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The fluorescence emission changes were monitored upon addition of 10 equivalents of 

different cations including Ag+, Mn2+, Mg2+, Hg2+, Na+, K+, Ca2+, Ba2+, Cd2+, Fe2+, Cu2+, 

Zn2+, Cr3+, Co2+, Sn2+, and Ni2+ in water to 3 mL of 10 μM solution of ligand in HEPES 

buffered solution (CH3CN:H2O, 1:2 v/v, pH 7.2). All fluorescence spectra were recorded 

using excitation wavelength of with the slit width of 2 nm. 

2.2.5 Theoretical Study 

The structural optimizations of the ligand and ligand-Hg2+ complexes were performed with 

Gaussian 09 program using the Density Functional Theory (DFT) method. All the 

calculations were performed in the gas phase with the hybrid functional B3LYP using the 

basis sets 6-31G(d,p) for C, H, N, O, and S of L2 and LANL2DZ for L2-Hg2+. 

2.3 Results and Discussion 

2.3.1 Colorometric and UV-visible Responses of L2 to Hg2+ ion 

L2 exhibited a characteristic peak at 340 nm in UV-visible absorbance spectrum. Upon 

addition of Hg2+ ion to the L2 (10 µM) in HEPES buffered solution, absorbance at 340 nm 

was significantly enhanced and anew band centered at 550 nm with significant red shift of 

110nm was appeared (Figure 2.1(a)), resulting drastic color change from light yellow into 

purple which can be easily detect by ‘naked eye’ which was entirely different from the other 

cations (Figure 2.2(a)). The binding nitration of chemosensor L2 with Hg2+ ion was also 

studied by absorbance titration, by adding different concentration of Hg2+ (0-3 equiva.) to L2 

(10 µM) solution and absorption band centered at 550 nm increased gradually (Figure 2.1(b)). 

The appearance of a new peak and radical color change indicated that the formation of new 

species, possibly charge transfer complex of L2-Hg2+the formation of charge transfer 

complex between L2 and Hg2+. In contrast, other cations did not exhibit any colorimetric or 

spectral change within L2.  
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Figure 2.1 (a). Absorption spectra of L2 in the presence of 10 equivalents various cations. 

(b). Absorption titration spectral responses of L2 towards varying Hg2+ ion 

concentrations (0-3 eq.) Hg2+ (10 μM of L2 in HEPES buffered solution 

(CH3CN:H2O, 1:2 v/v, pH 7.2). 

 

Figure 2.2 (a). Colourimetric. (b). fluorometric naked-eye detection of L2 in the presence of 

different metal ions in HEPES buffered solution (CH3CN:H2O, 1:2 v/v, pH 7.2). 

2.3.2 Fluorometric Responses of L2 to Hg2+ ion 

A weak fluorescent solution of L2 was turned to strong fluorescent in the presence of Hg2+ 

ion, no significant change was observed upon addition of other tested metal ions except Hg2+ 

(Figure 2.3). the fluorescence change could be easily observed from the emission spectra by 

introducing Hg2+ into the solution of L2 (1.0×10−5 M) in HEPES buffered solution 

(CH3CN:H2O, 1:2 v/v, pH 7.2). The emission peak of L2 was appeared at 416 nm after 

gradual addition of Hg2+ (upto 4.0 equivalents), the emission peak at 416 nm leisurely shifted 
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to 429 nm along with extremely high enhancement in intensity (Figure 2.4) with a red shift of 

13 nm. In addition, the enhancement of the fluorescence was observed by naked eye upon 

irradiation with long UV=light (Figure 2.2 (b)).  

 

Figure 2.3Fluorescence spectra of L2 (10 μM in HEPES buffered solution (CH3CN:H2O, 1:2 

v/v, pH 7.2) in the presence of 10.0 equiv. various cations. 

 

Figure 2.4 Fluorescence Emission spectral responses of L2 (10 uM) towards varying 

concentration of Hg2+ (0-4 eq.) in HEPES buffered solution (CH3CN:H2O, 1:2 v/v, pH 

7.2). (Inset: (a) visual fluorescence change of L2 with Hg2+ (b). A good liner fit of 

Benesi-Hildebarand plot confirms the 1:1 stoichiometry. 



Chapter 2 2019 
 

55 

 

2.3.3 Stoichiometry 

Job’s plot have been applied to inspect the stoichiometry of the L2+Hg2+ complex, the 

fluorescence intensities revealed a maximum at 0.5 mole fraction, which indicated a 1:1 

binding stoichiometry (Figure 2.5(a)) with a good liner fit plot of Benesi-Hildebarand plot of  

[Hg2+] to change in fluorescence intensity of the sensor concomitant plot of log((I-I0)/ (Imax-I)) 

to log[Hg2+], is a street line with slope of 0.96202 (Figure 2.5 (b)) this indicated the 

stoichiometry of L2 to Hg2+ is 1:1 binding.  

 

Figure 2.5 (a). Job’s plot, (b). The plot of log ((I-I0)/ (Imax-I)) to log [Hg2+] (μM in HEPES 

buffered solution (CH3CN:H2O, 1:2 v/v, pH 7.2)) 

2.3.4 Limit of Detection (LOD) and Association Constant (Ka) 

Limit of detection (LOD) 

The fluorescence titration data was used to calculate the limit of detection (LOD) [37–41]. 

The fluorescence intensity standard deviation of for the blank receptor was determined from 

10 times measurement of fluorescence of blank receptor and the standard deviation of the 

blank receptor (L2) solution was found to be 80.57 (Table 2.1). From the linear fit graph of 

fluorescence intensity to concentration of Hg2+ we get slope 4.47× 109 (Figure 2.6a).  

Then the LOD of the receptors for sensing Hg2+ was determined from the following equation: 

𝑳𝑶𝑫 =  𝝈 ×  𝑺. 𝒅/𝒌 
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Where σ is 2 or 3 (in this case 3 was taken); SD is the standard deviation of the blank receptor 

(L2) K is slope of the linear fit in the titration experiment.  

Thus using the above formula we get very low detection limit value of 5.4x10-8 M, which is 

sufficiently low to detect micro-molar concentration of Hg2+ by fluorescence technique. 

Table 2.1 Fluorescence intensity and standard deviation of blank receptor (L2) 

S.no. Fluorescence intensity  

1 4777.841 

2 4815.693 

3 4850.369 

4 4855.337 

5 4895.811 

6 4912.887 

7 4929.382 

8 4981.604 

9 5001.231 

10 5018.887 

Standard deviation  80.57029 

The association constant (Ka) 

The association constant (Ka) calculated by Benesi-Hildebrand linear regression analysis 

[42,43]. The association constant Ka was calculated from a plot of reciprocal of intensity 

difference (1/ΔI), where ΔI = (I-I0), against the reciprocal of concentration of mercury ion 

(1/[Hg2+]) was plotted and the association constant was calculated from the following 

equation where association constant 

𝐾𝑎  =  𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡/𝑠𝑙𝑜𝑝𝑒 

𝟏/(𝑰 – 𝑰𝟎)  =  𝟏/(𝑰∞  −  𝑰𝟎)𝑲𝒂[𝑯𝒈𝟐+]) +  𝟏/(𝑰∞  − 𝑰𝟎) 

The association constant (Ka) calculated by Benesi-Hildebrand linear regression analysis was 

found to be 1.938 x 103 M−1 (Figure 2.6(b)), advocating high binding affinity of L2 towards 

Hg2+.  
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Figure 2.6 (a) Linear fit graph of L2 with Hg2+ fluorescence titration. (b) Association 

constant calculation by Fluorescence titration method of L2 with Hg2+ using linear 

regression analysis. 

2.3.5 pH Selection 

The pH value has enormous significance for the detection procedure. To determine the 

appropriate pH of the Hg2+ detection, the effect of pH on the fluorescence emission of L2 in 

absence and presence of Hg2+ were investigated in a pH range of 1.0-12.0 (Figure 2.7). L2 and 

L2+Hg2+ showed stability in wide pH range of 3-10 which improved its practical applicability 

in the biological pH range.  

 

Figure 2.7 pH dependent fluorescence of L2 and L2-Hg2+. 
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2.3.6 Selectivity Experiments 

In order to check the practical applicability of the receptor L2 for selective detection of Hg2+ 

ion, the selectivity of the fluorescence chemosensor was assessed by competitive experiment 

to determine the possible interferences of other cations. The competitive experiment of  

fluorescence changes of 10 μM L2 in HEPES buffered solution (CH3CN:H2O, 1:2 v/v, pH 

7.2) solution in the presence of 1 equivalent of Hg2+ ion mixed with 10 equivalent of various 

metal ions was carried out including (Ag+, Mn2+, Mg2+,  Na+, K+, Ca2+, Ba2+, Fe2+, Cd2+, Cr3+, 

Cu2+, Zn2+, Co2+, Al3+, Sn2+, and Ni2+). The fluorescence enhancement of L2 by addition of 

Hg2+ remained the same in the presence and absence of other interfering metals (Figure 2.8). 

All the results confirmed the selectivity and sensitivity of L2 towards Hg2+. In addition, to 

investigate the counter ions effect, we have checked L2 with different Hg2+ salts other than 

Hg(ClO4)2 such as Hg(NO3)2, HgCl2, and Hg(SO4)2. Chemosensor L2 emission intensity in all 

cases induced similar change (Figure 2.9). It demonstrated that the counter anions exerted no 

significant effect on Hg2+ sensing.  

 

Figure 2.8 Interference effects of other metal ions in Hg2+ detection by L2 (10 µM) (blue bars 

represent the fluorescence intensity of L2+metal ions and red bars show the 

fluorescence intensity of L2+Hg2++ other metal ions in 1:1:10),  (λex= 330 nm, λem= 

429 nm). 
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Figure 2.9 Fluorescence Emission responses of L2 (10 uM, in HEPES buffered solution 

(CH3CN:H2O, 1:2 v/v, pH 7.2) in the presence of different counter ions. 

2.3.7 Theoretical Calculation 

To understand the binding mechanism of L2 to Hg2+, density functional theory (DFT) and 

time dependent DFT (TD-DFT) calculations were implemented using Gaussian 09 program. 

The geometries of L2 and L2-Hg2+ have been optimized by density functional theory (DFT) 

based on the hybrid B3LYP function combined with 6-31G (d) basis sets for L2 and 

LanL2DZ method for L2-Hg2+ [44]. TD-SCF calculations were conducted to provide more 

information about the electronic characters of L2 and L2-Hg2+. In L2, the HOMO is spread 

all over the molecule; whereas the LUMO mostly localized on the hetero-atoms; and the main 

molecular orbital contribution to absorbance was of the 1st excited state from HOMO to 

LUMO transition with excitation energy of 355.45 nm and oscillator strength 0.2574 (Table 

2.2). With the binding of Hg2+ the HOMO of complex is mainly laid in Hg2+ central metal ion 

and NH2 and C=O moieties, but the LUMO is spread over entire molecule. The 2nd excited 

state was determined for the main molecular orbital contribution to absorbance was transition 

from HOMO to LUMO+1 (Figure 2.10) with excitation energy and oscillator strength of 

550.82 nm and 0.0002 respectively (Table 2.2).  
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Figure 2.10 Molecular orbital diagrams and excitation energies of L2 and L2-Hg2+ complex. 

Complex formation of L2 with Hg2+ destabilizes the HOMO and stabilizes the LUMO, this 

drop off HOMO-LUMO energy difference from 3.83 eV in L2 to 0.75 eV in L2-Hg2+ (Figure 

2.11). This has been supported by red shifting of absorption band to longer wavelength on 

coordination with Hg2+ (340 nm in L2 shift to 550 nm in L2-Hg2+). The calculated absorption 

band was reliable with the experimental absorption data (Figure 2.12). Upon complexation 

with Hg2+, the intramolecular rotation of the sensor is restricted, which blocks the pathway for 

non-radiative decay and converts into strong emitters. 

Table 2.2 The major electronic transition energies and molecular orbital contributions for L2 

and L2-Hg2+. 

 Excited state  Theoretical 

Wavelength (nm)  

Oscillator 

strength 

Experimental 

(nm) 

L2   1st HOMO to LUMO 355.45    0.2574   340 

L2 + Hg2+ 2nd HOMO  to LUMO+1 550.82    0.0002   550 
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Figure 2.11 HOMO−LUMO band gaps of L2 and L2+Hg2+ optimized structures. 

 

Figure 2.12 The theoretical excitation energies UV-vis spectrum of (a) L2, (b) L2-Hg2+. 
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2.3.8 Binding Nature of L2 and Hg2+ ion 

Furthermore, the complex formation was established by using IR and 1H-NMR. In the IR 

spectra, the hydrazide carbonyl peak at 1743 cm-1 and N-H peaks at 3377 and 3298 cm-1 of 

L2 disappeared due to the interaction of Hg2+ which  indicated that the interaction of nitrogen 

atoms and the hydrazide oxygen of ligand with Hg2+ (Figure 2.20(a)). In the 1H NMR titration 

spectra of L2 with Hg2+, the NH peak at 9.14 ppm disappear and NH2 proton signal shift from 

4.29 to 4.18 ppm upon the addition of Hg2+,  this indicated that Hg2+ binds to NH, and NH2. 

In addition to that, NH peak at 11.60 ppm shift to 10.64 ppm and all protons of the sensor 

showed shift because of the electropositive Hg2+ ion binding (Figure 2.20 (b)). The proposed 

structure of L2 +Hg2+ complex is as shown in Scheme 2.2.  

 

Scheme 2.2: proposed binding mechanism of L2 with Hg2+  

2.3.9 Reversibility Studies Applied as Logic Gate Circuit Devices 

In order to understand the reusability of ligand, we study the chemical reversibility of the 

binding of L2 to Hg2+. Addition of KI to L2-Hg2+ solution established good reversibility  

which was reviled by restoration of the original spectrum for L2 up on KI addition in HEPES 

buffered solution (CH3CN:H2O, 1:2 v/v, pH 7.2). I− ions have a strong affinity for Hg2+, and it 

causes de-metallation of L2-Hg2+ to HgI2 or [HgI4]2− and regeneration of free sensor [11]. 

 The solution of L2+Hg2+ complex displayed high reversibility in colorimetric and 

fluorimetric by I- through Hg2+ displacement approach. This has been designated by purple to 

light yellow color change (Figure 2.13(a)) and fluorescence quenching with visual 

fluorometric change (Figure 2.13(b)) upon addition of KI to in situ generated L2-Hg2+ 

solution. This indicated that the free L2 was regenerated from the complex (L2–Hg2+) which 

can be used for further sensing. This reversibility character advocated the promising usage of 

chemosensor L2 as “off–on–off” naked eye and fluorescence sensor. Furthermore, the “off-
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on-off” cycle was repeated several times by subsequent addition of Hg2+ and KI (Figure 2.13 

(c)). Subsequently, the reversibility of the chemical sensor L2 by KI has been used to build an 

INHIBIT logic gate on the basis of these two input signals, which can be symbolized as a 

combination of NOT and AND gates [45,46], using Hg2+ (input 1) and KI (input 2) and the 

fluorescence enhancement at 429 nm as an output (Figure 2.13 (d)).  

 

Figure 2.13 (a). Visual Colorimetric reversibility (b). Fluorescence reversibility of 

chemosensor L2 upon sequential addition of Hg2+ and KI. (Inset: visual fluorometric 

reversibility) (c). number of cycles of reversibility of chemosensor upon sequential 

addition of Hg2+ and KI (d). Switch circuit diagram and Truth table corresponding to a 

logic gate based on Hg2+ and KI. 

2.3.10 Analysis of Real Sample 

To investigate the reliability and analytical applicability of chemosensor L2, L2 was used for 

detection of Hg2+ ion in canal water and drain water samples, a standard addition method was 

used to eliminate matrix effect. A water sample from a Ganga canal and Khanjarpur drain 

water around Roorkee was filtered through a 0.2 µm nylon filter and used for analysis without 
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any further pre-treatment. 1mL of the water samples were mingled with standard solutions of 

Hg2+ to prepare 3.0 mL solution at the range of 0.1-1.0 µM concentration in HEPES buffered 

solution (CH3CN:H2O, 1:2 v/v, pH 7.2). The mixtures were analyzed by fluorescence titration 

against L2 solution (Figure 2.14). The Hg2+ concentrations were found to be 6.46× 10−7 M 

and 5.58 × 10−7 M for canal water and drain water respectively. For further verification of 

accuracy of the method, the water samples were also analyzed by ICPMS; and the obtained 

results (Hg2+ concentration in canal water and drain water were 6.41 × 10−7 M and 

5.55 × 10−7 M respectively) were in good agreement with calculated concentration from 

fluorescence analysis and it reveals the effectiveness of the chemosensor for Hg2+ ion 

detection In actual samples. 

 

Figure 2.14 linear correlation between changes in fluorescence intensity and [Hg2+] in water 

samples spiked with different amount of [Hg2+] standard solutions in the standard 

addition experiments. (a) Canal water, (b) Drain water. ([L2]=10 uM, λex =330 nm, 

λem = 429 nm). 
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2.4 Conclusion 

We have prepared a highly reversible, selective and sensitive naked eye and Turn On 

florescence chemosensor for Hg2+ ion detection in aqueous medium. Addition of Hg2+ ion 

induced a new absorption band centered at 550 nm and clear color change from light yellow 

to purple accompanied by giant fluorescence emission enhancement. The prepared chemical 

sensor L2 is highly selective for Hg2+ with detection limit of 5.4x10-8 M which is low enough 

for sensing sub-micromolar concentration of Hg2+. The binding mode of chemosensor L2 

with Hg2+ was nicely demonstrated via DFT computer-based theoretical calculation, the 

theoretical studies supported this sensing process. L2 was used for fast determination of Hg2+ 

ion in water samples and the result obtained from direct determination of Hg2+ in 

environmental sample without any further purification was adequately comparable with the 

corresponding ICP-MS result. Furthermore, the chemical sensor L2 was reversible by KI, the 

original color and fluorescence intensity of L2 was restored upon addition of KI solution to 

the L2-Hg2+ solution and the “off–on–off” reversible has been used to build the logic gate 

method.  
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Spectral characterization of intermediate, L2, and L2+Hg2+ by NMR and 

IR  

 

Figure 2.15 1H-NMR spectrum of Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate in 

CDCl3. 

 

Figure 2.16 13C-NMR spectrum of Ethyl (3-oxo-[1,4]Benzothiazin-2-ylidene)acetate in 

CDCl3. 
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Figure 2.17 1H-NMR spectrum of L2 in DMSO-D6 

 

Figure 2.18 13C-NMR spectrum of L2 in DMSO-D6 



Chapter 2 2019 
 

68 

 

 

Figure 2.19 FT-IR spectrum of L2 in KBr pellet. 

 

Figure 2.20 (a) FT-IR spectrum of L2 and L2 +Hg2+ in KBr pellet, (b) 1H-NMR titration of 

L2 and L2 +Hg2+ in DMSO-D6. 
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3.1 Introduction 

Industrialization has been tremendously accelerating in recent years throughout the world. 

Consequently, it gave rise to serious air pollution and discharges toxic heavy metal ions, 

which ultimately accumulate in human bodies through food chain [1]. Mercury pollution is a 

serious hazard to our environment. It finds its way into water through point-source discharges 

with its environmentally mobile and prevalent form [2,3]. Inorganic mercury ion and metallic 

mercury can be easily converted into methyl-mercury (CH3Hg+) by micro-organisms [4] 

which is the main source of organic mercury and more noxious form of mercury ion [5,6] 

thereby it builds up in aquatic organisms and consequently accumulates in higher organisms 

though the food chain [7]. The extreme toxicity of Hg2+ instigates from its strong affinity to 

thio moieties of proteins and enzymes [8,9] causing dys-function of cells and consequently 

leads to many health problems. Exposure to trace amount of mercury ions can cause serious 

damages [10] to prenatal brains, nervous system [11,12] the endocrine system [13] immune 

system [14] and other biological systems. Therefore, concerns about the serious toxic 

damages of mercury ion have provoked these arching of reliable and fast with high selectivity 

and sensitivity method of detection for mercury ion and many mercury-ion sensors have been 

recently reported, yet environmentally benign, operationally simple mercury sensor with high 

selectivity and sensitivity in real samples is still urgent. 

Due to low cost instrumentation, rapid detection, high selectivity, sensitivity and relatively 

simple handling, a fluorescent probes are widely used as powerful tools to detect cations, 

anions, and neutral molecules [15,16]. Owning to their photo-physical properties, such as high 

fluorescence quantum yields and inherent photo-stability, 1,8-naphthalimides are extensively 

used as colorimetric and fluorometric probes [17–19]. The optical and photo-physical 

properties of N-aryl-1,8-naphthalimides are very sensitive to substitutes in the 1,8-

naphthalimides ring or that of the N-aryl moiety [20–22]. This feature has been extensively 

applied in designing and preparation of colorimetric and fluorometric chemosensors based on 

1,8-naphthalimide [18,23–27]. Chemosensors with free thiol or sulphur moieties in their metal 

receptor unit are highly selectivity for Hg2+ due to high binding affinity of Hg2+ for soft 

sulphur donors. Hence, various explorations of thiol based fluorescent Hg2+ sensors have been 

developed [28–30]. Based on the above ideas, the conjugation of 1,8-naphthalimide 

fluorophores with thiol as Hg2+ receptor part is promising development for designing of a new 

fluorescent Hg2+ sensor. The measurement of emission intensities at two different 
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wavelengths is an important aspect of ratiometric fluorescent probes which make them more 

attractive over intensity-based probes [31]. Ratiometric fluorescent probes are not influenced 

by microenvironment, concentration of probe, excitation light intensity, etc. This eliminates 

major limitation of intensity based probes, via the ratio of two emissions at different 

wavelengths [25,26,32–35]. Though, wide-ranging of 1,8-naphthalimide based chemosensors 

with a different substituent in the 1,8-naphthalimides rings have been reported, a simple dual 

colorimetric and ratiometric mercury sensor is still imperative. 

In this study, we present a new sensitive colorometric and dual ratiometric chemosensor L3 

for selective recognition of Hg2+, by integration of 1,8-naphthalimide with a 2-mercapto-

phenyl moiety in which the amide and thiol groups are responsible for the specific recognition 

of Hg2+. The synthesis of L3 is a straight forward involving single step amidation of 1,8-

naphthalic anhydride to achieve the desired chemosensor. And this chemosensor was found 

to detect Hg2+ with reasonable selectivity and sensitivity against several competing metal 

ions. Moreover the chemosensor gives adequately comparable results with corresponding data 

from inductively coupled plasma mass spectrometry (ICP-MS) for applications in direct 

determination of Hg2+ in water samples. 

3.2 Experimental Section 

3.2.1 Reagents and Instrumentation 

Stock solutions of all cations were prepared using their corresponding perchlorates purchased 

from Himedia and Loba Chemie, India. Spectroscopic grade MeCN and deionized water was 

used for photophysical experiments. IR spectra were recorded with the KBr pellet on the 

Alpha-FTIR spectrometer BRUKER in the range 4000-400 cm-1. 1H-NMR and 13C-NMR 

spectra of compounds were recorded in CDCl3 on a Bruker spectrospin DPX 500 MHz 

spectrometry with TMS internal standard were used, and the chemical shift were reported as 

parts per million (ppm) scale downfield from TMS. The multiplicities were reported as 

abbreviations viz s= singlet, d= doublet, t= triplet and m = multiplet. Absorption and emission 

spectra were recorded using Specord S600 PC double beam spectrophotometer with cell of 1 

cm path length and Horiba RF-5301 PC with 1 cm path standard quartz cell. Melting points 

was measured by Optimelt melt system. The fluorescence quantum yield was calculated using 

FLS 980 fluorescence spectrometry (Edinburgh Instruments). Fluorescence life cycle was 

recorded by HORIBA jobin Yvon, fluorocube lifetime system and ICP-MS was used for 

water sample analysis.  
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3.2.2 Synthesis and Characterization of Chemosensors 

To a stirring suspension of 1,8-naphthalicanhydride (1 mmol) in ethanol (5ml), 2-

aminobenzenethiol (1.2 mmol) and 10 drops of triethylamine were added and the resulting 

suspension was stirred at 100 °C for 3hrs (Scheme 3.1). As such, when the reaction is 

completed as indicated by thin-layer chromatography (TLC), it was cooled down to room 

temperature with stirring. The solid precipitate product was filtered and washed with ethanol 

[36]. A white solid was obtained in 80% yield; the structure of L3 was characterized by IR, 

1H-NMR, 13C-NMR, and HRMS spectroscopy (Figure 3.16-3.19).   

2-(2-mercaptophenyl)-1H-benzo[de]isoquinoline-1, 3-(2H)-dione (L3): white solid, 80% 

yield; M.P: 210.6 °C; IR (KBr, ῡ/cm-1): 2518 (-SH), 1702, 1662  (N-C=O), 1587, 1376, 1354 

(C=C aromatic frame); 1H NMR (500 MHz, CDCl3, δ/ppm): 8.70 (d, J = 7.2 Hz, 2H), 8.32 (d, 

J = 8.1 Hz, 2H), 7.84 (t, J = 7.7 Hz, 2H), 7.63 (d, J = 7.7 Hz, 1H), 7.45-7.39 (m, 2H), 7.32 (d, 

J = 7.7 Hz, 1H), 3.33 (s, 1H).13C NMR (125 MHz, CDCl3, δ/ppm): 163.7, 135.3, 134.5, 132.8, 

131.8, 130.1, 129.8, 129.6, 128.7, 127.8, 127.1, 122.6 HRMS (ESI+) m/z calcd. C18H11NO2S 

[M]+: 305.0510 found 305.1574.  

 
Scheme 3.1. Synthesis of chemosensor L3. 

3.2.3 Absorbance and Fluorescence Experiments 

Stock solution of L3 (1.0 mM) was prepared in CH3CN and then sample solution of L3 (10 

µM) was prepared in MeCN/H2O (1:1 v/v, PH 7.0, HEPES buffer) in quartz cuvette followed 

by 10 μl aqueous solution (1mM) perchlorates salt metal ions (Na+, K+, Mg2+, Ba2+, Mn2+, 

Zn2+, Cu2+, Co2+, Ni2+, Ag+, Al3+, Fe2+, Fe3+, Pb2+, Cd2+, Cr3+, and Hg2+), all emission 

experiments were carried out with slit width of 2 nm and excitation wave length of 320 nm.    

3.2.4 Theoretical Study 

The optimization of the structure of the ligand and ligand-Hg2+ complexes and their 

absorption energy and oscillation strength (f)calculation were carried out with Gaussian 09 

program by density functional theory (DFT) and time-dependent density functional theory 

(TD-DFT) methods. All calculations were carried out in gas phase with B3LYP hybrid 

function and 6-31G (d) basis set for L3 and LANL2DZ for L3-Hg2+ complex. And the long 

range corrected functionality CAM-B3LYP, using 631+G(d,p) basis set for L3 and 

LANL2DZ method for L3-Hg2+complex.  
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3.3 Results and Discussion 

3.3.1 Naked-eye Selectivity 

The naked-eye recognition properties of L3 were studied toward different metal ions by 

colorimetric and fluorescence methods. The colorless solution of L3 turned into yellowish 

green colour and non-fluorescence to bright yellowish green fluorescent with Hg2+, no 

significant colour change was observed in the presence of other examined metal ions (Figure 

3.1). These results clearly show that L3 can be used for selective naked-eye detection of Hg2+ 

ion in normal light and under UV-lamp.   

 

Figure 3.1 A visual features of detection of Hg2+ with L3 in the presence of 10 equivalent of 

different cations in CH3CN:H2O (1:1 v/v, pH 7.0, HEPES buffer).(a).in sun  light and 

(b). under UV-lamp. (b). under UV lamp. 

3.3.2 Spectroscopic Studies 

The chemosensor L3 exhibits a strong absorbance centered at 332 nm and relatively weaker 

fluorescence emission at 376nm (λex=320 nm). In order to investigate the optical sensing 

competence of the chemosensor the photo-physical studies were performed in the presence of 

10 equivalent of different metal ions ( Na+, K+, Mg2+, Ba2+, Mn2+, Zn2+, Cu2+, Co2+, Ni2+, Ag+, 

Al3+, Fe2+, Fe3+, Pb2+, Cd2+, Cr3+, and Hg2+). These experiments disclose that only Hg2+ ion 

imposes significant change in the photophysical character of L3, while there were no 

reactions from other metal ions. Upon adding different concentration of Hg2+ (0-10 equiv.) L3 

solution, the absorption intensity centered at 332 nm decrease coupled with swift increasing 

and a new absorption band centered at 438 nm with isosbestic point at 356 nm emerges 

(Figure 3.2a). Similarly in florescence spectra a progressive enhanced emission at 480 nm and 

a corresponding modest decrease in 376 nm with an isoemission point at 427 nm (Figure 

3.4b), which indicated clear ratiometric absorbance and fluorescence changes. It is known that 

when Hg2+ chelating with O, S moiety, a bathochromic shift in both emission and absorption 
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is predictable [37], as expected when Hg2+ is binding to the amide oxygen, and thiol group of 

the chemosensor. It shows 106 nm and 104 nm red shift in absorption and emission spectra 

respectively, due to coordination of metal to the receptor. This indicates the opening of 

intramolecular charge transfer (ICT) mechanism in the chemical sensor after coordination 

with Hg2+ [23,24,38–40]. Besides this, no significant change was revealed in the absorbance 

or fluorescence of L3 on the addition of other metal ions (Figure. 3.3).    

 

 

Figure 3.2 (a). Absorption titrations spectral responses of L3 (10 uM) towards varying Hg2+ 

ion concentration (0-5 equiv.), (b). Fluorescence Emission spectral responses of L3 

(10 uM) towards varying Hg2+ ion concentration (0-10 equiv.)(in MeCN/H2O (1:1 v/v, 

PH 7.0, HEPES buffer)). 
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Figure 3.3 (a). Absorption spectra (b). Fluorescence Emission spectra of L3 (10 uM) in the 

presence of 10 equiv. different metal ions (in MeCN/H2O (1:1 v/v, PH 7.0, HEPES 

buffer)). 

Based on the spectral results, the Turn-On fluoresce mechanism of L3-Hg2+ is probably as 

follows: before the addition of Hg2+, the intramolecular rotation of L3 was free that weakened 

the intramolecular charge transfer (ICT) shows a weak fluorescence emission (ΦF = 0.01). 

After binding of Hg2+ to the amide oxygen, and the thiol group of the sensor, the 

intramolecular rotation of the chemosensor restricted which opens the intramolecular charge 

transfer (ICT) state and displays a very strong fluorescence (ΦF = 0.81).  
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3.3.3 Stoichiometry 

The Job’s plot of absorption ratio (A438/A332) and fluorescence intensity ratio (I480/I376) 

(Figure 3.4) that is dependent on the complex formation was plotted as a function of the mole 

fractions of Hg2+ to determine the stoichiometry between L3 and Hg2+ and the maximum of 

the plot was obtained at 0.5 mole fraction both plots, which indicates that the formation of 1:1 

stoichiometry between L3 and Hg2+ [41]. The stoichiometry was studied by HRMS, the mass 

of L3+Hg2+ complex has appeared at 546.2862 (Figure 3.20) and Cal. [L3+Hg2++CH3CN-

2H]+ is 546.0315. This advocates the stoichiometry of L3 to Hg2+ is 1:1 binding.  

   

Figure 3.4 Job’s plot (a) absorption, (b) fluorescence (the total concentration were 10 mM in 

MeCN/H2O (1:1 v/v, PH 7.0, HEPES buffer) 

3.3.4 Limit of Detection (LOD) and Association Constant (Ka) 

Limit of detection (LOD) 

The detection limit was calculated based on a fluorescence titration and standard deviation of 

the ligand fluorescence intensity ratio (I480/I376). The fluorescence emission of ligand was 

measured 5 times, and the standard deviation of the fluorescence intensity ratio was 

calculated, and the emission intensity ratio from the titration experiment in the presence of 

increasing Hg2+ concentrations was plotted as a function of the Hg2+ concentration to 

determine the slope. The fluorescence intensity ratio (I480/I376) fit into straight line as give in  

(Figure 3.5a) and the slope of linear fit graph was used to calculate the detection limit using 

the following equation according to the IUPAC definition [42,43] and found to be 1.74x 10-8 

M.  
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𝐿𝑂𝐷 =  3. 𝜎
𝐾⁄   

Where σ is the standard deviation of blank receptor L3 standard solution, and K is 

the slope of the liner graph.  

 

LOD = 3*0.0023/4.025= 0.017*10-6molar  

Table 3.1 Fluorescence intensity and standard deviation of blank receptor (L3) 

S.no. I 376 I480 I480/I376 

1 2685.724 18073.73 0.148598 

2 2564.019 18020.42 0.142284 

3 2624.872 18047.07 0.145446 

4 2594.446 18033.74 0.143866 

5 2609.659 18040.41 0.144656 

STDEV 0.002341 

Association constant (Ka): the Benesi-Hildebrand plot between The linearity of Benesi-

Hildebrand plot between 1/(I – I0) to 1/[Hg2+] supports the 1:1 stoichiometry. The values of 

association constant (Ka) was calculated from the slope of the liner graph at 376 nm were 3.89 

x 104 mol-1L (Figure 3.5b), high Ka value indicates strong binding of ligand to metal [27,44], 

the calculated Ka was good enough to form strong complex between L3 and Hg2+ ion.  

 

Figure 3.5 (a). The linear fit graph of fluorescence intensity ratio (I480/I376) as a function of 

Hg2+ ion concentration. (b). Benesi-Hildebrand plot of L3 (10 μM) binding with Hg2+. 

(in MeCN/H2O (1:1 v/v, PH 7.0, HEPES buffer). 
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3.3.5 Fluorescence Lifetime 

For further support of the new absorption and emission enhancement is obtained from the 

absorbance and fluorescence experiment and to get more insight into the coordination of L3 

with Hg2+, time-resolved decays of L3 were carried out in the absence and presence of 

Hg2+(λex=320 nm) the decay was monitored at 376 and 480 nm. As shown in figure 3.6, after 

the addition of Hg2+, the fluorescence lifetime of L3 at 376 nm was decreased from 1.63 ns to 

1.55 ns, and increased to 5.74 ns at 480 nm. These results validate the red shift in the 

absorbance and fluorescence experiments, and fluorescence quenching at 376 and 

enhancement at 480 nm. From this outcome, the fluorescence enhancement at 480 nm could 

be due to blocking of intramolecular rotation of L3 by formation of rigid complex on binding 

to Hg2+ which slams the non radiative relaxation path way and opens the radiative relaxation. 

 

Figure 3.6 Life time decay profile of L3 in the absence and presence of Hg2+. (in MeCN/H2O 

(1:1 v/v, PH 7.0, HEPES buffer) λex = 320 nm) 

3.3.6 Selectivity Studies 

In order to evaluate the selectivity of L3 for Hg2+ ion, we investigated the fluorescence 

change of L3 towards Hg2+ ion, via treating L3 with 1 equivalent of Hg2+ blend with 10 

equivalents various metal ions. As shown in Figure 3.7, the presence of other competitive 

metal ions did not induce a significant change in the ratiometric fluorescence emission 

(I480/I376) of L3-Hg2+. From this, we can conclude that L3 exhibited an excellent selectivity 

towards Hg2+ in the presence of potential interfering metal ions. Additionally, to investigate 
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the counter ions effect, we have checked L3 with different Hg2+ salts other than Hg(ClO4)2 

such as Hg(ClO4)2 such as Hg(NO3)2 , HgCl2 and Hg(SO4)2. Chemosensor L3 emission ratio 

(I480/I376) in all cases induced similar change (Figure 3.8). It confirmed that the Hg2+ sensing 

is not affected by counter anions.   

 

Figure 3.7 Interference effect of various cations with L3-Hg2+ in emission spectra (blue bar 

for fluorescence intensity ratio (I480/I376) of L3+cations (1:10 equiv.) and red bars 

show fluorescence intensity of L3+Hg2++other cations (1:1:10 equiv.) 

 

Figure 3.8 Fluorescence Emission responses of L3 (10 uM, in MeCN/H2O (1:1 v/v, PH 7.0, 

HEPES buffer) in the presence of different counter ions  (a) Fluorescence intensity (b) 

Fluorescence intensity ratio (I480/I376). 
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3.3.7 Solvent System and pH Studies 

To find out the most suitable solvent system for fluorescence studies, the proportion of 

CH3CN:H2O was varied to identify the ratio of CH3CN to H2O at which L3 is effectively 

detecting Hg2+. L3 was readily soluble in pure CH3CN and insoluble in water. The solvent 

selection was done by gradual addition of water into CH3CN solution of L3, keeping its 

concentration fixed at 10 μM, and monitoring the fluorescence intensity of L3 in the absence 

and prescience of Hg2+ upon excitation at 320 nm, the fluorescence intensity of L3 was 

almost constant but the intensity of L3+Hg2+ starts to decrease as the water volume fractions 

increases over 1:1 (V/V) of CH3CN to H2O which allowed setting the ideal working solvent 

system as 1:1(V/V) of CH3CN:H2O mixtures.  

To investigate the suitable pH range for sensing application, the pH dependence of L3 on the 

ratiometric detection performance of L3 towards Hg2+ were studied at pH range of (2-12) in 

the absence and presence of Hg2+. It was observed that the L3 was stable in pH range of 3-9 

(Figure 3.9a), and pH of 5-9 was the stable range for L3-Hg2+ (Figure 3.9b). However a 

decrease in the intensity was observed in both L3 and L3-Hg2+ at lower and higher pH ranges. 

The overall pH effect for the fluorescence intensity ration (I480/I376) for the L3 and L3-Hg2+ 

was constant in the pH range of 5-9 (Figure 3.10). This wide range pH stability is an 

important for using the chemosensor for Hg2+ ion sensing in both biological and 

environmental samples. Hence, all the experiments were carried out in neutral pH [in 

MeCN/H2O (1:1 v/v, PH 7.0, HEPES buffer)] as optimized experimental condition.  

 

Figure 3.9 Fluorescence intensity of (a) L3, (b) L3-Hg2+ at different pH value. 
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Figure 3.10 Fluorescence intensity ratio (I480/I376) for L3 and L3-Hg2+at different pH values. 

3.3.8 Nature of Binding Interaction of L3 with Hg2+ 

The complex formation was established by IR, and 1H-NMR to understand the binding mode 

of L3 with Hg2+. The FT-IR spectra were recorded with and without Hg2+. L3 exhibited a 

characteristic series of stretching vibrations among which the (-SH), (-C=O) and (C-N) bands 

at 2518 cm-1, 1702 and 1662 cm-1, and 1239 cm-1, respectively. Upon addition of Hg2+, the 

peak corresponding to (-SH) was disappeared and the (-C=O) peaks were decreased in 

intensity and the (-C-N) peak shifting to 1253 cm-1, (Figure 3.21), which implies the coupling 

with (-SH), (-C=O) and (C-N) groups of the 1,8-Naphthalimide moiety. Furthermore, 1H 

NMR titration shows –SH proton peak appeared as a singlet at 3.33 ppm in free L3 gradually 

vanished upon addition of Hg2+, this signifies that the deprotonation of –SH proton by Hg2+ 

(Figure 3.22). 

Accordingly, the observed spectroscopic data from IR and NMR clearly demonstrate that 

chemosensor L3 coordinate with Hg2+ through amide oxygen and sulphur of thiol group. We 

have also found that the melting temperature of L3 is increased in the presence of Hg2+. When 

L3 coordinate to Hg2+, the binding of cation stabilizes the structure and the temperature at 

which the L3 dissociates increased from 210.6 to 265°C. Thus, the probable mechanism is 

depicted in scheme 3.2.  
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Scheme 3.2. Proposed sensing mechanism of L3 with Hg2+. 

 

3.3.9 Theoretical Calculation 

For further understanding of the interaction mechanism of L3 with Hg2+ in terms of molecular 

and electronic level, the structure of L3 and L3-Hg2+ have been optimized by density 

functional theory (DFT) and the vertical excitation (absorption) energy and oscillation 

strength (f) using time-dependent density functional theory (TD-DFT) calculation methods 

were carried out with Gaussian 09 program. All calculations have been done in gas phase with 

B3LYP hybrid function and 6-31G (d) basis set for L3 and LANL2DZ for L3-Hg2+ complex. 

And the long range corrected functionality CAM-B3LYP, using 631+G(d,p) basis set for L3 

and LANL2DZ method for L3-Hg2+ complex [45–48]. As shown in Figure 3.11, the 

optimized structure of L3 appeared to be in twisted through the amide linkage in such a way 

that the 2-mercapto-phenyl moiety and 1,8-naphthalimide are almost in perpendicular planes  

and in the L3-Hg2+ they are in the same plane. This could be due to the relaxation in the 

structure of L3 is blocked in L3-Hg2+ complex. 

The electron density in HOMO-LUMO levels in L3, the HOMO is localized on 2-mercapto-

phenyl moiety, whereas the LUMO mostly restricted on the 1,8-naphthla ring. With the 

introduction of Hg2+, HOMO of the complex spread over the Hg2+ central metal ion and 2-

mercapto-phenyl moiety, on the other hand the LUMO is mainly laid on 1,8-naphthalimide. 

Complex formation of L3 with Hg2+ stabilizes the molecule and decreases the HOMO-LUMO 

energy gap from 3.563 eV in L3 to 2.223 eV in L3-Hg2+ (Figure 3.12); this was supported by 

red shift of absorbance and fluorescence bands to longer wavelength (332 nm to 438 nm, and 

376 nm to 480 nm respectively) via coordination with Hg2+. This result was also in good 

accordance with fluorescence lifetime experiment result, which show upon complexation with 

Hg2+, the intramolecular rotation of the L3 is restricted, which blocks the pathway for non-

radiative processes and converts into strong emitters. In addition to that the TD-DFT CAM-

B3LYP provided the best agreement with experimental results (Table 3.2). According to our 

TD-DFT of CAM-B3LYP/6-31+G(d,p) calculations, the vertical transition energies of L3 are 

329 and 319 nm for S2 and S3 excited states respectively. The absorption wavelengths of 
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these two states lie closely and agree with the experiment result. So, S3 the transition from 

HOMO-1 to LUMO that have large oscillator strengths (0.3182) transitions is considered to 

the experimental absorption peak at 332 nm. The 3rd extetion (S3) the transition from HOMO-

2 to LUMO that have transition energies of L3+Hg2+ of 2.7786 eV and wavelength 446 nm 

large oscillator strengths (0.2156) transitions is considered to the experimental absorption 

peak at 438 nm (Figure 3.13). 

 

Figure 3.11 Optimized structures of L3 and L3+Hg2+ 

 

Figure 3.12 HOMO−LUMO band gaps of L3 and L3+Hg2+ 
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Table 3.2 Excitation energies and oscillator strengths of L3 opt freq td cam-b3lyp/6-31g(d) 

geom=connectivity 

 
Excited 

State    

Excitation 

energies (eV) 

Wavelength 

(nm) 

oscillator strengths(f)   

L3 1 3.6236  342.16   0.0007 

2 3.7663  329.19  0.0001   

3 3.8755  319.91  0.3182   

L3-Hg2+ 1 2.0415 607 0.0033 

2 2.1844 567 0.0165 

3 2.7786 446 0.2156 

 

 

L3 
 

L3-Hg2+ 

 

 LUMO+1                                                                           

 

                               LUMO

 
 

 

HOMO                                    

HOMO-1     

 LUMO+1 

 

 
LUMO 

 

 HOMO 

HOMO-1   

 

Figure 3.13 TD-DFT of CAM-B3LYP, function combined with 6-31G (d) basis sets for L3 

and with Lanl2DZ method for L3-Hg2+. 
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3.3.10 Reversibility Studies Applied as Logic Circuit Devices 

It is very practical if a sensor can be reversed and reused. As it is well known, iodide ions (I-) 

have strong binding ability to Hg2+; therefore, we use KI for competitive bind Hg2+ from the 

L3–Hg2+ complex. To identify the reusability of L3 for Hg2+ sensing, the reversibility of L3 

coordination toward Hg2+ via addition of KI to L3-Hg2+ solution in (in MeCN/H2O (1:1 v/v, 

PH 7.0, HEPES buffer) was studied. Importantly, high reversibility in colorimetric and 

ratiometric fluorimetric was obtained (Figure. 3.14a, b). On titration of L3-Hg2+ with KI, the 

fluorescence intensity at 480 nm is apparently decreasing and that of 376 nm is increasing 

gradually, after the addition of 10 equiv. of KI the fluorescence intensity returns almost to the 

free sensor L3 which can be used for further sensing. This phenomenon is because of stable 

mercury-iodide complex formation due to the strong affinity I− for Hg2+ [49–52]. This 

reversibility character advocates the applicability of L3 as “Off–On–Off” naked eye and 

ratiometric sensor.  

Furthermore, the “off-on-off” cycle could be repeated numerous times with negligible 

reduction in emission ratio (I480/I376) by alternate addition of Hg2+ and KI (Figure 3.14c). 

Subsequently, INHIBIT logic gate has been constructed on the basis of the repeated On-Off 

behaviour of L3 by Hg2+ and KI as two input signals, which can be symbolized as a 

combination of AND and NOT gates, [53,54] using input 1 (Hg2+) and input 2 (KI) and 

emission intensity ratio (I480/I376) as an output as revealed in the truth table (Figure 3.14d).  
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Figure 3.14 (a). Visual Colorimetric reversibility (b). Fluorometric reversibility. (Inset: visual 

fluorometric reversibility) (c). ‘‘off−on−off’’ reversibility cycles of chemosensor L3 

upon sequential addition of Hg2+ and KI. (d). Switch circuit diagram and Truth table 

corresponding to a logic gate based on Hg2+ and KI. 

3.3.11 Analysis of Real Sample 

To investigate the reliability and practical applicability of our method, the analysis of Hg2+ 

concentration in water samples was applied; to eliminate matrix effect a standard addition 

method was used [55–57]. A 0.2 µm nylon filtered water sample from a Ganga canal and 

drain water around IIT Roorkee were used for analysis without advance pre-treatment. 1 mL 

of the water samples were blended with standard solutions of Hg2+ at (0.1, 0.2, and 0.4 uM) 

concentration (HEPES-buffered solution (CH3CN:H2O, 1:1, v/v, pH 7.0) to prepare 3.0 mL 

solution [58,59]. The mixtures were analyzed by fluorescence titration against L3 solution 

(Figure 3.15). The concentration of standards is subtracted from the calculated Hg2+ 

concentration to obtain Hg2+ concentration in the water sample. The concentration Hg2+ is 

calculated from the fluorescence intensity ratio (I480/I376) of mingled solution by the Linear 

correlation equation of (Y= 3.724[Hg2+] - 0.1446). 
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The Hg2+ concentrations were found to be 0.022 μM and 0.043 μM for canal water and drain 

water respectively. As shown in table 3.3 the samples were also analyzed by ICP-MS for the 

verification of accuracy of the method; and concentration of Hg2+ in canal water and drain 

water were obtained as 0.021 μM and 0.041 μM respectively, which are in good accordance 

with calculated concentration from fluorescence analysis. This reveals the efficiency of the 

chemosensor for detection of Hg2+ in actual samples.  

 

 

Figure 3.15 (a). Calibration curve of standard solutions of Hg2+ (0.05-0.5µM), (b). Canal 

water and drain water, linear correlation of (I480/I376) to [Hg2+] in water samples spiked 

with different concentration of [Hg2+] in the standard addition experiments. ([L3]=10 

uM, λex = 320 nm). 

Table 3.3 Determination of Hg2+ ion concentration in real samples by using standard addition 

method 

Sample 

Added  

[Hg2+] 

(μM) 

(I480/I376) Total 

recovered 

[Hg2+]( μM) 

Percentage 

recovery 

(%) 

[Hg2+] (μM) 

by L3 by IPC-MS 

Canal 

0.1 0.307 0.121267454 121.2675 0.022073 ± 

0.000956 

 

0.02135 ± 

0.000197 

 

0.2 0.6874 0.223415682 111.7078 

0.4 1.4252 0.421535983 105.384 

 

Drain 

0.1 0.38548 0.142342 142.3416 0.042803 ± 

0.000476 

 

0.04117 ± 

0.010824 

 

0.2 0.75888 0.24261 121.305 

0.4 1.50684 0.443459 110.8647 



Chapter 3 2019 

 

93 

 

3.4 Comparative Study 

The performance of L3 which is recognized for selective detection of Hg2+ ion and it was also 

compared with some recently reported 1,8-Naphthalimide based fluorescent chemosensors for 

Hg2+ detection (Table 3.4). The chemosensor is synthesized easily in single straight forward 

reaction from commercially available starting materials, and it exhibits comparable 

performance with most of recently reported fluorescence chemosensors in detection of Hg2+ 

in aqueous solution. In addition, its colorometric and ratiometric behaviour could make it 

more attractive over intensity-based probes and it could be used as competent method for 

monitoring of Hg2+ ion level in different samples in good extent. 

Table 3.4 A comparative study of L3 with some previously reported 1,8-Naphthalimide based 

fluorescence Hg2+ sensors. 

Fluorescence sensor 
LOD linear ranges Mode of 

analyse 

Ref. 

Perylene bisimide 

 

5 nM 0.1–1 × 10-7 M Quenching [60] 

Naphthalimide based fluorescent dyad

 

-  Quenching [61] 

1,8-naphthalimide fragment with a 

phenyl- thiourea unit 

 

1x 10-7 M 0–1.3× 10-6 M Enhanceme

nt 

[62] 
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Histidine-functionalized 1,8-

naphthalimide based fluorescent 

chemosensor 

 

1.785×10-7 M 0.1–2 × 10-6 

M 

Quenching [63] 

A single thiourea-appended 1,8-

naphthalimide chemosensor 

 

 

82.1 nM 0 – 90 × 10-6 

M 

Enhanceme

nt 

[64] 

1,8-Naphthalimide based Naked-Eye 

and  Ratiometric Fluorescent Sensor  

1.74×10-8 M 0–1.2× 10-6 

M 

Ratiometric This 

work 
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3.5 Conclusion 

The designed and synthesized 2-(2-mercaptophenyl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (L3) a highly sensitive, selective and reusable naked eye and ratiometric chemosensor 

for detection of Hg2+. L3 exhibits maximum absorption at 332 nm and fluorescence emission 

at 376 nm after Hg2+ ion addition to L3 solution a new absorption at 438 nm accompanied 

with color change from colorless to yellowish green and the new yellowish green 

fluorescence emission was enhanced rapidly with increasing Hg2+ ion concentration. The 

prepared chemosensor L3 selectively detect Hg2+ with detection limit of 1.74x10-8 M which is 

low enough for sensing submicromolar concentration of Hg2+ ion. The binding mechanism of 

L3 with Hg2+ also adequately demonstrated by IR, 1H-NMR and DFT computer-based 

theoretical calculations. Furthermore, the photo-physical properties of L3 has been restored 

and reused through metal displacement approach via addition of KI as strong coordinator of 

Hg2+. The “off–on–off” reversibility has been used to build the logic gate method. Assessing 

the performance by fluorescence, we found that the fluorescent probe L3 can efficiently 

detect Hg2+ and more suitable for real-time analysis.  
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Spectral characterization of L3, and L3+Hg2+ by IR, NMR and HRMS 

 

Figure 3.16 IR spectrum of receptor L3 recorded in KBr pellet. 

 

Figure 3.17.1H-NMR spectrum of receptor L3 recorded in CDCl3. 
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Figure 3.18 13C-NMR spectrum of receptor L3 recorded in CDCl3 

 

Figure 3.19 HRMS of L3 
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Figure 3.20 HRMS of L3+Hg2+ 

 
Figure 3.21 IR spectrum of receptor L3, and L3+HgCl2 recorded in KBr pellet. 

 

Figure 3.22 1H-NMR spectra of L3 with Hg2+ as HgCl2 in CDCl3. 
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4.1 Introduction 

Accumulation of heavy metals in the body of humans and animals could lead to many adverse 

health effects and serious illnesses over time [1,2]. Owing to its high affinity towards thiol 

group of proteins and enzymes, Hg2+ ion is one of the most hazardous and widespread global 

pollutants [3–5]. Due to its widespread exposure and its deleterious effects on human health, 

myriad of qualitative and quantitative detection methods of mercury have been devised, and 

the search for new Hg2+ ion detection with high selectivity, sensitivity and environmentally 

and biologically compatible chemosensor is still on progress [6,7]. Owing to their Turn-On 

character and high selectivity and sensitivity AIE based fluorescent chemosensors have been 

rapidly developing and thereby attracted tremendous research interest. AIE active molecules 

are fluorogenic molecules with high emission intensity in an aggregated or solid state, but 

weak or non-fluorescent when diluted [8,9]. The aggregate formation happens in poor 

solvents, especially, when hydrophobic organic fluorophores dissolve in aqueous media. AIE 

is very important aspect in fluorescence chemosensing to overcome the aggregation induced 

quenching in hydrophobic organic fluorophores.   

Amino acids are highly water-soluble and environmentally and biologically compatible [10], 

and they can act as one of the best receptor units owing to their effective coordination with 

metal ions through their chelating moieties [11,12]. Hence, a variety of amino acids based 

chemosensors for different metal ions detection in aqueous system have been reported [13–

19]. Amino acids containing thio group are known to form a very stable complex with Hg2+ 

ion [20–22], and are very effective Hg2+ receptors as per HSAB principles [23–25]. Due to 

this, it is an important aspect to incorporate thio-amino acids as a core scaffold in designing 

and preparation of new Hg2+ ion chemosensors. The conjugation of fluorophores signal unit 

with amino acid as a receptor part is a promising development for designing of a new water-

soluble fluorescent chemosensor [26–28]. Among the various fluorophores, 1,8-

naphthalimides have been extensively used in a wide variety of fluorescent chemosensors due 

to their high fluorescence quantum yield and natural photo-stability [29–35]. 

In continuation to our line of designing suitable Hg2+ chemosensors in the previous work 

[36,37], herein, we report relatively simple and straightforward preparation and photophysical 

characterization of amino acid functionalized 1,8-naphthalimides for impressively selective 

and sensitive detection of Hg2+ ions in aqueous solution. Developing Turn-On chemosensors 

in aqueous solution is more vital strategy in constructing fluorescence sensors, the presence of 



Chapter 4 2019 

 

108 

 

carboxylic and thiol groups in the chemosensor helps to increase water solubility and its 

selectivity for Hg2+ ion detection. The amino acid functionalized 1,8-naphthalimides L4 and 

L5 are designed and synthesized by treating 1,8-naphthalic anhydride with thiol containing 

amino acids, L-methionine and L-cysteine respectively. The collective effect of hydrophobic 

1,8-naphthalic core fluorophore with the specific amino acid functionalities leads the 

chemosensors to AIE active species and structurally optimized receptor which plays an 

important role in achieving a specific substrate for Hg2+ detection in aqueous media though 

chelation induced AIE.  

4.2 Experimental Section 

4.2.1 Reagents and Instrumentation 

Stock solutions of all cations were prepared using their perchlorates which were purchased 

from Himedia and Loba Chemie, India. CH3OH and deionized water were used for electronic 

spectral and fluorescence studies. IR spectra were recorded with KBr pellet on the bruker 

Alpha FT-IR spectrometry in the range of 4000-400 cm-1. 1H-NMR and 13C-NMR spectra of 

compounds were recorded in DMSO-d6 on a Bruker spectrospin DPX 500 MHz spectrometry 

with TMS internal standard were used, and the chemical shift were reported as parts per 

million (ppm) scale downfield from TMS. The multiplicities were reported as abbreviations 

viz s = singlet, d = doublet, t = triplet and m = multiplet. Absorption and emission spectra 

were recorded using Specord S600 PC double beam spectrophotometer (path length 1cm) and 

Horiba RF-5301PC (path length 1cm) with standard quartz cell. Melting points were 

measured in the optimelt system and particle size by using Beckman Coulter Delsa Nano 

particle size analyzer. The fluorescence quantum yield and lifetime were measured and 

analyzed using fluorescence spectrometer FLS 980 (Edinburgh Instruments) and HORIBA 

Jobin Yvon, fluorocube fluorescence lifetime system respectively.  

4.2.2 Synthesis and Characterization of Chemosensors 

To a stirring suspension of 1,8-naphthalic anhydride (1 mmol) in ethanol (5 ml), 1.5 mmol 

amino acid (L-methionine or L-cysteine) and 10 drops of triethylamine were added and the 

resulting suspension was stirred at 100 °C for 4 hrs (Scheme 4.1). After the completion of the 

reaction as indicated by TLC, it cooled down to room temperature, and triturated with diluted 

HCl, the solid product formed was collected by filtration, washed with water and air dried 
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[38]. A white solid product was obtained in 75% yield. The structures of L4 and L5 were 

characterized by IR, 1H-NMR, 13C-NMR, and HRMS spectroscopy (Figure 4.16-4.19).   

 

Scheme 4.1. Synthesis of chemosensors L4 and L5. 

 2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-4-(methylthio)butanoic acid (L4): MP: 

201.7 oC; IR (KBr, ῡ/cm-1): 3258 (acid -OH), 1759 (acid -C=O), 1695, 1656  (amide -C=O), 

1588, 1437, 1382, 1354 (aromatic frame), 722, 667 (C-S-C); 1H NMR (500 MHz, DMSO-d6, 

δ/ppm): 12.75 (s, 1H), 8.53 (d, J = 7.2 Hz, 2H), 8.50 (d, J = 8.1 Hz, 2H), 7.90 (t, J = 7.7 Hz, 

2H), 5.71 (dd, J = 8.1, 3.8 Hz, 1H), 2.55 (s, 4H), 2.00 (s, 3H). 13C NMR (126 MHz, DMSO-

d6, δ/ppm): 171.3, 163.8, 135.2, 131.8, 131.7, 128.0, 127.82, 122.2, 52.5, 31.0, 28.6, 15.0. 

HRMS (ESI+) m/z calcd. C17H15NO4S [M+Na]+: 352.0619 found 352.0625 (Figure 4.16-

4.19).   

2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-3-mercaptopropanoic acid (L5): MP: 

273.2 oC, IR (KBr, ῡ/cm-1): 3476, 2927 (acid -OH),  2604 (-SH), 1771, 1743(acid -C=O), 

1701, 1650 (amide -C=O), 1587, 1437, 1378, 1354 (aromatic frame), 655(C-SH);  1H NMR 

(500 MHz, DMSO-d6, δ/ppm): 13.03 (s, 1H), 8.47 (d, J = 8.1 Hz, 2H), 8.40 (d, J = 7.1 Hz, 

2H), 7.83 (t, J = 7.7 Hz, 2H), 5.86 (dd, J = 8.9, 5.0 Hz, 1H), 3.63 (dd, J = 14.5, 4.9 Hz, 1H), 

3.44 (dd, J = 14.4, 9.2 Hz, 1H), 2.55 (s, 1H). 13C NMR (126 MHz, DMSO-d6, δ/ppm): 170.4, 

163.6, 135.4, 131.8, 131.7, 127.8, 121.8, 115.0, 52.9, 37.4, HRMS (ESI+) m/z calcd. 

C15H11NO4S [M+H]+: 302.3240 found 302.3058 (Figure 4.20-4.23).   

4.2.3 Absorbance and Fluorescence Measurements 

Both the absorption and fluorescence emission measurement experiments were conducted in 

MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0) using 1cm path length quartz cuvette. A stock 

solution of L4 and L5 (1.0 mM) were prepared in CH3OH and diluted to 10 μM within 

MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0), then the absorption and fluorescence 

measurements were carried out by placing 2 ml of 10 µM solution of L4 or L5 followed by 10 

μl aqueous solution (1 mM) perchlorates salt metal ions ( Na+, K+, Mg2+, Ba2+, Mn2+, Zn2+, 

Cu2+, Co2+, Ni2+, Ag+, Al3+, Fe2+, Fe3+, Pb2+, Cd2+, Cr3+, and Hg2+) in 1.0 cm path length 
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quartz cuvette. All fluorescence spectra of L4 and L5 have been carried out in 1 nm silt width. 

Freshly prepared 10 μM solution of each species were used for quantum yield and 

fluorescence lifetime measurements using 330 nm as excitation wavelength. The quantum 

yield was measured using fluorescence spectrometer FLS 980 and calculated via an 

integrating sphere method. While, fluorescence lifetime measurement was done by 

fluorescence lifetime spectroscopy (FLS) with manual lifetime scan process and calculated by 

exponential fit to determine their fluorescence decay time.  

4.3 Results and Discussion 

4.3.1 Aggregation-Induced Emission (AIE) Properties of L4 and L5 

Due to the combined effect of the hydrophobic 1,8-naphthalimide with the hydrophilic amino 

acidic functionalities, the chemosensors are soluble in methanol but slightly soluble in pure 

water, which leads to slight aggregation behaviours and weak fluorescence in aqueous media. 

The absorption peaks of L4 and L5 in methanol are located at 331 nm and 332 nm 

respectively. Meanwhile, the absorption spectra showed tailing caused by the Mie-scattering 

effect in water, and red-shift to 343 and 341 nm for L4 and L5 respectively (Figure 4.1), 

which implies the formation of nano-aggregates [39–41]. The bathochromic shift with 

spectral broadening is the attribute of strong possibility of J-aggregates formation [42].  

 

Figure 4.1 Absorption spectra change of (a). L4, (b). L5 (10 μM) in pure MeOH and 

MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0). 

In general AIE active compounds are non-fluorescent in dilute solution turned into strong 

emitter upon aggregation [43,44] in the presence of poor solvents and in solid state due to 

effective restriction of the intermolecular rotations and vibrations suppress the non-radiative 

relaxation pathways [45–48]. Interestingly, the AIE characteristics of chemosensors (L4 and 
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L5) were further confirmed by emission intensity enhancement with red shift 377 to 395 nm 

and 381 to 386 nm for L4 and L5 respectively. Upon increasing in fraction of water (Figure 

4.2) and remarkable increase in quantum yield from (Φ in MeOH = 0.033 for L4, 0.053 for L5) 

to (Φwater = 0.089 for L4, 0.095 for L5). The formation of small nano aggregates of 

chemosensors in water was also supported by dynamic light scattering (DLS) technique. As 

shown in Figure 4.3 the particle size of L4 and L5 in water is greater than in MeOH, showing 

the chemosensors are slightly aggregated in water. All the above findings apparently signify 

that the chemosensors agree with the AIE features.  

 

Figure 4.2 Fluorescence intensity of 10 μM (a) L4, (b) L5 in CH3OH solution with different 

fraction of water (0, 10, 20, 40, 60, 80, 99%). 

 

Figure 4.3 Dynamic light scattering results of L4 and L5 in CH3OH and water. 
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4.3.2 Absorption Behaviour towards Various Cations 

The interaction of the chemosensors with different metal ions in UV-vis absorption spectra 

were tested in the presence of a variety metal ions (Na+, K+, Mg2+, Ba2+, Mn2+, Zn2+, Cu2+, 

Co2+, Ni2+, Ag+, Al3+, Fe2+, Fe3+, Pb2+, Cd2+, Cr3+, and Hg2+) in MeOH/H2O mixtures (1:99 

v/v). The chemosensors L4 and L5 in MeOH/H2O (1:99, v/v.) solution revealed absorption 

maxima at 343 nm and 341 nm for L4 and L5 respectively, associated with the π–π* 

transition of 1,8-naphthalimide. The absorption intensity remained unchanged for various 

metal ions, except, for Hg2+ (Figure 4.4). Furthermore, the binding properties of the 

chemosensors with Hg2+ ion were studied by UV-visible studied absorption titration, upon 

gradual addition of Hg2+, the absorbance at 343 and 341 nm were decreased gradually with 

two isosbestic points at 311 and 364 nm for L4, and at 306 and 362 nm for L5 (Figure 4.5). 

The presence of two isosbestic points during UV-Visible absorption titrations indicates the 

formation of two inter-converting species [49], most probably, ligand and ligand-

Hg2+ complex.  

 

Figure 4.4 Absorption spectra of (a). L4, (b). L5 (10 μM) in MeOH/H2O (1:99, v/v. HEPES 

buffer, pH 7.0)) in the presence of 10.0 equiv. various cations. 

 



Chapter 4 2019 

 

113 

 

 

Figure 4.5 Absorption titrations spectral responses of (a). L4, (b). L5 towards varying Hg2+ 

ion concentrations (0-2 equiv.) (In MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0). 

4.3.3 Emission Behaviour towards Various Cations 

In order to investigate the potential of the chemosensors to be applied for metal ion-sensing  

and to understand the effect of various metal ions on the photoemission property of 

chemosensors, the fluorescence spectra of chemosensors were tested in the presence of a 

variety of metal ions (Na+, K+, Mg2+, Ba2+, Mn2+, Zn2+, Cu2+, Co2+, Ni2+, Ag+, Al3+, Fe2+, Fe3+, 

Pb2+, Cd2+, Cr3+, and Hg2+) in MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0). As shown in 

Figure 4.6, Hg2+ ion drastically enhanced the fluorescence intensity of the chemosensors and 

there were trivial response by other metal ions.   

.   

Figure 4.6 fluorescence spectra of (a). L4, (b).L5 (10 μM, in MeOH/H2O (1:99, v/v. HEPES 

buffer, pH 7.0). in the presence of 10.0 equiv. various cations. 
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For further understanding of sensing mechanism and sensitivity, the fluorescence spectra were 

monitored with consecutive addition of Hg2+ under the optimized condition (Figure 4.7). The 

fluorescence intensity increased with gradual increase of Hg2+ concentrations, after the 

addition 5 equivalent of Hg2+, the fluorescence intensity of L4 at 395 nm was significantly 

enhanced by 20-folds and quantum yield increased from (Φ = 0.089) to (Φ = 0.77) while the 

fluorescence intensity of L5 at 386 nm was enhanced by around 21-folds and quantum yield 

increased from (Φ = 0.095) to (Φ = 0.75) only by addition of 3 equivalents of Hg2+, and the 

fluorescence intensity was not further enhanced by addition of excess Hg2+. The fluorescent 

enhancement of the chemosensors is possible due to the selective chelation induced 

fluorescence enhancement (CHEF) effect. The coordination of receptors with Hg2+ increases 

the rigidity of the molecular assembly by restricting the free rotations of the chemosensors 

resulting in significant enhancement of the fluorescence intensity via CHEF effect. Moreover, 

increasing in Hg2+ ion concentration induces further aggregation of the chemosensor-Hg2+ 

complex thereby facilitates the aggregation induced emission enhancement (AIEE) behaviour 

of the chemosensors and drastically enhancing fluorescence intensity. Likewise, the 

fluorescence sensing ability of the sensor can be observed by the naked eye under UV 

irradiation shows a visible emission color change in the chemosensor with Hg2+ (inset Figure 

4.7). 

 

Figure 4.7 Fluorescence Emission titrations spectral responses of (a). L4, (b). L5 towards 

varying Hg2+ ion concentrations ((In MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0)). 

In verifying the grounds for enhancement of fluorescence intensity, the dynamic light 

scattering (DLS) and fluorescence life time techniques were performed to visualize the 

aggregation of the chemosensor-Hg2+ ion complex. Though the chemosensors grouped into 

slight aggregates in aqueous, still due to the slight solubility in water most of chemosensors 
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are in free state and the aggregates are small in size. Hence, the slightly aggregated 

chemosensors were further aggregated into 10 times larger size particles due to addition of 

Hg2+ as observed by DLS (Figure 4.8). This supports the formation of nano aggregates which 

could prompt the AIEE property via CHEF. 

 

Figure 4.8 Dynamic light scattering results of L4 and L5 in the absence and presence of Hg2+ 

in MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0). 

4.3.4 Fluorescence Lifetime 

The fluorescence lifetime is one of the most important characteristics of light-emitting 

materials. The lifetime determines the time available for the fluorophore to interact with its 

environment, and the information can be available from its emission [50]. The time-resolved 

decays of L4 and L5 in methanol, water and upon addition of Hg2+ were measured using 

excitation wavelength of 330 nm and the decays were monitored at 395 and 386 nm for L4 

and L5 respectively. The fluorescence lifetime of L4 in methanol increased from 0.46 ns to 

2.5 ns and 7.7 ns in water and upon addition of Hg2+ ion respectively (Figure 4.9a), as well as 

the fluorescence lifetime of L5 was increased from 0.40 ns to 2.3 ns, and 8.5 ns in water and 

in the presence of Hg2+ ion respectively (Figure 4.9b). Prolonged fluorescence lifetime is an 

indication of aggregation and molecular interaction [51–53]. This increase in lifetime of 

ligand metal complex advocates stabilization of excited complex which increases the 

fluorescence intensity by over-crowding the intramolecular rotation of the chemosensors by 
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formation of rigid aggregates which can transfer them into strong emitters by beating the non-

radiative relaxation pathway. 

 

Figure 4.9 Lifetime decay profile of (a). L4, (b). L5 in absence and presence of Hg2+ in 

MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0). (λex=330 nm) 

 

4.3.5 Stoichiometry 

The stoichiometry of coordinating species was examined by the method of continuous 

variation (Job’s plot) and found to be 2:1 with respect to chemosensor to Hg2+ (Figure 4.10) 

for both L4 and L5. The mass spectra provides additional evidence of  2:1 stoichiometry, the 

HRMS (ESI+) m/z measurement of the mixture of L4 and 2 equivalent of Hg2+ shows a peak 

at m/z 881.65 which corresponds to Hg2+(L4)2 complex (Figure 4.24) as the calculated  

[2L4+Hg2++Na]+ mass is 881.08 and the peak for the mixture of L5 and 2 equivalent of Hg2+ 

appeared at m/z 803.54 which corresponds to Hg2+(L5)2 complex (Figure 4.25) as calculated 

mass of [L5+Hg2++H]+ is 803.04.  
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Figure 4.10 Job’s plot (a). L4+Hg2+, (b). L5+Hg2+ (in MeOH/H2O (1:99, v/v. HEPES buffer, 

pH 7.0).) the total concentration were 10 μM. 

4.3.6 Limit of Detection (LOD) and Association Constants (Ka) 

The detection limit was calculated through standard deviations and linear fitting according to 

the IUPAC definition [54–56] and found to be 22 nM for L4 and 5.6 nM for L5 from the 

fluorescence titration result fit into the straight line as given in Figure 4.11. 

𝐿𝑂𝐷 =  3.3 ∗ 𝜎
𝐾⁄    

Where 𝜎  is the standard deviation of standard solution of regression lines and K is the slope 

of the graph 

Table 4.1 Fluorescence intensity and standard deviation of blank receptors 

 L4 L5  

L4 

3.3*7.3227/1054.5 = 0.0229*10-6molar= 22nM 

 

S.NO F. intensity F. intensity 

1 1572.774 1869.305 

 2 1575.594 1877.407 

3 1588.008 1889.368 

4 1576.639 1887.398 

5 1579.392 1892.82 L5 

3.3*8.231/4827.8=0.00565*10-6molar = 5.6nM 

 

6 1592.309 1878.517 

7 1586.395 1886.937 

STDEV 7.327887 8.273156 

K 1054.526 4827.87 
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Figure 4.11 The linear fit graph of fluorescence intensity ratio as a function of Hg2+ 

concentration. (a) L4, (b) L5. 

Considering the 2:1 complex formation, the binding constant (Ka) was calculated on the basis 

of modified Benesi-Hildebrand linear regression analysis [10,19,57] from the titration curve 

(Figure 4.12), and found to be 3.4x109 and 4.6x109 M-2 for L4 and L5 respectively, this 

advocates high binding affinity of L4 and L5 towards Hg2+. 

 

Figure 4.12 Benesi-Hilderbrand Plot for Ka determination of (a) L4, (b) L5 towards Hg2+. 

4.3.7 Selectivity Studies 

The specificity of the chemosensors towards Hg2+ was further attested by monitoring their 

preference in the presence of other possible interfering metal ions (Na+, K+, Ba2+, Ca2+, Mg2+, 

Cr3+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Ag+, Fe2+, Fe3+,  Al3+, and Cd2+) (Figure 4.13). The 

chemosensors L4 and L5 were treated with 10 equivalents of different metal ions in the 

presence of 1 equivalent Hg2+ ion. The mixing of other cations into mixture of chemosensors 

and Hg2+ did not impose any change to fluorescence intensity enhancement inflicted by Hg2+ 
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ion, which showed outstanding selectivity. The excellent selectivity of the chemosensors in 

the presence of potential interfering metal ions was essentially due to stronger affinity of thio 

groups of the amino acids to Hg2+. 

 

 

Figure 4.13 Interference effect of various cations, with (a) L4 emission spectra at 395 nm 

(Blue bars represent the fluorescence intensity of L4+cations and orange bars show 

the fluorescence intensity of L4+Hg2++other cations, and (b) L5 emission spectra at 

386 nm (green bars represent the fluorescence intensity of L5+cations and red bars 

show the fluorescence intensity of L5+Hg2+ +other cations. 
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4.3.8 Binding Mode of L4 and L5 with Hg2+ 

The binding mode of L4 and L5 with Hg2+ were established by recording IR, 1H NMR and 

HRMS spectra of L4 and L5 in the absence and presence of Hg2+ ion.  

L4 shows a characteristic vibration bands at 3258 (acid —OH), 1759 (acid —C=O), 1695, 

1656 (amide —C=O) and 722, 667 (C–S–C) among the major ones. Upon addition of Hg2+, 

the peaks corresponding to (C–S–C) and the acid group were diminished in intensity with 

slight shift (Figure 4.26) reveals the coupling of Hg2+ with the thio ether and acidic group of 

the amino acid. The characteristic bands of amide group of naphthalimide ring shows no 

significant change confirms that naphthalimide moiety is not involved in the coordination. 

The binding mode was further investigated by 1H NMR spectroscopy (Figure 4.27). The 

addition of Hg2+ to L4 in DMSO-d6 leads to deprotonation of —COOH and a slight change of 

chemical shifts in other protons. The –CH proton nearby carboxylic group shows up-field 

shift from 5.71 ppm to 5.69 ppm, while the –CH3 shifted downfield from 2.00 ppm to 2.10 

ppm and the four protons of the two CH2 groups at2.55 ppm (s, 4H) of amino acid chain were 

resolved into 2 different peaks at 2.63 ppm (s, 2H) and 2.55 ppm (s, 2H) indicating Hg2+ is 

binding with carboxylic and thiol ether group. 

L5 exhibited a distinctive stretching vibration bands at 3476 cm-1 and 2927 cm-1 (acid —OH), 

2604 cm-1 (—SH), 1771 cm-1 and 1743(acid —C=O), 1701 and 1650 (amide —C=O) and 655 

cm-1 (C—SH) among the major ones. Upon addition of Hg2+, the peaks corresponding to        

(—SH) at 2604 cm-1 and the acid group at 1771 cm-1 were disappeared, while the —C—S band 

at 655 cm-1 was shifted to 648 cm-1 and the peak at 1743 (acid —C=O) was decreased in 

intensity (Figure 4.28), reveals the coupling of Hg2+ with —SH and acidic group of the amino 

acid and the insignificant shift in the amide (N—C=O) of the naphthalimide ring shows 

naphthalimide moiety is not involved in the coordination. The binding mode was further 

investigated by 1H NMR spectroscopy as shown in Figure 4.28  the treatment of L5 with Hg2+ 

ion leads to deprotonation of —SH and —COOH groups and a noticeable change of chemical 

shifts in other protons. The CH proton nearby carboxylic group shows up-field shift from 5.81 

ppm to 5.72 ppm and the protons of the CH2group of amino acid chain were shifted towards 

downfield by 0.2 ppm (from 3.57 to 3.77) while the naphthalimide ring protons show little up-
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field shift. The IR and 1H NMR analysis suggested that Hg2+ ion is coordinated with 

carboxylic and thiol groups by Hg—O and Hg—S bond. 

As per the spectroscopic data from IR, NMR and HRMS and the stoichometric calculation, 

L4 and L5 coordinate with Hg2+ through acidic oxygen and sulphur of thio groups in 2:1 

binding. Based on those observations, the probable binding mechanism of chemosensors with 

Hg2+ is presented in scheme 2 

 

Scheme 2. Proposed sensing mechanism of chemosensors with Hg2+ 

4.3.9 pH Selection 

The choice of a suitable pH value has enormous significance for the detection procedure, 

because the spectroscopic properties of the carboxylic acid derivatives strongly depend on 

pH. The pKa for 4-methylthiobutyric acid (in L4) is 4.80 and pKa for 3-mercaptopropionic 

acid (in L5) is 4.34 [58]. At lower pH the carboxylic acids functionality will be in protonated 

form, while they will be deprotonated at higher pH.   

The investigation of suitable pH value for sensing application was studied at pH range of (3-

10) with and without Hg2+ion. It was observed that high fluorescence emission of free 

chemosensors and low fluorescence intensity of complex was shown at low pH and the 

decreasing in the intensity at higher pH ranges was observed for both free chemosensors and 

complexes which might be due to deprotonation of chemosensors and mercury hydroxide 

formation. The overall pH effect for the fluorescence intensity for both chemosensors (L4 and 

L5) and complexes (L4+Hg2+ and L5+Hg2+) were constant in the pH range of 6-9 (Figure 

4.14). This wide range pH stability is an important for its practical applications in both 

environmental and biological analysis. On this bases, we have selected the neutral pH 

(CH3OH:H2O 1:99 v/v, HEPES buffer, pH 7.0) as optimized experimental condition for our 

study.  
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Figure 4.14 Fluorescence intensity of chemosensors (L4 and L5) and complexes (L4 + Hg2+ 

and L5 + Hg2+) at different pH values. 

4.3.10 Reversibility Studies 

It is very useful if a sensor is reversible and can be reused. The reusability of chemosensors 

(L4 and L5) for Hg2+ sensing was studied via addition of KI to the complex of chemosensor 

(L4 or L5) and Hg2+ in MeOH/H2O (1:99, v/v. HEPES buffer, pH 7.0) solution. Importantly, 

chemosensors (L4 or L5) exhibits high reversibility (Figure 4.15), upon addition of 10 equiv. 

of KI, the fluorescence intensity returned almost to the free chemosensors which can be 

further reused. This is by the virtue of the high affinity of I- to Hg2+ ion, it is possible to form 

stable mercury iodide complex [59–63].  
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Figure 4.15 Fluorometric reversibility (a) L4, (b) L5 upon sequential addition of Hg2+ and 

KI. 

4.4 Conclusion 

Our new method presented several important features such as rapid detection, high sensitivity 

and selectivity towards Hg2+ versus other interfering tested metal ions. The uniqueness of the 

present work over the previous ones is possessing Hg2+ selectivity via chelation-mediated 

aggregation-induced emission enhancement (AIEE) in (In MeOH/H2O (1:99, v/v) solution. 

The substrates employed in this work, the amino acids and 1,8-naphthalamide are biologically 

compatible and they can be further used for biological study. The ability of L4 and L5 to form 

chelated coordination complexes with Hg2+ ions is an important aspect in governing the 

fluorescence response; therefore, it could have great potential as a simple, cost effective 

selective and sensitive chemosensor for Hg2+ ion detection in aqueous solution. 
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Spectral Characterization of L4, L5, L4+Hg2+ and L5+Hg2+ by IR, NMR 

and HRMS 

 

Figure 4.16 IR spectrum of receptor L4 recorded in KBr pellet. 

 

Figure 4.17 1H-NMR spectrum of receptor L4 recorded in DMSO-d6. 
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Figure 4.18 13C-NMR spectrum of receptor L4 recorded in DMSO-d6. 

 

Figure 4.19 HRMS of receptor L4 recorded in CH3CN. 
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Figure 4.20 IR spectrum of receptor L5 recorded in KBr pellet. 

 

 

Figure 4.21 1H-NMR spectrum of receptor L5 recorded in DMSO-d6. 
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Figure 4.22 13C-NMR spectrum of receptor L5 recorded in DMSO-d6. 

 

Figure 4.23 HRMS of receptor L5 recorded in CH3CN. 
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Figure 4.24 HRMS of receptor L4+Hg2+ recorded in CH3CN. 

 

Figure 4.25 HRMS of receptor L5+Hg2+ recorded in CH3CN. 
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Figure 4.26 IR spectrum of receptor L4+Hg2+ recorded in KBr pellet 

 

Figure 4.27 1H-NMR spectra of L4 with Hg2+ as HgCl2 in DMSO-d6. 
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Figure 4.28 IR spectrum of receptor L5+Hg2+ recorded in KBr pellet 

 

 

Figure 4.29 1H-NMR spectra of L5 with Hg2+ as HgCl2 in DMSO-d6. 
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5.1 Introduction 

The development of organic sensors with high selectivity and sensitivity for the toxic heavy 

metal ions has rigorous impact on both human health and the environment [1,2]. Mercury 

(Hg2+) ion has been getting more attention for its pain-staking threats as highly toxic heavy 

metals, and its prolonged effects to environment and biological system [3–5]. It could build 

up in our body from the food chain though the utilization of contaminated sea-food and agro-

products [6]. Hg2+ ion exposure is particularly serious due to the strong affinity to sulphur-

functionalities of proteins and enzymes [7], can lead dysfunction of proteins and enzymes, 

which causes wide variety of diseases related to neurotoxicity, and hepatotoxicity [8–11]. 

Therefore, over the past years, lots of efforts have been made to develop a specific and 

selective detection of Hg2+ ion [12]. 

Fluorescence chemosensor are more attractive and implemented in broad research areas due 

to operational simplicity, excellent specificity and sensitivity, fast response, real-time 

application, small sample size applicability and non-destructive sample handling [13]. 

Nevertheless, mostly organic fluorophores possess strong fluorescence emission with only in 

diluted solutions, while increasing their concentration largely weakened or quench their 

fluorescence intensity due to aggregation [14]. The aggregation caused quenching (ACQ) 

phenomenon might be resulted due to strong π-π stacking and non radiative decay [15,16], 

especially the detection of analyte in aqueous medium, in which the hydrophobic organic 

fluorophores tend to aggregate and experience ACQ which limits the sensitivity [17]. To 

overcome this limitation, researchers have been putting big effort to develop fluorophores 

with new fluorescence features over the past few decades. Tang et al. in 2001 [19] revealed a 

new class of fluorogenic molecules which are strong fluorescent in an aggregated state, but 

weak or non-fluorescent when get diluted [20]. This unique photophysical property which is 

happened as a result of the restriction of intermolecular motion (RIM) closes  the non-

radiative the non-radiative relaxation pathway and opens radiative relaxation is known as 

aggregation induced emission (AIE) [21,22]. Subsequently, owing to their Turn-On character, 

AIE based fluorescent probes for detection of various ions has been developed rapidly and 

attracted tremendous research interest.  

The ratiometric fluorescence sensors with well resolved dual emission have many excellent 

advantages over the single emission band intensity based fluorescence Turn-On or turn-off 

counter parts [23]. The analyte induced two emission intensities change at separate wave 
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lengths in ratiometric fluorescent sensors overcomes some disadvantages of the intensity 

based sensors by minimizing the dependence in sensor concentration and increasing signal to 

noise ratio [24–26]. Therefore, designing of non-cytotoxic, AIE active and ratiometric sensor 

for Hg2+ in aqueous medium would be highly demanding.  

Naphthalimide scaffolds are explored extensively in various applications [27] and considered 

as one of the most excellent fluorophore due to their high stability, high quantum yield and N-

imides site which can be modified easily by introducing different functionalities under cost-

effective synthetic routes [28], and they are well known to form aggregation in aqueous 

solution [29–31]. Another important feature of the naphthalimide derivatives is their 

significant potential in medicinal chemistry [32] owing to their capabilities to impart 

biological activities such as anti-cancer [33], and anti-microbial [34].   

Other important group of compounds is sulfonamides (sulfa-drugs) are an important kind of 

widely used antibiotic drugs and were the first effective chemotherapeutic agents employed 

systematically for the prevention and treatment of bacterial infection in humans [35–37]. And 

N-Substituted sulfonamides are well-known anti-bacterial drugs [38], the modification of 

substituent on a ligand might improve the efficacy of the antimicrobial by supporting in drug 

transport across the cell membrane, rising the viable does or enabling targeting to the active 

agent of drug [39]. Furthermore, it has been well accepted that hybrid molecules via the 

combination of different scaffolds into a single molecule may lead to the improved cytotoxic 

effectiveness of compounds with synergistic effect [40,41]. In this regard, recently researchers 

are trying to modify the sulfonamide group and prepare novel compound with better anti-

microbial activity by conjugating sulfonamide with various scaffolds [42]. Accordingly, 

incorporating photophysical and anti-microbial nature of naphthalimide derivatives with the 

biological active sulfonamide might give very active pharmaceutical and photo-physical 

quality.  

Considering the binding affinity of naphthalimide scaffolds for Hg2+ [43,44] and Ag+ [45] ions 

of reported chemosensors, biological and environmental compatibility of sulfonamide group, 

and fluorogenic property, herein, we report synthesis, characterization and fluorescence 

sensing and biological activity of novel fluorescent sulfamethizole functionalized 1,8 

naphthalimide based AIE active ratiometric chemosensor Hg2+ ion detection and Ag+ complex 

of the chemosensor for biological application. The chemosensor is designed by introducing a 

sulfamethizole into recognition unit and naphthalimide as a fluorogenic moiety. A novel 

hybrid chemosensor was synthesized by combining the structural features of naphthalimide 
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and sulfamethizole compound using straight forward and convenient method. Naphthalimide 

moieties monomer emits at around 380 nm are known to form excimers emission at visible 

wavelength range higher than 450 nm [46,47]. Hg2+ ion binding with the sulfamethizole 

moieties could bring the naphthalimide moieties monomer molecules close to engage in 

intramolecular excimers formation via metal ion-induced assembly that Turn On the 

fluorescence intensity of the excimer and off the monomer emission. In the absence of Hg2+ 

ion, L6 exhibits monomeric emission at 390 nm, addition of Hg2+ ion inflicts gradual 

monomer emission quenching and excimer emission enhancement, this monomer-excimer 

conversion induced fluorescence intensity variation at 390 nm and 483 nm which gives a 

ratiometric result. Furthermore, the chemosensor and its silver complex exhibited excellent 

biological activity. The chemosensor have three basic advantages (i) the ligand exhibit AIE 

activity, (ii) ratiometric character, with splendid selectivity and low detection limit and (iii) 

outstanding biological activity.   

5.2 Experimental Section 

5.2.1 Reagents and Instrumentation 

Sulfamethizole and 1,8-naphthalimide were purchased from Sigma-Aldrich (India) and all 

cations solutions were prepared using their salts of perchlorate and solvents of AR grade were 

obtained from different commercial suppliers and were used without further purification. The 

reactions were monitored by thin layer chromatography (TLC) on 0.25 mm silica gel plates 

using UV light for visualization. The IR spectra were recorded in the range 4000-400 cm-1 by 

Alpha-FTIR spectrometer BRUKER using KBr pellet. All 1H-NMR and 13C-NMR spectra 

were recorded on JEOL 400 MHz spectrophotometer in DMSO-d6 solvent and TMS internal 

standard were used, and the chemical shift were reported as parts per million (ppm) scales 

downfield from TMS. The multiplicities were reported as abbreviations viz s = singlet, d = 

doublet, t = triplet and m = multiplet. Absorption was recorded via Specord S600 PC double 

beam spectrophotometer, while SHIMADZU RF-5301PC spectro fluorophotometry was used 

for emission study with 1cm standard quartz cell. DMSO and deionized water was used for 

absorption and emission studies as per requirements. HORIBA Jobin Yvon, fluorocube 

fluorescence Lifetime system was used for fluorescence lifetime.  

5.2.2 General Procedure 

The stock solution of compound L6 (1 mM) was prepared in DMSO and further diluted to 10 

uM in DMSO/water (1:99 v/v, HEPES buffer pH 7.2). Metal ion solutions were prepared in 
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deionized water using their respective perchlorate salts. 340 nm was used as excitation 

wavelength and the fluorescence emission was recorded in the range of 350-600 nm. And the 

experiments were carried out at room temperature.  The excitation wavelength was 340 nm, 

and the emission was measured from 350 to 600 nm. All the experiments were performed at 

room temperature.  

5.2.3 Synthesis and Characterization of Chemosensor 

Synthesis of 4-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(5-methyl-1,3,4-thiadiazol-

2-yl)benzenesulfonamide was prepared from sulfamethizole and 1,8-naphthalic anhydride by 

amidation reaction following the reported procedure [48]. To a suspension of 1.2 mmol of 

sulfamethizole and 1.0 mmol 1,8-naphthalic anhydride in 5 ml of ethanol in round-bottom 

flask 10 drops of triethylamine was added and the reaction mixture was refluxed at 80 oC for 

10 hrs (Scheme 5.1). After stirring for 10hrs the reaction mixture was slowly cooled down to 

room temperature and diluted with dil. HCl solution was added slowly to the reaction mixture, 

and it was stirred to get white solid, yield of 85% was obtained after washing with water and 

air dried. Then, the product was characterized by IR, 1H-NMR, 13C-NMR, and HRMS 

spectroscopy (Figure 5.10-5.13).  

4-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(5-methyl-1,3,4-thiadiazol-2-yl) 

benzene sulfonamide (L6): white solid, 85% yield; MP: 169.6 oC; IR (KBr, ῡ/cm-1): 3445 (-

NH),1775-1649 (N-C=O), 1548 (C=C aromatic), 1438 (thiadiazole ring),1235,1187 (SO2), 

and 923 (N-S of SO2), 697 (C-S-C); 1H NMR (400 MHz, DMSO-d6, δ/ppm): 14.09 (s, 1H), 

8.47 (m, 4H), 7.91 (d, J = 8.5 Hz, 2H), 7.87 (t, J = 7.6 Hz, 2H), 7.58 (d, J = 8.5 Hz, 2H), 2.46 

(s, 3H). 13C NMR (100 MHz, DMSO-d6, δ/ppm): 168.8, 164.1, 155.4, 142.32, 140.2, 135.2, 

131.94, 131.4, 130.7, 128.4, 127.8, 127.0, 123.0, 16.6.HRMS (ESI+) m/z calcd. 

C21H14N4O4S2 [M+H]+: 451.0535 found 451.0512. 

 

Scheme 5.1. Synthesis of chemosensor L6.  
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5.2.4 Synthesis and Characterization of Silver Complex 

To a suspension of 1.0 mmol of 4-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-N-(5-

methyl-1,3,4-thiadiazol-2-yl)benzenesulfonamide and 1.0 mmol of silver nitrate (AgNO3) in 5 

ml water in round bottom flask, 2.0 mmol of KOH in 2 ml of water were added and the 

mixture was stirred at room temperature for 3 hrs [49,50]. Diluted with more water and 

filtered to get black solid, it washed with water and air dried, obtained 93% yield, and 

characterized by IR, 1H-NMR and 13C-NMR (Figure 5.14-5.16).  

L6+Ag+ complex: black, MP: 314.5 oC; IR (KBr, ῡ/cm-1): 3445, 1700, 1650, 1561, 1440, 

1376, 1355, 1271, 1235,1186, 1080, 1028, 985, 775, and 685; 1H NMR (400 MHz, DMSO-d6, 

δ/ppm): 8.38 (d, J = 8.3 Hz, 2H), 8.33 (d, J = 7.2 Hz, 2H), 7.99 (d, J = 8.3 Hz, 2H), 7.74 (t, J 

= 7.7 Hz, 2H), 7.47 (d, J = 8.3 Hz, 2H), 1.78 (s, 3H). 13C NMR (125 MHz, DMSO-d6, δ/ppm): 

165.9, 164.0, 141.51, 140.4, 135.2, 131.9, 131.4, 130.7, 128.2, 127.7, 127.1, 122.7, 16.7. 

5.3 Results and Discussion 

5.3.1 Aggregation Induced Emission (AIE) Character of L6 

Initially absorption spectrum of the chemosensor L6 was studied in DMSO and DMSO/water 

mixtures. The Absorption maximum of L6 at 281 nm was blue shifted by 14 nm to 264 nm 

and the π–π absorption band was red shifted by 10 nm from 333 nm to 343 nm in DMSO and 

DMSO/water (1:99 v/v) respectively (Figure 5.1a). In general, the absorption spectra tailing 

and red-shift implies the formation of nano-aggregates [51,52], possibly due to J-aggregates 

[53]. The red shift accompanied by tailing in DMSO/water (1:99 v/v) of L6 might be due to 

light-scattering effects, which indicates the formation of aggregates in aqueous.  

For further exploration of the AIE properties of L6, the fluorescence intensity of L6 was 

scanned in various fractions of DMSO/water mixtures. The AIE profile of L6 showed that the 

emission intensity of L6 at 390 nm increased along with increasing water fraction in the 

DMSO/water mixtures. The fluorescence intensity of the ligand enhances rapidly with 

increasing water fraction is 90% (Figure 5.1b). However, L6 showed no fluorescence 

enhancement until the fraction of water reaches 30%. This result clearly indicates that the 

chemosensor underwent aggregation. Naphthalimide moieties have large π-conjugation which 

increases the hydrophobicity which helps it to exhibit π–π stacking in an aqueous medium 

which subsequently results in AIE nature.  
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Figure 5.1 (a) The absorption spectrum of L6 in DMSO and DMSO/water (1:99 v/v), (b) 

Fluorescence intensity of L6 (10 μM) solution in DMSO with various water fraction 

(0, 10, 20, 40, 60, 80, 90%). 

5.3.2 Absorption Behaviour towards Various Cations 

The UV-visible absorption spectra of L6 in the presence of various biological and 

environmental important metal ions (Na+, K+, Mg2+, Ba2+, Mn2+, Zn2+, Cu2+, Co2+, Ni2+, Ag+, 

Al3+, Fe2+, Fe3+, Pb2+, Cd2+, Cr3+, and Hg2+) have been done in DMSO/water(1:99, v/v, 

HEPES buffer, pH 7.2) solution as revealed in Figure 5.2a, L6 exhibits absorption centered at 

267 nm and 343 nm, Hg2+ ion addition undergoes increases in absorbance at 267 nm with 

slight red shift with hypochromic effect at 343 nm. The UV titration disclose in Figure 5.3a, 

gradual addition of Hg2+ employs distinct increase in absorption intensity at 267 nm and 

decreasing in absorption intensity at 343 nm along with two isosbestic points at 320 nm and 

362 nm, this indicates the complex formation of L6 with Hg2+ ion. And gradually addition of 

Ag+ ion undertake increases in absorbance at 267 nm and decreases in absorbance at 343 nm 

with slight blue shift to 339 nm (Figure 5.3b) with two isosbestic points at 327 nm and 365 

nm. Hence, there was no significant effect induced by other tested metal ions.  

.  
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Figure 5.2(a). Absorption spectra (b). Fluorescence spectra L6 (10 uM) in the presence of 

various metal ions (10 equiv.) 

 

Figure 5.3 UV-visible absorption titrations spectra of L6 (10 uM) towards varying 

concentrations (0-5 equiv.) (a) Hg2+ ion, (b) Ag+ ion (in DMSO/water (1:99, v/v, 

HEPES buffer, pH 7.2)). 

5.3.3 Fluorescence Emission Change towards Various Metal ions 

Selectivity is a significant parameter for evaluating performance of fluorescence sensing. To 

assess the binding competence of the chemosensors to be used for metal ion-sensing, the 

fluorescence emission spectra of chemosensors were recorded in the presence of 10 

equivalent of variety of metal ions (Na+, K+, Mg2+, Ba2+, Mn2+, Zn2+, Cu2+, Co2+, Ni2+, Ag+, 

Al3+, Fe2+, Fe3+, Pb2+, Cd2+, Cr3+, and Hg2+)  using 340 nm as excitation wave length in 

DMSO-water (1:99 v/v, HEPES buffer pH 7.2). L6 exhibited characteristic monomeric 

emission at 390 nm. The monomeric emission spectra of L6 were quenched and a new band 

centered at 483 nm and 478 nm was appeared in the presence of Hg2+ and Ag+ ions 

respectively, whereas no significant response was shown by other metal ions (Figure 5.2b).   
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The fluorescence spectra were monitored with consecutive addition of Hg2+ and Ag+ ions 

concentrations under optimized condition. As shown in Figure 5.4a upon increasing in Hg2+ 

ion concentration the emission intensity centered at 390 nm was quenching gradually while 

the excimeric emission at 483 nm was enhanced significantly with iso-emissive point at 445 

nm with remarkable fluorescence color change from blue to green which can detect by naked 

eye under a UV lamp (Inset Figure 5.2b). As per Ag+ ion, when the concentration increases, 

the emission band centered at 478 nm start to emerge with progressive quenching at 390 nm 

gives iso-emissive point at 455 nm (figure 5.4b). The red shifted emission centered at 483 nm 

can be due to an excimeric species obtained from the intramolecular interaction between the 

naphthalimide moieties in the completion of L6 with Hg2+ ion. Addition of Hg2+ alight a 

ratiometric response with considerable increase in intensity ratio (I483/I390) from 0.19 to 6.63 

in pure L6 and in addition of 5 equivalent of Hg2+ ion respectively. Hg2+ ion at 5 equivalents 

was enough to saturate the fluorescence intensity. Considering the change in the emission 

intensity of L6 in the absence and presence of Hg2+ ion at 390 nm, and 483 nm showed 

“OFF–ON” switch to Hg2+ ion (in DMSO/water (1:99, v/v, HEPES buffer, pH 7.2). 

 

Figure 5.4 Fluorescence emission titration responses ofL6 (10 uM) towards varying (a) Hg2+ 

ion concentrations, (b) Ag+ ion concentrations (0 -5 equiv.) ion (in DMSO/water 

(1:99, v/v, HEPES buffer, pH 7.2). 

5.3.4 Competitive Experiment 

To evaluate the selective ratiometric detection of the sensor for Hg2+ ion, the selectivity of the 

sensor was tested by competitive experiment to determine the possible interferences by other 

cations. The fluorescence changes of 10 μM L6 in DMSO/water (1:99, v/v, HEPES buffer, 

pH 7.2) were carried out in the presence of 1 equivalent Hg2+ blend with 5 equivalents of 

various metal ions (Figure 5.5). The ratiometric response (I483/I390) of L6 and L6-Hg2+ system 
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remained the same with or without the other metal ions (Figure 5). Hg2+ and Ag+ ions induced 

a selective ratiometric response, and the competitive experiment between Hg2+ and Ag+ was 

done by addition of Hg2+ to a mixed solution of L6 and Ag+ the chemosensor was selective to 

Hg2+ ion over Ag+ ion with insignificant effect in the fluorescence ratio. All the results 

confirmed the selectivity and sensitivity of L6 towards Hg2+ ion. 

 

Figure 5.5 Interference effect of various cations with L6-Hg2+ (fluorescence intensity ratio 

(I483/I390) of L6 + Hg2+ + other cations (1:1:10 equiv.) 

5.3.5 Stoichiometry and Limit of Detection (LOD) 

The Job’s plot of fluorescence intensity ratio (I483/I390) (Figure 5.6a) that is dependent on the 

complex formation was plotted as a function of mole fraction of Hg2+ to determine the 

stoichiometry between L6 and Hg2+ and the maximum of the plot was obtained at 0.34 mole 

fraction, exemplify 2:1 stoichiometry between L6 and Hg2+ ion [54]. The detection limit of L6 

for Hg2+ ion detection was calculated from the fluorescence titration data. The emission 

intensity ratio (I483/I390) of L6 was measured 7 times for calculation of the standard deviation 

of the blank receptor and the obtained standard deviation was used for determination of limit 

of detection. The slope of linear fit graph of fluorescence intensity ratio response (I483/I390) of 

fluorescence titration measurements was plotted against the concentration of Hg2+ ion to 

determine the slope (Figure 5.6b). Calculated from the slope and standard deviation as Limit 

of detection = 3 s/m [55,56] and found to be 14.7 nM.  
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Figure 5.6 (a) Job’s plot (the total concentration were 10 μM), (b) The linear fit graph of 

intensity ratio (I483/I390) as a function of Hg2+ ion concentration. (in DMSO-water 

(1:99 v/v, HEPES buffer pH 7.2) 

5.3.6 Fluorescence Lifetime 

As shown in Figure 5.7, the fluorescence lifetime of L6 at 390 nm was 2.64 ns and after the 

addition of Hg2+ it decreased to 1.43 ns, and the fluorescence lifetime of L6+Hg2+ at 483 nm 

was 14.8 ns. These results validate fluorescence quenching at 390 nm is due to conversion of 

the monomers to the excimer that results a red shift in fluorescence to 483 nm. The long 

emission lifetime at 483 nm confirms the excimeric nature of the emitting species, as it is 

known excimers have significantly longer life time than monomer aggregates this is due to the 

excimer formation time associated with migration of the free excited molecules to the 

excimer-formation sites [57].  

 

Figure 5.7 Fluorescence lifetime decay profile of L6 in the absence and presence of Hg2+ ion 

(in DMSO/water (1:99 v/v, HEPES buffer pH 7.2), λex = 340 nm) 
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5.3.7 Binding Mode of L6 with Hg2+ ion 

The complex formation was established by IR, and 1H-NMR to understand the binding mode 

of L6 with Hg2+. The FT-IR spectrum experiment was carried out in the absence and 

presence of Hg2+. L6 exhibited a characteristic series of stretching vibrations among which 

are 3445 (-NH), 1775-1649 (N-C=O), 1548 (C=C aromatic), 1438 (thiadiazole ring), 1235, 

1187 (SO2), and 923 (N-S of SO2), and 697(C-S-C) bands and respectively. Upon addition of 

Hg2+, the three strong bands corresponding to SO2 group showed significant changes of 1235 

to 1239 cm-1 and 1187 and 923 cm-1get disappeared respectively, which could be ascribed to 

binding of Hg2+ to SO2 functional group. While, thiadiazole ring vibration band is shifted to 

1412 cm-1 and 697 cm-1 of C-S-C stretching in thiadiazole ring diminished in the complex 

(Figure 5.17). Which implies the coupling of Hg2+ with (-SO2) and thiadiazole ring of 

sulfamethizole moiety. Moreover, the binding mode was investigated by 1H NMR (Figure 

5.18), the 1H NMR titration shows that the –NH proton peak appeared as a singlet at 14.09 

ppm is vanished upon addition of Hg2+, this reviles that the deprotonation of –NH proton by 

Hg2+ and noticeable change of chemical shifts in other protons. The four proton of 

naphthalimide ring (H-3, 5) that appeared as multiplet at 8.47 ppm divided into two resolved 

doublets and up field to 8.44 ppm (H-3) and 8.40 ppm (H-5) at the same time the doublet (H-

2) at 7.91ppm is down field shift to 7.92 ppm while triplet (H-4) at 7.87 ppm and doublet (H-

1) at 7.58 ppm also shifted to 7.81 and 7.54 ppm. The shift in the naphthalimide ring shows 

that the heave metal effect in binding of Hg2+ ion and the downfield of (H-2) in the Meta and 

up-field shift of (H-1) in the ortho position to sulfamethizole moiety illustrates the 

interactions of Hg2+ with the sulfonamide. Accordingly, the spectroscopic data from IR, NMR 

and the Stoichometric calculation L6 coordinate with Hg2+ through (-NH), (-SO2) and 

thiadiazole ring of sulfamethizole moiety in 2:1 stoichiometry. Based on those observations, 

the possible binding interaction of L6 with Hg2+ ion is demonstrated in scheme 5.2. 

 

Scheme 5.2: proposed mode of binding of L6 with Hg2+ 
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5.3.8 pH Selection 

The pH effect in the photophysical properties of L6 were examined in the absence and 

presence of 5 equivalent of Hg2+ in the pH range of 3 to 12 in DMSO:H2O (1:99, v/v). The 

fluorescence intensity of L6 was not changed significantly in pH range of 3-8, the 

fluorescence intensity was remarkably high in acidic media while quenched in basic media, 

this might be due to the solubility difference of L6; at low pH the chemosensor become less 

soluble and it can encapsulate into nano-aggregate which enhance the fluorescence intensity 

and in the basic pH range above 8 the chemosensor solubility increases which weaken the 

fluorescence intensity (Figure 5.19a). While, upon addition of Hg2+, at pH 3 there were no 

obvious change in fluorescence intensity, this indicates there were no binding of Hg2+,and at 

pH 4 fluorescence intensity of at 390 nm start to decreases and the new peak centered at 483 

nm shows up. The less significant change in acidic media might be due to formation of stable 

nano aggregates or protonation of imide and –NH group of L6. In pH range of 5-10, L6 

shows good ratiometric response to Hg2+, however, a decrease in the fluorescence intensity at 

390 nm and total quenching at 483 nm was observed in L6-Hg2+ at higher pH range (Figure 

5.19b). The overall pH effect for the fluorescence intensity ration (I483/I390) for the L6 and L6-

Hg2+ was substantial stable in 5-10 pH range (Figure 5.8). This wide range pH stability is an 

imperative for application of Hg2+ ion detection in biological and environmental samples. 

Hence all experiments were carried out in physiological pH ((in DMSO/water (1:99, v/v, 

HEPES buffer, pH 7.2).as optimized experimental condition. 

 

Figure 5.8 Fluorescence intensity ratio (I483/I390) for L6 and L6-Hg2+ at different pH values. 
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5.3.9 Reversibility Studies Applied as Logic Circuit Devices 

It is very practical if a sensor can be reversed and reused. The strong binding affinity of Hg2+ 

ion to iodide ion is well-known [58–61]. Therefore, we use KI for competitive binding of 

Hg2+ by I- from the L6–Hg2+ complex. To identify the reusability of L6 for Hg2+ sensing, the 

reversibility of L6 toward Hg2+ ion was examined by addition of KI to L6-Hg2+ solution in 

DMSO/water (1:99, v/v, HEPES buffer, pH 7.2). As expected, splendid reversibility was 

acquired, indicating that L6 can be reused reputedly for detection of Hg2+ ion, confirming the 

high KI affinity towards Hg2+ ion while there was KI alone induces no change in the 

fluorescence intensity of L6 (Figure 5.9a). Hg2+ ion imposes remarkably increasing 

fluorescence intensity ratio (I483/I390) of L6 due to the excimer formation up on coordination 

of L6 with Hg2+ ion, thus acting as an ON switch. Treatment of L6-Hg2+ complex with KI 

induces the excimer to return to monomer L6, which is accompanied by the noticeably 

decreases in emission intensity at 483 nm whereas the intensity of emission at 390 nm 

increased, this slims down the intensity ratio (I483/I390) thus assigned as an OFF switch. The 

repeated the ON/OFF behaviour of fluorescence intensity ratio (I483/I390) and fluorescence 

color changes under Uv-light from blue to green and then back to blue (Inset Figure 5.9a) 

reveals the applicability of L6 as naked eye and ratiometric ON/OFF/ON reversible and 

reusable Hg2+ ion sensor.  

Furthermore, the ON/OFF/ON cycle could be repeated numerous times with negligible 

reduction in emission ratio (I483/I390) by alternating the addition of Hg2+ and KI. Subsequently, 

two input and two output INHIBIT logic gate has been constructed on the basis of the 

repeated On-Off behaviour of L6 by Hg2+ and KI as two input signals, in inputs system the 

presence and absence of Hg2+ and KI are defined as 1 and 0 respectively [62] and in output 

the quenching and enhancement of fluorescence intensity at 390 and 483 nm is represented as 

0 and 1 respectively as shown in the truth table (Figure 5.9b). This can be symbolized as a 

combination of IMPLICATION and INHIBIT gates for outputs at 390 and 483 nm 

respectively [63–65]. The combined effect in the ratiometric (I483/I390) output gives INHIBIT 

logic gate (Figure 5.9c). The combination of these intrinsic properties with diverse chemical 

inputs permits the implementation in designing molecular logic gate Circuit devices [66]. 
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Figure 5.9 (a) Fluorometric reversibility. (Inset: visual fluorometric reversibility) (b) Truth 

table corresponding to a logic gate based on Hg2+ and KI. (c) Switch circuit 

diagram. 

5.4 Biological Application of Ligand-Sliver Complex 

Silver complexes have been widely used for disinfection and silver sulfonamides complexes 

are known for their biological activity [36,49,67]. Therefore, we also screened the L6 and L6-

Ag complex as antimicrobial agents and reported in Table 5.1. The anti-microbial activities 

were tested against Gram negative strain due to more pathogenic in nature. Under similar 

concentrations, these compounds have shown better anti-microbial activities than the most of 

the antibiotics available in the market (Table 5.1). 

Table 5.1 Anti-microbial activities of L6 and L6-Ag+compounds 

 Strain L6 L6+Ag+ Amikacin Cefotaxime Cefazidime Imipenem Meropenem 

AK-83 256 16 2 512 1024 512 512 

AK-44 512 32 4096 512 1024 512 256 

AK-68 512 4 1024 1024 1024 1024 1024 

AK-67 512 4 1024 1024 1024 1024 1024 

AK-92 1024 64 1024 1024 1024 1024 1024 

(Bacterial strain AK-83, AK-44, AK-68, AK-67, AK-92 are Gram negative). 
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5.5 Conclusion 

An effective ratiometric Hg2+ ion chemosensor was established. The Hg2+-prompted 

monomer-excimer conversion induced fluorescence intensity variation of monomer emission 

quenching and excimer emission enhancement based on chelation enhanced fluorescence 

emission, with larger bathochromic shift from 390 nm to 483 nm which gave a ratiometric 

result. The proposed sensor display high selectivity and splendid sensitive to Hg2+ ion over a 

variety of tested metal ions in the physiological pH range in aqueous solution, and with 

detection limit as low as 14.7 nM. In addition, the better anti-microbial activities of L6 and 

L6-Ag+ complex have been investigated and compared with antibiotics available in the 

market. 
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Spectral Characterization of L6, L6+Ag+ and L6+Hg2+ by IR, NMR and 

HRMS 

 

Figure 5.10 IR spectrum of receptor L6 recorded in KBr pellet. 

 

Figure 5.11 1H-NMR spectrum of receptor L6 recorded in DMSO-d6. 
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Figure 5.12 13C-NMR spectrum of receptor L6 recorded in DMSO-d6. 

 

Figure 5.13 HRMS of L6 
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Figure 5.14 IR spectrum of receptor L6+Ag+ recorded in KBr pellet. 

 

Figure 5.15 1H-NMR spectrum of receptor L6+Ag+ complex recorded in DMSO-d6. 
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Figure 5.16 13C-NMR spectrum of receptor L6+Ag+ recorded in DMSO-d6. 

 

Figure 5.17 IR spectrum of L6+HgCl2 recorded in KBr pellet. 
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Figure 5.18 1H-NMR spectra of L6 with Hg2+ (as HgCl2) in DMSO-d6. 

 

Figure 5.19 Fluorescence intensity of (a). L6, (b). L6-Hg2+ at different pH value. 
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