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Abstract 

Over the past few years, high sensitive and selective fluorescent chemosensors towards 

various transition and other toxic metal ions are particularly attractive to current researchers 

due to its potential applications in the medicinal, clinical and environmental research areas. At 

present, many techniques are available for qualitative and quantitative analysis of metal ions 

and found their applications in various food, biological, geological and industrial effluents 

such as atomic absorption spectroscopy, inductively coupled plasma-mass spectroscopy, 

inductively coupled plasma emission spectrometry, neutron activation analysis, 

chromatography and voltammetry. Nevertheless, most of these methods involve tedious 

sample preparation procedures, sophisticated instruments and high maintenance expenditure. 

In recent years there has been a growing need for constructing chemical sensors for fast, on-

time and cost-effective monitoring of environmental samples. The research and development 

(R&D) in the sensors area has expanded exponentially in terms of financial investment, 

numbers of paper published, and the number of active researchers worldwide. Compared with 

the traditional analysis instruments, chemical sensors are portable, simple to use, in-situ and 

miniature in size. These features are ideal for real-time on field measurements, thus the errors 

caused by the sample transportation and storage can be largely reduced. On the other hand, 

fluorescent chemosensors have drawn attention and offer considerable advantages over other 

techniques via their simplicity, convenience, low-cost, sensitivity, immediate response, and 

naked-eye visualization.  

The thesis is divided into six chapters. General introduction and a survey of 

fluorescence-based optical sensors reported in the literature are presented in Chapter 1. These 

chemosensors are typically derived from a core group of well-known fluorophores, such as 

coumarin, bipyridine, indole, quinoline, calixarene, porphyrin, crown ether, fluorescein, 

rhodamine, BODIPY and nanoparticle, each emitting in different regions of the 

electromagnetic spectrum.  

Chapter 2 describes the theory which involves during the sensing process. Details 

related to the photoluminescence process will be discussed in the different subsections. The 

properties of excited states as well as their relaxation processes are explained with the help of 

Jablonski diagram. Classification of chemosensors according to the nature of the signal 
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emitted by the active unit and the different possible mechanisms such as PET, ICT and ET for 

signal transduction upon analyte binding to chemosensors, and the terms used in the study of 

fluorescence sensing have also been discussed in this chapter. 

In Chapter 3, the fluorescent sensors C1 and C2 with 4-aminoantipyrine unit have 

been prepared and characterized. Their complexation behaviour and binding mode towards 

Al3+ and other metal ions have been studied by UV–Vis, fluorescence spectrometric and 

HRMS methods. The free ligands C1 and C2 exhibited a main absorption band at about 345 

nm and 380 nm, respectively. On the addition of metal ions to sensors, a new broad absorption 

band (mainly for Cu2+, Ni2+, Co2+ and Al3+ ions) was observed at 350–480 nm region. 

Receptor C1 and C2 alone displayed a very weak single fluorescence emission band at 498 

nm and 484 nm respectively, with an excitation of 360 nm. On addition of Al3+, receptors C1 

and C2 exhibited a prominent fluorescence enhancement accompanied by a blue shift of 32 

nm from 498 to 466 nm and 18 nm from 484 to 466 nm, respectively. Indicating that the 

receptors C1 and C2 exhibit “off-on” mode with high sensitivity towards Al3+ over other 

metal ions which are used. The 1H NMR titrations were carried out to explore the nature of 

interaction between receptor and aluminum ion. These sensors are successfully applied in 

highly acidic and neutral pH medium with the fastest response time (<5 sec). The fluorescence 

color change could be easily detected by the naked eye under a UV lamp. Fluorescence 

quenching of complex is observed in the presence of Cu2+, Ni2+ and Co2+ ions due to 

dissociation of Al3+ complex of receptor.  

N
N

O
N Ar

C1: Ar = 2-hydroxyphenyl
C2: Ar = 2-hydroxynaphthyl  

Chart 1. Structures of the antipyrine based sensors. 

In Chapter 4, new fluorescence chemosensors, CS1 and CS2 based on flavonol 

derivatives were synthesized and characterized. Complexation behaviour of sensors towards 

zinc and other tested metals have been studied using UV–Vis and fluorescence spectrometric 

methods. The free ligands CS1 and CS2 exhibited a main absorption band centred at 343 nm 
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and 356 nm, respectively. On the addition of metal ions to sensors, the absorption band of free 

receptors CS1 and CS2 is shifted to low intensity, while a new broad absorption band (mainly 

for Cu2+, Ni2+, Zn2+, Pb2+, Al3+, Co2+, Cd2+, Mn2+ and Mg2+ ions) was observed at about 350–

480 nm region. Chemosensors CS1 and CS2 alone displayed a weak single fluorescence 

emission band at 530 nm and a couple of emission bands at 425 and 530 nm, respectively, 

with an excitation of 340 nm. On addition of Zn2+, receptors CS1 and CS2 exhibited a 

prominent fluorescence enhancement accompanied by a blue shift of 54 nm from 530 to 476 

nm and 52 nm from 530 to 478 nm, respectively. These reveal selective detection towards 

Zn2+ ion, along with fluorometric response. Also, those serve as a highly selective 

chemodosimeter for Zn2+ at neutral pH with naked-eye detection and successfully examined 

the reversibility of Chemosensor–Zn(II) complexation. 

O

O

OH

Ar

CS1: Ar = Phenyl
CS2: Ar = 2-furyl  

Chart 2. Structures of the flavonol based sensors. 

In Chapter 5, a simple 4-Methyl-7-hydroxy-8-formyl Coumarin serves as a selective 

chemosensor for Mg2+ in the presence of alkali and alkaline earth metal ions. The free ligand 

CS exhibited a single absorption band at about 343 nm, hyperchromic shift was observed 

when added to Co2+, Cu2+, Gd3+, Mg2+, Mn2+, Nd3+, Ni2+ and Zn2+ ions. It showed a blue shift 

accompanied by a hyperchromic shift in the presence of Cr3+ and Al3+ metal ions. 

Chemosensor alone showed a single emission band at 473 nm with an excitation of 350 nm. 

CS showed a chelation enhanced fluorescence (CHEF) only with Mg2+, even though there was 

a relatively chelation enhanced fluorescent quenching (CHEQ) effect with Al3+, Co2+, Cr3+,  

O OHO

CHO

4-Methyl-7-hydroxy-8-formyl Coumarin  

Chart 3. Structure of the Coumarin based sensor. 
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Cu2+, Fe2+, Gd3+, Mn2+, Nd3+, Ni2+ and Zn2+. It showed a significant fluorescence enhancement 

and provides naked-eye detection towards Mg2+. The receptor exhibited a good binding 

constant and lowest detection limit for Mg2+. The variation of emission signal exists via of 

reversible chelation enhanced fluorescence (CHEF) with this inherent quenching metal ion. 

In Chapter 6, a series of rhodamine derivatives have been prepared and characterized 

by FT-IR, 1H NMR, 13C NMR and ESI-MS, and their colorimetric and fluorescence responses 

toward various metal ions were explored.  Ligand L1–L4 shows fluorescence response to Al3+ 

in the presence of other competing metal ions in methanol. The detection limit of Al(III) was 

estimated based on the fluorescence titration profile as 6.0×10−7 M (for L1), 5.8×10−7 M (for 

L2), 5.0×10−7 M (for L3) and 1.4 × 10−7 M (for L4). The resultant Al3+ complex of the sensor 

L4 is evaluated for anion recognition properties. The metal complex is highly selective for the 

determination of AcO− and F− with a detection limit of 0.4 μM in same solvent. The sensors, 

RS1 and RS2 exhibited highly selective and sensitive “turn-ON” fluorescent and colorimetric 

response toward Cr3+. The detection limit of Cr(III) was calculated for RS1 and RS2 as 

4.9×10−8 M and 2.4×10−7 M, respectively. Receptor RH exhibited strong colorimetric 

response toward Cu(II), Al(III) and Fe(III) and specific fluorometric response to Fe(III) in 

semi aqueous medium. The formation of RH–Al3+ complex is fully reversible and can sense to 

AcO− and F− via dissociation. Thus, the sensor RH provides fluorescence “off-on-off” strategy 

for the sequential detection of Al3+ and AcO−/F−. All these rhodamine-derived sensors works 

on the basis of structure change from spirocyclic form (fluorescence “OFF”) to ring-opened 

amide form (fluorescence “ON”) induced by a specific chemical species such as ionic metal at 

room temperature. Upon the addition of metal ion, the spiro ring was opened and the complex 

was formed in a 1 : 1 stoichiometry, and it was further confirmed by ESI-MS spectra. 

ON N

N

O

N
Ar

RS1: Ar = 2-hydroxynaphthyl
RS2: Ar = 2,4-dihydroxyphenyl

O

N

N

N O

N

O

O

N

N

NO

N

O

R

L1: R = Ethylene
L2: R = 1,3-propylene
L3: R = Oxydiethylene

ON N

N

O

N

L4: Ar = 4-hydroxy-3-methoxyphenyl
RH: Ar = 2,5-dihydroxyphenyl

Ar

 

Chart 4. Structures of the rhodamine based chemosensors. 
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A Chemical sensor, defined by the IUPAC, “is a device that transforms chemical 

information, ranging from the concentration of a specific sample component to total 

composition analysis, into an analytically useful signal” [1]. 

1.1. General introduction 

This work deals with detection/determination of toxins that may be accidentally or 

maliciously introduced into the environment. A few decades ago, there was a general feeling 

among many people that nature could effectively handle hazardous substances. Although, 

nowadays human beings are more concerned of their sensitive natural environment, 

pollution is still a problem. Experts estimate that industrial processes introduce up to a 

million different pollutants into the atmosphere and the aquatic ecosystem [2]. Heavy metals 

are one group of these substances, although not all of them are considered harmful to 

humans.  

1.2. Historical review 

In 1565 the first recorded fluorescence observation by Nicolas Monardes who was 

the Spanish physician and botanist, they observed a strange blue glimmer from water 

contained in a specific wooden cup made from Ligirium nephiticiem. This phenomenon was 

more widely illustrated in the 17th century by Isaac Newton and Robert Boyle. The first 

crude fluorescence emission spectrum was found by John Herschel for quinine in 1845. 

Good progress was made by George Stokes in the late 19th century toward the understanding 

of fluorescence. He launched the technique of observing fluorescence by using two different 

colored filters, one for the excitation, and one through which to observe the emission. Stokes 

was the first to find out and report that the emission wavelength was longer than the 

excitation wavelength (in 1852). This characteristic of fluorescence is now known as Stokes’ 

Law. Association of Concentration with fluorescence intensity was also explained by Stokes. 

He defined the fluorescence quenching at high concentration and in the presence of foreign 

substances and used this information to suggest the use of fluorescence for the detection of 

organic substances. The first fluorescence based analysis was developed for the 

determination of Al(III) by forming a strongly fluorescent morin chelate by F. Goppelsroder 

in 1867. Roger Y. Tsien reported a fluorescent probe for Ca2+ in 1980 [3]. 

1.3. Heavy metals in the environment  

Heavy metals are considered as metals of a density higher than 5 g/cm3. They 

obtained as pure elements, ions and complexes. Heavy metals include chromium (Cr), 

copper (Cu), iron (Fe), zinc (Zn), lead (Pb), mercury (Hg), silver (Ag), cadmium (Cd), 
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arsenic (As) and the platinum group elements [2]. Human activities started with metal 

mining more than 4000 years ago. Record pollution came up with the industrialization and 

its utilization of energy. A large amount of heavy metals are introduced into the aquatic 

environment and the atmosphere by the fossil fuels combustion. For example, the firing of 

coal causes the worldwide emission of 2.4 x 104 times of lead per year and crude oil contains 

3.4 ppm mercury [2]. In addition, heavy metals are released to the ecosystem with the 

exponential growth of metal mining, the following processes and their industrial use.  

Through polluted water supplies containing toxic metal ion is a potentially dangerous 

causing cancer and neurological dysfunction [2]. Metal ions are the second most rich water 

contaminant in the United States with the most common ion being mercury [2].  As reported 

by the Environmental Protections Agency (EPA) to Congress in 2007, 47% of considered 

reservoirs, ponds and lakes. In the US, approximately seven million acres are spoiled with 

different metal pollutants.  

The EPA refers that mercury is a primary contaminant in US water, but chromium, 

lead and arsenic are also in abundant supply in America and abroad. Arsenic is one of the 

toxic metal present in the earth’s crust. Arsenic in 3rd oxidation state is the most toxic and 

has a high occurrence in fish [4]. Although the EPA sets a limit of 50 μg/l, 13 million 

Americans mainly in western region are exposed to drinking water with twice this level, at 

0.1 mg/l [4]. Arsenic contaminated water has been connected to risk of liver, bladder, lung 

and kidney cancers [5]. The US Toxicology Program and International Agency for the 

Research on Cancer refer to Cr(VI) as a lung carcinogen [6]. Highly toxic Cr(VI) and less 

toxic Cr(III) are present in US drinking water at levels of 1.8 μg/l [6]. Cr(VI) is most common 

metal in shallow groundwater with pH 6–8. The human body can reduce low levels of Cr(VI) 

to the less toxic Cr(III), but at higher levels (> 0.012 μg/l) of haxavalent chromium have 

shown allergic reactions in the lungs and skin, and an increased risk of lung cancer [6, 7].  

The National Institute of Environmental Health Sciences (NIEHS) refers that lead 

toxicity is one of the most continual metal contamination issues. It occurs in low income 

homes where aging paint exists and eroding lead pipes are carrying the household’s water 

supply [7]. These contaminants are difficult to locate since there is not a single contained 

source, but many individual sources. Lead poisoning is known to cause damage in 

reproductive and nervous system and is especially harmful to young children and fetuses. 

Due to these reasons it is particularly important to design a sensor system to detect hazardous 

metals in drinking water throughout the world.  
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1.4. Biochemistry and bio-toxicity of heavy metals  

Recently, the term “heavy metals” has become widely used in biology and 

environmental studies related to their potential toxicity and ecotoxicity [8]. Human exposure 

to heavy metals is through the air, water chain, food chain, industry products and also 

occupational exposure. Due to their interference with the normal body biochemistry in the 

normal metabolic processes, they are considered as poisonous metals. When ingested, in the 

acid medium of the stomach, toxic metal ions (e.g., Zn2+, Pb2+, Cd2+, As2+, As3+, Hg2+ and 

Cu2+) are converted to their stable oxidation states and form strong and stable chemical bonds 

when combine with the body’s biomolecules (e.g., enzymes and proteins). These metals can 

replace the hydrogen atoms or the metal groups in the bio-molecules and the enzyme is thus 

inhibited from functioning [9, 10]. 

The toxicity of heavy metal ions depends on the type of metal, its biological role and 

the type of organisms that are exposed to it. Some heavy metals are essential to maintain the 

metabolism of the human body at trace concentrations, such as Cu, Fe, Mg, Mn and Zn, 

though they can be toxic in excess [11]. Some are considered to be both very toxic above 

recommended allowable levels and also relatively accessible, such as As, Cd, Hg, Pb and Sn 

[12]. Inhalation of heavy metals inhaled in vapour form can cause humans to exhibit the 

following symptoms: gastrointestinal (GI) disorders, diarrhoea, tremor, paralysis, ataxia, 

vomiting, depression, convulsion and pneumonia [11, 12].  

Heavy metals are having a high tendency to form complexes, especially with oxygen 

nitrogen and sulphur-containing ligands of biological matter [13]. The toxicological effects 

can be explained by this interaction. As a result, breaking of hydrogen bonds, changes in the 

proteins molecular structure or enzymes inhibition can occur. Repeated exposure over long 

periods of time can cause chronic toxicity. Carcinogenic, teratogenic or mutagenic effects 

have been described for some heavy metals.  

Besides the fact that arsenic, cadmium and mercury are highly toxic, and some heavy 

metals like as copper, cobalt, zinc, iron, nickel, manganese, selenium and tin are necessary 

to many organisms. These metals, along with amino acids, fatty acids and vitamins are 

essential for normal biochemical processes such as metabolism, biosynthesis and respiration 

[13]. An undersupply of these so called trace metals leads to deficiency, while oversupply 

results in toxic effects [13]. 

1.5. Conventional methods for the determination of metal ions 

Accurate detection of metal ions is becoming increasingly important to the 

regulatory agencies, the regulated community and the general public. The development of 
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very sensitive and precise instruments is a big challenge. A variety of analytical methods 

fulfilling these demands are available. Recommended techniques for the detection of metal 

ions in water samples include inductively coupled plasma mass spectrometry (ICP-MS) [14], 

hydride-generation (HG) or cold vapour (CV) atomic absorption spectrometry (AAS) [15, 

16], flame atomic absorption spectrometry (FAAS) [17], electrothermal atomic absorption 

spectrometry (ETAAS) [18], electrochemical [19–31] and other [32–50] methods. These 

methods are sensitive to metal ions which can provide a wide linear range and low detection 

limits of metal ions. However, these instruments are large in size and expensive in price and 

they are suitable for use in the laboratory only. Therefore, the samples have to be collected 

on site and transported by the labours. During these processes, contamination of samples 

may occur. The high cost and slow measurement times typically associated with the 

conventional measurements of regulated metals indicate requirements for novel analytical 

technologies that are fast, portable and cost effective. 

1.6. Chemical sensors for the determination of metal ions 

In recent years there has been a growing need for constructing chemical sensors for 

fast, on-time and cost-effective monitoring of environmental samples. The research and 

development (R&D) in the sensors area has expanded exponentially in terms of financial 

investment, numbers of paper published, and the number of active researchers worldwide 

[51]. Compared with the traditional analysis instruments, chemical sensors are portable, 

simple to use, in-situ and miniature in size. These features are ideal for real-time on field 

measurements, thus the errors caused by the sample transportation and storage can be largely 

reduced [52–54]. An appropriate definition of a “chemical sensor” has been described as the 

“Cambridge definition”, whereby a ‘‘chemical sensor’’ is that of a miniaturised 

device/material, that can deliver real time and on-line information on the presence of specific 

compounds or ions in complex samples [55]. 

1.7. The role of supramolecules in the field of chemical sensing  

In 1987, the Nobel Prize for chemistry was awarded to triad of scientists – Donald J. 

Cram, Charles J. Pedersen and Jean-Marie Lehn in recognition of their brilliant work in the 

field of Supramolecular Chemistry. That day, this field has proved to be a well-established 

branch of modern chemistry. Since it lays on the crossroads between chemistry, 

biochemistry, physics and technology, it is highly interdisciplinary field, and has developed 

very rapidly in the last three decades [56, 57]. Since the field is expanding as it advances, 

numerous definitions describing it were reported in the literature. Phrases like ‘chemistry 
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beyond the molecule’, ‘the chemistry of the non-covalent bond’, or ‘non-molecular 

chemistry’ are some of them, to name a few. The modern concept of supramolecular 

chemistry was introduced by Jean-Marie Lehn, which he defined as the ‘‘chemistry of 

molecular assemblies and of the intermolecular bond’’ [58]. From these descriptions, it can 

be easily inferred that, contrary to the traditional chemistry, supramolecular chemistry 

focuses on the weaker and reversible non-covalent interactions between molecular species. 

These interactions could be in the form of Van der Waals forces, hydrogen bonding, 

electrostatic forces, metal coordination, π–π interactions and hydrophobic forces. 

 

Figure 1.1. Comparison between molecular and supramolecular chemistry. 

 During the early days of this field, supramolecules mainly comprised two 

components, a host and a guest species (Figure 1.1), which interact with one another in a 

non-covalent manner. However, dramatic developments have occurred since then, such that 

past decade has seen its expansion into some interesting areas of materials chemistry and 

nanoscience with various potential and real applications. 

A wide range of chromophores, fluorophores, and redox-active chemical species 

have been successfully incorporated into supramolecular frameworks. Utilizing the rich 

host-guest chemistry, they become ideal candidates for sensing applications. Moreover, 

contributions of supramolecular methods in the design and manufacture of molecular scale 

functional devices are significantly important. Developing molecular scale logic devices, 

designing and synthesizing artificial biological agents, and developing new therapeutic 

Molecular precursors

Molecular Chemistry

guest

host supramolecule
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agents, are some of the very hot and novel application areas of this field. No doubt that, as 

human needs are increasing, supramolecular chemistry concepts are going to be more 

involved in our daily life to facilitate it. 

1.8. Literature survey 

 The most developed class of chemosensors is that of sensors which recognize 

metal ions. Metal ions are extremely important in fields such as biology, chemistry, medicine 

and environment. Metal cation roles in biological processes range from maintaining 

potentials across cell membranes to triggering muscle contraction, among other functions. 

They also have catalytic functions at the active sites of many enzymes. On the other hand, 

pollutant metals like lead, mercury or cadmium show the undesirable side of the coin, in 

environmental terms. Due to their importance in so many areas, the chemistry of cation 

complexation has played an important role in the origin of the field of molecular recognition. 

 These chemosensors are typically derived from a core group of well-known 

fluorophores, such as coumarin [59–82], bipyridine [83–87], indole [88–93], quinoline [94–

107], calixarene [108–122], porphyrin [123–130], crown ether [131–138], fluorescein [139–

141], rhodamine [142–149], BODIPY [150–166] and nanoparticle [167–185] (Figure 1.2), 

each emitting in different regions of the electromagnetic spectrum [186]. 
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Figure 1.2. Well-known small molecule fluorophores. 
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1.8.1. Coumarin based fluorophores 

X.F. Yang and co-workers designed and synthesized a coumarin-based chemosensor 

for Zn2+, it exhibited lower background fluorescence due to ICT [62]. Upon addition of zinc 

ions to probe, a turn-on fluorescence emission is observed. Fluorescence emission increased 

with concentration of Zn2+ with a detection limit of 0.29 μmol L−1, formed 1:1 complexation 

between probe and zinc ion. The signalling of zinc by probe is significantly interfered by 

Cu2+, Co2+, Ni2+. The neutral pH conditions are suitable for this sensor. Z. Li et al synthesized 

a new coumarin based Fe3+-selective chemosensor, exhibited high selectivity toward Fe3+ 

over other metal ions (K+, Li+, Al3+, Ca2+, Mg2+, Co2+, Mn2+, Cu2+, Ni2+, Cd2+, Ag+, Hg2+, 

Pb2+, Ba2+, Sr2+ and Zn2+) [64]. The binding ratio was determined for probe-Fe3+ complex as 

1:1. Association constant and detection limits were calculated to be 2.5×103 M−1 and 0.388 

μM, respectively. 

An efficient coumarin based chemosensor has been synthesized for the detection of 

Al3+ by T.K. Mondal and co-workers [65]. This receptor shows about 21-fold enhancement 

in fluorescence intensity upon Al3+ addition. It is efficient in detection of Al3+ in the 

intracellular region of human cervical cancer cells. The detection limit is calculated as low 

as 0.39 μM. Theoretical calculations are also studied to interpret the sensing mechanism. R. 

Sheng et al proposed a coumarin azine derivative as a colorimetric chemosensor for Hg2+ 

[67]. Upon addition of Hg2+, the ligand absorption maximum shows a large red shift. The 

color change is very easily observed by the naked eye, while alkali and alkaline earth metal 

ions do not induce such a change. 

A highly sensitive and selective coumarin based chemosensor for Ag+ was developed 

by S. Huang et al [68]. 4-fold fluorescent enhancement was observed due to inhibiting a PET 

quenching pathway through binding with Ag+, limit of detection was found as low as 0.01 

μM. D. Maity and T. Govindaraju introduced a highly selective coumarin-conjugated 

thiocarbanohydrazone based colorimetric chemosensor for Co2+ [69]. It shown color change 

on the addition of Co2+ from light yellow to deep pink and successfully applied in 

microorganisms. For Cu2+ ion, a novel coumarin derived fluorogenic probe was developed 

by H.S. Jung et al [78]. To the monitoring of Cu2+, the probe was applied successfully in the 

pH range 4–10. They also employed it for the detection of Cu2+ in the cultured cells. 

1.8.2. Bipyridine based fluorophores 

 A multi-substituted phenol-ruthenium(II) tris(bipyridine) complex was designed and 

prepared by C.Y. Li et al [83]. In this complex, Ru(II) tris(bipyridine) unit chosen as a 

fluorophore and the multi-substituted phenol moiety selected as receptor. It shows 
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fluorometrically selective towards Co2+ ion and from 1:1 complex with a binding constant 

of 2.5×105 M−1 and a detection limit of 5×10−8 M. the response behaviour of probe was 

successfully carried out in a wide pH range of 4.5–9.5. A. Reynal et al prepared a series of 

2,2′-bipyridine-3,3′-diols with different substituents [84]. The fluorescence of ligands is 

quenched in the presence of Cu2+ ions. Working range and detection limit were calculated as 

0.7–30 μM and 0.04 ppm. 

 A.A.G. Al Abdel Hamid and co-workers proposed a selective chemosensor based on 

ruthenium(II) complex for Mercuric ions [86]. The sensitivity of probe was measured by 

using FTIR and UV-Vis spectroscopy. Limit of detection for Hg(II) ions was estimated to 

be 0.4 ppm. For copper(II) ions, a novel ruthenium tris(bipyridine)-based chemosensor was 

prepared by M. Li et al [87]. It displayed “ON-OFF” fluorescence change with Cu2+ amongst 

16 various metal ions, and further fluorescence recovered in the presence of S2−, indicating 

OFF-ON sensing process. The sensing mechanism is confirmed by emission, NMR and mass 

spectrometry. 

1.8.3. Indole based fluorophores 

 H.H. Wu et al introduced a novel indole-derived fluorescent chemosensor and its 

sensing properties towards metal ions were investigated [88]. It exhibited high selective and 

sensitive response towards Hg2+ among several metal ions. It forms 1:1 complex with 

association constant of 9.57×103 M−1, and the limit of detection of Hg(II) was calculated to 

be 2.25×10−5 M. Computational results suggested that a central tetrahedron-coordination 

was formed between probe and Hg2+. Two new fluorescent chemosensors based on indole 

were prepared and investigated its response with various transition metal ions by A.T. Wu 

and co-workers [89]. The results shown that sensors were selective for Hg2+ ion, formed 1:1 

complex with a central, sandwich-coordination. Sandwich-coordinated Hg(II) ion center was 

confirmed by the computational calculations. 

 P. Kaur et al designed and synthesized a new indole based “ratiometric” and “turn-

off” fluorescent chemosensor towards Hg2+ and Cu2+ ions [92]. It exhibited NOR and YES 

logic gates, and in cervix cancer (HeLa) cell, intracellular Hg2+ was also imaged (see the 

publication for more information). It is successfully carried out in a wide pH range of 2–12. 

D.T. Shi et al prepared a new series of chemosensors that respond to Cu2+ and F− [93]. Due 

to NH-proton of indole, shows high-affinity binding towards fluoride ion. In these probes, 

the bis-triazolyl part serves as a receptor for metal ions and the indole moiety serves as a 

fluorophore for fluoride ion exerts specific and reversible emission changes along with 

colorimetric alternations upon the recognitions.  
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1.8.4. Quinoline based fluorophores 

 As Z.J. Jiang et al reported, a new quinoline-based fluorescent chemosensor 

selectively responded toward Cu2+ over other metal ions [94]. The stoichiometric ratio was 

determined as 1:1 according to Job method. Both of intramolecular charge transfer and 

photo-induced electron transfer mechanisms were considered to be operational for 

fluorescence enhancement. Copper detection limit was determined as 1.16 μM. A highly 

sensitive and selective chemosensor was developed for the Zn2+ ion by D. Sarkar et al [97]. 

The prepared chemosensor showed highly efficient in detecting zinc ion over other metal 

ions. It exhibited ‘turn-on’ response with about 50 fold enhancement of fluorescence 

intensity on addition of Zn2+. The lowest detection limit of Zn(II) was established as low as 

5 nM. Sensing mechanism and electronic structure have been understood by DFT and 

TDDFT calculations. 

 A quinoline-derived fluorescent chemosensor was reported by Y. Ma et al for the 

simultaneous detection of Zn2+ and Cd2+ in aqueous medium [98]. The internal charge 

transfer mechanism was proposed and this effect induced by binding with Zn2+ or Cd2+ 

produced the emission changes. The formed complex of probe and Cd2+ was dissociated in 

the presence of cysteine, so it is considered as reversible chemosensor. Furthermore, it can 

provide real-time detection for intracellular ionic zinc and cadmium. Y.J. Jang et al 

developed a chemosensor based on quinoline and naphthol moieties and it showed a 

colorimetric and fluorescent response to Cr3+ and Al3+ [99]. Probe could selectively and 

sensitively detect Cr3+ ion through a visible color change, while sense Al3+ ion through a 

fluorescence enhancement. 

 K. Ghosh and D. Tarafdar designed and synthesised a new quinoline-based 

chemosensor, which recognised Hg2+ ions by exhibiting ratiometric change in emission 

[103]. It also detected both Zn2+ and Cd2+ by significant non-ratiometric increase in 

fluorescence accompanied by red shift. The effectiveness of complexation between probe 

and Hg2+ was further proved by 1H NMR analysis. As results shown, “N” of quinoline ring 

and “O” of ether link involved in the formation of complex. A.T. Wu and co-workers utilized 

a quinoline-based Schiff base as a fluorescent chemosensor for the selective detection of 

Al(III) [106]. It exhibited a high binding constant with a good detection limit as 0.18 ppm. 

Fluorescence enhancement of probe upon addition of Al3+ attributed to the chelation 

enhanced fluorescence (CHEF) effect. 
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1.8.5. Calixarene based fluorophores 

 X. Hu et al prepared a novel ON-OFF fluorescent chemosensor for Cu2+ [112]. The 

proposed thiacalix[4]arene-based fluorescent chemosensor can sense Cu2+ ions in aqueous 

solution. Fluorescence quenching takes place upon addition of cupric ions, which is 

attributed to intramicellar energy transfer effect. Cu2+ can be detected selectively in the 

submicromolar concentration level. Manoj Kumar and co-workers have developed a 

selective chemosensor for Ni2+ based on calix[4]arene [113]. They synthesized the 

calix[4]arene diamine of partial cone conformation, which undergoes fluorescence 

enhancement in the presence of nickel ions. The formation of a new band is attributed to the 

ICT effect. 

Calixarene-derived fluorescent chemosensor was prepared by J.M. Liu et al [115]. It 

possesses two 3-alkoxy-2-naphthoic acid units and fluorescent intensity was quenched upon 

addition of Cu2+ or Fe3+. M.A. Qazi et al described synthesis and characterization of 

calix[4]arene based chemosensor, and studied detailed complexation of probe toward Cd2+ 

and Cu2+ [116]. Clearly stated the changes in FTIR spectra of chemosensor upon addition of 

metal ions, according that results two phenolic OH and nitrogen atoms of azo moiety are 

participating in complexation. A novel calix[4]arene-derived chemosensor have been 

developed for Hg2+ ion, which works based on fluorescence resonance energy transfer 

(FRET). Energy transfer occurs from pyrenyl excimer to rhodamine upon addition of Hg2+ 

(fluorescence-On). In the absence of Hg2+ ion, it consists of a form of spirolactam, at this 

stage the energy transfer cannot take place (fluorescence-OFF) [117]. 

 N.J. Wang et al prepared a highly selective calixarene with lower-rim proximal 

triazolylpyrenes based fluorescent chemosensor was prepared for Ag+ ion [118]. The binding 

ratio was determined to be 1:1 for probe-Ag+ and the binding constant was found to be 

7.0×103 M−1. The complexation behaviour also studied by 1H NMR titration experiment. A 

new photochromic Schiff base derivative based on calix[4]arene has been synthesized [121], 

and it showed the color change on the addition of Dy3+ or Er3+ ions. Upon complexation with 

those ions, ‘N’ of imine group donates its lone pair to Dy3+ or Er3+, and a CHEF is observed 

due to chelation abrogates the PET process. G.G. Talanova and co-workers prepared a 

fluorogenic and dansyl group-containing calix[4]arene derivative, and provided fluorometric 

detection of Tl+ [122]. 

1.8.6. Porphyrin based fluorophores 

 Y.Q. Weng et al synthesized a new fluorescent chemosensor based on porphyrin-

zinc complex [123]. It exhibited high selectivity towards Cu2+ ions and its fluorescence was 
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quenched upon binding with copper ion. Its fluorescence was regenerated by addition of 

EDTA solution. The stoichiometric ratio was determined by mole ratio method, and then it 

was further confirmed by ESI-MS. Two metal-free porphyrin derivatives were prepared by 

J. Jiang and co-worker [124]. This is the first example of porphyrin-based triple-signal 

fluorescent chemosensor for Pb2+. Their dual-mode Cu(II) selective sensing properties by 

either the fluorescence ON-OFF mechanism or metal displacement from the Pb2+ complex. 

Thus it is selective for both Pb2+ and Cu2+. 

 C.Y. Li et al designed and synthesized a chemosensor for recognition of Zn2+ ions 

and exhibited unexpected ratiometric response to zinc ion [126]. The response of proposed 

chemosensor towards Zn2+ was based on the metallation of porphyrin. The complex ratio 

was found as 1:1 between probe and metal ion with a good binding constant of 1.0×105 M−1. 

The results shown that the sensitivity of probe to Zn2+ is pH-independent and the probe was 

applied successfully in the pH range 4–8. Another chemosensor has been reported based on 

porphyrin for Ag(I) ions [127]. Performed with a linear range of Ag(I) from 1.0×10−7 M to 

5.0×10−5 M with a detection limit of 2.5×10−8 M. 

 H.Y. Luo et al designed a chemosensor based on porphyrin-appended terpyridine for 

cadmium ion [129]. Upon addition of cadmium ion, it showed a chelation-enhanced 

fluorescence effect via disruption of PET process. It exhibited a linear response to Cd(II) in 

the concentration range of 3.2×10−6 M to 3.2×10−4  M with a detection limit of 1.2×10−6 M. 

It showed a good selectivity toward Cd2+ ion over a huge number of alkali, alkali earth and 

transition metal ions. X. Zhou and co-workers provided a highly selective and sensitive 

chemosensor having β-functionalised porphyrin to detect Hg2+ in aqueous solution [130]. It 

forms 1:1 stoichiometric complex with Hg2+. 

1.8.7. Crown ether based fluorophores 

 A.T. Wu and co-workers synthesized a sugar-aza-crown based chemosensor for Cu2+ 

and its fluorescence response toward transition metal ions was examined [132]. It exhibited 

highly detection toward Cu2+ ion amongst a series of metal ions. They used a Stern-Volmer 

plot to calculate the association constant and found to be 2.5×104 M−1. H. Zhou et al 

synthesized two new diaminomaleonitrile derivatives containing aza-crown ether, which 

was selective for Cu(II) [133]. And also employed DFT theoretical calculations to 

understand the sensing behaviour of the receptor toward Cu(II) ions. A novel luminescent 

chemosensor was prepared based on the benzo crown ether terbium complex by Y. Tang and 

co-workers, which recognise Hg2+ ion in methanol [134]. 
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 A new fluorescent chemosensor was prepared based on diaza-18-crown-6 ether by 

H. Li et al [136]. It exhibited high selectivity for Fe3+ among biologically and 

environmentally relevant metal ions. Spectroscopic changes were observed upon addition of 

Fe3+ via complexation with probe. The detection limit of Fe3+ and the response time 

estimated as 0.31 μM and 10 s, respectively. Recently, the anthracene modified benzo-15-

crown-5 ethers were introduced as a chemosensors for Mg2+ and Ca2+ ions by H. Nakamura 

and co-workers [138]. Their complexation behaviour was investigated through UV, 

fluorescence and 1H NMR spectroscopy. All receptors which are used showed a very slight 

fluorescence emission because of PET process. Upon complexation with metal ions (Mg2+ 

and Ca2+) gave fluorescence emission by inhibiting the PET process. 

1.8.8. Fluorescein based fluorophores 

 F.A. Abebe and E. Sinn designed two novel fluorescein-derived chemosensors to 

detection of Cu2+ ions [139]. Their binding toward Cu2+ is reversible, as indicated by the 

lightening of the color when copper ion is extracted with EDTA. The proposed sensors 

recognised the metal ion via the ring opened amide form. Recently, a another publication 

has been received on fluorescein-based ‘turn-on’ fluorescent chemosensor for Co2+ and Ni2+ 

from F.A. Abebe et al [140], which are highly selective and sensitive for those ions. The 

stoichiometry was confirmed as 1:1 ratio by Job’s method. The electrochemical experiments 

were also conducted to know sensing behaviour of receptors. 

 X. Zeng and co-workers successfully synthesized two new fluorescein-based 

chemosensors for silver ions [141]. The fluorescent chemosensors displayed a high selective 

and sensitive response toward Ag+ due to the high thiophility and selenophility of silver ions. 

The stoichiometric ratio of the complex between probe and silver ion is indicated as 1:2 by 

a Job’s plot and the detection limit of Ag+ found to be 0.01 μM. 

1.8.9. Rhodamine based fluorophores 

 Y. Wang et al proposed a novel rhodamine based chemosensor for Cu2+ by 

colorimetric and fluorometric detection [142]. The spirolactam ring of rhodamine derivative 

was opened and the color changes were observed from colorless to red. Probe showed a 

reversible absorption enhancement and fluorescence quenching response towards copper ion 

via a 1:1 stoichiometry. FRET process takes place during the complexation of probe with 1 

eq. of Cu2+ and FRET is inhibited when Cu2+ is in excess (> 5 eq.). Another fluorescent 

chemosensor based on rhodamine was designed by Y. Zhou et al [143], and its sensing 
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behaviour was investigated toward metal ions by fluorescence spectroscopy. It exhibited 

high selective detection toward Cr3+ with a detection limit of 0.023 μM. 

 A series of chemosensors based on rhodamine derivatives were synthesized by N.R. 

Chereddy et al for Fe3+ ions [144]. The number and nature of coordinating moieties as well 

as size of cavity in rhodamine based fluorescent chemosensors were tuned to enhance the 

selectivity and sensitivity for ferric ions. The development of pink color indicated that the 

formation of complex between probe and metal ion at pH 7.4. Recently, W. Liu and co-

workers reported two chemosensors to detection of Fe(III) and Cr(III) [145]. Upon 

complexation with metal ions, non-fluorescent spirocyclic form converted into fluorescent 

ring open form. The results showed that a probe form a complex with Cr3+ ion with a 1:1 

binding ratio and another one form 1:1 complex with Fe3+. 

 P. Chattopadhyay and co-workers studied on substituents effect on FRET process in 

chemosensor selectivity for Hg2+ ions [146]. They synthesized two novel rhodamine 

derivatives with different donor moieties (methoxy and nitro). Theoretical and experimental 

studies showed that the FRET mechanism is not operated in the probe which is having the 

nitro group (–R effect). H. Ju et al designed and prepared chemosensing monolayers on glass 

as a “turn-on” sensing film for Pb2+ [148]. Immobilized chemosensors showed reversible 

transitions between the spirolactam (fluorescence-OFF) and open-ring (fluorescence-ON) 

structures, providing reversible fluorescent switches of the immobilized fluorescent 

chemosensors. 

1.8.10. BODIPY based fluorophores 

 W. Dehaen and co-workers designed a colorimetric and near-IR fluorescent turn-on 

chemosensor based on BODIPY [154]. It displayed a highly selective and sensitive 

fluorescence response toward Cu2+. They calculated the fluorescence quantum yields for 

probe and probe+Cu2+ and results shown that the enhancement is occurred in quantum yield 

upon addition of copper ions. Recently, a novel phenol-based BODIPY chemosensor was 

prepared by L. Wang et al [155]. Probe is showing high sensitivity and selectivity toward 

Fe3+ with small interference from Cr3+ and Al3+. Blue-shift takes place in the absorption 

spectra in the presence of Fe3+ which indicated that the ICT process is operated in the sensing 

mechanism. The stoichiometry of ligand and Fe3+ has been proved by Job’s method, 

MALDI-TOF-MS and FT-IR experiments. 

 Two new off-on chemosensors based on BODIPY moiety were synthesized by A. 

Barba-Bon et al [157], they are highly sensitive for trivalent cations. Upon binding of metal 

ion to the probe, electron-donating ability of the N atom which is conjugated to the BODIPY 
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core was reduced. Forms 1:1 ligand to metal complexes and it also proved by Mass analysis. 

Another colorimetric and fluorometric sensor based on BODIPY was designed and prepared 

by S.P Wu and co-worker [161]. They showed high response toward Hg2+ by color change 

and red emission. Upon binding with Hg2+, the absorption band of probe is blue-shifted due 

to the inhibition of ICT effect from the N atom to BODIPY moiety. The sharp enrichment 

in the quantum yields indicate that the sensitivity of probe toward Hg2+.   

 J.R. Lin et al proposed a BODIPY-based selective fluorescence probe for Zinc(II) 

[162]. The binding ratio of complex was determined to be 1:1 by Job’s plot, the binding 

constant and detection limit were found to be 5.9×104 M−1 and 0.59 μM, respectively. 

Furthermore, this complex was also used as a detector for pyrophosphate through 

fluorescence quenching. M. Baruah et al synthesized a BODIPY-based fluorescent 

chemosensor to detect Pb2+ ion in living cells [165]. The fluorescence intensity was increased 

by 10-fold upon addition of Pb2+. The dissociation constant of the complex was determined 

to be 18 μM. 

1.8.11. Nanoparticle based fluorophores 

 P. Zhang et al reported on a fabrication of core-shell nanoparticle-based fluorescent 

chemosensors [171]. The core-shell nanoparticle sensor was obtained by a facile one-pot 

miniemulsion polymerization, which was used for detection of Cu2+. Fluorescence resonance 

energy transfer takes place from the dye in the core to the Cu(II)-cyclam complexes on the 

nanoparticle surface. As observed, other metal ions did not interfere in the detection of Cu2+ 

and successfully applied in a wide pH range 4–10. Organic nanoparticles were proposed as 

a fluorescent chemosensor by N. Singh and co-workers [172]. They prepared by using re-

precipitation method and successfully detected Ag+ ions in aqueous media. For this 

nanoparticle, the lowest detection limit was found to be 15.5 nM of Ag+. 

 Another report on organic nanoparticles based on naphthalimide as a chemosensor 

for Al3+ was received from A. Saini et al [173]. No interference was observed with the other 

metal ions in the detection of Al3+. DFT calculations were also conducted to confirm the 

mechanism of fluorescence recognition. Another type luminescent chemosensor based on 

silica cross-linked micellar nanoparticles was designed by Q. Huo and co-workers, which is 

highly selective for Fe3+ ions [174]. It showed no sensing ability of Fe2+ because of the weak 

electron-accepting behaviour of Fe2+. Due to their ultrasmall size, good water solubility, 

nontoxicity and biocompatibility, the used nanoparticles have potential applications in 

biological systems. 
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 E. Delgado-Pinar et al prepared fluorescent chemosensors based on core-shell 

aluminosilicate nanoparticles for Hg2+ [176]. The system functionalised with the monoamine 

chain shows high sensitive toward Hg2+. The detection limit of Hg(II) was found as low as 

0.2 ppb, and this system worked over a wide pH range 2–11. A novel fluorescent 

chemosensor based on magnetic core-shell silica nanoparticle for the detection of Eu3+ ionic 

species was introduced by M.R. Ganjali et al [178]. The nano-chemosensor was prepared 

and characterized by FT-IR, TEM, SEM, UV-visible and fluorescence emission 

spectroscopy. The fluorescence enhancement of nano-chemosensor is due to the formation 

of strong covalent binding with Eu3+ ion with a binding constant of 1.7×105 M−1. 

 These types of chemosensors have attracted much interest during the last two 

decades. Despite the numerous studies that were reported and reviewed extensively in the 

literature, finding new strategies and mechanisms in the design of fluorescent chemosensors 

is still of continuing interest. Studies presented in the chapter 3–6 of this thesis, briefly 

summarizes our recent contributions to this field.  
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2.1. Photoluminescence 

Most elementary particles are in their ground state at room temperature. The particles 

absorb photons with proper energy when these are exposed to an electromagnetic irradiation. 

The energy absorbed by the element leads to a rapid formation of an electronically excited 

state which is followed by dissipation of the excess energy in different forms (Figure 2.1). 

The term ‘photoluminescence’ can be defined as an optical property of a substance which 

absorbs photon upon irradiation and release them radiatively [1]. Depending on the nature 

of the excited state, mainly the emission light can be divided into two categories as 

fluorescence and phosphorescence. Details related to the photoluminescence process will be 

discussed in the following subsections. 
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Figure 2.1. Possible de-excitation pathways of excited molecules. 

2.1.1. Absorption of light and electronically-excited states 

Once a molecule is irradiated by photons, absorption of photons and transition of an 

electron from highest occupied molecular orbital (HOMO, HOMO−1 etc.) to lowest 

unoccupied molecular orbital (LUMO, LUMO+1 etc.) of the molecule will happen very 

rapidly. In most cases, a photon of light of wavelength lying in the UV-Visible region of the 

electromagnetic spectrum is sufficient in energy for such electronic transitions. Because of 

this reason, the region of the UV-Visible spectrum covering 200–800 nm range. Besides, 

other regions of the electromagnetic spectrum may induce interesting changes on the 

molecule upon irradiation. They are roughly summarized in the table 2.1. 
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Table 2.1. Influence of the electromagnetic radiations on molecular structures 

Radiation Wavelength Photon Energy Results of Absorption 

Gamma rays < 0.01 nm > 1 MeV Nuclear reactions 

X rays 0.01–10 nm 124 eV–120 keV Inner atomic electron transitions  

UV 10–400 nm 3.1–124 eV Outer atomic electron transitions 

Visible 400–750 nm 1.7–3.1 eV Outer atomic electron transitions 

Infrared 750 nm–15 µm 80 meV–1.7 eV Molecular vibrations 

Far IR 15 µm–1mm 1.2 meV–80 meV Molecular rotations 

Radar 1 mm–1 m 1.2 µeV–1.2 meV Oscillation of mobile electrons 

Optical radiation is subdivided into ultraviolet, visible light and near-infrared (NIR, 

750–1000 nm). Near-infrared absorption can be achieved in extended conjugation [2] or 

mixed-valence system [3].  

When matter is hit by radiation, the radiation might be absorbed, transmitted, 

scattered or reflected. Matter may absorb radiation of a distinct frequency; the energy of the 

frequency relates to the difference between two electron energy-levels. The relationship 

between absorbance, the concentration of the absorber and the path length is described by 

the Lambert-Beer Law:  

𝐀 =  𝛆 × 𝐜 × 𝐥 = 𝐥𝐨𝐠𝟏𝟎

 𝐈𝟎

𝐈
 

where A = Absorbance, ε = molar absorption coefficient, c = Concentration, l = absorption 

path length, I0 = Incident light, I = Transmitted light 

The absorption spectrum of a sample can be drawn by UV-Vis absorption 

spectroscopy. At a specific wavelength, the intensity of the absorption depends on the molar 

absorption coefficient (ε) of the molecule. It is the probability of an electronic transition at 

a specific wavelength of the particular molecule. In other words, its value gives us the 

information of how ‘allowed’ a transition is. ‘Allowed’ and ‘forbidden’ terms are beyond 

the classical physics, as they represent the results of quantum mechanical calculations.  

As mentioned before, the value of absorption coefficient indicates the probability of 

an electronic transition from ground state to excited state of a molecule. The selection rules 

(a.k.a. selection rules) control the possible transitions and they are mainly based on two 

factors which are spin and symmetry. Spin component displays kind of a concrete property 

such that an electronic excitation is allowed if and only if the total spin remains unchanged 

during the transition. In other words, if a spin change is involved in the transition (e.g. singlet 
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to triplet), then the transition is said to be forbidden. In contrast, the symmetry component 

is related to the symmetry of the ground and excited states which determine the transitions 

to be allowed or forbidden. By just considering the symmetry it is very difficult to conclude 

that the transition is going to be forbidden. In idealized conditions, the symmetry calculations 

are done for the molecules, but for a real molecule the symmetry may be distorted by the 

presence of some environmental effects such as solvent or a heavy atom on the molecule. 

Keeping all these in mind and by analyzing the absorption coefficient value it can be 

concluded that how a transition is allowed or forbidden. When ε is measured to be greater 

than 105 M−1 cm−1
,
 the transition is said to be ‘fully allowed’. If it is smaller than 100 M−1 

cm−1, then the transition is ‘forbidden’, which means that the molecule does not absorb the 

photon well at this wavelength. The transitions are said to be ‘partially allowed’ when the ε 

value lying in between 102–104 M−1 cm−1 and this condition is coming from the symmetry 

component. Therefore, if a transition is spin forbidden and symmetry allowed, then the 

probability of it is very low (ε < 100). On the other hand, if it is spin allowed but symmetry 

forbidden, then moderate absorption is observed and ε value is going to be between 102–104 

M−1 cm−1 and both spin and symmetry allowed, then strong absorption is taken place. 

The shape of spectra which is related to the ε value at each wavelength is another 

important consequence regarding the light absorption. It is a well-known fact that an 

electronic transition and number of changes in both electronic and vibrational states occurs 

during the process of absorption of the light. Due to the overlap amount of the two vibrational 

wave functions in an individual electronic transition, It may be higher or lower than the 

others that the probability of a transition between vibrational levels of each orbital (i.e. 

HOMO and LUMO). For example, the greater overlap between wave functions of vibronic 

states occurred when the lower and upper electronic states have similar internuclear 

separations, resulting in the more intense transitions between the vibrational levels of the 

electronic states. Franck-Condon principle manages all these transitions, according to this 

principle: since the transition from one electronic state to another takes place very rapidly, 

nuclei of the vibrating molecule can be assumed to be fixed during the electronic transition. 

In other words, nuclei move much more slowly than the lighter electrons, so the nuclear 

geometry would remain very much the same (in terms of position and velocity) as it was 

before the electronic transition. As a consequence of this principle, an electronic transition 

is represented by a vertical arrow (Figure 2.2), indicating the electronic transitions within 

stationary nuclei [4]. 
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A hypothetical Morse potential diagram of the ground and excited states and 

probable absorption fluorescence spectra was proposed by American physicist Philip M. 

Morse and are depicted in Figure 2.2. During the transition, it can be claimed that the 

internuclear distance has remained unchanged (Figure 2.2, left). However, there is a little 

shift between the nuclear coordinates of ground and excited states of the molecule which is 

represented as r01. There are many vibronic transitions those are allowed are also shown in 

the diagram. 

Though, we can say that some of the transitions are more probable than others via 

qualitative analysis. It means that the intensities of each vibronic transitions are different. 

The most feasible transitions between the vibrational levels of HOMO and LUMO will be 

the one where the wave functions overlap the most along the vertical arrow. The best overlap 

in our case is between ν = 0 and ν = 2 in the ground state and excited state, respectively. 

Thus, these transitions are observed as the most intense absorption band in the absorption 

spectra. Generally organic molecules do not show those fine structures in solutions and solid 

phases because of the large number of vibrational levels in the electronic states and 

interactions between themselves and solvent molecules. Relatively, they appear as broad 

curves, like a line drawn over the peak maxima of the individual transition peaks. In addition, 

the Franck-Condon principle is equally applicable to both absorption and fluorescence 

phenomena. The red arrow in the diagrams (Figure 2.2) represents the decay to the ground 

state via photon emission. Details of this and other types of relaxation processes will be 

covered in the next section. 

2.1.2. The physical deactivation of excited states 

 When the molecules expose to photons having particular energy, an electron can be 

promoted from lower-energy to higher-energy molecular orbitals in the molecule is called 

excitation. These types of excitations are typical for the photon energies which are in visible 

and/or ultraviolet range, and are producing electronically excited states. These excited states 

are unstable and lose their excess energy immediately via a variety of deactivation processes. 

For the convenience of the reader, the Perrin-Jablonski diagram is proposed to visualize the 

most typical processes that may happen after photon absorption in a simple way (Figure 2.3). 

 Jablonski diagram demonstrates the properties of excited states as well as their 

relaxation processes. The vibrational levels in the excited states will be crowded with 

electrons after the light absorption of molecules in ground states. Due to instability of this 

state, the electrons relax immediately to the lowest vibrational level of S1 within picosecond 

or less via vibrational relaxation, and this process is called as the “internal conversion” (non- 
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Figure 2.2. Morse potential diagram. 

 

 

 

Figure 2.3. The Perrin-Jablonski diagram. 
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radiative loss of energy as heat to the surroundings). On the basis of Kasha’s rule, the rest of 

photochemical processes such as fluorescence, quenching etc., are more likely to happen 

from the vibrational level of S1 [5]. This rule states that all the photochemical reactions will 

always originate from the ν = 0 of S1 after excitation, since the relaxation rate to the lowest 

vibrational level of S1 is the fastest deactivation process. The excited electron at S1 of excited 

molecule now may undergo either fluorescence by emitting photons, or intersystem crossing 

to the triplet state or it may just relax to the ground singlet state S0 via releasing the excess 

energy by internal conversion, as explained above. 

Intersystem crossing from singlet state S1 to the triplet state T1 is a forbidden 

transition in the idealized conditions. It will happen when the electron in the S1 state undergo 

a spin conversion. There are few conditions like presence of heavy atom and/or exciton 

coupling within a molecule favour such transitions. Relaxation of electron from T1 state to 

S0 state is a radiative process and termed as the “phosphorescence”. Because of its spin 

multiplicity, the rate of radiative decay from T1 to S0 state is much slower than the 

fluorescence process and also it is a lower-energetic radiation. All the details of these 

processes including timescales are clearly shown in the Figure 2.3. 

Due to the same spin multiplicity of the excited (S1) and the ground (S0) states, 

fluorescence is a spin-allowed radiative relaxation process. Hence, it happens in a very short 

period within the range of picoseconds to microseconds. As shown in the Jablonski diagram, 

emitted light always has a longer wavelength (less energetic) compared to absorbed light 

because of loss of limited energy by the molecule during this process. The difference 

between the λmax of spectral positions of the absorption and emission is called Stokes’ shift 

(Figure 2.4) [6]. The main cause of Stokes’ shift is that the rapid non-radiative decay to the 

lowest vibrational level of S1. In addition to this effect, fluorescent molecules can display 

further Stokes’ shift due to complex formation, energy transfer, excited-state reactions and 

solvent effects [1]. 

The fluorescence lifetime τ and quantum yield Φ are the essential photophysical 

parameters for a fluorescent molecule. Quantum yield is the ratio between the number of 

photons emitted by S1 and the number of photons absorbed by S0. It can be determined by 

using equation 1, where kr and knr are the rates of radiative and non-radiative transitions, 

respectively. The fluorescence intensity increases with quantum yield of a molecule. 

Furthermore, the fluorescence quantum yield of a molecule may also be determined by 

comparing the area under its fluorescence spectrum with that of a known reference 

compound [7]. 
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Figure 2.4. Stokes’ shift. 

𝚽 =
𝐤𝐫

𝐤𝐫 + 𝐤𝐧𝐫
    … … … … … … … … (1) 

 The average time of the electron of the molecule remains in its excited state is called 

the average lifetime of the excited states and it is numerically equivalent to the fluorescence 

lifetime which is determined by the time-resolved measurements. Fluorescence lifetime is a 

kinetic parameter which is inversely proportional to the sum of the rate constants and is 

represented as equation 2 [8]. 

𝛕 =
𝟏

𝐤𝐫 + 𝐤𝐧𝐫
     … … … … … … … … (2) 

2.2. Chemical sensors 

It normally consists of a chemically selective sensing layer which is capable of 

chemically or physically responding to the presence of a particular chemical substance in the 

environment and can be used for the qualitative and quantitative determination of the 

substance. Figure 2.5 shows a schematic of a chemical sensing system, demonstrating the 

three main components: the sample (analyte), transduction platform and signal processing 

step. 

 Firstly, there is a region whereas selective chemical reaction takes place. Secondly, 

there is a transducer where the chemical reaction produces a signal, i.e. colour change or the 

emission of a fluorescent light and a change in the electrical potential at the surface, etc. 

Subsequently, the transducer responds to this signal and translates the magnitude of the 

signal into measure of the amount of the analytes [9]. 
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Figure 2.5. Basic schematic of a chemical sensing system. 

2.2.1. Fluorescent chemosensors 

The synthesis of signalling moieties and recognition of analyte are the most 

important things in the design of a chemosensor. In the case of fluorescent chemosensors, 

fluorophore act as a signalling part and the receptor unit recognizes the specific guest 

molecule (analyte).  The analyte is covalently attached to the receptor during the recognition 

process. The importance of the receptor arises from its impact on binding and selectivity 

[10]. It means that a receptor should be sensitive, and should provide a strong and selective 

affinity towards the target analyte. The fluorophore part in the chemosensor acts as a signal 

transformer, so it can transform the information into useful optical signal. During binding of 

an analyte to the receptor, the significant changes arise in the photophysical properties of a 

fluorophore, the changes can be examined and processed in the right way to determine a 

given analyte. The variations in the fluorescence signal depend on the design of the 

chemosensor and this signal can be observed when complexed with the targeted analyte. The 

signal could be in the form of enhancement or quenching in the fluorescence, as well as the 

certain shift in the emission wavelength [11]. The fluorescent receptors or probes are two 

types to construct, they are integrated and spacer type fluorescent probes (Figure 2.6). In the 

first case, the signalling moiety and the receptor units (both having π-electron system) are 

conjugatively attached to each other (since the receptor, while in the latter case there is a 

spacer in between these two units that prevents the conjugation [12]. 

Platform/transduction

Analyte

Signal output

Signal processing
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Chemosensors can be classified according to the nature of the signal emitted by the 

active unit. They can be, for example, electrochemical, optical or calorimetric. In optical 

sensors, a spectroscopic measurement is associated with the recognition process, e.g. 

absorbance, reflectance or luminescence measurements. 

 

Analyte

 

Figure 2.6. Schematic representation of a chemosensor. 

2.2.1.1. Types of fluorescent chemosensors 

The active unit in the case of fluorescent chemosensors is called a fluorophore, and 

it is responsible for converting the information (presence of an analyte) into an optical signal 

which is then expressed through changes in the photophysical properties of the fluorophore. 

Three types of fluorescent chemosensors can be distinguished (Figure 2.7). 

Type 1: Fluorophores that experience fluorescence quenching motivated by collision with 

an analyte (e.g. O2). 

Type 2: Fluorophores able to bind the analyte in a reversible manner. In the case of the 

analyte being a proton, the term “fluorescent pH indicator” is employed. If it is an ion, the 

term “fluorescent chelating agent” is normally used. Two processes can occur upon analyte 

binding: Chelation Enhancement of Quenching (CHEQ), which means that the fluorescence 

emission is quenched, and Chelation Enhancement of Fluorescence (CHEF), where an 

increase in the emission intensity is observed. These compounds, in which the fluorophore 

is simultaneously responsible for binding and signalling, are usually called fluorogenic (in 

the case of CHEF). 

Type 3: Fluorophores connected with or without spacer to a receptor unit. The bound analyte 

causes perturbations of photoinduced processes like electron transfer, charge transfer, energy 

transfer, excimer or exciplex formation or disappearance, etc. (see section 2.2.1.2), which 



Fluorescence Turn-On Chemosensors 

 

42 
 

 

 

Type 1: No association. Quenching by collision with an analyte. 

 

 

Type 2: Complexation fluorophores 

 

 

Type 3: Fluorophores linked to a receptor 

Figure 2.7. Main types of fluorescent molecular sensors of ions or molecules. 
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bring about changes in the photophysical properties of the fluorophore. When the analyte is 

an ion, the receptor is called an ionophore, and the whole chemosensor is called a 

fluoroionophore. Also in this case, CHEQ and CHEF effects can be observed. 

2.2.1.2. Mechanisms of signal transduction 

Fluorescence emission takes place from the electronic excited states of molecules. 

However, given the high reactivity of the electrons in these states, reactions that usually do 

not occur in the ground states are able to take place. From the point of view of chemical 

sensing, some of these reactions are found to be interesting, since they enable a one-step 

deactivation of the excited state (quenching) and, sometimes, formation of new emission 

bands corresponding to the products of these reactions. Upon analyte binding to 

chemosensors, it is possible to modulate some of these reactions (since they depend on the 

interaction of reaction sites with enhancers or quenchers of their emission), and thus take 

advantage of the different mechanisms for signal transduction. 

2.2.1.2.1. Photoinduced electron transfer (PET) 

 Fluorescent sensors provide simple, sensitive and naked-eye detection of a wide 

variety of analytes like cations, anions and neutral molecules. In some cases, the excited 

molecule before relaxation either can transfer an electron from potential donor unit to low-

lying empty orbital or it may transfer to another system which is usually called a quencher. 

Moreover, the luminophore which absorbs the light after excitation process accept an 

electron into its unfulfilled ground state or it may donate an electron to vacant orbital of 

receptor from its excited state. Due to its significant role in photosynthesis, this process has 

been studied well [13]. After the absorption of light the electron is transferred, this process 

is called photo-induced electron transfer (PET). In the PET-type chemosensor both units, 

fluorophore and receptor exist in the same molecule and linked by a non-conjugated bridge 

and receptor accepts/donates an electron from/to the fluorophore. 

The allowed and forbidden PET mechanisms in terms of frontier molecular orbitals 

shown in Figure 2.8. As shown in Figure, a model PET-type chemosensor is comprised of 

three units, those are fluorophore, spacer and receptor. Nature of the receptor unit determines 

the type of the response that fluorophore will give upon analyte binding. In this case, the 

receptor unit acts as the electron donating unit and the PET process is activated via the 

electron transfer to the semi vacant ground state orbital of the fluorophore from fulfilled 

HOMO of the receptor unit. This process blocks the usual relaxation pathway of excited 

fluorophore and quenches emission. This can also said to be reductive photo-induced 
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electron transfer. An off-on type fluorescence emission will be achieved when the donor 

orbital of receptor unit can be controlled or somehow stabilized. Moreover, weakly 

fluorescent sensor will become strongly fluorescent when bonded to the targeted analyte. 

Hence, probes that display this PET type mechanism are used extensively in chemosensing 

field [14–17]. 

 

Figure 2.8. PET mechanism. 
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Scheme 2.1. Azacrown ether based K+ sensor displaying a PET fluorescence response. 

In a practical sense, a PET switching mechanism is often achieved by the binding 

of a nitrogen lone pair of electrons as shown in Scheme 2.1. In the unbound azacrown ether 

1 [18] the nitrogen lone pair can donate an electron to the excited state HOMO of the 

anthracene moiety. Upon binding, the same electron pair is complexed to the potassium 
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ion, and the electron is no longer available to quench fluorescence. PET systems can 

exhibit either ON-OFF or OFF-ON switching, but systems exhibiting OFF-ON behaviour 

are preferred for signalling binding events. 

A molecule in the excited state is not only an electron acceptor also a better electron 

donor because of the promoted electron to a higher energy level. The working principle of a 

simple PET type chemosensor that contains electron accepting fluorophore from receptor is 

briefly discussed. What if the receptor moiety accepts electron from excited fluorophore? 

Oxidative PET depends on the redox potentials of both the receptor and fluorophore 

units. Figure 2.9 demonstrates the possible Oxidative PET mechanism in terms of the 

molecular orbitals involved. Divergent to the previous mechanism, in this case the unbound 

form of the chemosensor exhibits strong fluorescence, while the fluorescence of the bound 

species is quenched and this is called an on-off system. The emission intensity of this system 

decreases significantly in the presence of an analyte. 

 

Figure 2.9. Oxidative PET mechanism. 

 Compound 2 [19] shows the oxidative PET mechanism in the presence of zinc cation. 

As depicted in Scheme 2.2, Bodipy dye and 2,2Ꞌ-bipyridine were chosen as the fluorophore 

and the receptor, respectively in the sensing probe. The fluorophore exhibits bright-green 

fluorescence in the absence of zinc cation, upon complexation with zinc ion quenches the 

fluorescence via oxidative PET mechanism. 
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Scheme 2.2. Coordination of zinc triggers the oxidative PET mechanism. 

Furthermore, another chemosensor for thiol based on this mechanism is reported by 

Nagano and co-workers. For this study, Bodipy derivative and maleimide moiety are utilized 

as the fluorophore and the receptor units, respectively (Figure 2.10) [20]. The sensor 3 alone 

exhibits oxidative PET mechanism and the probe is strongly quenched in the absence of thiol 

(Scheme 2.3). The oxidative PET mechanism is blocked after the reaction with thiol and the 

bright fluorescence of the Bodipy is restored back. Figure 2.10 illustrates the schematic 

representation of the oxidative PET to ground state maleimide unit from excited Bodipy unit 

in terms of molecular orbitals. Meta- and para-maleimide bound structures are also proposed 

in this paper to study the effect of distance between fluorophore and receptor on the PET 

efficiency. 
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Scheme 2.3. Binding of thiol prevents the oxidative PET mechanism. 

The principles of various photo-induced electron transfer (PET) type mechanisms 

and its utilization in the field of development of molecular sensing have been discussed in 

this section. PET process and its proposed mechanisms were demonstrated schematically 

within the above figures. PET type chemosensors were examined with the help of examples 
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which are already proposed in the previous papers. No doubt that, PET has been the most 

widely applied mechanism among other conventional sensing mechanisms in the design of 

fluorescent chemosensors. 

 

Figure 2.10. Reverse PET (d-PET) mechanism. 

2.2.1.2.2. Intramolecular charge transfer (ICT)  

In this system, the receptor is directly linked to the fluorophore and therefore is part 

of the fluorophore π–electron system such that one terminal is likely to be electron rich 

(electron donor) whereas the other one is electron poor (electron acceptor). This process is, 

in principle, also an electron transfer. The two (PET and ICT) phenomena are easily 

distinguished by their absorption and emission spectra [21]. In PET, strong quenching takes 

place and no spectral shifts are observed. On the other hand, binding of a cation to the 

receptor not only changes the fluorescence intensity and lifetime, but typically induces a 

spectral shift of the absorption and emission bands.  

In terms of cation sensing, it is predictable that a complexed cation will diminish the 

electron-donating character of the electron donor (such as amino group), causing a reduction 

in conjugation and a consequent blue-shift of the absorption spectrum. Oppositely, if the 

acceptor group (e.g. a carbonyl group) interacts with a cation, its electron withdrawing 

character is enhanced, the conjugation is increased, and a red-shift in the absorption spectrum 

is observed. The fluorescence spectra are usually shifted in the same way as the absorption 

spectra [22]. 

Upon binding to cation, the changes in photophysical properties can also be 

explained by charge dipole interactions [23]. In the excited state, the electron donating group 

will be positively charged and upon binding with the cation, the excited state is destabilized 

than the ground state. As a result, the energy gap between the ground and excited states will  
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Figure 2.11. Spectral displacements of ICT type sensors. 

 

Figure 2.12. Bidirectional switching dyes related to ICT donor and acceptor characteristics. 
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increase and it cause a blue shift in the both absorption and emission spectra. On the other 

hand, in the presence of electron accepting group (like carbonyl group) on the receptor unit, 

the interaction towards cation will stabilize the excited state more than the ground state. 

Hence, the decreased energy gap between ground and excited states causes a red shift in the 

absorption and emission spectra. Therefore, the energy (ΔE) required to effect the electron 

promotion from ground state to excited state is less, and the wavelength that provides this 

energy is increased correspondingly and red-shift will be observed in the absorption as well 

as in the emission spectra (Figure 2.11). 

Structurally similar compounds those varied in receptor unit can show different 

spectral shifts upon binding with the same analyte. For example, two Bodipy dyes alone 

show similar spectral properties and upon protonation exhibit opposite spectral shifts [24]. 

One of those dyes contains electron donating aniline moiety while other contains electron 

accepting pyridine moiety as receptor units (Figure 2.12). As a result, in their protonation 

form, these two compounds exhibit spectral shifts in the opposite directions because of the 

reasons as explained above. 

To date, many fluorophores have been designed and reported according to the ICT 

mechanism. Compounds containing crown ether moiety 4 [25] and 5 [26] upon binding to 

the cation, show blue shift in both the absorption and emission spectra (Figure 2.13). 
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Figure 2.13. Crown containing ICT sensors. 

Conjugated compounds containing both electron donor (D) and electron accepting 

(A) groups that exhibit ICT mechanism through the π-conjugated link are also said to be 

‘Push-Pull’ system (D-π-A system). Apart from the applications of chemosensing and 

analyte monitoring described above, this kind of systems has also been found in various 

optical-electrical applications including organic light emitting devices [27, 28], nonlinear 

optical devices [29] and solar cell materials [30, 31]. 

2.2.1.2.3. Energy Transfer (ET) 

 Energy transfer is one more signalling mechanism, which can be classified as 

fluorescence resonance (FRET) and electronic energy transfer (EET) based on the 
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interaction distance between donor and acceptor moieties, and it is only possible when the 

system is multichromophoric. In this process, the energy of donor chromophore (D) is 

transferred to acceptor chromophore (A), always the donor unit absorbs light at relatively 

short wavelength and the acceptor unit fluoresces at longer wavelength. In other words, 

energy of the donor at its excited state is used to excite the acceptor through energy transfer. 

 As shown in Figure 2.14, the type of energy transfer is determined based on the 

interaction distance between donor and acceptor moieties. Electronic energy transfer (EET) 

is taking place when the distance remains within 10 Å range and is also known as Dexter 

electron transfer. In contrast, FRET is operated when the distance between donor and 

acceptor is in the range of 10–100 Å and this is not the only requirement also there should 

be a certain degree of overlap between the emission spectrum of donor and the absorption 

spectrum of acceptor units (Figure 2.14). Moreover, these mechanisms are also said to be 

Dexter and Förster type energy transfer and discussed briefly in the following subsections. 

 

Figure 2.14. Förster type (through space) Dexter type (through bond) ET. 

 Types of energy transfer can be denoted based on various parameters like quantum 

yields, relative lifetimes, increase in the acceptor emission intensities and decrease in the 

donor emission intensities. Also, it is influenced with the rate of deactivation pathways of 

the excited state and thus, chromophores must be suitable to compete with these pathways. 
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In addition, life time of excited state of donor chromophore has to be longer than the time 

required for the energy transfer to acceptor chromophore [32]. 

2.2.1.2.3.1. Förster type Energy Transfer 

 Fluorescent dyes, which emit light at wavelength distance from the excitation 

wavelength, have many applications in biotechnology. Generally, a very small Stokes’ shift 

is observed for the simple fluorescent dye molecules. So, the simple and single dye 

molecules are not suitable for a particular application. For this, bi/multichromophoric 

systems which achieve through-space energy transfer between two chromophores (or dyes) 

are used. Förster type Energy Transfer is also called as fluorescence resonance energy 

transfer (FRET). In this process, the excited state donor transfers energy to a spatially close 

ground state acceptor, and the fluorescence of the latter is observed. Due to this reason, 

FRET is a non-radiative process (Figure 2.15). 

 

Figure 2.15. Schematic representation of the FRET process. 

 In other words, the energy released during the relaxation of an electron in the LUMO 

of the donor to its HOMO is used to excite an electron in the HOMO of the acceptor to its 

LUMO. Furthermore, the energy absorbed at a wavelength by the acceptor matches the 

emission wavelength of the donor. 

 Usually in FRET dyes, donor and acceptor units are connected through non-

conjugated linker, and are not depend on the interaction of the orbital of these units. 

Therefore, this type of energy transfer is still operated although the distance between donor 

and acceptor units is large (10–100 Å). The distance between donor and acceptor groups, 

spectral overlap of donor emission and acceptor absorption and relative orientations of 



Fluorescence Turn-On Chemosensors 

 

52 
 

transition dipoles of acceptor and donor units are significantly important parameters for an 

efficient FRET process [33, 34]. 

As shown in Scheme 2.4 exhibits FRET fluorescence when unbound; the 

phenanthrene group is excited, and emission from the pyrene is observed. The unbound 

sensor has free rotation through the hexyl spacer which allows the fluorophores to associate 

due to hydrophobic interactions. Binding of a carbohydrate forces the fluorophores apart by 

rigidifying the system and excitation of the phenanthrene yields phenanthrene emission. 

 Over the past three decades, the use of FRET has found applications in various fields 

such as artificial photosynthetic antenna, light frequency conversion, singlet oxygen 

generation, cascade systems and switching element in molecular machines. 
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Scheme 2.4. FRET fluorescence response in a carbohydrate sensor.  

2.2.1.2.3.2. Dexter type Energy Transfer 

 In contrast to the Förster type, Dexter type energy transfer requires interactions of 

donor-acceptor orbitals which can be provided either directly or by the bridge [35]. Usually, 

it happens when the donor and acceptor groups are connected to each other with a conjugated 

linker, therefore it is also known as ‘through-bond’ energy transfer. Due to the exchange of 

electrons between both HOMOs and LUMOs of donor and acceptor (Figure 2.14), it is also 

called as electronic energy transfer (EET). Short-range (< 10 Å) interaction favours the 

orbital overlap, which significantly affects the Dexter type energy transfer, the rate constant 

of energy transfer decreases exponentially with distance [32]. 

𝐤𝐄𝐓 = 𝐊 𝐉 𝐞𝐱𝐩(−
𝟐𝐑𝐃𝐀

𝐋
) 

where kET is the rate constant of energy transfer, J represents the overlap integral between 

donor emission and acceptor absorbance, L is the Van der Waals radii, K is the orbital 

interaction and RDA is the donor acceptor separation.  
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For example, this type energy transfer is operated in the Anthracene-BODIPY based 

ionophores (Figure 2.16) [36]. When anthracene is excited, a very fast energy transfer is 

observed (~200 fs) to BODIPY moiety from anthracene unit in compound 8. It happens 

because of parallel alignment of S1-S0 transition dipole moments of donor and acceptor 

respectively. In contrast, compound 7 contains both anthracene and BODIPY and are 

directly connected to each other. Steric interactions prevent the planarity of the structure 

which makes it a true cassette.  
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Figure 2.16. Through-bond (Dexter type) energy transfer probes. 

2.2.1.2.4. Excimer and exciplex formation  

A molecule in the excited state can associate (overlap) with an unexcited molecule 

like itself, giving rise to a dimer in the excited state [21, 38], which is called excimer (from 

“excited dimer”). The excimer emission spectrum differs substantially from that of 

monomers; it is normally broad, shifted to longer wavelengths and does not show vibrational 

resolution. 

If the collision takes place between molecules that differ in structure (e.g. an electron 

donor and an acceptor), an excited state complex is formed, and is named exciplex (from 

“excited complex”).  
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Figure 2.17. Excimer fluorescence of naphthalene. 
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The formation of excimers and exciplexes is reversible (after emission they separate 

and are free to form again upon excitation), and requires close location and adequate 

orientation of the two molecules involved (in the case of excimers, usually two heterocycles 

rich in π-electrons are required, which form two parallel planes through π-π stacking). 

On the left in Figure 2.17, a band representing the monomer fluorescence of 

naphthalene is shown. At high concentrations of naphthalene, the fluorescence emission 

changes (right of Figure 2.17) and a new, red-shifted band is evident. The new band is the 

result of a lower energy complex that forms when an excited naphthalene moiety transfers 

energy to a nearby cofacially stacked naphthalene molecule to form an excited state complex 

(exciplex). 

2.2.2. Solvatochromism 

The term solvatochromism describes the influence of a solvent on the colour of a dye 

molecule. Depending on the nature of the dye and the resulting behaviour it is commonly 

distinguished between positive and negative solvatochromism. 

In the case of positive solvatochromism the dye-molecule is present in a non-polar 

structure in its ground state. Upon addition of a polar solvent the ground state is destabilised, 

resulting in a higher energy level and thus an absorption maximum located at a longer 

wavelength. Due to the fact that the energy difference between the ground state and the 

excited state is diminished, the absorption process needs less energy. The wavelength is 

antiproportional to the energy content and thus a barthochromic shift in the absorption 

spectrum is observed (shift to longer wavelengths, red shift).  

In the case of negative solvatochromism the dye molecule is mainly present in a polar 

structure in its ground state. Addition of a polar solvent stabilises the polar structure and the 

energy level is lowered. Due to the fact that the excited state is not influenced by the polar 

solvent and the energy gap between the ground state and the excited state is growing. Thus, 

the absorption process needs more energy. More energy corresponds to shorter wavelength, 

resulting in a hypsochromic shift (shift to shorter wavelengths, blue shift). 

2.2.3. Association constant (K) 

 A mathematical constant that describes the bonding affinity between two molecules 

at equilibrium. The association constant for a fluorescence enhancement process is 

calculated by using Benesi-Hildebrand equation [38]: 

𝟏

𝐅 − 𝐅𝟎
=

𝟏

𝐅𝐌𝐀𝐗 − 𝐅𝟎
+

𝟏

𝐅𝐌𝐀𝐗 − 𝐅𝟎
×

𝟏

𝐊[𝐌𝐧+]
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where F0, F, FMAX, and K are the intensities of fluorescence of the fluorophore without 

analyte, intensity with varying concentrations of analyte, intensity with the maximum 

concentration of analyte, and the association constant, respectively, [Mn+] is the analyte 

concentration. 

 From the fluorescence titration linear relationship was obtained for the plot measured 

[1/(F−F0)] as a function of 1/[Mn+], and a slope is equal to [1/(F−F0)K]. 

 For a fluorescence quenching process, the association constant is described by Stern-

Volmer equation [1] which is given by 

𝐅𝟎

𝐅
= 𝟏 + 𝐊[𝐌𝐧+] 

where F0 and F are the observed fluorescence intensity of fluorophore in the absence and 

presence of analyte, respectively, [Mn+] is the concentration of analyte, and K is the 

association constant. 

 A plot of F0/F versus [Mn+] is known as a Stern-Volmer (SV) plot, which yields a 

straight line with a slope equal to K. 

2.2.4. Limit of detection (LOD) 

Limit of detection, or detection limit, is the lowest concentration of an analyte that 

can be reliably detected or measured, was calculated based on Signal-to-Noise ratio = 3. 

Signal to Noise ratio (S/N) is a dimensionless measure of the relative strength of an analytical 

signal (S) to the average strength of the background instrumental noise (N) for a particular 

sample and is closely related to the detection level. The ratio is useful for determining the 

effect of the noise on the relative error of a measurement. The common formula of limit of 

detection is  

𝐋𝐎𝐃 =
𝟑 𝐒𝐃

𝐦
 

where SD is the standard deviation from the blank measurement (fluorophore without 

analyte), m is the slope from the calibration curve of the fluorophore with varying 

concentrations of analyte 

The detection limit is estimated from the standard deviation of the blank. Sample 

Standard Deviation is a measure of the degree of agreement, or precision, among replicate 

analyses of a sample. The standard deviation is defined as: 
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𝐒𝐃 = √
∑(𝐱 − 𝐱Ꞌ)𝟐

𝐧
 

where x is the emission intensity of the blank solution, xꞋ is the mean of the intensity of all 

blank solutions and n is the number of measurements. 
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3.1. Introduction 

 Aluminum is the one of the most abundant metal in the earth’s crust and is the second 

most widely used metal after iron for the manufacture of electrical equipments, automobiles, 

packaging materials, water purification, clinical drug and building construction etc. [1, 2]. 

Recent studies are shown that the deposition of aluminum in bone and the nervous system 

in human body can cause neurotoxicity [3]. It plays an important role in the pathology of 

Alzheimer’s, Parkinson’s and dialysis diseases [4–7]. In plants, higher concentration of 

aluminum affects the growth of root and seed [8, 9]. Thus, the monitoring of aluminum is 

essential in environment, medicine, foodstuff, etc. 

 In recent years, many analytical methods have played a role in the detection of Al3+ 

and other ions, including ion selective electrodes [10–12] and colorimetric sensors [13–17]. 

Lately, the fluorescent sensing method has become trendy due to its operational simplicity, 

high selectivity, sensitivity, real-time response and naked eye detection [18–27]. Due to its 

poor coordination ability compared to transition metals [28], only a few fluorescent sensors 

have been reported and on the other hand, most of the Al3+ sensors are difficult to synthesis 

and insoluble in aqueous solvents. Some of the antipyrine derivatives are detected as a 

fluorescent chemosensor towards ions [29]. 

In this paper, we designed and synthesized 4-aminoantipyrine based compounds (C1 

and C2) in a simple approach as fluorescent sensors for Al3+ ion. The fluorescence intensities 

of the two sensors C1 and C2 are enhanced by mixing Al3+, and show bright blue and bright 

green color respectively, which can be easily observed by the naked eye under UV lamp. 

The results indicated that the prepared 4-aminoantipyrine based sensors can show high 

sensitivity and selectivity towards Al3+ over other metal ions. 

3.2. Experimental 

3.2.1. Reagents and apparatus  

 4-aminoantipyrine, salicylaldehyde, 2-hydroxy-1-naphthaldehyde and metal salts 

(from Merck and Aldrich, India). The IR spectra were recorded on a Nexus FT-IR (Illinois, 

USA) spectrometer in the range 4000–400 cm-1 with KBr. The NMR spectra were recorded 

on a Bruker 500 MHz (USA), TMS as an internal standard, CDCl3 and CD3OD are taken as 

solvents. The mass spectra were recorded using Bruker-micrOTOF II (USA). The UV-Vis 

absorption spectra were measured on a Shimadzu UV-2450 spectrophotometer (Japan) and 

the Fluorescent spectra were recorded on a Shimadzu RF-5301PC spectrofluorophotometer 

(Japan) instruments. 
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3.2.2. Synthesis and characterization 

The Schiff base ligands (C1 and C2) were synthesized by the reported method [30, 

31] with some modifications (Scheme 3.1). The ethanol containing the mixture of 4-

aminoantipyrine (10 mmol) and aldehyde (10 mmol) was stirred about 2–3 hours at room 

temperature; the obtained solid was filtered, washed with cold ethanol and dried under 

vacuum. 

1-phenyl-2,3-dimethyl-4-(N-2-hydroxybenzylidene)-3-pyrazolin-5-one (C1): Yield: 

2.76 g (90%); Color: Light yellow solid; Mp: 218–220 °C; FT-IR (KBr), ν, cm-1: 3448 

(O−H), 2929, 759 (C−H), 1653 (C=O), 1593 (C=N), 1490 (C=C), 1139 (N−N); 1H NMR 

(CDCl3), δ, ppm (J, Hz): 2.42 (s, 3H), 3.18 (s, 3H), 6.89 (t, J = 7.5, 1H), 6.96 (d, J = 8.5, 

1H), 7.29 (dt, J = 1.5, 7.5, 1H), 7.33–7.37 (m, 2H), 7.39 (d, J = 2.5, 2H), 7.49 (t, J = 8.0, 

2H), 9.82 (s, 1H); 13C NMR (CDCl3), δ, ppm: 10.3, 35.7, 116.3, 116.7, 119.1, 120.2, 124.7, 

127.3, 129.3, 131.9, 132.0, 134.4, 149.9, 160.3, 160.5, 160.7; HRMS m/z: Calcd for 

C18H17N3O2 (M+Na)+: 330.1218, found: 330.1211. 

N
NO

H2N
CHO

OH

CHO

HO

N
N

O
N

OH

N
N

O
N

HO

C2C1  

Scheme 3.1. Synthetic routes to C1 and C2. 

1-phenyl-2,3-dimethyl-4-(N-2-hydroxynaphthylidene)-3-pyrazolin-5-one (C2): Yield: 

3.11 g (80%); Color: Yellow solid; Mp: 210–212 °C; FT-IR (KBr), ν, cm-1: 3427 (O−H), 

3018, 2925, 746 (C−H), 1638 (C=O), 1588 (C=N), 1479 (C=C), 1145 (N−N); 1H NMR 

(CHCl3), δ, ppm (J, Hz): 2.46 (s, 3H), 3.20 (s, 3H), 7.17 (d, J = 9.0, 1H), 7.34 (m, 2H), 7.43 
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(d, J = 7.5, 2H), 7.47 (dt, J = 1.0, 7.5, 1H), 7.51 (t, J = 8.0,  2H), 7.74 (d, J = 8.0, 1H), 7.79 

(d, J = 9.0, 1H), 8.25 (d, J = 8.5, 1H), 10.84 (s, 1H); 13C NMR (CDCl3), δ, ppm: 10.3, 35.7, 

110.6, 116.4, 119.5, 120.6, 123.4, 124.7, 127.4, 127.6, 127.9, 128.8, 129.4, 132.9, 133.8, 

134.4, 149.0, 156.8, 160.5, 162.2; HRMS m/z: Calcd for C22H19N3O2 (M+Na)+: 380.1375, 

found: 380.1375. 

3.2.3. UV-Vis and fluorescent measurements  

 UV-Vis absorption and fluorescence emission spectra of sensors were measured in 

1.0 cm path length quartz cuvettes using a Shimadzu UV-2450 spectrophotometer and a 

Shimadzu RF-5301PC spectrofluorophotometer. Absorption and emission spectra of the 

sensor (C1 and C2) in the presence of various metal ions (Al3+, Cd2+, Ba2+, Co2+, Pb2+, Ca2+, 

Fe2+, Fe3+, Cs+, Hg2+, Cr3+, Cu2+, Mn2+, Li+, K+, Mg2+, Na+, Nd3+, Ni2+, Zn2+ and Sr2+) were 

measured in methanol solvent in the concentration of 50 µM and 20 µM, respectively. 

3.3. Results and discussion 

 The binding ability and mode of sensors (C1 and C2) towards Al3+ and other metal 

ions was measured through UV-Vis, fluorescent spectrometry, naked-eye observation, 

HRMS and 1H NMR experiments.  

3.3.1. UV-Vis spectral studies 

The chemosensors (C1 and C2) were investigated by UV-Vis absorption spectral 

behaviour in the presence of different metal ions in the 50 µM concentration of each 

component in methanol solvent. The free ligands, C1 and C2 exhibited a main absorption 

band at about 345 nm and 380 nm, respectively. Upon addition of metal ions to sensors, a 

new broad absorption band (mainly for Cu2+, Ni2+, Co2+ and Al3+ ions) was observed at 

region 350–480 nm (Figure 3.1). At the same time the absorption band at 300–390 nm and 

340–430 nm of receptors C1 and C2 respectively, have also been shifted to low intensity. It 

means these two sensors are responding to the above mentioned metal ions, there is no 

significant changes were observed when mixed with other metal ions such as Na+, Ba2+, 

Cd2+, Fe2+, Fe3+, Cr3+, Mn2+, Cs+, Hg2+, Mg2+, Ca2+, Li+, K+, Nd3+, Pb2+, Zn2+ and Sr2+. 

3.3.2. Fluorescence emission studies 

 The fluorescence response of sensors C1 and C2 (20 µM) upon addition of metal 

ions (20 µM) have been investigated in methanol. Receptor C1 and C2 alone exhibited a 

single emission band at 498 nm and 484 nm respectively, with an excitation of 360 nm. Upon 

addition of various metals (Ba2+, Cd2+, Na+, K+, Ca2+, Mg2+, Cs+, Cu2+, Cr3+, Hg2+, Li+, Mn2+, 
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Figure 3.1. UV-Vis absorbance spectra of C1 (50 µM) (a) and C2 (50 µM) (b) in the presence of 

different metal ions (Al3+, Co2+, Mg2+, Na+, Ca2+, Li+, Ba2+, Cs+, Hg2+, Cu2+, Ni2+, Fe2+, Fe3+, K+, 

Cr3+, Mn2+, Cd2+, Nd3+, Pb2+, Zn2+ and Sr2+) (50 µM) in methanol solvent. 

Nd3+, Fe2+, Fe3+, Ni2+, Co2+, Pb2+, Sr2+ and Zn2+) no significant changes were observed 

(Figure 3.2). But on addition of Al3+, receptors C1 and C2 exhibited a major fluorescence 

enrichment accompanied by a blue shift of 32 nm from 498 to 466 nm and 18 nm from 484 

to 466 nm, respectively. Showing that the receptors C1 and C2 can exhibit “off-on” mode 

with high sensitivity towards Al3+ over other metal ions. The receptors C1 and C2 in the 

presence of Al3+ exhibited a spectacular color changes from colorless to bright blue and 
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bright green respectively, within 5 seconds, which could easily be detected by the naked-eye 

under UV lamp. While did not show any significant color changes with other metal ions. 
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Figure 3.2. Fluorescence emission spectra of C1 (20 µM) (a) and C2 (20 µM) (b) in the presence 

of different metal ions (Al3+, Co2+, Mg2+, Na+, Ca2+, Li+, Ba2+, Cs+, Hg2+, Cu2+, Ni2+, Fe2+, Fe3+, K+, 

Cr3+, Mn2+, Cd2+, Nd3+, Pb2+, Zn2+ and Sr2+) (20 µM) in methanol solvent. 

The interaction between receptor (C1 and C2) and Al3+ ion was investigated at a pH 

range from 2.0 to 10.0. This experiment was carried out at a fixed concentration of receptor-

Al3+ is 20 µM in methanol. As shown in Figure 3.3, the fluorescence intensity at 466 nm 

almost did not change with the pH value at acidic and neutral conditions (pH < 7.0). 
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However, the fluorescence intensity decreased gradually from pH 7.0–10.0, due to the 

formation of salt. For further studies, the pH of solvent kept constant at 6.5. 
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Figure 3.3. The variation in fluorescence intensity with the pH of receptor (C1 and C2) (20 µM) in 

the presence of Al3+ (1.0 equiv.) at 466 nm. 

Furthermore, the fluorescence response of receptors (C1 and C2) to various 

concentrations of Al3+ (0–10 equiv.) was investigated. Upon addition of Al3+, the 

fluorescence intensity centred at 466 nm of receptor slowly increased and remained stable 

when 1.0 equiv. Al3+ was added, demonstrating the 1:1 stoichiometry between chemosensor 

and Al3+ (Figure 3.4). The complex stability constants (K) through Benesi-Hildebrand 
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Figure 3.4. Fluorescence emission spectra of (a) C1 (20 µM) and (b) C2 (20 µM) upon addition of 

Al3+ ion (0.0–1.0, 2.0, 5.0 and 10.0 equiv.) with an excitation of 360 nm. Inset shows the 

fluorescence change at 466 nm as a function of the amount of Al3+ ions. 

method for Al(III) with C1 and C2 were found to be 1.0×106 M−1 and 9.7×105 M−1, 

respectively (Figure 3.5). The detection limit of Al(III) was estimated based on the 

fluorescence titration profile as 2.1×10−7 M (for C1) and 1.9×10−7 M (for C2) based on S/N 

= 3 (Figure 3.6). In addition, a Job plot obtained from the emission data confirmed the 1:1 

stoichiometry for probe–Al3+ complex (Figure 3.7) and it is further proved from HRMS 

results (Figure 3.8). 

The selectivity of C1 and C2 (20 µM) for Al3+ over other metal ions (1.0 equiv.) was 

investigated by the competition experiments. As shown in Figure 3.9, the fluorescence 

response of C1 and C2 toward Al3+ in the presence of various metal ions was investigated, 

and the results indicated that Cu2+, Ni2+ and Co2+ could interfere in the interaction between 

receptor (C1 and C2) and Al3+. Indicating that the binding abilities of Cu2+, Ni2+and Co2+ 

are stronger than that of Al3+ toward receptors. Upon addition of 1.0 equiv. of Al3+ in the 

presence of other metal ions (Ca2+, Li+, Na+, Cs+, Ba2+, K+, Cr3+, Mn2+, Fe2+, Fe3+, Cd2+, 

Hg2+, Mg2+, Nd3+, Pb2+, Sr2+ and Zn2+), 11-fold enhancement of the fluorescence intensity 

was observed, which is large enough to determine Al3+ from other metal ions. We could also 

directly observe the fluorescence changes of receptors (C1 and C2) before and after addition 

of Al3+, with and without other sensed metal ions under UV lamp. As depicted in Figure 

3.10, by the addition of other metal ions (Cu2+, Co2+ and Ni2+) quenches the fluorescence of 

the receptor–Al3+ complex, due to the more binding ability towards Cu2+, Ni2+ and Co2+ ions. 
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It means, the reported sensors provide simultaneous detection of Al3+ and other metal ions 

(Cu2+, Ni2+ and Co2+). 
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Figure 3.5. Linear regression plot of fluorescence intensity change 1/(F-F0) as a function of 

concentration 1/[Al3+]. 
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Figure 3.6. The fluorescence enhancement change as a function of concentration of Al(III) added. 
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Figure 3.7. Job’s plot for C1 (a) and C2 (b) by fluorescence method. Total concentration of 

receptor and metal is 20 µM. 
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Figure 3.8. HRMS spectrum of (a) C1 and (b) C2 upon addition of Al(N03)3.9H2O (1.0 equiv.) in 

MeOH. 
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Figure 3.9. Selectivity of the C1 (a) and C2 (b) toward Al3+ and other metal ions. In these 

experiments, the fluorescence measurement was taken for 20 µM concentration of C1 (a) and C2 

(b) at λex = 360 nm in methanol at room temperature with various metal ions (1.0 equiv.) and in the 

absence (gray bars) and presence (black bars) of 1.0 equiv. Al3+ ion. 

3.3.3. 1H NMR titration  

 The binding mode of receptor (C1 and C2) towards Al3+ was confirmed by the 1H 

NMR titrations using CD3OD as a solvent. As depicted in Figure 3.11, the proton of imine 

moiety at about 9.68 ppm (for C1) and 10.62 ppm (for C2) was shifted upfield to 8.87 ppm 

and 9.67 ppm, respectively, followed the addition of Al3+. Due to interrupt the intramolecular 

hydrogen bonding between the phenolic hydroxyl group and nitrogen of the imine moiety 

by the addition of Al3+. The imine proton signal at δ 10.62 almost completely disappeared,  
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Figure 3.10. The fluorescence emission changes of sensors C1 (a) and C2 (b) (20 µM) with 1.0 

equiv. of Al3+, and in the presence of other metal ions (Cu2+, Co2+ and Ni2+) excited by a 

commercially available UV lamp (λex = 365 nm). 
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Figure 3.11. 1H NMR (500 MHz) spectra of receptor (a) C1 and (b) C2 with Al3+ (0.0–1.0 equiv.) 

in CD3OD. 

when 1.0 equiv. of Al3+ was added to receptor C2, indicating that the receptor interacts with 

Al3+ and form stable complex with 1:1 stoichiometry. On the other hand, the protons of 

phenylene were shifted downfield upon addition of Al3+, which indicated that the structure 

of receptors became more rigid after coordination with Al3+. It indicated that the phenolic 

hydroxyl group and nitrogen atom of the imine moiety participated in complexation with 

Al3+ ion. 

3.4. Conclusion  

 In summary, the proposed sensors (C1 and C2) exhibited a very good selective and 

sensitive toward Al3+ ion over other tested metal ions. Moreover, the sensory system in 

methanol as well as in water shows bright blue (for C1) and bright green (C2) color with 

Al3+ under a UV lamp, which can be easily identified by the naked eye. Thus, the reported 

sensors have the facility to provide as a practical sensor for detection of Al3+ ion in both 

environment and biological samples. 

 

 

b

1.0 equiv

0.5 equiv

0.25 equiv

0.0 equiv

Al3+



Fluorescence Turn-On Chemosensors 

 

72 
 

 

 

 

 

 

 

 



Antipyrine Based Turn-On Fluorescent Sensors for Al(III) Ion Chapter 3 

 

73 
 

 

 

 

 

 

 



Fluorescence Turn-On Chemosensors 

 

74 
 

 

 

 

 

 

 

 

 

 

 

 



Antipyrine Based Turn-On Fluorescent Sensors for Al(III) Ion Chapter 3 

 

75 
 

 

 

 

 

 

 

 

 



Fluorescence Turn-On Chemosensors 

 

76 
 

 

 

 

 

 

 



Antipyrine Based Turn-On Fluorescent Sensors for Al(III) Ion Chapter 3 

 

77 
 

 

 

 

 

 

 

 

 

 

 

 



Fluorescence Turn-On Chemosensors 

 

78 
 

References 

1. N.W. Baylor, W. Egan, P. Richman, Aluminum salts in vaccines—US perspective, 

Vaccine, 2002, 20, S18–S23. 

2. M.G. Soni, S.M. White, W.G. Flamm, G.A. Burdock, Safety evaluation of dietary 

aluminum, Regul. Toxicol. Pharm., 2001, 33, 66–79. 

3. W.A. Banks, A.J. Kastin, Aluminum-induced neurotoxicity: alterations in membrane 

function at the blood-brain barrier, Neurosci. Biobehav. Rev., 1989, 13, 47–53. 

4. M. Kawahara, K. Muramoto, K. Kobayashi, H. Mori, Y. Kuroda, Aluminum promotes 

the aggregation of Alzheimer′s amyloid β-protein in vitro, Biochem. Biophys. Res. 

Commun., 1994, 198, 531–535. 

5. P.F. Good, C.W. Olanow, D.P. Perl, Neuromelanin-containing neurons of the 

substantia nigra accumulate iron and aluminum in Parkinson's disease: a LAMMA 

study, Brain Res., 1992, 593, 343–346. 

6. J.L. Lin, M.T. Kou, M.L. Leu, Effect of long-term low-dose aluminum-containing 

agents on hemoglobin synthesis in patients with chronic renal insufficiency, Nephron, 

1996, 74, 33–38. 

7. S.R. Paik, J.H. Lee, D.H. Kim, C.S. Chang, J. Kim, Aluminum-induced structural 

alterations of the precursor of the non-Aβ component of Alzheimer’s disease amyloid, 

Arch. Biochem. Biophys., 1997, 344, 325–334. 

8. M.N. Alvim, F.T. Ramos, D.C. Oliveira, R.M.S. Isaias, M.G.C. Franca, Aluminium 

localization and toxicity symptoms related to root growth inhibition in rice (Oryza 

sativa L.) seedlings, J. Biosci., 2012, 37, 1079–1088. 

9. A.N.M. Alamgir, S. Akhter, Effects of aluminium (Al3+) on seed germination and 

seedling growth of wheat (Triticum aestivum L.), Bangladesh J. Bot., 2009, 38, 1–6. 

10. V.K. Gupta, A.K. Jain, G. Maheshwari, Aluminum(III) selective potentiometric sensor 

based on morin in poly(vinyl chloride) matrix, Talanta, 2007, 72, 1469–1473. 

11. V.K. Gupta, R.N. Goyal, A.K. Jain, R.A. Sharma, Aluminium (III)-selective PVC 

membrane sensor based on a Schiff base complex of N,N'-bis (salicylidene)-1,2-

cyclohexanediamine, Electrochim. Acta, 2009, 54, 3218–3224. 

12. V.K. Gupta, A.K. Jain, M.A. Khayat, S.K. Bhargava, J.R. Raisoni, Electroanalytical 

studies on cobalt(II) selective potentiometric sensor based on bridge modified 

calixarene in poly(vinyl chloride), Electrochim. Acta, 2008, 53, 5409–5414.  

13. Y.S. Jang, B. Yoon, J.M. Kim, Colorimetric detection of aluminium ion based on 

conjugated polydiacetylene supramolecules, Macromol. Res., 2011, 19, 97–99.  

https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D2025052X86F350B0X3ACCE6E756629A53AF/1.html?nav=eNpb85aBtYSBMbGEQcXFyMDI1MDUKMLCzM3Y1MDJIMLY0dnZ1czV3NTMzMjS0dTY0Q2oNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYENaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAoT1Duw&key=caplus_2008:550367&title=RWxlY3Ryb2FuYWx5dGljYWwgc3R1ZGllcyBvbiBjb2JhbHQoSUkpIHNlbGVjdGl2ZSBwb3RlbnRpb21ldHJpYyBzZW5zb3IgYmFzZWQgb24gYnJpZGdlIG1vZGlmaWVkIGNhbGl4YXJlbmUgaW4gcG9seSh2aW55bCBjaGxvcmlkZSk&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D2025052X86F350B0X3ACCE6E756629A53AF/1.html?nav=eNpb85aBtYSBMbGEQcXFyMDI1MDUKMLCzM3Y1MDJIMLY0dnZ1czV3NTMzMjS0dTY0Q2oNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYENaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAoT1Duw&key=caplus_2008:550367&title=RWxlY3Ryb2FuYWx5dGljYWwgc3R1ZGllcyBvbiBjb2JhbHQoSUkpIHNlbGVjdGl2ZSBwb3RlbnRpb21ldHJpYyBzZW5zb3IgYmFzZWQgb24gYnJpZGdlIG1vZGlmaWVkIGNhbGl4YXJlbmUgaW4gcG9seSh2aW55bCBjaGxvcmlkZSk&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D2025052X86F350B0X3ACCE6E756629A53AF/1.html?nav=eNpb85aBtYSBMbGEQcXFyMDI1MDUKMLCzM3Y1MDJIMLY0dnZ1czV3NTMzMjS0dTY0Q2oNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYENaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAoT1Duw&key=caplus_2008:550367&title=RWxlY3Ryb2FuYWx5dGljYWwgc3R1ZGllcyBvbiBjb2JhbHQoSUkpIHNlbGVjdGl2ZSBwb3RlbnRpb21ldHJpYyBzZW5zb3IgYmFzZWQgb24gYnJpZGdlIG1vZGlmaWVkIGNhbGl4YXJlbmUgaW4gcG9seSh2aW55bCBjaGxvcmlkZSk&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING


Antipyrine Based Turn-On Fluorescent Sensors for Al(III) Ion Chapter 3 

 

79 
 

14. S. Chen, Y.M. Fang, Q. Xiao, J. Li, S.B. Li, H.J. Chen, J.J. Sun, H.H. Yang, Rapid 

visual detection of aluminium ion using citrate capped gold nanoparticles, Analyst, 

2012, 137 2021–2023. 

15. V.K. Gupta, A.K. Singh, M.R. Ganjali, P. Norouzi, F. Faridbod, N. Mergu, 

Comparative study of colorimetric sensors based on newly synthesized Schiff bases, 

Sens. Actuators B, 2013, 182, 642–651. 

16. L. Wang, D. Ye, D. Cao, A novel coumarin Schiff-base as a Ni(II) ion colorimetric 

sensor, Spectrochim. Acta A, 2012, 90, 40–44.  

17. K. Farhadi, M. Forough, R. Molaei, S. Hajizadeh, A. Rafipour, Highly selective Hg2+ 

colorimetric sensor using green synthesized and unmodified silver nanoparticles, Sens. 

Actuators B, 2012, 161, 880–885. 

18. Y.P. Li, X.M. Liu, Y.H. Zhang, Z. Chang, A fluorescent and colorimetric sensor for 

Al3+ based on a dibenzo-18-crown-6 derivative, Inorg. Chem. Commun., 2013, 33, 6–

9. 

19. C.H. Chen, D.J. Liao, C.F. Wan, A.T. Wu, A turn-on and reversible Schiff base 

fluorescence sensor for Al3+ ion, Analyst, 2013, 138, 2527–2530. 

20. S. Guha, S. Lohar, A. Sahana, A. Banerjee, D.A. Safin, M.G. Babashkina, M.P. 

Mitoraj, M. Bolte, Y. Garcia, S.K. Mukhopadhyay, D. Das, A coumarin-based “turn-

on” fluorescent sensor for the determination of Al3+: single crystal X-ray structure and 

cell staining properties, Dalton Trans., 2013, 42, 10198–10207. 

21. S. Kim, J.Y. Noh, K.Y. Kim, J.H. Kim, H.K. Kang, S.W. Nam, S.H. Kim, S. Park, C. 

Kim, J. Kim, Salicylimine-based fluorescent chemosensor for aluminum ions and 

application to bioimaging, Inorg. Chem., 2012, 51, 3597–3602. 

22. M. Yan, T. Li, Z. Yang, A novel coumarin Schiff-base as a Zn(II) ion fluorescent 

sensor, Inorg. Chem. Commun., 2011, 14, 463–465. 

23. K. Viswanathan, Utilizing a tripeptide conjugated fluorescent hybrid nanoparticles as 

a fluorescence sensor for the determination of copper ions, Sens. Actuators A, 2012, 

175, 15–18. 

24. Y.J. Jang, Y.H. Yeon, H.Y. Yang, J.Y. Noh, I.H. Hwang, C. Kim, A colorimetric and 

fluorescent chemosensor for selective detection of Cr3+ and Al3+, Inorg. Chem. 

Commun., 2013, 33, 48–51. 

25. Y. Dong, X. Mao, X. Jiang, J. Hou, Y. Cheng, C. Zhu, L-Proline promoted fluorescent 

sensor for Mg2+ detection in a multicomponent sensory system, Chem. Commun., 

2011, 47, 9450–9452. 

https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D209EA3BX86F350B0X72DC7018595BBC18DC/1.html?nav=eNpb85aBtYSBMbGEQcXFyMDS1dHYKcLCzM3Y1MDJIMLcyMXZ3MDQwtTS1MnJ2dDCxRmoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYEDaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAvuND4A&key=caplus_2013:722274&title=Q29tcGFyYXRpdmUgc3R1ZHkgb2YgY29sb3JpbWV0cmljIHNlbnNvcnMgYmFzZWQgb24gbmV3bHkgc3ludGhlc2l6ZWQgU2NoaWZmIGJhc2Vz&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D20BC405X86F350B0X15FA32D411B3A1BEA4/1.html?nav=eNpb85aBtYSBMbGEQcXFyMDJ2cTANMLCzM3Y1MDJIMLQ1M3R2MjFxNDQydjR0MnV0QSoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYELaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwApj9DwQ&key=caplus_2012:316838&title=QSBub3ZlbCBjb3VtYXJpbiBTY2hpZmYtYmFzZSBhcyBhIE5pKElJKSBpb24gY29sb3JpbWV0cmljIHNlbnNvcg&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D20BC405X86F350B0X15FA32D411B3A1BEA4/1.html?nav=eNpb85aBtYSBMbGEQcXFyMDJ2cTANMLCzM3Y1MDJIMLQ1M3R2MjFxNDQydjR0MnV0QSoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYELaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwApj9DwQ&key=caplus_2012:316838&title=QSBub3ZlbCBjb3VtYXJpbiBTY2hpZmYtYmFzZSBhcyBhIE5pKElJKSBpb24gY29sb3JpbWV0cmljIHNlbnNvcg&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D20E1EFAX86F350B0X484243B95B44267FB7/1.html?nav=eNpb85aBtYSBMbGEQcXFyMDV0NXNMcLCzM3Y1MDJIMLEwsTIxNjJ0tTJxMTIzNzNyRyoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYEHaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwArd5DyQ&key=caplus_2012:114137&title=SGlnaGx5IHNlbGVjdGl2ZSBIZzIrIGNvbG9yaW1ldHJpYyBzZW5zb3IgdXNpbmcgZ3JlZW4gc3ludGhlc2l6ZWQgYW5kIHVubW9kaWZpZWQgc2lsdmVyIG5hbm9wYXJ0aWNsZXM&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D20E1EFAX86F350B0X484243B95B44267FB7/1.html?nav=eNpb85aBtYSBMbGEQcXFyMDV0NXNMcLCzM3Y1MDJIMLEwsTIxNjJ0tTJxMTIzNzNyRyoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYEHaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwArd5DyQ&key=caplus_2012:114137&title=SGlnaGx5IHNlbGVjdGl2ZSBIZzIrIGNvbG9yaW1ldHJpYyBzZW5zb3IgdXNpbmcgZ3JlZW4gc3ludGhlc2l6ZWQgYW5kIHVubW9kaWZpZWQgc2lsdmVyIG5hbm9wYXJ0aWNsZXM&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D2158C1CX86F350B0X771B4B38488C95253B/1.html?nav=eNpb85aBtYSBMbGEQcXFyNDUwtnQOcLCzM3Y1MDJIMLc3NDJxMnYwsTCwtnS1MjU2AmoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYEPaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAmUZDsA&key=caplus_2011:249149&title=QSBub3ZlbCBjb3VtYXJpbiBTY2hpZmYtYmFzZSBhcyBhIFpuKElJKSBpb24gZmx1b3Jlc2NlbnQgc2Vuc29y&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D2158C1CX86F350B0X771B4B38488C95253B/1.html?nav=eNpb85aBtYSBMbGEQcXFyNDUwtnQOcLCzM3Y1MDJIMLc3NDJxMnYwsTCwtnS1MjU2AmoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgYEPaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAmUZDsA&key=caplus_2011:249149&title=QSBub3ZlbCBjb3VtYXJpbiBTY2hpZmYtYmFzZSBhcyBhIFpuKElJKSBpb24gZmx1b3Jlc2NlbnQgc2Vuc29y&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D217ECF6X86F350B0X75DEE187166C90BE6D/1.html?nav=eNpb85aBtYSBMbGEQcXFyNDc1dnNLMLCzM3Y1MDJIMLc1MXV1dDC3NDMzNnSwMnVzAWoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEAaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwA0EtD-g&key=caplus_2012:179499&title=VXRpbGl6aW5nIGEgdHJpcGVwdGlkZSBjb25qdWdhdGVkIGZsdW9yZXNjZW50IGh5YnJpZCBuYW5vcGFydGljbGVzIGFzIGEgZmx1b3Jlc2NlbmNlIHNlbnNvciBmb3IgdGhlIGRldGVybWluYXRpb24gb2YgY29wcGVyIGlvbnM&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D217ECF6X86F350B0X75DEE187166C90BE6D/1.html?nav=eNpb85aBtYSBMbGEQcXFyNDc1dnNLMLCzM3Y1MDJIMLc1MXV1dDC3NDMzNnSwMnVzAWoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEAaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwA0EtD-g&key=caplus_2012:179499&title=VXRpbGl6aW5nIGEgdHJpcGVwdGlkZSBjb25qdWdhdGVkIGZsdW9yZXNjZW50IGh5YnJpZCBuYW5vcGFydGljbGVzIGFzIGEgZmx1b3Jlc2NlbmNlIHNlbnNvciBmb3IgdGhlIGRldGVybWluYXRpb24gb2YgY29wcGVyIGlvbnM&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D2197AADX86F350B0X49E04E1557CBAD97C5/1.html?nav=eNpb85aBtYSBMbGEQcXFyNDS3NHRJcLCzM3Y1MDJIMLE0tXAxNXQ1NTc2cnRxdLc2RSoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEIaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAyNlD8g&key=caplus_2013:911354&title=QSBjb2xvcmltZXRyaWMgYW5kIGZsdW9yZXNjZW50IGNoZW1vc2Vuc29yIGZvciBzZWxlY3RpdmUgZGV0ZWN0aW9uIG9mIENyMysgYW5kIEFsMys&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D2197AADX86F350B0X49E04E1557CBAD97C5/1.html?nav=eNpb85aBtYSBMbGEQcXFyNDS3NHRJcLCzM3Y1MDJIMLE0tXAxNXQ1NTc2cnRxdLc2RSoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEIaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAyNlD8g&key=caplus_2013:911354&title=QSBjb2xvcmltZXRyaWMgYW5kIGZsdW9yZXNjZW50IGNoZW1vc2Vuc29yIGZvciBzZWxlY3RpdmUgZGV0ZWN0aW9uIG9mIENyMysgYW5kIEFsMys&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D21B7FA0X86F350B0X1FD4F8775E4010C0AC/1.html?nav=eNpb85aBtYSBMbGEQcXFyNDJ3M3RIMLCzM3Y1MDJIMLQzcXEzcLc3NTVxMDQwNnA0RmoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEEaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAu6xD4A&key=caplus_2011:998717&title=TC1Qcm9saW5lIHByb21vdGVkIGZsdW9yZXNjZW50IHNlbnNvciBmb3IgTWcyKyBkZXRlY3Rpb24gaW4gYSBtdWx0aWNvbXBvbmVudCBzZW5zb3J5IHN5c3RlbQ&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D21B7FA0X86F350B0X1FD4F8775E4010C0AC/1.html?nav=eNpb85aBtYSBMbGEQcXFyNDJ3M3RIMLCzM3Y1MDJIMLQzcXEzcLc3NTVxMDQwNnA0RmoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEEaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAu6xD4A&key=caplus_2011:998717&title=TC1Qcm9saW5lIHByb21vdGVkIGZsdW9yZXNjZW50IHNlbnNvciBmb3IgTWcyKyBkZXRlY3Rpb24gaW4gYSBtdWx0aWNvbXBvbmVudCBzZW5zb3J5IHN5c3RlbQ&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING


Fluorescence Turn-On Chemosensors 

 

80 
 

26. Z. Chen, C. Xue, W. Shi, F.-T. Luo, S. Green, J. Chen, H. Liu, Selective and sensitive 

fluorescent sensors for metal ions based on manipulation of side-chain compositions 

of poly(p-phenyleneethynylene)s, Anal. Chem., 2004, 76, 6513–518. 

27. J.Y. Kwon, Y.J. Jang, Y.J. Lee, K.M. Kim, M.S. Seo, W. Nam, J. Yoon, A highly 

selective fluorescent chemosensor for Pb2+, J. Am. Chem. Soc., 2005, 127, 10107–

10111. 

28. K. Soroka, R.S. Vithanage, D.A. Phillips, B. Walker, P.K. Dasgupta, Fluorescence 

properties of metal complexes of 8-hydroxyquinoline-5-sulfonic acid and 

chromatographic applications, Anal. Chem., 1987, 59, 629–636. 

29. Q.H. You, P.S. Chan, W.H. Chan, S.C.K. Hau, A.W.M. Lee, N.K. Mak, T.C.W. Mak, 

R.N.S. Wong, A quinolinyl antipyrine based fluorescence sensor for Zn2+ and its 

application in bioimaging, RSC Adv., 2012, 2, 11078–11083. 

30. T. Rosu, S. Pasculescu, V. Lazar, C. Chifiriuc, R. Cernat, Copper(II) complexes with 

ligands derived from 4-amino-2,3-dimethyl-1-phenyl-3-pyrazolin-5-one: synthesis 

and biological activity, Molecules, 2006, 11, 904–914. 

31. B. Caifeng, F. Yuhua, Synthesis and thermodecomposition kinetics of the UO2 (II) 

complex with 4-(2-hydroxy-naphthalen-1-ylmethyleneamino)-antipyrin, J. 

Radioanal. Nucl. Chem., 2004, 262, 497–500. 

 

 

https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D21CCC3FX86F350B0X42A706F71F4A4FDAAD/2.html?nav=eNpb85aBtYSBMbGEQcXFyNDZ2dnYLcLCzM3Y1MDJIMLEyNHcwMzN3NDNxNHEzcXR0QWoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEMaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwA4HNEFA&key=medline_2004544605&title=U2VsZWN0aXZlIGFuZCBzZW5zaXRpdmUgZmx1b3Jlc2NlbnQgc2Vuc29ycyBmb3IgbWV0YWwgaW9ucyBiYXNlZCBvbiBtYW5pcHVsYXRpb24gb2Ygc2lkZS1jaGFpbiBjb21wb3NpdGlvbnMgb2YgcG9seShwLXBoZW55bGVuZWV0aHlueWxlbmUpcw&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D21CCC3FX86F350B0X42A706F71F4A4FDAAD/2.html?nav=eNpb85aBtYSBMbGEQcXFyNDZ2dnYLcLCzM3Y1MDJIMLEyNHcwMzN3NDNxNHEzcXR0QWoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEMaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwA4HNEFA&key=medline_2004544605&title=U2VsZWN0aXZlIGFuZCBzZW5zaXRpdmUgZmx1b3Jlc2NlbnQgc2Vuc29ycyBmb3IgbWV0YWwgaW9ucyBiYXNlZCBvbiBtYW5pcHVsYXRpb24gb2Ygc2lkZS1jaGFpbiBjb21wb3NpdGlvbnMgb2YgcG9seShwLXBoZW55bGVuZWV0aHlueWxlbmUpcw&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D21CCC3FX86F350B0X42A706F71F4A4FDAAD/2.html?nav=eNpb85aBtYSBMbGEQcXFyNDZ2dnYLcLCzM3Y1MDJIMLEyNHcwMzN3NDNxNHEzcXR0QWoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEMaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwA4HNEFA&key=medline_2004544605&title=U2VsZWN0aXZlIGFuZCBzZW5zaXRpdmUgZmx1b3Jlc2NlbnQgc2Vuc29ycyBmb3IgbWV0YWwgaW9ucyBiYXNlZCBvbiBtYW5pcHVsYXRpb24gb2Ygc2lkZS1jaGFpbiBjb21wb3NpdGlvbnMgb2YgcG9seShwLXBoZW55bGVuZWV0aHlueWxlbmUpcw&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D21E8960X86F350B0X11B674D64CEFE6EE95/2.html?nav=eNpb85aBtYSBMbGEQcXFyNDVwtLMIMLCzM3Y1MDJIMLQ0MnM3MTFzMTZ1c3VzNXV0hSoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUECaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAxR5D8w&key=medline_2005386363&title=QSBoaWdobHkgc2VsZWN0aXZlIGZsdW9yZXNjZW50IGNoZW1vc2Vuc29yIGZvciBQYjIr&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING
https://scifinder.cas.org/scifinder/references/answers/D1FC39BAX86F350B0X780A27433A24A6BE08:D21E8960X86F350B0X11B674D64CEFE6EE95/2.html?nav=eNpb85aBtYSBMbGEQcXFyNDVwtLMIMLCzM3Y1MDJIMLQ0MnM3MTFzMTZ1c3VzNXV0hSoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUECaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp5w5UkV9cyFDHwAxUz1jCwFRUhuoCp_z8nNTEvLMKRQ1X5_x6B3RBFMwFBQwAxR5D8w&key=medline_2005386363&title=QSBoaWdobHkgc2VsZWN0aXZlIGZsdW9yZXNjZW50IGNoZW1vc2Vuc29yIGZvciBQYjIr&launchSrc=reflist&pageNum=1&sortKey=ACCESSION_NUMBER&sortOrder=DESCENDING


  

 

 

CHAPTER 4              

Flavonol Based Fluorescent 

Chemosensors for Zn(II) Ion 

 

 

 



Flavonol Based Fluorescent Chemosensors for Zn(II) Ion Chapter 4 

 

81 
 

4.1. Introduction 

Zinc is the second most abundant transition element after iron in the human body and 

essential with concentration ranging from sub-nM to 0.3 mM [1, 2]. It is a very important 

ion species in many biological activities such as cellular metabolism, gene expression, neural 

signal transmission, DNA binding or recognition, pathology, cell apoptosis and mammalian 

reproduction [3–9]. The disorder of zinc metabolism in biological systems is associated with 

diabetes, epilepsy and Alzheimer’s diseases [10–16].  

Therefore, there is a large demand for exploring novel development of Zn2+ 

chemosensors over other techniques. The growth of chemosensors for active metal ions with 

high sensitivity and selectivity is an active field in analytical chemistry. Fluorescent 

chemosensors have attracted particular attention due to its non-destructive, high selective 

and sensitive, quick and naked eye detection [17–21].  

Up to now, several fluorescent chemosensors for zinc have been developed using 

indole [22], coumarin [23, 24], quinoline [25, 26], BODIPY [27–29], bipyridine [30, 31], 

nanoparticles [32, 33] and other fluorophores [34–37], which showed excellent selectivity 

and sensitivity towards zinc and some of them are used for biological imaging in a 

physiological environment. However, most of them need complicated synthesis process, 

work in toxic organic-containing solution such as acetonitrile. Furthermore, many reported 

fluorescent chemosensors encountered difficulty in distinguishing zinc from other transition 

metal ions such as Cu2+, Ni2+, Co2+ and Cd2+, because Cu2+, Ni2+ and Co2+ are in the same 

period and Cd2+ is in the same group of the periodic table and illustrates alike properties to 

Zn2+ [38–41]. Flavonol derivatives are also detected as a fluorescent chemosensor for some 

ions [42]. 

In this chapter, an elaborately prepared Zn2+ chemosensor with functionalized 

flavonol derivatives (CS1 and CS2) was elucidated. On the addition of zinc metal ions to 

methanol solution of chemosensor, fluorescence emission enhancement accompanied by a 

blue shift was detected, allowing fluorescence “turn-on” naked-eye detection of Zn(II) under 

a UV lamp. Both UV-Vis and fluorescence spectroscopic studies show that the prepared 

chemosensors (CS1 and CS2) are highly sensitive and selective towards zinc over other 

metal ions in methanol. Thus compounds CS1 and CS2 are suitable for selective detection 

of Zn2+ as fluorescence “turn-on” sensors. 
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4.2. Experimental 

4.2.1. Reagents and apparatus  

 All the commercially available chemicals were purchased from Merck and Aldrich 

and used without further purification. The IR spectra were recorded on a Nexus FT-IR 

(Illinois, USA) spectrometer in the range 4000–400 cm–1 with KBr. The NMR spectra were 

recorded on a Bruker 500 MHz (USA), TMS as an internal standard, CDCl3 taken as solvent. 

The mass spectra were recorded using Bruker-micrOTOF II (USA). The UV-Vis absorption 

spectra were measured on a Shimadzu UV-2450 spectrophotometer (Japan) and the 

Fluorescent spectra were recorded on a Shimadzu RF-5301PC spectrofluorophotometer 

(Japan). The pH was measured by use of a Eutech CyberScan  pH 510 (Singapore). 

4.2.2. Synthesis and characterization 

The chemosensors (CS1 and CS2) were prepared by the reported method [43, 44] 

with some modifications (Scheme 4.1). NaOH (4 equiv.) was added to a solution of 2′-

hydroxyacetophenone (10 mmol) and aldehyde (10 mmol) in methanol and the mixture was 

stirred for 18 h at room temperature. The reaction mixture was acidified with HCl (30%) and 

the 2′-hydroxychalcone was isolated by filtration. To the methanolic solution of 2′-

hydroxychalcone (5 mmol) NaOH (4 equiv.) and H2O2 (30%, 10 equiv.) were added at 0–4 

°C. The mixture was stirred for 2–3 h at room temperature, then acidified with HCl (30%) 

and poured into water (400 mL). Collected the precipitate by filtration and the pure product 

was obtained by recrystallization from methanol. The structures of chemosensors were 

characterized by IR, 1H NMR, 13C NMR and HRMS spectra. 
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Scheme 4.1. Synthetic routes to chemosensors (CS1 and CS2): (a) NaOH; (b) H2O2. 
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3-Hydroxy-2-phenyl-4H-chromen-4-one (CS1): Yield: 0.94 g (79%); Color: Yellow-

white solid; Mp: 168–170 °C; FT-IR (KBr), ν, cm–1: 3236 (O−H), 1611 (C=O), 1480, 1415 

(C=C), 1287, 1214, 1129 (C−O); 1H NMR (CDCl3), δ, ppm (J, Hz): 7.42 (t, J = 7.5, 1H), 

7.48 (t, J = 7.5, 1H), 7.55 (t, J = 7.5, 2H), 7.60 (d, J = 8.5, 1H), 7.71 (dt, J = 1.5, 7.5, 1H), 

8.26 (d, J = 7.5, 3H); 13C NMR (CDCl3), δ, ppm: 118.3, 120.7, 124.6, 125.5, 127.8, 128.6, 

130.2, 131.1, 133.7, 138.5, 144.9, 155.5, 173.5; HRMS m/z: Calcd for C15H10O3 (M+Na)+: 

261.0528, found: 261.0527. 

3-Hydroxy-2-(2-furyl)-4H-chromen-4-one (CS2): Yield: 0.82 g (72%); Color: Pale yellow 

solid; Mp: 179–181 °C; FT-IR (KBr), ν, cm–1: 3258 (O−H), 1617 (C=O), 1482, 1418 (C=C), 

1280, 1213, 1130 (C−O); 1H NMR (CDCl3), δ, ppm (J, Hz): 6.65 (q, J = 1.5, 1H), 7.36 (d, J 

= 3.5, 1H), 7.41 (t, J = 7.5, 1H), 7.60 (d, J = 8.5, 1H), 7.69 (t, J = 8.5, 2H), 8.24 (d, J = 8.0, 

1H); 13C NMR (CDCl3), δ, ppm: 112.7, 115.8, 118.3, 121.2, 124.7, 125.4, 133.6, 136.4, 

138.9, 144.4, 144.8, 155.0, 172.4; HRMS m/z: Calcd for C13H8O4 (M+Na)+: 251.032, found: 

251.0339. 

4.2.3. UV-Vis and fluorescent studies 

 UV-Vis absorption and fluorescence emission spectra were recorded in 1.0 cm path 

length quartz cuvettes in alcoholic medium (MeOH) using a Shimadzu UV-2450 

spectrophotometer and a Shimadzu RF-5301PC spectrofluorophotometer. Absorption and 

emission spectra of the chemosensors in the presence of various metal ions (Al3+, Li+, Ca2+, 

Ba2+, Na+, Cs+, Mn2+, Co2+, K+, Cu2+, Zn2+, Ni2+, Fe2+, Fe3+, Cd2+, Mg2+, Pb2+, Cr3+, Hg2+, 

Nd3+ and Sr2+) were recorded in the concentration of 5 µM (for CS1 and CS2, absorption 

spectra), 5 µM (for CS1, emission spectra) and 2 µM (for CS2, emission spectra). 

4.3. Results and discussion 

 The binding ability and mode of sensors (CS1 and CS2) towards Zn2+ and other 

metal ions was measured through UV-Vis, fluorescent spectrometry and naked-eye 

observation. 

4.3.1. UV-Vis spectral studies 

The chemosensors (CS1 and CS2) were investigated by UV-Vis absorption spectral 

behaviour in the presence of various metal ions in the 50 µM concentration of each 

component in methanol solvent. The free ligands CS1 and CS2 exhibited a main absorption 

band centred at 343 nm and 356 nm, respectively. On the addition of metal ions to sensors, 

the absorption band of free receptors CS1 and CS2 is shifted to low intensity, while a new 



Fluorescence Turn-On Chemosensors 

 

84 

 

broad absorption band (mainly for Cu2+, Ni2+, Zn2+, Pb2+, Al3+, Co2+, Cd2+, Mn2+ and Mg2+ 

ions) was observed at about 350–480 nm region. As shown in Figure 4.1, both sensors are 

responding to the above mentioned metal ions and there is no significant changes were 

observed when mixed with other metal ions such as Ca2+, K+, Na+, Li+, Cs+, Ba2+, Fe2+, Fe3+, 

Hg2+, Cr3+, Nd3+ and Sr2+. 
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Figure 4.1. UV-Vis absorbance spectra of (a) CS1 (50 µM) and (b) CS2 (50 µM) in the presence 

of 1.0 equiv. of various metal ions in methanol. 
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4.3.2. Fluorescence emission studies 

 The fluorescence response of sensors CS1 (5 µM) and CS2 (2 µM) upon addition of 

various metal ions 5 µM (for CS1) and 2 µM (for CS2) have been investigated in methanol. 

Chemosensors CS1 and CS2 alone displayed a weak single fluorescence emission band at 

530 nm and a couple of emission bands at 425 and 530 nm, respectively, with an excitation 

of 340 nm. Upon addition of various metals (Na+, Ca2+, Li+, Ba2+, Cs+, Mn2+, Cr3+, K+, Co2+, 

Fe2+, Fe3+, Hg2+, Pb2+, Ni2+, Nd3+, Cu2+, and Sr2+) no significant changes (except Zn2+, Al3+, 
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Figure 4.2. Fluorescence emission spectra (λex = 340 nm) of (a) CS1 (5 µM) and (b) CS2 (2 µM) in 

the presence of 1.0 equiv. of various metal ions in methanol. 
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Figure 4.3. The variation in fluorescence emission spectra of (a) CS1 (5 µM) and (b) CS2 (2 µM) 

with increasing amounts of Zn2+ ion (0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 2.0, 5.0 and 

10.0 equiv.) in methanol. Inset, left: The fluorescence changes excited by UV lamp of (a) CS1 (5 

µM) and (b) CS2 (2 µM) with 1.0 equiv. Zn2+, right: The fluorescence change at 476 nm (for CS1) 

and 478 nm (for CS2) as a function of the amount of Zn2+ ions. 

Cd2+ and Mg2+) were observed (Figure 4.2). On addition of Zn2+, receptors CS1 and CS2 

exhibited a prominent fluorescence enhancement accompanied by a blue shift of 54 nm from 

530 to 476 nm and 52 nm from 530 to 478 nm, respectively. Results are indicating that the 

sensors CS1 and CS2 exhibit “off-on” mode with high sensitivity towards Zn2+ over other 

metal ions. Under a UV lamp, the chemosensors CS1 and CS2 in the presence of Zn2+ 
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showed a dramatic color changes from yellow-orange to bright green, which could easily be 

detected by the naked-eye (Figure 4.3, inset). At the same time, the addition of other metal 

ions did not show any significant color change. 

 In addition, the fluorescence response of CS1 and CS2 to various concentrations of 

Zn2+ (0–1.0, 2.0, 5.0 and 10 equiv.) was investigated. Upon addition of Zn2+, the fluorescence 

intensity centred at 476 nm (CS1) and 478 nm (CS2) gradually increased and remained 

steady when 1.0 equiv. Zn2+ was added. The saturation behaviour of the fluorescence 

intensity after 1.0 equiv. of Zn2+ reveals that the chemosensor–Zn2+ has a 1:1 stoichiometry 

(Figure 4.3). The complex stability constants (K) through Benesi-Hildebrand method for 

Zn(II) with CS1 and CS2 were found to be 1.0×106 M−1 and 9.6×105 M−1, respectively 

(Figure 4.4). The limit of detection of Zn(II) was estimated based on the fluorescence 

titration profile as 1.7×10−7 M (for CS1) and 2.8×10−8 M (for CS2) based on S/N = 3 (Figure 

4.5). In addition, a Job plot obtained from the emission data confirmed the 1:1 stoichiometry  
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Figure 4.4. Linear regression plot of fluorescence intensity change 1/(F-F0) as a function of 

concentration 1/[Zn2+]. 
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Figure 4.5. The fluorescence enhancement change as a function of concentration of Zn(II) ions 

added. 
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for chemosensor–Zn2+ complex (Figure 4.6). When excited at λ = 362 nm, receptor exhibited 

low fluorescence quantum yield, Ф = 0.0144 (CS1), 0.0498 (CS2) (standard: Coumarin 1 in 

ethyl acetate; Ф = 0.99). On the other hand, receptor–Zn2+ exhibited strong fluorescence 

quantum yield, Ф = 0.0302 (CS1–Zn2+), 0.1158 (CS2–Zn2+). These data ensured that an 

enhancement in quantum yield can be achieved during the Zn2+ sensing process by using 

chemosensor. 
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Figure 4.6. Job’s plot for (a) CS1 and (b) CS2–Zn2+ complex. Inset: Fluorescence intensity at 476 

nm (for CS1) and 478 nm (for CS2) was plotted as a function of the molar ratio of ligand. 
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The selectivity of CS1 (5 µM) and CS2 (2 µM) for Zn2+ over other metal ions (1.0 

equiv.) were examined by the competition experiments. As shown in Figure 4.7, the 

fluorescence response of CS1 and CS2 towards Zn2+ in the presence of various metal ions 

was investigated, and the results show that Cu2+ and Ni2+ could interfere in the interaction 

between receptor (CS1 and CS2) and Zn2+ indicate that the binding ability of chemosensors 

toward Cu2+ and Ni2+ is stronger than Zn2+. Upon addition of 1.0 equiv. Zn2+ in the presence 

of other metal ions (Li+, Mg2+, Ca2+, Al3+, Na+, Ba2+, K+, Cs+, Cr3+, Fe2+, Fe3+, Hg2+, Co2+, 

Mn2+, Cd2+, Pb2+ Nd3+, and Sr2+), 4-fold enhancement of the fluorescence intensity was 

observed, which is large enough to determine Zn2+ from other metal ions. By addition of 

other metal ions (Cu2+ and Ni2+) quenches the fluorescence of the receptor–Zn2+ complex 

(Figure 4.8), due to the more binding ability towards Cu2+ and Ni2+ ions. It means, the 

reported sensors provide simultaneous detection of Zn2+ and other metal ions (Cu2+ and 

Ni2+). 
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Figure 4.7. Competitive selectivity of CS1 (a) and CS2 (b) towards Zn2+ in the presence of other 

metals (1.0 equiv.) with an excitation of 340 nm. 

The interaction between receptor (CS1 and CS2) and Zn2+ ion was investigated at a 

pH range from 2.0 to 10.0. This experiment was carried out at a fixed concentration of 

receptor–Zn2+ is 5 µM (for CS1) and 2 µM (for CS2) in methanol. As shown in Figure 4.9, 

the fluorescence intensity changes were observed at 476 nm (for CS1) and 478 nm (for CS2) 

with the pH value at acidic and basic conditions. The chemosensors CS1 and CS2 in the 

presence of Zn2+ showed a dramatic color changes in different pH media, which could easily 

be detected by the naked-eye (Figure 4.9, inset) under a UV lamp. However, the fluorescence 

intensity decreased at acidic condition, due to receptor could be protonated and hence its 

binding ability reduced. Reduction in fluorescence intensity at basic condition could be due 

to the formation of salt. 
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Figure 4.8. The variation in fluorescence emission spectra of chemosensor–Zn2+ on addition of 

other metal ions (Cu2+ and Ni2+). Inset: Fluorescent color change of chemosensor upon addition of 

interfering metal ions. 

 

Figure 4.9. The variation in fluorescence intensity of probe–Zn2+ complex as a function of pH. 

Inset: The color changes of chemosensor–Zn2+ complex in different pH media. 

4.3.3. Reversibility test of CS1 and CS2 

The reversibility of the chemosensor is an essential characteristic in practical 

applications. Thus EDTA titration was carried out to examine the reversibility of probe–

Zn(II) complexation. The reversibility of the reaction of probe and Zn(II) was performed by 
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the titration of the mixture of receptor and Zn(II) (1:1) with EDTA (Figure 4.10). The 

enhancement in the fluorescence emission intensity at 530 nm (for CS1, Figure 4.10a) 

indicates the regeneration of free CS1. The fluorescence intensity was again quenched at 

530 nm on addition of more Zn(II) to the same mixture. Upon addition of EDTA to the 

mixture of CS2 and Zn(II), no significant changes were observed (Figure 4.10b). 
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Figure 4.10. The variation in fluorescence emission spectra of (a) CS1+ Zn2+ (5 µM) and (b) CS2+ 

Zn2+ (2 µM) upon the addition of EDTA (0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 

equiv.) in methanol. Inset shows the fluorescence change at 476 nm (for CS1) and 478 nm (for 

CS2) as a function of the amount of EDTA. 
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4.4. Conclusion 

 The reported chemosensors (CS1 and CS2) show fluorometric response for Zn2+ 

ions, exhibit high selective and sensitive towards zinc over other tested metal ions. Under a 

UV lamp, the detection process gives rise to a color change (from yellow-orange to bright 

green), which could easily be detected by the naked eye. Thus, the proposed sensors have a 

facility to serve as a practical sensor for detection of zinc ion in both environment and 

biological samples.  
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5.1. Introduction 

Magnesium is the fourth most abundant cation in the human body, most abundant 

divalent cation within cells and plays an important role in many physiological functions [1]. 

Also Magnesium found in the bone and plays an active role in bone remodelling and skeletal 

development [2, 3]. In addition, magnesium is the eighth most abundant element on earth 

crust [4]. Magnesium deficiency can causes hypokalaemia, gastrointestinal, cardiac, 

hypocalcaemia, renal losses and neurological manifestations. A number of chronic diseases, 

such as diabetes, osteoporosis, hypertension and coronary heart disease have been associated 

with chronic low magnesium [5, 6]. Detection of Mg2+ in the presence of other alkali and 

alkaline earth metal ions, like as Ca2+, Na+ and K+ is of particular significance. Serum 

magnesium and the magnesium tolerance test are the most widely used. There are no easy 

and readily available methods to assess magnesium status.  

In this respect, the design of fluorescent chemosensors is an active field of research 

for analytical as well as environmental and biological problems [7–11]. In general, chemo 

sensing probes are small molecules and are capable to associate with analyte with a change 

in the sensing system property, such as absorption, emission and redox potentials, which 

may permit naked eye detection of analyte without resorting to the use of any costly 

instruments. The different types of chemosensors, especially fluorescent based sensors 

present many advantages. Fluorescence measurements are usually low cost, very sensitive, 

easily performed, capability of real-time detection and versatile [12–17]. 

Till now, various families of fluorescent probes for Mg2+ have been developed. These 

probes have receptor groups based upon moieties including diaza-18-crown-6 [18], benzo-

15-crown-5 [19], calix[4]arene [20], benzo chromene [21] and imidazo-1,10-phenanthroline 

[22]. Most of the reported fluorescent probes for Mg2+ exhibit poor selectivity for Mg2+ over 

Ca2+ and are helpful only where the concentration of Mg2+ ions is much higher than those of 

Ca2+ ions. 

In this chapter, the capacity of 4-Methyl-7-hydroxy-8-formyl Coumarin (CS) as a 

fluorescent probe to serve as a chemosensor for magnesium (II) ion in the presence of other 

alkali and alkaline earth metal ions was described. Our particular interest is to investigate 

how Mg2+ affects the fluorescent behaviour of fluorophore upon complexation. 

5.2. Experimental 

5.2.1. Reagents and apparatus 

All the commercially available chemicals were purchased from Merck and Aldrich 

and used without further purification. The IR spectra were recorded on a Nexus FT-IR 
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(Illinois, USA) spectrometer in the range 4000–400 cm-1 with KBr. The NMR spectra were 

measured by using Bruker 500 MHz (USA), TMS as an internal standard, DMSO-d6, CDCl3 

and CD3OD are taken as solvents. The mass spectra were recorded on a Bruker-micrOTOF 

II (USA). The UV-Vis absorption spectra were obtained on a Shimadzu UV-2450 

spectrophotometer (Japan) and the Fluorescent spectra were recorded by using Shimadzu 

RF-5301PC spectrofluorophotometer (Japan). Differential Pulse Voltammetric experiments 

were performed using a CHI760E electrochemical workstation (USA) with a conventional 

three-electrode configuration consisting of a glassy carbon working electrode, a platinum 

wire counter electrode, and an aqueous Ag/AgNO3 reference electrode. The pH was 

measured with a Eutech CyberScan pH 510 (Singapore). 

5.2.2. Synthesis and characterisation 

The synthetic route of Chemosensor (CS) was outlined in Scheme 5.1. Chemosensor 

was prepared by following the literature method [23, 24] and the structure was characterised 

by FT-IR, 1H NMR and HRMS spectra. 

HO OH

+
H2SO4

0-10 oC

O OHO
(CH2)6N4

O OHO

CHO

CH3COOHOEt

OO

(1) (CS)  

Scheme 5.1. Synthetic route for CS. 

5.2.2.1. Synthesis of 4-Methyl-7-hydroxy Coumarin (1): 

Concentrated sulphuric acid (20 mL) was cooled at 0–5 °C in an ice bath. A solution 

of resorcinol (20 mmol) in ethyl acetoacetate (30 mmol) was added to sulphuric acid under 

constant stirring at 0–5 °C. The reaction mass was stirred about 2–3 h under the same 

conditions and poured in to crushed ice under vigorous stirring. Obtained solid was filtered 

and recrystallised from methanol. Yield: 2.8 g (79%); Color: White crystals; Mp: 179–181 

°C; FT-IR (KBr), ν, cm–1: 3158 (O−H), 1681 (C=O), 1594 (C=C), 1382, 1234 (C−O); 1H 

NMR (DMSO-d6), δ, ppm (J, Hz): 2.38 (s, 3H), 6.14 (s, 1H), 6.72 (s, 1H), 6.81 (d, J = 8.5, 

1H), 7.61 (d, J = 8.5, 1H), 10.54 (s, 1H). 

5.2.2.2. Synthesis of 4-Methyl-7-hydroxy-8-formyl Coumarin (CS): 

The mixture of 7-hydroxy-4-methyl-coumarin (10 mmol), hexamethylene tetramine 

(30 mmol) in glacial acetic acid (20 mL) was refluxed for 4–5 h in a water bath. Then, 20% 

HCl (25 mL) was added and further heated for 30 min, cooled to room temperature and 
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extracted with diethyl ether. Solid was obtained on evaporation of solvent. Yield: 0.37 g 

(18%); Color: Pale yellow solid; Mp: 175–177 °C; FT-IR (KBr), ν, cm–1: 3433 (O−H), 2924 

(OC−H), 1745 (HC=O), 1642 (C=O), 1589 (C=C), 1387, 1298 (C−O); 1H NMR (CDCl3), δ, 

ppm (J, Hz): 2.43 (s, 3H), 6.20 (s,1H), 6.91 (d, J = 8.5, 1H), 7.73 (d, J = 9.0, 1H), 10.62 (s, 

1H), 12.22 (s, 1H); HRMS m/z: Calcd for C11H8O4 (M+Na)+: 227.0320, found: 227.0356. 

5.2.3. UV-Vis and fluorescent studies 

 All measurements of UV-Vis absorption and fluorescence emission studies were 

carried out in 1.0 cm path length quartz cuvettes in alcoholic medium (MeOH) at room 

temperature. Absorption and emission spectra of the chemosensor in the presence of various 

metal ions were measured in the concentration of 50 µM (for absorption spectra), 10 µM 

(for emission spectra). Stoichiometry, binding constant of sensing probe–Mg2+ complex and 

limit of detection of Mg2+ were calculated by using spectrofluorophotometer. For all the 

fluorescent measurements, excitation wavelength was 350 nm, and both the excitation and 

emission slit widths were 3 and 5 nm, respectively. 

5.3. Results and discussion 

The binding ability and mode of chemosensor towards Mg2+ were investigated 

through absorption, emission, electrochemical and 1H NMR spectroscopic experiments. 

5.3.1. Absorption spectroscopic studies 
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Figure 5.1. UV-Vis absorbance spectra of CS (50 µM) in the presence of 1.0 equiv. of various 

metal ions in MeOH. 
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The binding ability of probe (50 µM)  against cations (50 µM), such as Ca2+, K+, 

Co2+, Li+, Ba2+, Cr3+, Pb2+, Cd2+, Nd3+,Mn2+, Cs+, Fe2+, Fe3+, Cu2+, Gd3+, Al3+, Hg2+, Mg2+, 

Na+, Ni2+, Sr2+ and Zn2+ was carried out by UV-Vis absorption spectroscopic studies in 

methanol. The free ligand CS exhibited a single absorption band at about 343 nm, 

hyperchromic shift was observed when added to Cu2+, Co2+, Gd3+, Mn2+, Mg2+, Ni2+, Nd3+ 

and Zn2+ ions (Figure 5.1). It showed a blue shift accompanied by a hyperchromic shift in 

the presence of Cr3+ and Al3+ metal ions. The other cations Ba2+, K+, Hg2+, Cd2+, Cs+, Ca2+, 

Fe2+, Fe3+, Li+, Na+, Pb2+ and Sr2+ did not show any considerable spectroscopic change even 

when added in excess (10 equiv.).  

5.3.2. Fluorescence emission studies 

The fluorescence emission spectral behaviour of sensor CS (10 µM) upon addition 

of various metal ions (10 µM) have been investigated in methanol. Chemosensor alone 

showed a single emission band at 473 nm with an excitation of 350 nm. CS showed a 

chelation enhanced fluorescence (CHEF) only with Mg2+, even though there was a relatively 

chelation enhanced fluorescent quenching (CHEQ) effect with Al3+, Co2+, Cu2+, Cr3+, Fe2+, 

Mn2+, Ni2+, Gd3+, Nd3+ and Zn2+ (Figure 5.2). 
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Figure 5.2. Fluorescence emission spectra (λex = 340 nm) of receptor CS (10 µM) in the presence 

of 1.0 equiv. of various metal ions in MeOH. 

The sequential addition from 0.0 to 1.0 equiv. Mg2+ ions to CS showed a gradual increase in 

emission accompanied by a small red shift of 12 nm from 473 to 485nm (Figure 5.3). Under 

a UV lamp, the solution of CS in the presence of Mg2+ showed a spectacular color change 
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from dull fluorescent blue to bright fluorescent blue, which could simply be identified by 

the naked-eye (Figure 5.3, inset). Furthermore, to investigate the binding mechanism, the 

Job’s plot of fluorescence emission titration of Mg2+ was exposed in Figure 5.4. A maximum 

emission intensity was detected when the molar fraction of Mg2+ reached 0.5, which 

indicates a 1:1 stoichiometry for the newly formed species of CS–Mg2+.  

 

Figure 5.3. Fluorescent spectral changes of CS (10 µM) upon titration with MgCl2 in MeOH. 

Inset: Changes in the fluorescence intensity of CS with Mg2+ under 365 nm UV light. 
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Figure 5.4. Job’s plot, inset: Fluorescence intensity at 485 nm was plotted as a function of the 

molar ratio of Zn2+. 



Fluorescence Turn-On Chemosensors 

 

108 

 

From the Fluorescence titration profiles, linear relationship was obtained for the plot 

measured 1/(F−F0) at 485 nm as a function of 1/[Mg2+] using the well-known linear Benesi-

Hildebrand expression [25]. The binding constant of the newly formed complex (CS–Mg2+) 

was determined as 5.7×105 M–1 (Figure 5.5). The detection limit was calculated based on the 

fluorescence titration of Mg2+ as 0.43 µM based on S/N = 3 (Figure 5.6). 
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Figure 5.5. Benesi-Hildebrand plot, fluorescence intensity at 485 nm. 
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Figure 5.6. The linear relation for fluorescent intensity of CS (10 μM) toward Mg2+ concentration 

in the range of 0–10 μM. 

 In addition, the selectivity of CS towards Mg2+ over other metal ions was investigated 

by the competition experiment. As depicted in Figure 5.7, probe CS (10 µM) was treated 
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with 1.0 equiv. Mg2+ in the presence of various metal ions in the same concentration. 

Comparatively low interference levels were monitored for the detection of Mg2+ in the 

presence of alkali (Na+, Li+, K+ and Cs+), alkaline earth (Ca2+, Ba2+ and Sr2+), p-block (Pb2+) 

and d-block (Fe3+, Mn2+, Zn2+, Hg2+ and Cd2+) metal ions. The receptor CS responses for 

Mg2+ in the presence of Al3+, Cu2+, Cr3+, Co2+, Fe2+, Gd3+, Nd3+ and Ni2+ are relatively low. 

Thus probe CS can perform as a selective fluorescent chemosensor for Mg2+ in the 

attendance of most challenging metal ions particularly alkali and alkaline earth metal ions. 
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Figure 5.7. Selectivity of the probe CS toward various metal ions (1.0 equiv.) in the absence and 

presence of Mg2+ (1.0 equiv.), fluorescence intensity at 485 nm. 

5.3.3. Electrochemical measurement 

 As shown in Figure 5.8, the corresponding wavelength to the band gap energy can 

be calculated from the cross point of absorption and emission onset lines. The corresponding 

wavelength for CS is 396 nm and CS+Mg2+ is 415 nm which are equal to 3.13 eV (for CS) 

and 2.99 eV (for CS+Mg2+) band gap energy. 

Figure 5.9 shows the current–voltage curve for CS and CS+Mg2+ regarding to 

Differential Pulse Voltammetric (DPV) experiments. Based on results, CS shows Eox= 0.656 

V which is equal to EHOMO= -5.46 eV and CS+Mg2+ shows Eox= 0.7 V which is equal to 

EHOMO= -5.5 eV [26]. By addition of Mg2+ ion increased the oxidation potential of CS, due 

to decrease in electron releasing nature of CS–Mg2+ complex. LUMO energy levels (-2.33 

eV for CS and -2.51 eV for CS+Mg2+) were estimated from HOMO and band gap energies. 
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This experiment proves that, increase in oxidation potential and decrease in band gap 

due to the interaction between CS probe and magnesium ion. Figure 5.10 shows the energy 

diagram with HOMO/LUMO levels of CS and CS+Mg2+. 
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Figure 5.8. UV-Vis absorption and fluorescence emission spectra of CS and CS–Mg2+. 
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Figure 5.9. Differential pulse voltammograms recorded for the probe CS and the corresponding 

Mg2+ addition product in methanol. 
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Figure 5.10. Energy level diagram of the probe CS and the corresponding Mg2+ addition product. 

5.3.4. 1H NMR titration 

 To further clarify the bonding mode of sensing probe (CS) towards Mg2+, 1H NMR 

titration experiments were carried out in both absence and presence of magnesium ion in 

various concentrations in methanol-d4 at room temperature. As shown in Figure 5.11, on the 

addition of Mg2+, aldehyde proton of CS at about 10.58 ppm was shifted downfield toward  

 

Figure 5.11. 1H NMR titration plot of receptor CS with Mg2+ in CD3OD. 

3.13 eV
2.99 eV

HOMO
(-5.46 eV)

LUMO
(-2.33 eV)

HOMO
(-5.50 eV)

LUMO
(-2.51 eV)

CS CS+Mg2+



Fluorescence Turn-On Chemosensors 

 

112 

 

10.98 ppm. The hydroxyl proton was disappeared in CD3OD solvent. On the other hand, the 

aromatic protons were shifted downfield by 0.02–0.17 ppm followed the addition of Mg2+. 

The results recommended that the binding of probe (CS) to Mg2+ forms a rigid system by a 

chelation with the phenolic OH and the oxygen atom of carbonyl group (Scheme 5.2). 

 

Scheme 5.2. Schematic representation of proposed binding mode of receptor with Mg2+. 

5.3.5. pH effect 

 The pH-dependent response of CS was carried out to investigate a suitable pH range 

for detection of Mg2+. As depicted in Figure 5.12, the fluorescence emission changes were 

observed at 485 nm with pH variation. After mixing CS with Mg2+ in the basic pH range, 

exhibited a rapid fluorescence enhancement accompanied by a blue shift of 37 nm from 485 

to 448 nm. The emission intensity of CS–Mg2+ complex was quenched in the acidic  

 

Figure 5.12. Fluorescence intensities of CS (10 µM) at 485 nm in the presence of Mg2+ (10 µM) 

under different pH conditions. Inset: Spectral changes of CS–Mg2+ as a function of pH (left), 

photographs of CS and CS–Mg2+ in different pH media under a UV lamp (right). 
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conditions. For pH < 7, the decreased fluorescence intensity at 485 nm indicates that the 

protonation of Coumarin prevents the formation of CS–Mg2+complexes in acidic condition. 

The chemosensors CS in the presence of Mg2+ showed a dramatic color changes in the 

different pH conditions, which could simply be identified by the naked-eye (Figure 5.12, 

inset) under a UV lamp. The same fluorescence emission changes were observed for CS 

alone in acidic and basic conditions. 

5.3.6. Reversibility of complexation of probe–Mg2+ 

 To establish the reversibility binding of CS–Mg2+, EDTA titration was conducted. 

This experiment was performed by the addition of EDTA to the solution containing CS (1.0 

equiv.) and Mg(II) (1.0 equiv.). Therefore, the addition of EDTA resulted in quenching of 

the fluorescence intensity at 485 nm, which showed the restoration of the free receptor CS 

(Figure 5.13). The fluorescence was improved by the addition of Mg2+ again. These results 

show that CS is suitable to be used as a reversible fluorescent chemosensor to detect Mg2+. 
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Figure 5.13. The variation in fluorescence emission spectra of CS–Mg2+ (10 µM) upon addition of 

EDTA in methanol. Inset: Fluorescence spectral changes at 485 nm as a function of the amount of 

EDTA. 

5.4. Conclusion 

 In summary, we have found a Coumarin based sensitive probe CS to Mg2+ which 

fluorometrically selective with Mg2+ ions and makes it a dual probe for naked eye detection 

of Mg(II) through change in color and fluorescence emission. The limit of detection of Mg2+ 

was found to be much lower as 0.43 µM. The binding ability and mode of sensor CS towards 
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Mg2+ were investigated through UV-Vis absorption, fluorescence emission, electrochemical 

and 1H NMR spectroscopic techniques. Thus, our chemosensor can be used as a practical 

sensor for detection of Mg(II) in analytical as well as environmental and biological samples. 
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6.1. Fluorescent Reversible Chemosensors for Al3+ Ion 

6.1.1. Introduction 

Over the past few years, high sensitive and selective fluorescent chemosensors 

towards various transition and other toxic metal ions are particularly attractive to current 

researchers due to its potential applications in the medicinal, clinical and environmental 

research areas [1–3]. Most of the metal ions play very important roles in living system and 

affect human health. Aluminum is the most widely used metal and third most abundant 

element in the earth’s crust [4]. Excess aluminum may cause damage to certain human 

tissues and cells, which may lead to Parkinson’s disease and Alzheimer’s disease [5, 6]. 

Recent experiments shown that the high dosage of deposition of aluminum in bone and the 

nervous system in human body can cause neurotoxicity [7]. Hence, the World Health 

Organization (WHO) warned that the excess aluminum as one of the food pollutants and 

restricted it to 200 μg L−1 in drinking water [8]. Aluminum in higher concentration may 

affect the growth of root and seed in plants [9, 10]. 

Nowadays, the recognition of various biologically, industrially and environmentally 

important anions such as acetate and fluoride has also attracted significant interest [11–13]. 

Acetate ion is of great concern due to it play a crucial role in numerous metabolic processes 

[14, 15]. The rate of production and oxidation of acetate has been frequently used in marine 

sediments as an indicator of organic decomposition [16]. Among the biologically important 

anions, fluoride draws considerable attention due to its critical role in dental care and 

osteoporosis [17, 18]. Due to the valuable effects of fluoride for human health, the addition 

of fluoride in drinking water (0.5–1.0 ppm) and toothpastes (1000–1500 ppm) has turned 

into extensive. However, overexposure to fluoride can lead to fluorosis [19, 20], acute gastric 

and kidney problems [21]. Fluoride is also associated with diseases like Alzheimer’s disease 

[22].  

At present, many techniques are available for qualitative and quantitative analysis of 

metal ions and found their applications in various food, biological, geological and industrial 

effluents such as atomic absorption spectroscopy [23], inductively coupled plasma-mass 

spectroscopy [24], inductively coupled plasma emission spectrometry [25], neutron 

activation analysis [26], chromatography [27] and voltammetry [28]. Nevertheless, most of 

these methods involve tedious sample preparation procedures, sophisticated instruments and 

high maintenance expenditure. On the other hand, optical (colorimetric and fluorescent) 

chemosensors have drawn attention and offer considerable advantages over other techniques 
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via their simplicity, convenience, low-cost, sensitivity, immediate response, and naked-eye 

visualization [29–31].  

To date, numerous chemosensors have been reported on individual ionic species such 

as Al3+ [32–34], AcO− [35, 36] and F− [37–39]. On the other hand, the enlargement of 

chemosensor capable of sequential recognition both of metal ion and anion is still one of the 

most challenging tasks [40, 41]. Nowadays, metal-based receptors have been focussed in the 

field of anion recognition [42, 43], since they show a greater response to anion than purely 

organic receptors. A very few sensors have been reported on rhodamine based chemosensor 

metal complex which exhibited sensing for anion. Here, anion interact directly with metal 

ion and destroy the chemosensor metal complex via the displacement method [44–47]. 

However, to the best of our knowledge, there is no report of a rhodamine-derived receptor 

which could detect Al3+ as well as AcO− and F−. 

In this section, we described the synthesis of a series of rhodamine derivatives L1–

L4. The sensing property of these ionophores was tested with a series of alkali, alkaline earth 

and transition metal ions in methanolic media. The formation of L–Al3+ complexes is fully 

reversible in the presence of acetate and fluoride anions and it could also be used as an 

efficient sensor for AcO− and F− under the same conditions. The response time is found to 

be 10 sec and the all spectroscopic measurements are carried out at room temperature only. 

6.1.2. Experimental 

6.1.2.1. Reagents and apparatus 

Rhodamine B, metal salts and other commercially available chemicals were 

purchased from Merck and Aldrich and used without further purification. The melting point 

was measured using SRS OptiMelt Automated melting point system. The IR spectra were 

recorded on a PerkinElmer FT-IR spectrometer (USA) in the range 4000–400 cm−1 with 

KBr. The NMR spectra were carried out using a Bruker 500 MHz (USA), TMS as an internal 

standard, CDCl3 DMSO-d6 and CD3OD are taken as solvents. The mass spectra were 

obtained on a Bruker-micrOTOF II (USA). The UV-Vis absorption spectra were recorded 

on a Shimadzu UV-2450 spectrophotometer (Japan) and the Fluorescent spectra were 

recorded by using Horiba FluoroMax-4 spectrofluorophotometer (Japan). Differential Pulse 

Voltammetric experiments were performed using a CHI760E electrochemical workstation 

(USA) with a conventional three-electrode configuration consisting of a glassy carbon 

working electrode, a platinum wire counter electrode, and a calomel reference electrode. 
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6.1.2.2. Synthesis and characterization 

The synthetic route to chemosensors (L1–L4) were outlined in Scheme 6.1. They 

were prepared by following the literature method [48] and the structure was characterised 

by FT-IR, 1H NMR, 13C NMR and ESI-MS spectra. 
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Compounds X and Y: 

The DMF (20 mL) solution containing the mixture of salicylaldehyde (50 mmol),  

dibromoalkane (25 mmol) and K2CO3 (50 mmol) was refluxed at 155 °C in the presence of 

nitrogen gas about 5−6 hours, then added the crushed ice in to this mixture, the precipitated 

was filtered and washed with distilled water. It was then dried and recrystallized from EtOH. 

Ethylene-2-2'-(dioxydibenzaldehyde) (X): Yield: 4.5 g; Color: brown; Mp. 110−112 °C; 

FT-IR (KBr), ν, cm-1: 3074, 2937, 2869 (C−H), 1683 (C=O), 1594, 1450 (C=C), 1243, 1058 

(C−O); 1H NMR (CHCl3), δ, ppm (J, Hz): 4.54 (s, 4H), 7.08 (q, J=7.5, 4H), 7.58 (dt, J=2.0, 

7.5, 2H), 7.85 (dd, J=2, 7.5, 2H), 10.44 (s, 2H). 

Propylene-2-2'-(dioxydibenzaldehyde) (Y): Yield: 3.2 g; Color: light brown; Mp. 70−72 

°C; FT-IR (KBr), ν, cm-1: 3075, 2949, 2883 (C−H), 1682 (C=O), 1596, 1458 (C=C), 1242, 

1052 (C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 2.43 (qn, J= 6.0, 2H), 4.33 (t, J=6.0, 

4H), 7.03 (q, J = 8.5, 4H), 7.55 (dt, J = 2.0, 7.5, 2H), 7.83 (dd, J = 2.0, 7.5, 2H), 10.50 (s, 

2H). 

Compound Z: 

The aza crown ethers were synthesized according to Scheme 6.1, salicylaldehyde 

was reacted with 2,2′-dichloro ethyl ether in dimethyl sulfoxide under nitrogen to give 1,7-

Bis(2′-formylphenyl)-1,4,7-trioxa heptanes (Z). Mp. 74 °C; 1H NMR (CDCl3, 500 MHz), δ 

(ppm): 4.00 (t, J = 4.5, 4H); 4.28 (t, J = 4.5, 4H); 7.00 (d, J = 8.5, 2H); 7.05 (t, J = 7.5, 2H); 

7.52 (dt, J = 2.0, 7.5, 2H); 7.83 (dd, J = 2.0, 8.0, 2H); 10.50 (2H, s). 

Compound 1:  

Rhodamine B (2.0 g) was dissolved in 50 mL ethanol. Hydrazine hydrate (2.5 ml) 

was then added drop wise with vigorous stirring at room temperature. After the addition, the 

stirred solution was allowed to reflux about 6–8 h. The solution changed from dark pink to 

light orange. Then the mixture was cooled and solvent was removed under reduced pressure. 

1 M HCl (about 50 mL) was added to the mixture in the flask to generate a clear red solution. 

After that, 1 M NaOH was added slowly with stirring until the pH of the solution reached 

9–10. The resulting precipitate was filtered and washed 4–5 times with 15 mL water. After 

drying under reduced pressure, the reaction yielded 1.8 g 1 (95%) as pink solid. Mp: 176–

178 °C; FT-IR (KBr), ν, cm−1: 1614 (C=O), 1379, 1118 (C−N), 1224, 1015 (C−O); 1H NMR 

(CDCl3, 500 MHz), δ (ppm): 1.16 (12H, t, J = 6.5 Hz), 3.34 (8H, d, J = 6.5 Hz), 3.62 (2H, 

s), 6.29 (2H, d, J = 7.5 Hz), 6.42–6.47 (4H, m), 7.11 (1H, s), 7.45 (2H, s), 7.93 (1H, s); 13C 
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NMR (CDCl3, 500 MHz), δ (ppm): 12.6, 44.4, 65.9, 98.0, 104.6, 108.1, 123.0, 123.8, 128.1, 

130.0, 132.5, 148.9, 151.5, 153.8, 166.1. ESI-MS m/z: Calcd for C28H32N4O2
 (M+H)+: 

457.2604, found: 457.2500. 

Compounds L1–L3: 

Rhodamine hydrazide (1, 0.23 g, 0.5 mmol) and dialdehyde (X, Y and Z) (0.25 

mmol) were dissolved in 20 mL absolute ethanol and the reaction mixture was refluxed 

overnight. Obtained solid was filtered and washed 3 times with 10 mL ethanol. The product 

was dried in vacuum, affording a pink solid of L1–L3, respectively. 

Compound L1: Yield: 0.14 g (48%); Mp: 187–189 °C; FT-IR (KBr), ν, cm−1: 1616 (C=O), 

1309, 1116 (C−N), 1226 (C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 1.04 (24H, t, J = 6.5 

Hz), 3.20 (16H, s), 4.18 (4H, s), 6.22 (4H, d, J = 8.5 Hz), 6.39 (4H, s), 6.54 (4H, d, J = 8.5 

Hz), 6.95 (2H, t, J = 7.5 Hz), 7.00 (2H, d, J = 8.5 Hz), 7.07 (2H, d, J = 6.5 Hz), 7.31 (2H, t, 

J = 7.5 Hz), 7.46 (4H, qn, J = 7.0 Hz), 8.01 (4H, d, J = 7.0 Hz), 8.69 (2H, s); 13C NMR 

(CDCl3, 500 MHz), δ (ppm): 12.5, 44.2, 65.5, 66.2, 97.8, 105.6, 108.1, 112.3, 121.2, 123.4, 

123.7, 124.2, 126.4, 128.1, 128.2, 128.6, 130.8, 133.3, 141.4, 148.9, 152.5, 152.8, 157.0, 

165.1. ESI-MS m/z: Calcd for C72H74N8O6
 (M+Na)+: 1169.5629, found: 1169.5682. 

Compound L2: Yield: 0.17 g (58%); Mp: 156–158 °C; FT-IR (KBr), ν, cm−1: 1614 (C=O), 

1306, 1112 (C−N), 1227 (C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 1.09 (24H, t, J = 6.5 

Hz), 2.05 (2H, s), 3.25 (16H, d, J = 7.0 Hz), 3.99 (4H, s), 6.23 (4H, d, J = 8.0 Hz), 6.41 (4H, 

s), 6.56 (4H, d, J = 8.0 Hz), 6.86 (4H, d, J = 8.0 Hz), 7.07 (2H, d, J = 7.0 Hz), 7.21 (2H, t, J 

= 7.0 Hz), 7.44 (4H, t, J = 7.0 Hz), 7.93 (2H, d, J = 7.5 Hz), 7.99 (2H, d, J = 6.5 Hz), 8.80 

(2H, s); 13C NMR (CDCl3, 500 MHz), δ (ppm): 12.6, 29.5, 44.2, 64.8, 65.6, 98.0, 106.0, 

108.1, 112.0, 120.6, 123.4, 123.6, 124.0, 126.5, 127.8, 128.1, 128.6, 130.7, 133.2, 142.6, 

148.9, 152.4, 152.8, 157.5, 165.2. ESI-MS m/z: Calcd for C73H76N8O6Na+ (M+Na)+: 

1183.5786, found: 1183.5770. 

Compound L3: Yield: 0.18 g (60%); Mp: 224–226 °C; FT-IR (KBr), ν, cm−1: 1614 (C=O), 

1303, 1115 (C−N), 1227 (C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 1.12 (24H, t, J = 6.5 

Hz), 3.28 (16H, d, J = 7.0 Hz), 3.83 (4H, s), 4.01 (4H, s), 6.22 (4H, d, J = 8.5 Hz), 6.43 (4H, 

s), 6.54 (4H, d, J = 9.0 Hz), 6.77 (2H, d, J = 8.0 Hz), 6.85 (2H, d, J = 7.5 Hz), 7.10–7.16 

(4H, m), 7.46 (4H, qn, J = 7.5 Hz), 7.84 (2H, d, J = 7.5 Hz), 7.97 (2H, d, J = 7.0 Hz), 9.06 

(2H, s); 13C NMR (CDCl3, 500 MHz), δ (ppm): 12.6, 44.3, 65.9, 68.3, 69.7, 98.0, 106.3, 

108.0, 113.0, 121.0, 123.3, 123.8, 124.5, 126.3, 127.9, 128.1, 129.4, 130.8, 133.1, 143.8, 



Fluorescence Turn-On Chemosensors 

 

126 

 

148.8, 151.9, 153.2, 157.4, 164.8. ESI-MS m/z: Calcd for C74H78N8O7
 (M+Na)+: 1213.5891, 

found: 1213.5852. 

Compound L4: 

Compound 1 (0.23 g, 0.5 mmol) and vanillin (0.5 mmol) was dissolved in 20 mL 

absolute ethanol. The reaction mixture was stirred and refluxed overnight. Obtained solid 

was filtered and washed 3 times with 10 mL ethanol. After drying under reduced pressure, 

the reaction yielded 0.15 g L4 (51%) as pink solid. Mp: 222–224 °C; FT-IR (KBr), ν, cm−1: 

1563 (C=O), 1417, 1117 (C−N), 1224, 1022 (C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 

1.15 (12H, t, J = 7.0 Hz), 3.32 (8H, q, J = 6.5 Hz), 3.90 (3H, s), 6.24 (2H, d, J = 8.0 Hz), 

6.42 (2H, s), 6.52 (2H, d, J = 9.0 Hz), 6.79 (2H, q, J = 8.0 Hz), 7.13 (1H, d, J = 6.5 Hz), 7.35 

(1H, s), 7.48 (2H, qn, J = 7.0 Hz), 7.98 (1H, d, J = 6.5 Hz), 8.52 (1H, s); 13C NMR (CDCl3, 

500 MHz), δ (ppm): 12.6, 44.3, 55.9, 66.1, 97.8, 106.2, 107.6, 108.0, 113.7, 123.2, 123.3, 

123.8, 128.0, 128.2, 128.3, 129.6, 133.2, 146.7, 147.1, 147.5, 148.9, 151.6, 153.2, 164.7. 

ESI-MS m/z: Calcd for C36H38N4O4 (M+H)+: 591.2971, found: 591.2987. 

6.1.2.3. UV-Vis and fluorescence spectra measurements 

Stock solutions of 1 × 10−3 M various metal ions and receptors were prepared in 

methanol and MeOH−DMSO (99:1 v/v), respectively. The solutions were then diluted to 1 

× 10−4 M with MeOH solvent. All absorption and emission spectra were performed in a 

quartz optical cell of 1 cm optical path length at room temperature. During experiments with 

metal ions, the concentration of each component inside the cuvette is maintained at 50 µM. 

In titration experiments with an increasing amount of Al3+, each time the solution of probes 

was maintained at 50 µM. All fluorescence measurements were carried out using excitation 

at 520 nm, and emission was recorded from 535 to 700 nm. Both excitation and emission 

slit widths were 0.5 nm. 

6.1.3. Results and discussion 

The selectivity, sensitivity and binding mode of chemosensor toward Al3+ were 

examined through visual inspection, absorption, emission, ESI-MS, electrochemical (DPV), 

1H NMR, FT-IR and DFT experiments. 

6.1.3.1. UV-Vis spectroscopic studies 

The interaction of the probes with various guest species such as Al3+, Ba2+, Ca2+, 

Cd2+, Co2+, Cr3+, Cs+, Cu2+, Fe2+, Fe3+, Gd3+, Hg2+, K+, Li+, Mg2+, Mn2+, Na+, Nd3+, Ni2+, 

Pb2+, Sr2+ and Zn2+ was established by UV-Vis absorption spectroscopic analysis. As  
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Figure 6.1. Absorbance spectra of L1 (a), L2 (b), L3 (c) and L4 (d) (50 µM) in presence of 

various metal ions (50 µM) in MeOH−DMSO (99:1 v/v). 

 

Figure 6.2. Photographs of L4 (50 µM) upon addition of 1 equiv. of various metal ions in 

MeOH−DMSO (99:1 v/v) taken in room light (a) and under UV light (b). 

observed in Figure 6.1, the UV-Vis spectrum of receptors in methanolic solvent show main 

bands in the range 250–400 nm. The Al3+ addition products of probes in the same solvent 

exhibited a strong absorption band at ~555 nm with a shoulder at ~517 nm was appeared. 

On the other hand, a weak absorption band at 555 nm was noticed with Cr3+ and Cu2+, while 

no peak appeared at this region with other metal ions even in excess. The instant color change 

L4   Al3+ Ba2+ Ca2+ Cr3+ Cu2+ Cd2+ Co2+ Cs+ Fe2+ Fe3+ Gd3+  Hg2+ K+ Li+ Mg2+ Mn2+ Na+ Nd3+   Ni2+ Pb2+ Sr2+ Zn2+

L4  Al3+ Ba2+ Ca2+ Cr3+ Cu2+ Cd2+ Co2+ Cs+ Fe2+ Fe3+ Gd3+ Hg2+ K+ Li+ Mg2+Mn2+ Na+ Nd3+   Ni2+ Pb2+ Sr2+ Zn2+

a

b
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was observed upon addition of metal ions tested were photographed and shown in Figure 

6.2a. The development of the observable naked-eye detection of the pink color in the probe 

due to spirolactam ring opening induced by strong binding of the metal ions [49]. 

Upon an increase in the concentration of Al3+ (0–2 equiv.), an increase in the 

absorbance band centered at 555 nm with a shoulder at ~517 nm was observed (Figure 6.3), 

implicating the formation of an L-Al3+ ensembles. Simultaneously, the bands centered at 

273 and 322 nm of free ligand (L4) decreased, while bands centered at 254 and 296 nm 

gradually increased with the concentration of Al3+. The 1 : 1 stoichiometry of the L4-Al3+ 

complex was established from the measurements of absorbance as a function of Al3+ 

concentration (Figure 6.3, inset), where a clear bend of the curve can be observed when Al3+ 

was 1 equivalent (50 µM). 
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Figure 6.3. UV-Visible absorbance spectrum changes of sensor L4 (50 µM) at increasing 

concentration of Al3+ (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100 µM). Inset: The 

plot of absorbance of L4 at λmax of 555 nm as a function of concentration of Al3+ added. 

6.1.3.2. Fluorescence spectroscopic studies 

The emission spectra of probes were recorded in the absence and presence of various 

metal ions, as mentioned for UV-Vis spectroscopic studies, upon excitation of 520 nm. 

Initially, sensor did not show any emission band, indicating that the spirocyclic form was 

retained in the solution. However, addition of Al3+ to this solution induced a significant 

increase in the fluorescence response (Figure 6.4). A strong new emission band at 587 nm 
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was formed, and up to about 15–20-fold enhancement in the fluorescence intensity was 

noted, indicating that the Al3+ ions induced the formation of the strongly fluorescent, ring-

opened L–Al3+ complex. The spectral change is also accompanied by a visual color change 

from colorless to fluorescent pink (Figure 6.2b). Other cations did not cause any significant 

change under the same conditions, except for Cr3+ and Cu2+, which resulted in small 

fluorescence intensity changes. 
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Figure 6.4. Fluorescence spectra (λex = 520 nm) of L1 (a), L2 (b), L3 (c) and L4 (d) (50 

µM) in presence of various metal ions (50 µM) in MeOH−DMSO (99:1 v/v). 

To gain an insight into the sensing properties of ligands as a receptor for Al3+, a 

titration experiment was carried out with the gradual addition of Al3+ to the solutions of free 

ligand. As shown in Figure 6.5, a gradual fluorescence enhancement associated with a red 

shift at 587 nm of sensor was observed upon progressive addition of Al3+ ion. The sensor 

showed a nice linear relationship between the fluorescence intensity at 587 nm and the 

concentration of Al3+ from 0.0 to 50 µM (Figure 6.5, bottom inset), suggests that the 

proposed sensors are potentially applicable for quantitative analysis of Al3+ with a large 

dynamic range. No further significant changes in the emission intensity of the system were 

observed at above 50 µM (1 equiv.) of Al3+ ion. Binding constant indicates the strength of 
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complex of metal to ligand. For this, the binding constant (Ka) for the formation of the Al3+ 

complexes with L1–L4 was estimated on account of the change in the fluorescence intensity 

at 587 nm by considering a 1 : 1 binding stoichiometry  and found to be 5.7×103 M−1, 1.6×104 

M−1, 1.9×104 M−1 and 1.0 × 104 M−1 using Benesi-Hildebrand equation (Figure 6.5, top 

inset). Also, the detection limit of Al3+ ion was determined from the fluorescence titration 

profile as 6.0×10−7 M (for L1), 5.8×10−7 M (for L2), 5.0×10−7 M (for L3) and 1.4 × 10−7 M 

(for L4) based on 3σ/slope. 
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Figure 6.5. The fluorescence emission spectral pattern of L1 (a), L2 (b), L3 (c) and L4 (d) in the 

presence of increasing concentrations of Al3+. Inset: Linear regression plot of fluorescence intensity 

change 1/(F-F0) as a function of concentration 1/[Al3+] (top), fluorescence enhancement change at 

λmax of 587 nm as a function of concentration of Al(III) added (bottom). 

6.1.3.3. Stoichiometry determination 

The binding stoichiometry of probes towards Al3+ was achieved from the Job’s 

method on the basis of absorbance and fluorescence. In which, Job’s plot was produced by 

continuously varying the mole fraction of Al3+ from 0 to 1 in a solution of [L] + [Al3+] with 

a total concentration of 50 µM. The Job’s plot analysis revealed that the mole fraction of 

Al3+ is around 0.5, which indicates a 1 : 1 stoichiometry for the probe–Al3+ complex (Figure 
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6.6). To better understand the binding mode of probes with Al3+, ESI mass spectra was 

performed (Figure 6.7). Observed mass peak at m/z 1173.5524, 1187.5739, 1217.5821 and 

741.2480 corresponding to [L1 + Al]+ , [L2 + Al]+, [L3 + Al]+ and [L4 + Al3+ + 2NO3]
+, 

respectively. The mass data therefore confirmed the binding of Al3+ to probe with 1 : 1 

stoichiometry. 
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Figure 6.6. Job plots for the binding of Al3+ with L, where absorbance (a) and fluorescence (b) 

intensities at λmax of 555 nm and 575 nm, respectively were plotted against the mole fraction of 

Al3+. 

 

Figure 6.7. ESI-MS of probes upon addition of Al(NO3)3.9H2O (1.0 equiv.) in MeOH. 

6.1.3.4. pH effect 

The effect of pH on the absorbance and emission response of Al3+ complexes was 

investigated in MeOH. The absorbance (at 555 nm) and fluorescence (at 587 nm) intensities 

of probes in the presence and absence of Al3+ at different pH values (2.0–10.0) were recorded 

(Figure 6.8). Probes and its Al3+ complex did not produce any distinct and characteristic 

absorbance and fluorescence in basic pH range, which indicated that the spirolactam form 
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of probe was the predominant species. When the pH was adjusted to acidic (2.0–5.0), 

obvious enhancement in the absorbance and fluorescence was observed due to the ring-

opening process of the spirocyclic moiety of rhodamine B. This indicated that the complex 

was dissociated at acidic conditions and converted in its metal free fluorescent open-ring 

form. So these conditions are not suitable for Al3+ detection. The absorbance and emission 

of probes and the corresponding Al3+ complex were varied at neutral pH of methanol. Also, 

the color changes at different pH could easily be detected by the naked-eye (Figure 6.9). 
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Figure 6.8. UV-Vis absorbance (at λmax = 555 nm) and fluorescence emission (at λmax = 587 nm) 

spectral changes of L4 and L4–Al3+ complex with pH variations. 

 

Figure 6.9. Photographs of L4 in the absence (a, b) and presence (c, d) of Al3+ in different pH 

conditions under daylight and UV light. 

6.1.3.5. Competitive selectivity over other metal ions 

To further estimate the selectivity of sensors for Al3+, the competitive experiment in 

the presence of other metal ions including Ba2+, Ca2+, Cd2+, Co2+, Cr3+, Cs+, Cu2+, Fe2+, Fe3+, 

Gd3+, Hg2+, K+, Li+, Mg2+, Mn2+, Na+, Nd3+, Ni2+, Pb2+, Sr2+ and Zn2+ under the same 
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conditions was conducted (Figure 6.10). It is noticeable that the competitive metal ions 

(except Cr3+ and Cu2+) did not lead to any significant changes in the fluorescence intensities 

of the L–Al3+ complex when compared with the results obtained in the presence or absence 

of other metal ions, while Cr3+ and Cu2+ affect the Al(III)-induced fluorescence response. 

The distinct selectivity for Al3+ ions is probably due to a combination of several factors, such 

as the suitable coordination geometry conformation of ligand and the ionic radius of the 

aluminum. This experiment established that the presence of other metal ions does not 

interfere with the detection of Al3+ and it could be used as a selective chemosensor for Al3+. 

 

 

Figure 6.10. Competitive selectivity of probes L1 (a), L2 (b), L3 (c) and L4 (d) toward 

various metal ions (1.0 equiv.) in the absence (grey) and presence (black) of Al3+ (1.0 equiv.) 

with an excitation of 520 nm. 

6.1.3.6. 1H NMR titration 

Furthermore, to better understand the interaction between probe L3 and Al3+, proton 

NMR titration experiment was performed in the presence of various amounts of Al3+ in a 

DMSO-d6+CD3OD solvent (Figure 6.11). Upon complexation with Al3+ ion, the signal of 

imine proton (Hh) of Schiff base moiety at 8.82 ppm steadily disappeared. Both doublet and 

triplet of Hj and Hl, respectively, were shifted upfield then they were combined with each 

other and gave a simple multiplet at about 6.8 ppm, while a combine signal of Hb, Hd and Hi 

was splitted into two signals of Hi and a combine signal of Hb and Hd. The distance between 
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two signals of Hc and Hk of fluoroionophore L3 is also varied upon addition of Al3+. 

Similarly the signals of aryl-protons He, Hf and Hg of rhodamine moiety were come together 

then gave a typical complex signal. Other aryl-proton (Ha) of rhodamine moiety was also 

shifted slightly downfield because the strong coordination between L3 and Al3+ ion. 

 

Figure 6.11. 1H NMR titration of L3 with Al3+ in DMSO-d6+CD3OD. 

6.1.3.7. FT-IR spectral behavior 

FT-IR spectra of probe and its complex with metal ion is recorded to further examine 

the binding site (Figure 6.12). In complex, the newly formed band at 829 cm−1 is ascribed to 

in-plane bending vibration of the NO3
− ion. The C–N stretching frequency at 1415 cm−1 

diminished and a new broad band is generated at this region. The band located at 1558 cm−1 

is attributed to C=O is completely disappeared in the metal complex. The peak at 1118 cm−1 

(C–N stretching) is neither disappeared nor shifted but the intensity was largely decreased. 

All the above discussed changes in the FT-IR spectra upon addition of Al3+ metal ion 

confirmed the involvement of sensor in interaction with Al3+ ion. 
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Figure 6.12. FT-IR spectra of L4 in the absence and presence of Al3+. 

6.1.3.8. Density functional theory (DFT) calculations 

To better understand the nature of the coordination of Al3+ with L4, energy-

optimized structures of L4 and L4–Al3+ (Figure 6.13) were obtained on density functional 

theory (DFT) calculations at the B3LYP level using 6-31G** basis set for simple receptor 

(L4) and LANL2DZ basis set for metal complex using the Gaussian 09 program [50]. The 

spatial distributions and orbital energies of the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) of L4 and corresponding Al3+ 

complex were also generated using this calculations (Figure 6.13). As results shown, the 

HOMO is spread over the whole molecule, whereas LUMO is distributed on the substituted 

spirolactam ring in L4. As result revealed, the spirocyclic C–N bond breaks to facilitate the 

binding of Al3+ ion with the carbonyl oxygen atom of ligand. In L4–Al3+ complex, the π 

electrons of HOMO are mainly located on the xanthene portion and the LUMO is mostly 

spread over the spirolactam ring. The energy gaps between the HOMO and LUMO of the 

probe and corresponding Al3+ complex were found to be 3.802 eV and 0.831 eV, 

respectively. The results exhibited that the binding of Al3+ to probe lowered the 

HOMO−LUMO energy gap and reduction in the energy gap can explain the red-shift of the 
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emission spectra of the Al3+ complex over L4. Thus, they show a favourable complexation 

according to proposed coordination. 

 

Figure 6.13. Optimized proposed structures and HOMO-LUMO orbital energy diagram of L4 

and its corresponding Al3+ complex calculated at the DFT level using a B3LYP/6-31G** basis set. 

6.1.3.9. Reversibility of complexation 

To examine the reversibility of complexation of probe towards Al(III) ion, EDTA 

titration experiments were performed. Upon addition of EDTA to the solution containing 

probe (L3) and Al(III) diminishes the fluorescence significantly, whereas readdition of 

Al(III) ion could recover the fluorescence emission signal (Figure 6.14). As results show, it 

could provide as experimental evidence to support the reversibility of spiro ring-opening and 
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closing mechanism. The proposed binding mechanism of probe (L1–L3) with Al(III) in the 

presence and absence of EDTA was shown in the Scheme 6.2. 

 

Figure 6.14. The fluorescence spectra of L3+Al3+ upon addition of EDTA. Inset: Color changes of 

probe upon addition of Al3+ and then EDTA (1.0 equiv.) (top), fluorescence spectral changes at 587 

nm as a function of the amount of EDTA (bottom). 
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Scheme 6.2. Proposed binding mechanism of complex in the presence and absence of EDTA. 

6.1.3.10. Detection of AcO− and F− 

Further, we studied the influence of different anions on the dissociation of the L4–

Al3+ complex to regenerate L4. Absorbance and emission spectroscopic studies of the L4–
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Al3+ complex were performed in the presence of sodium salts of various physiological and 

environmental important anions including Br−, Cl−, I−, NO3
−, SCN−, SO4

2− and PO4
3−. As 

depicted in Figure 6.15, the significant changes were observed after the addition of 5 equiv. 

of AcO−/F− to the solution containing the L4–Al(III) complex, while other competitive anion 

species induced negligible spectral changes under the same conditions. Meanwhile, the pink 

color of L4–Al3+ solution returned to colorless upon addition of AcO−/F−, indicating that 

L4–Al3+ ensemble can serve as a ‘naked-eye’ indicator for AcO− and F− anions (Figure 6.16). 
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Figure 6.15. UV-Vis (a) and fluorescence (b) response of L4–Al3+ (50 µM) in the presence of 

various analytes (5 equiv.), such as AcO−, Br−, Cl−, F−, I−, NO3
−, SCN−, SO4

2− and PO4
3− in MeOH. 

Inset: The intensities were recorded at 587 nm. 
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Figure 6.16. Photographs of L4–Al3+ (50 µM) in the presence of various analytes (5 equiv.) were 

taken in daylight (a) and under UV light (b). 

To better understand the property of the L4–Al3+ complex in the presence of the 

interfering anions, a solution of L4 containing 1 equiv. of Al3+ was titrated with the gradual 

amount of anions (AcO− and F−). The UV-Vis spectral pattern of the titration experiments 

(Figure 6.17) displayed a reverse trend to the titration curve obtained with Al3+ (Figure 6.5d), 

which may offer evidence of the regeneration of L4 from the complex in the presence of 

AcO−/F−. The fluorescence ‘on-off’ switching property of L4–Al3+ ensemble was further 

examined by fluorescence titration experiments. As shown in Figure 6.17, upon incremental 

addition of AcO−/F−, the fluorescence of L4–Al3+ at 587 nm was gradually recovered and 

the intensity remains unchanged when 2 equiv. of anion (AcO− and F−) was added. Thus, the 

results indicated that probe L4 was restored during the detection procedure of AcO−/F−. The 

relative absorbance and emission intensities of L4–Al3+ (50 μM) are linearly proportional to 

the concentration of AcO−/F− in the range 0–100 μM. From the fluorescence titration spectral 

pattern, the detection limit of AcO− and F− was found to be 4.3 × 10−7 M and 4.36 × 10−7 M, 

respectively based on 3σ/slope (Figure 6.17, inset). 

Reversibility and regeneration of sensing probe are important factors in practical 

applications. As shown in Figure 6.18, the alternate additions of a constant amount of Al3+ 

and AcO−/F− to the solution of L4 gives rise to a switchable change in the fluorescence 

intensity at 587 nm. Such a reversible fluorescence behavior of L4 can be repeated several 

times by the modulation of metal/anion addition, this phenomena exhibited that the anions 

do not interact directly with the chemosensor. Here, anions bind to metal ions through break 

the complex to ligand and metal ion. Thus, the sensor L4 could be used as a reversible 

fluorescence ‘off-on-off’ chemosensor for Al3+ and AcO−/F−. These significant changes 

could be negligible when Al3+ is in excess. Their corresponding fluorescence color changes 

are also shown in Figure 6.18 inset. 
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Figure 6.17. UV-Vis (a, c) and fluorescence (b, d) titration spectra of L4 (50 µM) with 1 equiv. of 

Al3+ upon gradual addition (0–100 µM) of sodium acetate (a, b) and sodium fluoride (c, d). Inset: 

Absorbance and fluorescence intensity changes of L4–Al3+ complex at 555 nm and 587 nm, 

respectively as a function of concentration of AcO−/F−. 

0 1 2 3 4 5

0.0

2.0x10
3

4.0x10
3

6.0x10
3

8.0x10
3

1.0x10
4

1.2x10
4

 

 

F
lu

o
re

s
c
e

n
c
e
 I

n
te

n
s
it
y
 (

c
p
s
)

Cycles

ON

OFF

a

0 1 2 3 4 5

0.0

2.0x10
3

4.0x10
3

6.0x10
3

8.0x10
3

1.0x10
4

1.2x10
4

 
 

F
lu

o
re

s
c
e

n
c
e

 I
n

te
n

s
it
y
 (

c
p

s
)

Cycles

ON

OFF

b

 

Figure 6.18. Fluorescence intensity of L4 (50 µM) at 587 nm upon alternate addition of a constant 

amount of Al3+ (1 equiv.) and AcO−/F− (2 equiv.). Inset: Images of fluorescence reversibility. 

6.1.3.11. Sensing studies with paper strips 

 To investigate the practical application of chemosensors, paper test strips were 

prepared for rapid on-site detection of Al3+, Cr3+ and Cu2+ ions. For this purpose, filter papers 
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(Whatman filter paper No. 1) were immersed in a 1 mM methanolic solution of L4 for about 

5 min and then dried in air. The test strips containing L4 were then dipped in the 

corresponding metal ion solutions (100 μM) in MeOH−H2O (50:50 v/v). A significant 

visible color change was noticed immediately upon dipping the test strips in the metal ion 

solutions (Figure 6.19). The colorless strips were converted to pink, which was also observed 

under UV light. These pink colored test strips containing L4–Al3+ were then dipped into a 

solution of AcO−/F−. The red color of the test strips disappeared and shown their original 

color (colorless) due to restoration of L4. This makes the sensor quite useful for rapid on-

site detection of metal ions. 

 

Figure 6.19. Photographs of the test strips of L4 for the detection of Al3+, Cr3+ and Cu2+ in 

MeOH−H2O (50:50 v/v). A solution of L4 with a concentration of 1 mM was used to develop the 

strip. 

6.1.4. Conclusion 

The newly synthesized fluoroionophores L1–L4 based on rhodamine derivatives 

exhibit a good selective and sensitive toward Al3+ ion over a wide variation of cations in 

MeOH−DMSO (99:1 v/v). In all the cases, the spectral changes were observed due to 

reversible spirolactam ring opening. The 1 : 1 coordination mode was proposed based on a 
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Job’s plot, which was further confirmed by ESI-MS. Further studies of L4–Al3+ complex 

revealed that it could be selectively dissociated in the presence of AcO−/F−, which makes the 

L4–Al3+ complex an efficient sensor for AcO−/F− with a detection limit of 0.4 μM. Further, 

the DFT experiment suggested that the binding of Al3+ to L4 lowered the HOMO-LUMO 

band gap, which is evidence for the red-shift in fluorescence spectra of L4–Al3+ complex. 

Paper strips were also used for the detection of Al3+ and AcO−/F− by colorimetric method. 
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6.2. Colorimetric and Off-On Fluorescent Chemosensors for Cr3+ Ion 

6.2.1. Introduction 

Trivalent chromium, Cr(III), is a necessary metal ion of a balanced human and animal 

diet. Chromium is used in metal finishing, electroplating, chromate preparation and leather 

tanning processes. Chromium is a famous environmental contaminant that accumulates 

because of industrial and agricultural activities [51], and causes epigastric pain, hemorrhage, 

severe diarrhea and carcinogen effect [52]. Also its deficiency can increase the risk factors 

related with cardiovascular and diabetes diseases including elevated circulating insulin, 

triglycerides, total cholesterol, lipid metabolism and glucose levels [53, 54].  

Thus, selective detection of such harmful metal ions at the sub-milli and micromolar 

level for environmental, clinical and biological purposes is highly attractive and essential. 

Even though various analytical methods, such as inductively coupled plasma mass 

spectroscopy, atomic absorption and emission spectrometry, chromatography, neutron 

activation analysis, X-ray fluorescence spectrophotometry and anodic stripping voltammetry 

[25, 27, 55–60], etc., have been played a role to detect these metal ions. 

Among several detection methods for metal ions, the colorimetric and fluorometric 

methods have become more useful and popular in medicine, biology and environmental 

chemistry due to its non-destructive, high selective and sensitive, quick and naked eye 

detection [61–65]. The rhodamine moiety to construct OFF-ON fluorescent chemosensors 

is a reliable method due to their structure change from non-fluorescent spirolactam to highly 

fluorescent ring-opened amide induced by specific chemical species at room temperature [2, 

66]. Rhodamine derivatives are used widely as a fluorescent signal transducer due to their 

tremendous photophysical properties like as extended absorption and emission wavelengths, 

high fluorescence quantum yield and large absorption coefficient. In fact, a longer 

wavelength emission (~550 nm) was often preferred to serve as a sensing signal to avoid the 

background fluorescence influence (below 500 nm) [67, 68]. Recently, several rhodamine-

based probes as fluorescent chemosensors for metal ions have been developed [69–76]. 

Herein, we described the synthesis of two novel rhodamine derivatives RS1 and RS2, 

which show a reversible, selective and sensitive fluorescence enhancement response to 

Cr(III) in alcoholic media. 
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6.2.2. Experimental 

6.2.2.1. Reagents and apparatus  

Rhodamine B, metal salts and other commercially obtainable chemicals were 

purchased from Merck and Aldrich and used without further purification. The melting point 

was measured on a SRS OptiMelt Automated melting point system. The IR spectra were 

recorded on a PerkinElmer FT-IR spectrometer (USA) in the range 4000–400 cm−1 with 

KBr. The NMR spectra were measured by using Bruker 500 MHz (USA), TMS as an internal 

standard, CDCl3, DMSO-d6 and CD3OD are taken as solvents. The mass spectra were 

recorded on a Bruker-micrOTOF II (USA). The UV-Vis absorption spectra were obtained 

on a Shimadzu UV-2450 spectrophotometer (Japan) and the Fluorescent spectra were 

recorded by using Shimadzu RF-5301PC spectrofluorophotometer (Japan). Differential 

Pulse Voltammetric experiments were performed using a CHI760E electrochemical 

workstation (USA) with a conventional three-electrode configuration consisting of a glassy 

carbon working electrode, a platinum wire counter electrode, and an aqueous Ag/AgNO3 

reference electrode. The pH was measured with a Eutech CyberScan pH 510 (Singapore). 

6.2.2.2. Synthesis and characterization 

The synthetic route for Chemosensors (RS1 and RS2) was outlined in Scheme 6.3. 

Chemosensors were prepared by following the literature method [48] and the structures were 

characterised by FT-IR, 1H NMR, 13C NMR and ESI-MS. 

ON N

COOH

Cl

NH2H2N

ON N

N

O

NH2

CHO

OH

OH

ON N

N

O

N

HO

OH

ON N

N

O

N

HO

OHC

HO

RS1 RS2

I

 

Scheme 6.3. Synthetic Pathways of RS1 and RS2. 
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Compound I:  

Ethylenediamine (2.5 ml) was added drop wise to the ethanolic solution of rhodamine 

B (2.0 g) with vigorous stirring at room temperature. On completion of addition, the stirred 

solution was allowed to reflux about 6–8 h. The color of mixture changed from dark pink to 

light orange. Then the mixture was cooled and solvent was removed under reduced pressure. 

1 M HCl (about 50 mL) was added to the reaction mixture to produce a clear red solution. 

Later than, 1 M NaOH in water was added gradually with constant stirring until the pH of 

the solution reached 9–10. The resulting precipitate was filtered and washed 4–5 times with 

15 mL water. After drying under reduced pressure, the reaction yielded 1.8 g I (90%) as pink 

solid. Mp: 215–217 °C; FT-IR (KBr), ν, cm−1: 1620 (C=O), 1385, 1121 (C−N), 1224, 1021 

(C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 1.16 (12H, t, J = 7.0 Hz), 2.42 (2H, t, J = 6.0 

Hz), 3.19 (2H, t, J = 6.0 Hz), 3.33 (8H, q, J = 7.0 Hz), 6.27 (2H, d, J = 8.5 Hz), 6.37 (2H, s), 

6.43 (2H, d, J = 8.5 Hz), 7.09 (1H, s), 7.44 (2H, s), 7.90 (1H, s); 13C NMR (CDCl3, 500 

MHz), δ (ppm): 12.6, 40.8, 43.8, 44.3, 65.0, 97.7, 105.7, 108.2, 122.7, 123.8, 128.0, 128.7, 

131.2, 132.4, 148.8, 153.3, 153.5, 168.6. ESI-MS m/z: Calcd for C30H36N4O2
 (M+H)+: 

485.2917, found: 485.2762. 

Compound RS1 and RS2:  

Compound I (0.24 g, 0.5 mmol) and aldehyde (0.5 mmol) were dissolved in 20 mL 

absolute ethanol. The reaction mixture was stirred for 6 h at room temperature. Obtained 

solid was filtered and washed 3 times with 10 mL ethanol. After drying under reduced 

pressure, the reaction afforded 0.26 g RS1 (82%) as yellow solid and 0.22 g RS2 (73%) as 

white solid, respectively.  

Compound RS1: Mp: 167–169 °C; FT-IR (KBr), ν, cm−1: 1620 (C=O), 1365, 1121 (C−N), 

1227, 1012 (C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 1.16 (12H, t, J = 7.0 Hz), 3.31 

(8H, q, J = 6.5 Hz), 3.39–3.45 (4H, m), 6.24 (2H, d, J = 8.5 Hz), 6.41–6.44 (4H, m), 6.84 

(1H, d, J = 9.0 Hz), 7.10 (1H, s), 7.19 (1H, t, J = 7.5 Hz), 7.39 (1H, t, J = 7.5 Hz), 7.45 (2H, 

s), 7.55 (1H, d, J = 7.5 Hz), 7.61 (1H, d, J = 9.0 Hz), 7.78 (1H, d, J = 8.0 Hz), 7.93 (1H, s), 

8.50 (1H, s), 13.99 (1H, s); 13C NMR (CDCl3, 500 MHz), δ (ppm): 12.6, 40.9, 44.3, 50.6, 

65.1, 97.8, 105.1, 106.8, 108.2, 118.0, 122.6, 122.9, 123.9, 124.9, 126.2, 127.8, 128.2, 128.7, 

129.1, 130.9, 132.6, 133.9, 137.1, 148.9, 153.4, 158.5, 168.4, 176.3. ESI-MS m/z: Calcd for 

C41H42N4O3 (M+H)+: 639.3335, found: 639.3147. 
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Compound RS2: Mp: 205–207 °C; FT-IR (KBr), ν, cm−1: 1626 (C=O), 1397, 1115 (C−N), 

1218 (C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 1.16 (12H, t, J = 6.0 Hz), 3.21 (2H, t, J 

= 6.5 Hz), 3.32 (8H, d, J = 6.5 Hz), 3.42 (2H, t, J = 6.0 Hz), 6.25–6.31 (3H, m), 6.39–6.42 

(5H, m), 6.82 (1H, d, J = 8.0 Hz), 7.08 (1H, d, J = 5.0 Hz), 7.43 (2H, s), 7.75 (1H, s), 7.90 

(1H, s); 13C NMR (CDCl3, 500 MHz), δ (ppm): 12.6, 40.9, 44.3, 54.5, 65.3, 97.8, 103.8, 

105.1, 107.1, 108.2, 111.7, 123.0, 123.8, 128.2, 128.8, 130.8, 132.6, 133.4, 148.9, 153.3, 

153.5, 162.0, 164.8, 167.0, 168.6. ESI-MS m/z: Calcd for C37H40N4O4 (M+Na)+: 627.2947, 

found: 627.2942. 

6.2.2.3. UV-Vis and fluorescent studies 

 Stock solutions of 1 × 10−3 M various metal ions and receptor were prepared in 

methanol and MeOH−DMSO (99:1 v/v), respectively. The solutions were then diluted to 1 

× 10−4 M using same solvents. All measurements of UV-Vis absorption and fluorescence 

emission spectra were carried out in 1.0 cm path length quartz cuvettes at room temperature. 

Absorption and emission spectra of the chemosensor in the presence of various metal ions 

were measured in the concentration of 50 µM. Stoichiometry, binding constant of sensing 

probe–Cr3+ complex, limit of detection of Cr3+ and quantum yield were calculated by using 

spectrofluorophotometer. For all the fluorescence emission measurements, excitation 

wavelength was 520 nm, and both the excitation and emission slit widths were 1.5 and 3 nm, 

respectively. 

6.2.3. Results and discussion 

The binding ability and mode of chemosensors toward Cr3+ were investigated 

through absorption, emission, electrochemical, ESI-MS, DFT calculation and 1H NMR 

experiments. 

6.2.3.1. Absorption spectroscopic studies 

The binding ability of probe (50 µM)  against different metal ions (50 µM) such as 

Cd2+, Co2+, Cr3+, Cu2+, Fe2+, Fe3+, Gd3+, Hg2+, Mn2+, Nd3+, Ni2+,Pb2+ and Zn2+ were carried 

out by UV-Vis absorption studies. As observed, the UV-Vis spectra of RS1 and RS2 

exhibited an absorption band in the 350–450 nm region, on addition of Cr3+ ion (1:1, v/v) 

lead to form of a strong absorption transition at ~555 nm with a shoulder at ~518 nm (Figure 

6.20). The noticeable naked eye recognition of the pink color development in these probes 

(Figure 6.20, inset) upon Cr(III) addition implies a metal-induced delactonization of 

rhodamine, while the rest of the metal ions induced an insignificant absorption change even 
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when added in excess. On complexation, initial spirolactam form of probe is converted into 

its ring opened amide conformation [77].  

The plot of absorbance at 555 nm of RS1 and RS2 as a function of mole fraction of 

Cr3+ ions (Jobs plot) exposes that these probes bind to the chromium metal ion in 1:1 

stoichiometry (Figure 6.21).  

 

Figure 6.20. Absorbance spectra of RS1 (a) and RS2 (b) (50 µM) in presence of various metal ions 

(50 µM) in MeOH−DMSO (99:1 v/v). Inset: Color change of probe in the presence of Cr3+. 
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Figure 6.21. Job’s plot for RS1 and RS2 with Cr3+, absorbance intensity at 555 nm was plotted as a 

function of the molar ratio. 

6.2.3.2. Fluorescence emission studies 

The fluorescence spectral pattern (Figure 6.22) of RS1 and RS2 when excited at 520 

nm in the presence of different metal ions exhibited that their non-fluorescent behaviour 

becomes highly fluorescent upon metal addition (OFF-ON). Under a UV lamp, showed a 

fabulous color change from colorless to brick red in the solution of probes upon the addition 

of Cr3+, which could simply be identified by the naked-eye (Figure 6.22, inset). This implies 

a delactonization process, of the non-fluorescent spirocyclic form to its highly fluorescent 

ring opened form of rhodamine which is induced by metal ion coordination. The degree of 

chelation-enhanced fluorescence effects depend on the character of the ligands and 

interacting metal ions. The binding ability depends on size, charge and electron 

configuration of the metal ion and ligand. Those characters of metal ion and ligand are very 

suitable for each other to form metal complex. Amongst all the metal ions examined, these 

probes displayed high fluorescence enhancement at λem = ~575 nm in the presence of Cr(III) 

ion. Probe RS1 exhibited maximum Cr(III)-induced fluorescence enhancement (114-fold) 

than RS2 (38-fold), showing its higher affinity towards Cr(III) with a good response time 

(<5 seconds) in comparison to other probe (RS2). 

The emission spectral pattern of RS1 and RS2 (50 µM) upon addition of increasing 

concentration (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100 µM) of Cr3+ ion, a 

new emission band peaked at ~575 nm appeared with increasing intensity (Figure 6.23). The 

complex stability constants (K) through Benesi-Hildebrand method for Cr(III) with RS1 and 
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RS2 were found to be 2.7×104 M−1 and 4.5×103 M−1, respectively (Figure 6.23, inset). The 

observable brick red color development in these probes due to a highly delocalized π-

conjugated system of probes was formed. The detection limit of Cr(III) was calculated based 

on the fluorescence titration profile as 4.9×10−8 M (for RS1) and 2.4×10−7 M (for RS2) based 

on S/N = 3 (Figure 6.23, inset). 

 

Figure 6.22. Fluorescence spectra (λex = 520 nm) of RS1 (a) and RS2 (b) (50 µM) in presence of 

various metal ions (50 µM) in MeOH−DMSO (99:1 v/v). Inset: Color change of probe in the 

presence of Cr3+. 
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Figure 6.23. The variation in fluorescence emission spectra of RS1 (a) and RS2 (b) in the presence 

of increasing concentrations of Cr3+ (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100 

µM). Inset: Linear regression plot of fluorescence intensity change 1/(I-I0) as a function of 

concentration 1/[Cr3+] (top), fluorescence enhancement change as a function of concentration of 

Cr(III) added (bottom). 

Furthermore, to determine the stoichiometry of probe–Cr3+ complex, continuous 

variation (Job’s) method was conducted (Figure 6.24). As supposed, the results show the 

formation of a 1:1 stoichiometry complex between Cr3+ and probe, and stoichiometric ratio 

was further confirmed by ESI-MS analysis (Figure 6.25). Observed mass peak at m/z 
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742.2372 and 708.2255 corresponding to [RS1 + Cr + Cl + H2O − H]+ and [RS2 + Cr + Cl 

+ H2O − H]+ respectively, which are solid evidence for the formation of a 1:1 complex. 
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Figure 6.24. Job’s plot for RS1 and RS2 with Cr3+, fluorescence intensity at 575 nm was plotted as 

a function of the molar ratio. 

 

Figure 6.25. ESI-MS spectrum of RS1 (a) and RS2 (b) upon addition of CrCl3.6H2O (1.0 equiv.) in 

MeOH. 

In addition, to verify the selectivity of these ligands towards Cr(III) ions over various 

competitive metal ions. The emission intensity changes of RS1 and RS2 (50 µM) upon 

addition of other metal ions (50 µM) and Cr(III) along with other metal ions were evaluated 
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(Figure 6.26). The results exposed that Cr(III)-induced fluorescence response was unaffected 

in the presence of other interfering ions used. This experiment establishes the significant 

feature of high selectivity of these probes towards Cr(III) over other competitive metal ions. 
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Figure 6.26. Competitive selectivity of probes RS1 (a) and RS2 (b) toward various metal ions (1.0 

equiv.) in the absence (black bars) and presence (red bars) of Cr3+ (1.0 equiv.) with an excitation of 

520 nm. 

In acidic media, the spirolactam ring of the rhodamine and its derivatives is open and 

then shows the absorbance and fluorescence characteristics of rhodamine. The absorbance 

and fluorescence responses of probes in the presence of Cr(III) in different pH value were 

estimated (Figure 6.27). The absorbance spectra of probe–Cr(III) is gradually increased from 

pH 2 to 4 and reached a λmax at pH 4. From pH 4 to 6, the absorbance maxima moved 

downward. A rapid fluorescence enhancement accompanied by a red shift was observed with 

pH variation from 2 to 4. The fluorescence quenching accompanied by a blue shift was 

started while changing in the pH from 4 to 6. Absorbance (at 555 nm) and fluorescence 

emission (at 575 nm) of probe–Cr(III) disappeared in basic conditions (≥7). The same 

spectral changes were observed for probe (RS1 and RS2) alone in various pH conditions. 

The chemosensors (RS1 and RS2) in the presence of Cr(III)  exhibited a dramatic color 

changes in the different pH media, which could simply be identified by the naked-eye 

(Figure 6.27, inset). Absorbance and Emission enhancement factor, and corresponding 

quantum yields of RS1 and RS2 with pH variation in the absence and presence of Cr(III) are 

collected in Table 6.1. 

To examine the reversibility of complexation of probe towards Cr(III) ion, EDTA 

titration experiments were conducted. Upon addition of EDTA to the solution containing 

probe (RS1 and RS2) and Cr(III) weaken the fluorescence intensity significantly, whereas 

readdition of excess Cr(III) ion could recover the fluorescence emission signal (Figure 6.28).  
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Figure 6.27. UV-Vis absorbance spectral changes of RS1 (a) and RS2 (b), Fluorescence emission 

intensities (both excitation and emission slit widths were 1.5 nm) of RS1 (c) and RS2 (d) with Cr3+ 

as a function of pH. Inset: Color changes of RS1+Cr3+ and RS2+Cr3+ in different pH media under a 

normal (a, b) and fluorescent (c, d) light (top), absorbance (a and b, at 555 nm) and emission (c and 

d, at 575 nm) intensities of RS1 and RS2 in the presence of Cr3+ with pH variation (bottom). 
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Figure 6.28. The variation in fluorescence emission spectra of RS1+Cr3+ (a) and RS2+Cr3+ (b) 

upon addition of EDTA (0, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100 µM). Inset: Color 

changes of probe+Cr3+ upon addition of EDTA (2 equiv.) (Top left), fluorescence spectral changes 

at 575 nm as a function of the amount of EDTA (right) and recovery of the molecular fluorescence 

at 575 nm of the sensor (50 µM) after addition of Cr3+ (1 equiv.) after each addition of 2 equiv. of 

EDTA (Bottom left). 

Table 6.1. Absorbance and emission enhancement factor, and corresponding quantum yields of 

RS1 and RS2 in the presence of Cr(III) 

System pH 
Absorbance 

EF (A/Ao*) 

Emission 

EF (I/Io*) 

Quantum 

yield (Ф) 

RS1 4.0 497 263 0.47 

RS1+Cr3+ 4.0 500 261 0.44 

RS1 6.5 1 1 < 0.001 

RS1+Cr3+ 6.5 103 114 0.14 

RS1 > 7.0 ~1 ~1 < 0.001 

RS1+Cr3+ > 7.0 ~1 ~1 < 0.001 

RS2 4.0 397 286 0.51 

RS2+Cr3+ 4.0 402 285 0.57 

RS2 6.5 1 1 < 0.001 

RS2+Cr3+ 6.5 18 38 0.1 

RS2 > 7.0 ~1 ~1 < 0.001 

RS2+Cr3+ > 7.0 ~1 ~1 < 0.001 

* Ao = Absorbance of probe at neutral pH at 555 nm, 

*Io = Emission intensity of probe at neutral pH at 575 nm 
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As results show, it could provide as experimental evidence to support the reversibility of 

spiro ring-opening and closing mechanism. The proposed binding mechanism of probe (RS1 

and RS2) with Cr(III) in the presence and absence of EDTA was shown in the Scheme 6.4. 
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Scheme 6.4. Proposed binding mechanism of Cr(III) with probes in the presence and absence of 

EDTA. 

Both UV-Vis and fluorescence emission results indicate that probes show a good 

selectivity and sensitivity toward Cr(III) over other metal ions. 

6.2.3.3. Electrochemical measurements 

As shown in Figure 6.29, the band gap energy related wavelength for probes is 

obtained from the cross point of absorption onset line and corrected base line [78]. The 

corresponding wavelengths are 444 and 424 nm, and are equal to 2.79 and 2.92 eV energy 

band gap for RS1 and RS2, respectively. The corresponding wavelength to the band gap  
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Figure 6.29. (a) Absorption spectra and optical band gaps of probes RS1 and RS2, (b) UV-Vis 

absorption and fluorescence emission spectra of ligands and the corresponding Cr3+ addition 

products in MeOH−DMSO (99:1 v/v). 
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energy for probes with Cr(III) can be determined from the cross point of absorption and 

emission onset lines (Figure 6.29). The corresponding wavelengths are 565 and 564 nm 

which are equal to 2.19 and 2.20 eV energy band gap for RS1+Cr(III) and RS2+Cr(III), 

respectively. 
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Figure 6.30. Differential pulse voltammograms recorded for RS1 (a) and RS2 (b), and the 

corresponding Cr3+ addition products in MeOH−DMSO (99:1 v/v). 

 

Figure 6.31. Energy level diagram of the probes and the corresponding Cr3+ addition products. 

The current-voltage curve for probes (RS1 and RS2) in the absence and presence of 

Cr(III) regarding to Differential Pulse Voltammetric experiments are shown in Figure 6.30. 

Based on results, RS1 and RS2 alone show Eox= 0.552 and 0.556 V which are equal to 

EHOMO= −5.35 and −5.36 eV, respectively. The probes in the presence of Cr(III) ions show 
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Eox= 0.572 and 0.596 V which are equal to EHOMO= −5.37 (for RS1+Cr3+) and −5.39 eV (for 

RS2+Cr3+). By addition of Cr(III) ion changes are occurred in the oxidation potentials of 

probes, due to decrease in electron releasing nature of probe-Cr3+ complexes. LUMO energy 

levels (for RS1, RS2, RS1+Cr3+ and RS2+Cr3+ are −2.56, −2.44, −3.18 and −3.19 eV, 

respectively) were estimated from HOMO and band gap energies. 

This experiment proves that, increase in oxidation potential and decrease in band gap 

due to strong interactions between probes (RS1 and RS2) and chromium ion. Figure 6.31 

shows the energy diagram with HOMO/LUMO levels of probes alone and in the presence of 

Cr(III). 

6.2.3.4. Density functional theory (DFT) calculations 

To better understand the nature of the coordination of Cr3+ with RS1 and RS2, 

energy-optimized structures of RS1, RS2 and its corresponding Cr3+ complexes (Figure 

6.32) were obtained on density functional theory (DFT) calculations at the B3LYP level 

using 6-31G** basis set for simple ionophores (RS1 and RS2) and LANL2DZ basis set for 

metal complexes using the Gaussian 09 program [50]. 

 

Figure 6.32. Optimized structures of RS1 and  RS2 and the corresponding Cr3+ addition products. 
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The spatial distributions and orbital energies of the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of RS1, RS2 and its 

corresponding Cr3+ complexes were also generated using this calculations (Figure 6.33). As 

results indicated, the HOMO is distributed over the xanthene moiety, while LUMO is spread 

on the naphthol part (in RS1) and phenylene part (in RS2). As result shown, the spirocyclic 

C–N bond breaks to facilitate the binding of Cr3+ ion with the carbonyl oxygen atom of 

ligand. The sensors have also the capability to bind metal ion through phenolic –OH. The π 

electrons of HOMO orbitals of RS1–Cr3+ and RS2–Cr3+ are mainly located on the naphthol 

and phenylene moiety, respectively and the LUMO is mostly spread around the metal ion. 

The energy gaps between the HOMO and LUMO of the probes (RS1 and RS2) and its 

corresponding Cr3+ complexes were calculated as 3.906 eV, 4.433 eV, 2.727 eV and 2.719 

eV, respectively. The results exhibited that the binding of Cr3+ to probe lowered the 

HOMO−LUMO energy gap and stabilized the system. Thus, they show a favourable 

complexation according to proposed coordination. 

 

Figure 6.33. HOMO and LUMO orbitals of probes (RS1 and RS2) and its corresponding Cr3+ 

complexes. 

6.2.3.5. 1H NMR titration  

Furthermore, to better understand the interaction between probe RS1 and Cr3+, 

proton NMR titration experiment was performed in the presence of various amounts of Cr3+ 

in a DMSO-d6+CD3OD solvent (Figure 6.34). Upon complexation with Cr3+ ion, the signals 

of imine proton (Hg) and an aryl proton (Ha) of 2-naphthol downfield shifted from 8.68 ppm 

to 8.79 ppm and 6.67 ppm to 6.82 ppm, respectively. The signals of protons Hb and Hc of 2-
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naphthol were combined with each other and gave a single peak at 7.8 ppm. Similarly the 

signals of aryl-protons Hi, Hj of rhodamine moiety and He of 2-naphthol were come together 

then gave a typical complex signal. Upon addition of Cr3+ ions, a combine signal of aryl-

protons (Hm, Hn) of rhodamine moiety was splitted into two signals of Hm and Hn. The 

distance between two signals of Hd and Hk of 2-naphthol and rhodamine moiety, 

respectively, is also varied upon addition of Cr3+. Other signals of aryl-protons (Hf, Hh) of 

2-naphthol and rhodamine moiety also downfield shifted because the strong coordination 

between RS1 and Cr3+ ion. 

 

Figure 6.34. 1H NMR titration of RS1 with Cr3+ in DMSO-d6+CD3OD. 

 

 

Figure 6.35. Fluorescence image of PVC polymeric thin film doped with ligand. The polymeric 

film on the glass slide was irradiated with a UV lamp. 
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To investigate the practical application of chemosensor (RS1 and RS2), polymeric 

thin films were prepared [79]. Polyvinyl chloride (PVC) (100 mg), Bis(2-

ethylhexyl)sebacate (as plasticizer) (200 mg) and probe were dissolved in THF (5 ml). The 

homogeneous mixture obtained after completion of dissolution of all ingredients was 

concentrated by evaporation of THF at room temperature. This homogeneous mixture was 

poured onto a clean glass surface.  The solvent was allowed to evaporate and obtained non-

fluorescent polymeric membrane sensor was used for Cr3+ detection. A solution containing 

Cr3+ in methanol (1 mM) was sprayed onto the film, on the solvent evaporation a strong 

fluorescent image appeared on the Cr3+ exposed regions (Figure 6.35). 

6.2.4. Conclusion 

The newly synthesized rhodamine based fluoroionophores RS1 and RS2 exhibit a 

good selective and sensitive toward Cr3+ ion over other tested metal ions in MeOH−DMSO 

(99:1 v/v). The binding ability and mode of chemosensors toward Cr3+ were investigated 

through absorption, emission, electrochemical, ESI-MS and 1H NMR experiments. The 

reported fluoroionophores exhibited a reversible absorption and fluorescence enhancement 

response to Cr(III) via a 1:1 binding mode at neutral pH. A polymeric thin film can be 

obtained by doping PVC with chemosensor RS1 and RS2. Such a thin film can be used as a 

sensor to detect Cr3+ with high selectivity. 
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6.3. Multifunctional Probe for Cu2+, Al3+ and Fe3+ Ions 

6.3.1. Introduction 

In the last few years, the development of colorimetric and fluorescent chemosensors 

with high sensitivity and selectivity towards various transition and other metal ions are 

particularly attractive to current researchers due to its potential applications in the field of 

medicinal, clinical and environmental research [1–3]. Most of the metal ions play very 

important roles in living system and affect human health. Cu2+, Fe3+ and Al3+ are essential 

nutrients for life, and both their deficiency and excesses are associated to various disorders 

[80–82]. 

Copper is the third most abundant metal in the human body [83] and an essential 

trace element in biological systems and its importance may be attributed to its redox nature 

[84]. Extreme ingestion of copper is harmful due to its ability to generate reactive oxygen 

species and it can interfere in cellular metabolism [85]. In addition, its deficiency is also 

related to various neurodegenerative disorders including Wilson’s disease [86], Alzheimer’s 

disease [87], Parkinson’s disease [88] and Menkes syndrome [89]. Among many biologically 

important metals, Fe(III) is one of the most essential metals and play a crucial role in 

physiological processes, such as oxygen uptake [90], oxygen metabolism [91] and electron 

transfer [92]. Deficiency of Fe3+ will lead to low oxygen delivery, which is related to low 

blood pressure, anaemia and decreased immunity [93, 94]. In contrast, excess iron can 

generate reactive oxygen species, which can cause damage to lipids, proteins and nucleic 

acids [95, 96]. Aluminum is the widespread metal and third most abundant element in the 

earth’s crust [4]. Excess aluminum may cause damage to certain human tissues and cells, 

which lead to serious health problems like as Parkinson’s disease and Alzheimer’s disease 

[6]. 

Recently, anion recognition and sensing have become an area of huge research 

interest due to anions play an important roles in chemical, biological, industrial and 

environmental fields [11–13]. Among various anions, acetate and fluoride are of great 

concern due to their importance in numerous metabolic processes [15, 97], marine sediments 

[98], treatment of osteoporosis and the prevention of dental caries [18, 99, 100], and energy 

storage in biological systems [101]. 

 Currently, many techniques are available for quantitative analysis of metal ions such 

as atomic absorption spectroscopy [23], inductively coupled plasma-mass spectroscopy [24], 

inductively coupled plasma emission spectrometry [25], neutron activation analysis [26], 

chromatography [27] and voltammetry [28]. Those techniques are found in various sources 
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such as food, biological, geological and industrial effluent. However, most of these methods 

require tedious sample preparation procedures, sophisticated instruments and high 

maintenance cost. On the other hand, colorimetric and fluorescent chemosensors have 

attracted great attention and provide considerable advantages over other techniques via their 

simplicity, low-cost, convenience, sensitivity, real-time monitoring and bared-eye 

visualization [29–31]. From the recent literature it is apparent that significant efforts have 

been made to develop selective and sensitive chemosensors of Cu2+ [102–104], Fe3+ [105, 

106], Al3+ [32–34], AcO− [35, 36] and F− [37–39]. On the other hand, the development of 

optical chemosensor capable of sequential recognition both of metal ion and anion is still 

one of the most challenging tasks [40, 41]. Recently, metal-based receptors have attracted 

much attention in the field of anion sensing [42, 43]. However, probes which can indicate 

Cu2+, Fe3+, Al3+, AcO− and F− at the same time via a single molecular species have not been 

reported, and the colorimetric and fluorometric detection of these analytes in aqueous/mixed 

aqueous media is still rare. 

 In this section, we report the synthesis and characterisation of a new Rhodamine B-

derived chemosensor based on a salicylaldehyde moiety, named RH. The sensing property 

of this ionophore was tested with a series of alkali, alkaline earth and transition metal ions 

in semi aqueous media, and it can differentiate Cu2+, Fe3+ and Al3+ from other metal ions. 

6.3.2. Experimental 

6.3.2.1. Reagents and apparatus  

Rhodamine B, metal salts and other commercially available chemicals were 

purchased from Merck and Aldrich and used without further purification. The melting point 

was measured using SRS OptiMelt Automated melting point system. The IR spectra were 

recorded on a PerkinElmer FT-IR spectrometer (USA) in the range 4000–400 cm−1 with 

KBr. The NMR spectra were performed using a Bruker 500 MHz (USA), TMS as an internal 

standard, CDCl3 is taken as solvent. The mass spectra were obtained on a Bruker-micrOTOF 

II (USA). The UV-Vis absorption and the Fluorescence emission spectra were recorded by 

using Shimadzu UV-2450 spectrophotometer (Japan) and Horiba FluoroMax-4 

spectrofluorophotometer (Japan), respectively. 

6.3.2.2. Synthesis and characterization 

The synthetic route to Chemosensor (RH) was outlined in Scheme 6.5. It was 

prepared according to the literature method [48] and the structure was characterised by FT-

IR, 1H NMR, 13C NMR and ESI mass. 
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Scheme 6.5. Synthetic Pathways of RH. 

Compound 1: Rhodamine B (2.0 g) was dissolved in 50 mL ethanol. Hydrazine hydrate (2.5 

ml) was then added drop wise with vigorous stirring at room temperature. After the addition, 

the stirred solution was allowed to reflux about 6–8 h. The solution changed from dark pink 

to light orange. Then the mixture was cooled and solvent was removed under reduced 

pressure. 1 M HCl (about 50 mL) was added to the mixture in the flask to generate a clear 

red solution. After that, 1 M NaOH was added slowly with stirring until the pH of the 

solution reached 9–10. The resulting precipitate was filtered and washed 4–5 times with 15 

mL water. After drying under reduced pressure, the reaction yielded 1.8 g 1 (95%) as pink 

solid. Mp: 176–178 °C; FT-IR (KBr), ν, cm−1: 1614 (C=O), 1379, 1118 (C−N), 1224, 1015 

(C−O); 1H NMR (CDCl3, 500 MHz), δ (ppm): 1.16 (12H, t, J = 6.5 Hz), 3.34 (8H, d, J = 6.5 

Hz), 3.62 (2H, s), 6.29 (2H, d, J = 7.5 Hz), 6.42–6.47 (4H, m), 7.11 (1H, s), 7.45 (2H, s), 

7.93 (1H, s); 13C NMR (CDCl3, 500 MHz), δ (ppm): 12.6, 44.4, 65.9, 98.0, 104.6, 108.1, 

123.0, 123.8, 128.1, 130.0, 132.5, 148.9, 151.5, 153.8, 166.1. ESI-MS m/z: Calcd for 

C28H32N4O2
 (M+H)+: 457.2604, found: 457.2500. 

Compound RH: Compound 1 (0.23 g, 0.5 mmol) and aldehyde (0.5 mmol) was dissolved 

in 20 mL absolute ethanol. The reaction mixture was stirred and refluxed overnight. 

Obtained solid was filtered and washed 3 times with 10 mL ethanol. After drying under 

reduced pressure, the reaction yielded 0.2 g RH (69%) as light pink color solid. Mp: 275–

277 °C; FT-IR (KBr), ν, cm−1: 1622 (C=O), 1414, 1117 (C−N), 1221, 1019 (C−O); 1H NMR 

(CDCl3, 500 MHz), δ (ppm): 1.15 (12H, t, J = 7.0 Hz), 3.31 (8H, q, J = 7.0 Hz), 6.26 (1H, 

d, J = 2.0 Hz), 6.28 (1H, d, J = 2.0 Hz), 6.31 (1H, d, J = 2.0 Hz), 6.35 (1H, s), 6.46 (2H, d, 

J = 2.0 Hz), 6.48 (1H, s), 6.50 (1H, s), 6.94 (1H, d, J = 8.5 Hz), 7.17 (1H, d, J = 7.5 Hz), 

7.51 (2H, qn, J = 7.5 Hz), 7.96 (1H, d, J = 7.5 Hz), 9.17 (1H, s), 11.00 (1H, s); 13C NMR 

(CDCl3, 500 MHz), δ (ppm): 12.6, 44.4, 66.7, 98.1, 103.5, 105.5, 107.2, 108.2, 112.2, 123.2, 

124.1, 128.1, 128.6, 130.2, 133.1, 133.3, 149.1, 150.6, 153.6, 154.1, 159.2, 160.6, 164.1. 

ESI-MS m/z: Calcd for C35H36N4O4 (M+H)+: 577.2815, found: 577.2664. 
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6.3.2.3. UV-Vis and fluorescence spectra measurements 

Stock solutions of various metal ions/anions (1 × 10−3 M) were prepared in MeOH-

H2O (50:50 v/v) solvent. A stock solution of RH (1 × 10−3 M) was prepared in 

MeOH−DMSO (99:1 v/v). The all solutions were then diluted to 2 × 10−5 M with MeOH-

H2O (50:50 v/v) solvent. All absorption and emission spectra were performed in a quartz 

optical cell of 1 cm optical path length at room temperature. During experiments with metal 

ions/anions, the concentration of each component inside the cuvette is maintained at 10 µM. 

In titration experiments with an increasing amount of metal ion (Cu2+, Fe3+ and Al3+) or 

anion (AcO− and F−), each time the solution of RH was maintained at 10 µM. Fluorescence 

measurements were carried out using excitation at 520 nm, and emission was recorded from 

535 to 700 nm. Both excitation and emission slit widths were 1.0 nm. 

6.3.3. Results and discussion 

The selectivity, sensitivity and binding mode of chemosensor toward Cu2+, Fe3+ and 

Al3+ were examined through visual inspection, absorption, emission, ESI-MS and DFT 

experiments. 

6.3.3.1. UV-Vis spectroscopic studies of RH with metal ions 

 The interaction of RH with various metal ions such as Ag+, Al3+, Ba2+, Ca2+, Cd2+, 

Co2+, Cr3+, Cs+, Cu2+, Fe2+, Fe3+, Gd3+, Hg2+, K+, Li+, Mg2+, Mn2+, Na+, Nd3+, Ni2+, Pb2+, Sr2+ 

and Zn2+ was carried out by UV-Vis absorption spectroscopic analysis. As observed in 

Figure 6.36a, the UV-Vis spectrum of probe RH in semi aqueous solvent (MeOH-H2O; 

50:50 v/v) exhibits two main bands centered at 275 and 324 nm. Upon addition of metal 

ions, a strong band appears at 555 nm for both Cu2+ and Al3+, while no significant changes 

were observed in 200–450 nm wavelength regions. On the other hand, a weak absorption 

band at 555 nm was noticed with Fe3+. The other metal ions tested did not exhibit formation 

of any new band even in excess amount. The binding ability depends on size, charge and 

electron configuration of the metal ion and ligand, which are very suitable for the Cu2+ and 

Al3+ with probe RH to form a complex. The probe sense to Fe3+ due to some of the 

coexistence properties. The observed color changes upon addition of metal ions tested were 

photographed and shown in Figure 6.36b.  The development of the noticeable naked-eye 

detection of the magenta color in the probe upon metal addition involves a metal-induced 

delactonization of rhodamine. Upon complexation, colorless spirolactam form is converted 

into its colored ring-opened amide form [77]. 
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Figure 6.36. (a) UV-Vis spectrum of RH (10 µM) in the presence of various metal ions (above 

mentioned, 10 µM) in MeOH-H2O (50:50 v/v). Inset: A bar diagram showing the change in the 

absorbance of RH at λmax = 555 nm. (b) Photographs taken in room light (b1) and under UV light 

(b2). 

To gain an insight into the sensing properties of RH as a receptor, a titration 

experiment was carried out with the gradual addition (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 

16, 18 and 20 µM) of metal ions (Cu2+ and Al3+) to the RH solution. As shown in Figure 

6.37, an increase in the absorbance band centered at 555 nm with a shoulder at ~520 nm was 

observed upon progressive addition of metal ions, implicating the formation of a metal 

complex with RH. Simultaneously, a new band centered at 370 (for Cu2+) and 385 nm (for 

Al3+) gradually increased with the concentration of metal ion. The sensor showed a nice 

linear relationship between the absorbance at 555 nm and the concentration of metal ions 

(Cu2+ and Al3+) from 0.0 to 10 µM (Figure 6.37, right inset), suggests that sensor RH is 

potentially applicable for quantitative analysis of Cu2+ and Al3+ with a large dynamic range.  
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Figure 6.37. UV-Visible absorbance spectrum changes of sensor RH (10 µM) at increasing 

concentration of Cu2+ (a) and Al3+ (b) ion (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20 µM). 

Inset: Variation of 1/(A-A0) as a function of 1/[M] (left) and the plot of absorbance of RH at λmax of 

555 nm as a function of concentration of metal ion added (right). 

No further significant changes in the absorbance of the system were observed at above 10 

µM (1 equiv.) of metal ions. The binding constant for the formation of the metal complex 

was estimated on account of the change in the absorbance at 555 nm by considering a 1 : 1 

binding stoichiometry  and found to be 1.1 × 106 M−1 and 5.9 × 104 M−1 for RH–Cu2+ and 

RH–Al3+, respectively using Benesi-Hildebrand equation (Figure 6.37, left inset). Also, the 
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detection limit of Cu2+ and Al3+ ions was determined from the absorbance titration profile as 

0.99 × 10−8 M and 1.1 × 10−8 M, respectively based on 3σ/slope. 

The binding stoichiometry of RH towards Cu2+ and Al3+ was achieved from the Job’s 

method on the basis of absorbance. In which, Job’s plot was produced by continuously 

varying the mole fraction of metal ion from 0 to 1 in a solution of [RH] + [Metal ion] with 

a total concentration of 10 µM. The Job’s plot analysis revealed that the maximum 

absorbance was observed when mole fraction of metal ion is around 0.5, which indicates a 

1 : 1 stoichiometry for both RH–Cu2+ and RH–Al3+ complexes (Figure 6.38).  
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Figure 6.38. Job plots for the binding of Cu2+ and Al3+ with RH, where absorbance at λmax of 555 

nm was plotted against the mole fraction of metal ion. 

The effect of pH on the absorbance of sensor RH and its metal complexes was 

investigated in MeOH-H2O (50:50 v/v). The absorbance (at 555 nm) of RH in the presence 

and absence of metal ion (Cu2+ and Al3+) at different pH values (2–10) were recorded (Figure 

39a). When the pH of RH and its Al3+ complex was adjusted to acidic (2–5), obvious 

enhancement in the absorbance was observed, demonstrating that the probe RH is a sensitive 

acid-responsive probe and the large fluorescence enhancement is due to the H+-induced 

spirocyclic ring opening [107]. RH–Cu2+ did not show any significant spectral changes in 

acidic conditions. RH and its Al3+ complex did not produce any distinct and characteristic 

absorbance in basic pH range (7–10), which indicated that the spirolactam form of RH was 

the predominant species. RH–Cu2+ is the non-destructive species in basic conditions. The 

absorbance of RH and the corresponding metal complexes were varied at pH 2–10 (for Cu2+)  
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Figure 6.39. (a) UV-Vis absorbance (at λmax = 555 nm) spectral changes of RH and its 

corresponding Cu2+ and Al3+ complexes with pH variations. (b) Photographs of RH and its 

corresponding metal complexes at different pH conditions in daylight. 

 

Scheme 6.6. Spirolactam ring-opening and closing mechanism of RH and its corresponding Cu2+ 

and Al3+ complexes upon pH variation. 
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and neutral (for Al3+). Also, the color changes at different pH could easily be detected by the 

naked-eye (Figure 6.39b). All these are mainly due to the weaker coordination ability and 

stronger hydration ability of Al3+ ions compared to Cu2+ ions [108, 109], and Al3+ is hard-

acid and it can easily be effected in the basic environment [110]. Thus, it does not favour in 

forming complex in basic range than Cu2+. Cu2+ has a specific high thermodynamic affinity 

for typical N-donor ligands and fast metal-to ligand binding kinetics [111]. As Shown in 

Scheme 6.6, the probe is colorless at neutral pH. Probe RH produce color in the presence of 

Cu2+ and Al3+ due to conversion of spirolactam form to metal induced ring-opened amide 

form. When pH of the probe and its corresponding Al3+ complex was decreased to 5, the 

colored H+-induced spirocyclic ring opening form was generated. Furthermore at strong 

acidic conditions (pH = 2), the H-bonding interaction was effectively quenched by the 

increasing of H+. The diethylamino group was possibly protonated and the electron deficient 

nature of the xanthene moiety was also favorable for the nucleophilic attraction of the amide 

moiety, thus inducing the ring-closed reaction to give the colorless protonated form [112]. 

At basic range, the Al3+ complex of probe is converted into its initial colorless spirolactam 

form due to dissociation of complex. Cu2+ complex shows quite opposite to Al3+ complex, it 

forms non-destructive complex with RH in a wide pH range (2–10), but it shows color only 

in neutral and basic conditions due to Cu2+-induced opening of the rhodamine ring. On the 

other hand, the colorless predominant complex is formed in acidic conditions due to the 

protonated form of complex. 

 

Figure 6.40. UV-Vis absorbance (at λmax = 555 nm) of the probe to various metal ions in the 

absence and presence of Cu2+/Al3+. 
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To further estimate the selectivity of RH for Cu2+ and Al3+, the competitive 

experiment in the presence of other metal ions including Ag+, Ba2+, Ca2+, Cd2+, Co2+, Cr3+, 

Cs+, Fe2+, Fe3+, Gd3+, Hg2+, K+, Li+, Mg2+, Mn2+, Na+, Nd3+, Ni2+, Pb2+, Sr2+ and Zn2+ under 

the same conditions was conducted (Figure 6.40). It is noticeable that the competitive metal 

ions did not lead to any significant changes in the absorbance of the RH–Cu2+ and RH–Al3+ 

complexes when compared with the results obtained in the presence or absence of other 

metal ions (above mentioned). The distinct selectivity for Cu2+ and Al3+ ions is probably due 

to a combination of several factors, such as the suitable coordination geometry conformation 

of ligand and the ionic radius of the metal ion. This experiment established that the presence 

of other metal ions does not interfere with the detection of Cu2+ and Al3+, and it could be 

used as a selective chemosensor for Cu2+ and Al3+. 

6.3.3.2. Fluorescence spectroscopic studies of RH with metal ions 

The emission spectra of RH were recorded in the absence and presence of various 

metal ions as mentioned in UV-Vis spectroscopic studies, upon excitation of 520 nm. Firstly, 

sensor RH did not show any emission band, indicating that the spirocyclic form was retained 

in the solution. However, addition of Fe3+ to this solution induced a significant increase in 

the fluorescence response (Figure 6.41). A strong new emission band at 587 nm was formed,  
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Figure 6.41. Emission spectra for the probe RH (10 µM) in the absence and presence of 1 equiv. of 

various metal ions in MeOH-H2O (50:50 v/v). Inset: Fluorescence response of RH to the above 

mentioned metal ions, the intensity was monitored at 587 nm. 
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and up to about 43-fold enhancement in the fluorescence intensity was noted, indicating that 

the Fe3+ ions induced the formation of the strongly fluorescent, ring-opened RH–Fe3+ 

complex. The fluorescence spectra showed that Cr3+ also induced a noticeable fluorescence 

enhancement. Because, Fe3+ and Cr3+ show similar electron configuration as Fe3+ contains 

half-filled t2g and eg, Cr3+ contains half-filled eg orbitals. No significant fluorescence 

response of RH occurred in the presence of other metal ions, except for Fe2+ and Hg2+, which 

displayed a weak response. The spectral change is also accompanied by a visual color change 

from colorless to fluorescent pink (Figure 6.36b). 

A fluorescence titration experiments were carried out to attain a clear knowledge 

about sensing nature of RH with the continuing addition of Fe3+ (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 

10, 12, 14, 16, 18 and 20 µM). Upon progressive addition of Fe3+ ion, a gradual increment 

in the fluorescence at 587 nm was observed (Figure 6.42). RH showed a fine linear 

relationship (R2 = 0.98) between the emission intensity at 587 nm and the Fe3+ concentration 

from 0.0 to 10 µM (Figure 6.42, bottom inset), no considerable changes in the fluorescence 

emission intensity of receptor were observed upon further addition of Fe3+ ion at above 10 

µM. By considering a 1 : 1 binding stoichiometry between RH and Fe3+ ion and using 

Benesi-Hildebrand equation, the binding constant of this complex was estimated on account 

of the change in the fluorescence intensity at 587 nm and found to be 5.0 × 104 M−1 (Figure 

6.42, top inset). Based on 3σ/slope, the detection limit of Fe3+ ion was determined from the 

fluorescence titration profile as 1.9 × 10−8 M (Figure 6.42, bottom inset). The binding 

stoichiometry of RH towards Fe3+ was achieved from the Job’s method on the basis of 

fluorescence and the results revealed that the maximum emission was observed when mole 

fraction of Fe3+ is around 0.5, which indicates a 1 : 1 stoichiometry for RH–Fe3+ complex 

(Figure 6.43). 

The investigation of pH effect on the sensing behavior of RH towards Fe3+ was 

carried out in MeOH-H2O (50:50 v/v). The fluorescence intensity (at 587 nm) of RH in the 

presence and absence of Fe3+ at various pH (2.0–10.0) were recorded (Figure 6.44a).  When 

the pH was adjusted to acidic (2–5), a gradual enhancement in the fluorescence was observed 

due to the activation of the ring-opening process of the spirocyclic moiety. RH and its Fe3+ 

complex did not produce any distinct and characteristic fluorescence in basic pH range (7–

10) because of its “ring-closed” form. Thus, RH–Fe3+ complex did not produce any 

significant spectral changes with RH in acidic and basic conditions. The fluorescence 

intensity of RH and the corresponding Fe3+ complex was varied at pH ~6. Also, the color 

changes at different pH could easily be detected by the naked-eye (Figure 6.44b). 
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Figure 6.42. Fluorescence spectrum changes of sensor RH (10 µM) at increasing concentration of 

Fe3+ (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20 µM) with 520 nm excitation. Inset: 

Variation of 1/(F-F0) as a function of 1/[Fe3+] (top) and fluorescence enhancement change at λmax of 

587 nm as a function of concentration of Fe3+ (bottom). 
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Figure 6.43. Job plot for the binding of Fe3+ with RH, where fluorescence intensity at 587 nm was 

plotted against the mole fraction of Fe3+. 
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To further estimate the selectivity of RH for Fe3+, the competitive experiment in the 

presence of other metal ions (above mentioned) under the same conditions was conducted. 

It is noticeable that the competitive metal ions (except Cu2+ and Al3+) did not lead to any 

significant changes in the fluorescence of the RH–Fe3+ complexes when compared with the 

results obtained in the presence or absence of other metal ions, while Cu2+ and Al3+ can 

interfere the Fe(III)-induced fluorescence response (Figure 6.45). 

 

Figure 6.44.  (a) Fluorescence emission (at λmax = 587 nm) spectral changes of RH and its 

corresponding Fe3+ complex with pH variations. Photographs of RH in the absence (b1) and 

presence (b2) of Fe3+ at different pH conditions under UV light. 

 

Figure 6.45. Fluorescence emission (at λmax = 587 nm) response of the probe to various metal ions 

in the absence and presence of Fe3+. 

 



Fluorescence Turn-On Chemosensors 

 

174 

 

6.3.3.3. ESI mass analysis 

To better understand the binding mode of RH towards Cu2+, Al3+ and Fe3+, ESI mass 

spectra of probe in the presence of metal ion was performed (Figure 6.46). The observed 

mass peak at m/z 638.2003, 664.2340 and 693.1902 corresponding to [RH + Cu − H]+ 

(calculated: 638.1954), [RH + Al + NO3 − H]+ (calculated: 664.2352) and [RH + Fe + NO3 

− H]+ (calculated: 693.188), respectively. The mass data therefore confirmed the binding of 

metal ion (Cu2+, Al3+ and Fe3+) to RH with 1 : 1 stoichiometry. 

 

Figure 6.46. ESI-MS of RH upon addition of CuCl2.2H2O, Al(NO3)3.9H2O and Fe(NO3)3.9H2O in 

MeOH. 

6.3.3.4. Density functional theory (DFT) calculations 

To better understand the nature of the coordination of Cu2+, Al3+ and Fe3+ with RH, 

energy-optimized structures of RH and its corresponding metal complexes (Figure 6.47) 

were obtained on density functional theory (DFT) calculations at the B3LYP level using 6-

31G** basis set for simple receptor (RH) and LANL2DZ basis set for metal complex using 

the Gaussian 09 program [50]. The spatial distributions and orbital energies of the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 

of RH and corresponding metal complexes were also generated using this calculations. As 

shown in Figure 6.47, the HOMO is spread over the whole molecule, whereas LUMO is 

distributed on the substituted spirolactam ring in RH. As result shown, the spirocyclic C–N 

bond breaks to facilitate the binding of metal ion with the carbonyl oxygen atom of 

ionophore. The π electrons of HOMO orbitals of RH–Cu2+ and RH–Al3+ are mainly located 

a b c
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over the whole molecule and xanthene moiety respectively, while the π electrons are spread 

around the metal ion in RH–Fe3+. The LUMO is distributed on the xanthene moiety in RH–

Cu2+ and RH–Fe3+, whereas they are spread over the substituted spirolactam ring in RH–

Al3+. The energy gaps between the HOMO and LUMO of the free ligand and its 

corresponding metal complexes of Cu2+, Al3+ and Fe3+ were found to be 3.782 eV, 2.363 eV, 

0.89 eV and 2.731 eV, respectively. The results exhibited that the binding of Fe3+ to probe 

lowered the HOMO-LUMO energy gap and reduction in the energy gap can explain the red-

shift of the emission spectra of the Fe3+ complex over RH. Thus, they show a favourable 

complexation according to proposed coordination. 

 

Figure 6.47. Energy diagram of HOMO and LUMO orbitals of RH and its corresponding metal 

complexes calculated at the DFT level using a B3LYP/6-31G** basis set. 

The energy levels of HOMO and LUMO of receptor and fluorophore in the 

chemosensor play an important role in this mechanism. The simple molecule is non-

fluorescent that may due to the receptor unit acts as the electron donating unit and the PET 

process is activated via the electron transfer from fulfilled HOMO of the receptor unit to the 

semi vacant ground state orbital of the fluorophore. This process blocks the usual relaxation 

pathway of excited fluorophore and quenches emission. When it bind with Al3+ or Cu2+, 

there may not be major changes in the energy levels. That is why the complex is non-

fluorescent. On the other hand, the fluorescent nature of the Fe3+ complex could be due to 

the donor orbital of receptor unit can be controlled or somehow stabilized. 
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6.3.3.5. UV-Vis and fluorescence spectroscopic studies of RH−Al3+ towards various anions 

Further, we studied the influence of different anions on the dissociation of the RH–

Al3+ complex to regenerate free RH. Absorbance spectroscopic experiments were carried 

out with RH–Al3+ complex in the presence of sodium salts of various physiological and 

environmental important anions such as Br−, Cl−, I−, NO3
−, SCN−, SO4

2− and PO4
3−. As 

shown in Figure 6.48, the noticeable changes were observed after the addition of 5 equiv. of 

AcO−/F− to the solution containing the RH–Al(III) complex, while other competitive anion 

species induced negligible spectral changes under the same conditions. Meanwhile, the pink 

color of RH–Al3+ solution returned to colorless upon addition of AcO−/F−, indicating that 

RH–Al3+ ensemble can serve as a ‘naked-eye’ indicator for AcO− and F− anions (Figure 

6.48). 

To better understand the nature of the RH–Al3+ complex in the presence of the 

interfering anions, a solution of RH containing 1 equiv. of Al3+ was titrated with the gradual 

amount of anions (AcO− and F−). The UV-Vis spectral pattern of the titration experiments 

(Figure 6.49) displayed a reverse trend to the titration curve obtained with Al3+ (Figure 6.37), 

which may offer evidence of the regeneration of RH from its complex with Al3+ in the  

 

Figure 6.48. UV-Vis spectral behavior of RH–Al3+ (10 µM) in the presence of various analytes (5 

equiv.), such as AcO−, Br−, Cl−, F−, I−, NO3
−, SCN−, SO4

2− and PO4
3− in MeOH-H2O (50:50 v/v). 

Inset: The absorbance was recorded at 587 nm (top) and the photographs of RH–Al3+ in the 

presence of various analytes were taken in daylight (bottom). 
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Figure 6.49. UV-Vis absorbance titration spectra of RH (10 µM) with 1 equiv. of Al3+ upon 

gradual addition (0–20 µM) of sodium acetate (a) and sodium fluoride (b). Inset: Changes in 

absorbance of RH–Al3+ complex at 555 nm as a function of concentration of AcO−/F−. 

presence of AcO−/F−. Thus, the results indicated that the probe RH was restored during the 

detection procedure of AcO−/F−. The relative absorbance of RH–Al3+ (10 μM) are linearly 

proportional to the concentration of AcO−/F− in the different concentration ranges. 

Reversibility and regeneration of sensing probe are important factors in practical 

applications. As shown in Figure 6.50, the alternate additions of a constant amount of Al3+ 

and AcO−/F− to the solution of RH gives rise to a switchable change in the absorbance at 
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555 nm. Such a reversible absorbance spectral behavior of RH can be repeated several times 

by the modulation of metal/anion addition, indicating that the probe RH could be used as a 

reversible chemosensor for Al3+ and AcO−/F−. Their corresponding color changes are also 

shown in Figure 6.50 insert. 

 

Figure 6.50. Changes in absorbance of RH (10 µM) at 555 nm upon alternate addition of a 

constant amount of Al3+ (1 equiv.) and AcO−/F− (2 equiv.). Inset: Images of proof of reversibility. 

6.3.3.6. Sensing studies with paper strips 

 

Figure 6.51. Photographs of the test strips of RH for the detection of Cu2+, Al3+ and Fe3+ in 

MeOH−H2O (50:50 v/v). A solution of RH with a concentration of 1 mM was used to develop the 

strips. 
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To investigate the practical application of proposed sensor RH, paper test strips were 

prepared for rapid on-site detection of Cu2+, Al3+ and Fe3+ ions. For this purpose, filter papers 

(Whatman filter paper No. 1) were dipped in a 1 mM alcoholic solution of RH for about 5 

min and then dried in air. A significant visible color change was observed immediately when 

the test strips were sprayed with a solution containing the corresponding metal ions (100 

μM) in MeOH−H2O (50:50 v/v) (Figure 6.51). The colorless strips were converted to pink, 

which was also observed under UV light. These pink colored test strips containing RH–Al3+ 

were then sprayed with a solution of AcO−/F−. The pink color disappeared and is converted 

back into its colorless due to restoration of RH. This makes the sensor quite useful for rapid 

on-site detection of metal ions. 

6.3.4. Conclusion 

In summary, we report a new rhodamine-derived chemosensor (RH) for the selective 

determination of Cu2+, Al3+ and Fe3+ in different modes in aqueous media. The sensing 

property of RH was examined by visual inspection, UV-Vis, fluorescence and ESI-MS 

experiments. The probe showed highly selective and sensitive colorimetric response toward 

Cu2+ and Al3+, and “off-on” fluorescence response to Fe3+ over a wide range of metal ions. 

Upon addition of metal ions, the solution of RH shows significant enhanced absorbance and 

color change from colorless to pink especially for Cu2+ and Al3+, and shows remarkable ‘off-

on’ fluorescence accompanied by a color change from colorless to fluorescent pink 

especially for Fe3+. In all the cases, the spectral changes and the visual color changes were 

observed due to reversible spirolactam ring opening. The 1 : 1 stoichiometric ratio between 

probe and metal ions was proposed based on a Job’s plot, which was further confirmed by 

ESI mass analysis. Moreover, the DFT experiment suggested that the binding of Fe3+ to RH 

lowered the HOMO-LUMO band gap, which is evidence for the red-shift in fluorescence 

spectra of RH–Fe3+ complex. Further studies of RH–Al3+ complex revealed that it could be 

selectively dissociated in the presence of AcO−/F−, which makes the RH–Al3+ ensemble an 

efficient sensor for AcO−/F−. Paper strips were also used for the detection of Cu2+, Al3+ and 

Fe3+ ions. 
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