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ABSTRACT 

Cations and anions play a major role in the biological and physiological processes in living 

organisms attracting more research interest in the area of chemical sensing. However, the 

excessive accumulation of ions in living organisms, particularly in humans, is toxic and 

can lead to health problems. Chemosensing is a powerful tool that can be employed to 

detect these ions in an environment. This is due to their high selectivity and sensitivity for 

the target analytes. Therefore, this research worked on designing two dual receptors 

namely A and C. These chemosensors were designed based on the fluorophore-spacer-

receptor principle and they have been synthesized based on the environmentally friendly 

and cost-effective Schiff base method. The synthesized chemosensors were characterized 

using a Proton Nuclear Magnetic Resonance (1H NMR), Fluorescence and Ultraviolet-

visible (UV-Vis) spectrophotometer. 

The research findings have indicated that both receptor A and receptor C are 

colorimetrically and spectroscopically selective and sensitive to multiple cations and 

anions. Receptor A displayed a naked eye colorimetric sensitivity and spectrally towards; 

Co2+, Cu2+, Fe2+ while with the anions only spectral sensitivity was displayed. For both 

cations and anions a red shift in absorption with isosbestic points at 286 nm and 284 nm 

respectively, and fluorescence enhancement were observed, except for Fe2+, were no 

isosbestic point was observed and fluorescence quenching was noted. Similarly, receptor 

C presented both naked eye colorimetric sensitivity and spectrally towards these anions: 

CN-, F-, AcO-, OCN-, OH- and these cations: Cu2+, Fe2+ Zn2+, Ni2+, Hg2+. A bathochromic 

shift and fluorescence enhancement were observed with the anions, while for the cations 

absorption varies depending on the cations’ identity. Moreover, fluorescence quenching 
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was observed with most cations, with an exemption for Hg2+ and Al3+ with fluorescence 

enhancement.  

Keywords: Chemosensor, naked eye detection, cation, anion, multi-sensing, UV-Vis 

spectrophotometer, Florescence spectrophotometer, 1H NMR 
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Chapter 1 Introduction 

1.1 Background of the study 

The demand for fast and efficient chemical sensing has experienced tremendous growth 

over the past few years especially in the fields of medical diagnostics, environmental 

monitoring, and toxicology analysis. Chemical sensors achieve this goal by responding to 

external stimulus and converting it into a signal which can be measured. According to 

Czarnick, F. Goppelsrodor was the first to report on fluorescent chemosensor in 1867, 

where it was used as a method for aluminium ion determination [1]. Chemosensors used 

to detect other metal ions were further developed, however they could not detect anions 

at the time. The advancement of fluorescent chemosensor in the early eighties, caused the 

application to extend to various cations and anions that are essential in biological systems 

[2].  

 

Moreover, the broader aim of this study is to contribute to a better understanding of 

developing cheap and environmentally friendly dual multi-sensing colorimetric sensors 

that are soluble in aqueous environment. This also, in effect, contribute to the response to 

environmental pollution resulting from industrialization and mining activities that has 

become a threat, causing contamination in water sources, the air we breathe, and 

agricultural areas. 
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1.1.1 The importance of detecting anions and heavy metals ions 

The selective detection of ions is extremely essential because of the various roles they 

have in biological and physiological processes. Anions have noble applications in 

metabolic process, disease treatment  in biological systems [3,4] and others are extremely 

detrimental [5]. Transitional metals have important applications in biological systems, 

environment and in industries. In biological systems, heavy metal ions play a role in the 

catalytic, structural components and regulatory facet [6–8]. Besides the great application 

of heavy metal ions, others are very toxic. Among them is mercury which is a global 

pollutant that is very hazardous to both the environment and human health [9]. Therefore, 

developing selective and sensitive methods for detecting anions and heavy metal ions is 

very important, in order to understand their environmental benefits and risks. 

 

1.1.2 The nature Schiff bases 

Schiff bases, first discovered by the German scientist Hugo Schiff in 1864, are generally 

represented by the formula R1CH=NR2 (where R1 and R2 are alkyl, aryl, cyclo alkyl or 

heterocyclic groups) (Scheme1).They are a condensation product of primary amines and 

carbonyl compounds [10]. In addition, Schiff bases form ligands with strong coordinative 

ability [11] and have a range of  application in various areas such as biological activities, 

catalysts, pigments and dyes, polymer stabilizers, and corrosion inhibitors [12]. 

 

Scheme 1. Schiff base reaction 
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Various Schiff base ligands have been used in potentiometric sensors as cation carrier for 

different cations, owed to their active properties they pose such as highly selective, great 

sensitivity, stability and simplicity. In addition, they allow for direct on-line monitoring; 

hence, there is no need for sample pre-treatment with sophisticated analytical instruments 

[13–18]. 

 

1.2 Statement of the problem 

Toxic heavy metals and anions are increasingly posing a threat to the environment due to 

technological advancement and expanding economies. Therefore, there is a need to 

develop low cost, ease-to-apply and real time chemical assays that are uniquely selective 

and sensitive to toxic ions, in order to compliment the expensive traditional analytical 

methods. A number of single-ion-sensing sensors for heavy metal and anions have been 

reported. However, dual/multi-ion-sensing sensors are very limited in literature [19].   

 

1.3 Objectives of the study 

The objectives of the study are: 

a) To synthesize and characterize chemical sensors.  

b) To identify sensors that are sensitive and selective to any of these specific cations of 

significant interest (Cu2+, Zn2+, Co2+, Fe2+, Ni2+ and Hg2+) and anions (F-, AcO-, OCN-

, OH- and CN-) in the water soluble solvent/mediums. 

 



4 
 

1.4 Significance of the study 

This research focused on developing cheaper real time sensors that are easily synthesized 

and applicable in any institution involved in environmental monitoring and mineral 

exploration. Furthermore, the study also focused on synthesizing a multi-sensing sensor. 

The designing of multi-ions sensors remains a challenge as only a few multi-ion sensors 

are reported in the literature [19]. The study further contributes to the existing literature 

with regard to detecting biologically important cations such as copper and zinc in different 

media systems, especially the physiological system. 

 

1.5 Limitation of the study 

Analytical instruments such as 1H NMR that are critical in analyzing the sensors and the 

sensor-analyte interaction are not available at the University of Namibia. However, 

arrangements were made for analysis with 1H NMR to be conducted at the University of 

Cape Town. This caused a delay in obtaining the results on time. 

 

1.6 Delimitation of the study 

The scope of the project is limited to the synthesis and characterization of the sensors as 

well as the identification and quantification of the analytes. The development of sensors 

into kits based on colorimetric activities will be outside the scope of this project. 
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Chapter 2. Literature review 

Ions play a vital role in the environmental, biological, physiological, and chemical 

processes. In biological systems, ions are very important in cell generation, oxygen 

transportation in the blood, treatment of diseases, and plant growth amongst others 

[3,4,6,20]. Equally, physiological systems ions have vital roles of gene regulation and 

immune function [6,21], whereas in chemical processes, they are used in mineral 

extraction, metal fabrication and other applications such as electronics [5,22]. However, 

when ions are in excess, they are very toxic to the biological system and the environment. 

It is for this reason that the sensing of anions and heavy metal ions are of great interest to 

researchers. Negative electrostatic charge is the most prominent characteristic that 

distinguish anions from other guest species in chemosensing [23]. 

This review of literature work mainly focused on previous studies that entailed testing 

chemosensors against the analytes, in order to identify the multi-element sensing 

chemosensors which is the focal point of this research. 

 

2.1 Chemosensors 

In recent years, research has focused on developing simple cost-effective and reliable 

ways of detecting biologically important ions as well as metal ions and anions that pose a 

threat to the environment. Evidently, literature depicts that prior research developed 

chemical sensors that are intensely changing the chemical analysis approach [24]. 

Chemosensor is defined as “a device that can transform chemical information, ranging 

from the concentration of a specific sample component to total analysis into an 

analytically useful signal” [25]. The chemosensor uses the transduction methods such as 
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optical absorption, luminescence and so forth, in order to recognise and quantify the 

analyte [26]. The sensor consist of two parts, namely the signalling unit or transducer 

mechanism for communication and receptor or binding unit that recognise the analyte of 

interest, usually a choromophore or fluorophore as illustrated in Scheme 2 below [27]. On 

top of that, the mechanisms used in ion recognition mimic the natural reaction. 

 

Scheme 2. Operating principle of a chemosensor 

  

According to literature, there are three recognition techniques: binding site signalling 

subunit approach, displacement approach and chemodosimetric approach [28,29]. 

Furthermore, the resultant signal sensors are grouped into two categories: optical sensors 

which result in change in optical properties and electronic sensors which result in change 

in electrochemical properties [30]. On the other hand, optical sensors are further classified 

into two categories: the 1) fluorogenic and 2) chromogenic sensors [28].  

 

Chemosensors have numerous applications in various disciplines such as biochemistry, 

cell biology, environmental monitoring, clinical and medical sciences. In clinical and 

medical sciences, chemosensors are essential for critical care analyses and are used as 

markers for diseases [31].  
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2.1.1 Fluorescent Chemosensors 

Fluorescent sensor is defined as a molecular tool capable of signalling the presence of an 

analyte such as ions or molecule [19,31]. In fluorescence chemosensor, the fluorephore 

acts as the signal transducer that converts the recognition signal into an optical signal. 

With fluorescent chemosensor, the nature of the solvent plays a significant role in its 

ability to recognise and bind the analyte, and it is applicable to both single analyte 

detection and dual/multi-analyte detection. Additionally, features such as thermal and 

photochemical stability and reversible recognition process to allow continuous monitoring 

of the analyte make an ideal fluorescent sensor [1,31]. Moreover, receptor and fluorephore 

communication are realised by several mechanism such as the π-systems which integrate 

the electron-donating (ED) and electron–withdrawing (EW) as observed in the internal 

charge transfer (ICT) or the photoinduced electron transfer (PET). Overall, recognition of 

ions by fluorescence chemosensors are significantly being favoured due to selectivity, 

sensitivity, real time response, local response and low detection limit [28,31,32]. 

 

2.1.2 Chromogenic Chemosensors 

Chromogenic sensors utilize naked eye in analyte detection. They are used as a simple test 

to determine the presence of an analyte (ion) by colour change [33]. In chromogenic 

sensors, colorimetry is used as a signal transduction method; whereby two important 

signal motifs are considered namely: a change in intensity at a certain wavelength and 

monitoring a change in the maximum absorption [31].  
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The chromogenic sensors are synthesized based on molecule compounds containing one 

or more optical signalling chromophic groups, covalently or noncovalently linked to the 

receptor moiety [34]. They have been utilized for decades due to the ease of detection, 

cost-effective, simplicity and easy to access. However, chromogenic sensors are less 

sensitive and have high detection limit, but still in millimolar concentration range than 

fluorogenic sensors due to the reduced background [31]. Chromogenic sensors have been 

widely used in diagnostic assays such as early pregnant test, testing presence of drug in 

urine and blood-glucose monitoring [35,36].  

 

2.2 Anion sensors  

 Hydrogen bonding groups have been extensively used as binding sites in anion 

recognition. The receptors with functional groups such as: thiourea/urea, amides pyrrole, 

phenol, phenylhydrazone and others are used in fluorogenic or chromogenic anion sensing 

through the hydrogen bonding interactions [37–43]. Hydrogen bonding is the most useful 

and effective non-covalent interaction in anion sensing [42]. The development of new 

design strategies with effective binding sites and signalling units for anion detection has 

been the focal area of research [3,44]. 

 

Patra et al. designed and synthesized hydrazone colorimetric chemosensor based on Schiff 

base. The synthesized compound 1 (Figure 1) was applied in the detection of CN-. Upon 

the addition of CN-, naked-eye visual detection of compound 1 with colour change from 

yellow to red in acetonitrile and water mixture. The changes were attributed to the 

deprotonation of the –NH and the -OH proton by CN-. Furthermore, the sensitivity, 
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selectivity, binding stereochemistry and binding constant were also determined [45]. 

 

Figure 1. Structure of the receptors 1 [45]. 

 

2.2.1 The target Anions 

2.2.1.1 Acetate ions 

Acetate ions play an essential role in the metabolic process and is a key indicator of 

organic decomposition in marine sediments [3]. Acetate is also used to make industrial 

chemicals as well as  in the manufacturing of paints, textiles, dye, paper and plastics 

[3,46]. It is also used as a modifier of food starch. Humans and animals are exposed to 

acetate through inhalation of contaminated air and oral or dermal contact with 

contaminated water or products containing the acetate compounds. Exposure to high 

concentration of acetate affects the respiratory system causing irritation of the nose and 

throat as well as damaging the respiratory tract [46]. 

 

Goswami et al. designed and synthesized pterin based sensor 2 (Figure 2) that is highly 

selective and sensitive to acetate. The synthesized pterin sensor 2 was applied in the 

detection of acetate in acetonitrile, which resulted in the naked eye detection with a change 

of colour from light yellow to violet. The change is attributed to the creation of the 



10 
 

hydrogen bonds and deprotonation of the amide proton which influence the electronic 

properties of the chromophore [47]. 

2 

Figure 2: Structure of the receptor 2 and the interaction of 2 and acetate [47] 

2.2.1.2 Cyanate ions  

Cyanate ion in a form of ester resins are used in aerospace and microelectronics due to the 

unique properties such as low moisture absorption, good adhesion to metals and other 

substrates and radar transparency [48]. However, other forms of cyanates such as cyanate 

that is formed from the spontaneous decomposition of urea, known as uremic toxin, is 

toxic to humans. Cyanate is linked to  endothelial dysfunction [49]. 

 

2.2.1.3 Cyanide ions 

Cyanide ion is one of the anions that is key for gold leaching, petroleum, chemical and 

metal industries. Additionally, micro-organisms use cyanide as a source of carbon and 

nitrogen [50]. However, cyanide ion is very detrimental to humans, aquatic life and the 

environment [5,51]. Cyanide ion affects the nervous systems, metabolism system, 

cardiovascular system and can lead to death [52,53].  
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2.2.1.4 Fluoride ions 

Fluoride is an essential anion in the human body that plays a fundamental role in the 

biological functions such as the treatment for osteoporosis and dental caries. In addition, 

fluoride ion is one of the most targeted anion because of its unique properties such as 

being the smallest anion and having a strong basicity and high charge density [4,54,55]. 

However, excess amount of fluoride ion (F-) is toxic as it can cause diseases such as 

fluorosis, acute gastric, urolithiasis, bone diseases and cancer [56–59]. 

 

A thiourea based multi sensor was synthesized by Kumar et al. that is highly selective to 

cyanide and fluoride. The thiourea sensor 4 (Figure 3) was applied in the detection of 

cyanide and fluoride ions in DMSO, which resulted in the naked eye detection. As a result, 

the colour of sensor 4 changed from pale yellow to red with the addition of cyanide and 

fluoride ions. This change is attributed to the strong hydrogen bonding with NH [60].  
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Figure 3: Structure of the receptor 3, 3a and 3b, their interaction with respective ions 

[60]. 

 

2.2.1.5 Hydroxides ions  

Hydroxide is a compound found in the natural occurring clay minerals. It has many 

applications where the layered double hydroxides have great properties such as anion 

exchangeability, composition flexibility and biocompatibility. These properties made the 

layered double hydroxides to be utilized in drug delivery, water purification, imaging 

catalysis, separation, biomedicine, energy storage and other environmental application 

[61–64]. 

 

Furthermore, a pyrrole-based Schiff base chemosensor was designed and synthesized by 

Velmathi et al. for the detection of OH-. The synthesized sensor 4 (Figure 4) was applied 
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in the detection of OH- in CH3CN, and the colour changed from yellow to purple upon the 

addition of the OH-. Additionally, a red shift and fluorescence enhancement were also 

observed. This is attributed to the complete deprotonation of the amine proton due to the 

internal charge transfer [65]. 

 

Figure 4: Structure of the receptor 4 and the interaction with hydroxide [65]. 

 

2.3 Cation sensors 

Cation recognition has been achieved through fluorescent and colorimetric sensors. For 

colorimetric determination, several moieties such as nitro-phenyls, pyrene, BODIPY, 

rhodamine, anthracene, fluorescein, and so forth conjugated to an appropriate binding unit 

mainly through Schiff base, amide linkage and diazo, are applied [29,66]. Rhodamine 

containing chemosensors and chemosensor with a D-π-A system are the types that are 

used in colorimetric detection. The latter is achieved by introducing an electron donating 

(ED) groups and electron withdrawing (EW) groups in the chemosensor at appropriate 

positions. Furthermore, it is noted that the binding of the metal ion to the chemosensor 

depends on the hardness and the softness of the binding sites [29]. Despite cation sensors 

being the first ones to be reported many decades ago, they are still a thrust area in receptor 

chemistry research [44].  
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Patra et al. reported on the Schiff base thiourea based chromogenic and flourogenic 

multiple cation chemosensor. The group designed and synthesized compound 5 (Figure 

5) which was successfully applied in the detection of Cu2+, Hg2+ and Ag+. The spectra 

behaviour of the receptor was studied in a methanol-water solution. The reported 

chemosensor did not only serve as a cation sensor but also as a multiple-cation sensor. 

The addition of Cu2+, Hg2+ and Ag+ to compound 6 naked-eye detection was observed 

with colour change from colourless to deep yellow for Cu2+ and to light yellow for Hg2+ 

and Ag+. The chromogenic activity of the sensor 6 is attributed to selective binding of the 

metals in which the electron density rearranged from donor to acceptor, causing the 

enhancement of ICT process. Additionally, fluorescence quenching was observed for Hg2+ 

and Ag+ while for Cu2+ there was a slight band shift with very small intensity [67].  

 

Figure 5. Structure of the receptor 5 [67]. 

 

2.3.1 The target heavy metals ions  

2.3.1.1 Cobalt ions 

Cobalt is among the low abundant trace metals found in rocks, soils and fish. Cobalt has 

chemical properties similar to nickel and iron [68,69]. It plays a vital role in biological 

systems by being the main component of vitamin B12 [6,21,68–70]. On the other hand, it 

is essential for physiological functions by regulating gene expression, functioning of the 

immune system and treatment of anaemia [6,21,68]. Cobalt is also used in the increasing 
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technology such as batteries and electronics [21]. Conversely, excessive exposure to this 

element is toxic to humans and the environment. The toxicological effects of cobalt in 

humans include dermatitis respiratory and cardiovascular diseases and the inhalation of 

cobalt dust has a negative effect on the respiratory system [71,72]. In spite of that, the 

deficiency of cobalt in human can cause neurologic problems and blood diseases [68]. 

 

Liu et al. synthesized a colorimetric and ratiometric chemosensor based on coumarin 

derivative. Sensor 6, (Figure 6) was used in the detection of Co2+ in acetonitrile-water 

(1:1, v/v), which resulted in naked eye colour change from yellow to red. Additionally, 

selective and ratiometric absorbance changes were also detected, with the validation of 

the selectivity towards cobalt investigated with competitive experiments that could not be 

detected [72].  

      

Figure 6. Structure of the receptor 6 and possible binding mode of 6-Co [72]. 

 

2.3.1.2 Copper ions 

Copper is the third most abundant transitional metal that is essential in the human body 

[73,74], physiological and biological processes [6]. It is an essential constituent of 

enzymes. Contrary, an excess amount of Cu2+ is poisonous and can cause Wilson’s 
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disease, dyslexia, hypoglycemia, Alzheimer’s disease and various disorders associated 

with neurodegenerative ailments [7,75–77].  

 

Uahengo et al. reported on the design and synthesis of a fluoro-choromogenic sensor 2, 

2′-Dinaphtholazobenzene 7 (Figure 7). This dual sensor was successfully applied in 

determining Cu2+ and F- simultaneously. Upon the molar addition of Cu2+, the color of 

sensor 7 changed from red to green; similarly, with the molar addition of F-, the color 

changed from red to reddish-brown. Additionally, 7 fluorescent quenching was observed 

with addition of Cu2+ as a result of dissociation of the hydroxyl group. These changes 

depict the chromogenic and fluorogenic features of 7 [78]. 

 

 

Figure 7. Structure of the receptor 7 and 7-Cu [78] 

 

2.3.1.3 Iron ions  

Iron is the second most abundant metal in the earth’s crust [79] and it is first most abundant 

transitional metal [73]. It can exist in various oxidation states with ferric and ferrous as 

key players. It is also an essential metal for most living organisms; plants and 
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microorganisms obtain iron from the environment while humans obtain it through the food 

chain and supplements [79]. Additionally, iron plays a role as an oxygen carrier in 

haemoglobin, cellular metabolism and enzyme catalysis [8,20,80]. Though iron plays an 

important role, its deficiency leads to anaemia [76], increases the risk of perinatal death 

preterm delivery and low birth weight [81]. On the other hand, excess iron causes 

neurodegenerative diseases [8]. 

 

Rana et al. reported on a colorimetric sensor for detecting iron. The synthesized sensor 8 

(Figure 8) was highly selective in detecting Fe2+ in an aqueous solvent. Upon the addition 

of Fe2+  to sensor 8, a red shift was observed associated with colour change from colourless 

to yellow [82]. 

 

Figure 8. Structure of the receptor 8 and 8-Fe [82] 

 

2.3.1.4 Mercury ions 

Mercury is a naturally occurring transitional metal that exists in three forms, namely 

elemental, inorganic and organic [83,84]. The organic form of mercury tends to 

bioaccumulate in the aquatic food chain and then to humans through contaminated fish 
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consumption [83]. Mercury is widely used in barometers, thermometers, dental amalgam 

and other industrial uses [85]. However, it is a high mobility element and one of the 

extremely toxic metals to both humans and the environment. In humans, it can damage 

the kidneys, brain, central nervous system, reproductive system, respiratory system, and 

cardiovascular system [85,86].  

 

Jonaghani and Zali-Boeini reported on a fluorescent and colorimetric sensor for detecting 

Hg2+. The duo synthesized compound 9 (Figure 9) which was highly selective in detecting 

Hg2+ without interference from other metal ions in acetonitrile-water mixture (1:1, v/v). 

The addition of Hg2+ to compound 9 resulted in a colour change from colourless to yellow 

and a green fluorescent emission [87].  

 

Figure 9. Structure of the receptor 9 and 9-Hg [87]. 

 

2.3.1.5 Nickel ions 

Nickel is a transitional metal and a ferromagnetic element. Nickel plays a vital role in 

physiological processes and is used in various metallurgical processes [22]. The toxicity 

of nickel depends on the exposure route and the nickel compound solubility [88]. 
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Prolonged exposure to nickel leads to contact dermatitis, and excess nickel affects the 

respiratory system [22,88]. 

 

Jiang et al. developed a colorimetric sensor based on coumarin derivative. The reported 

synthesized compound 10 (Figure 10) was successfully applied in the detection of Ni2+ in 

ethanol. Upon the addition of Ni2+ to compound 10, a large red shift was observed, 

associated with naked eye detection of colour changing from colourless to pink. 

Additionally, fluorescent quenching of was observed with the addition of Ni2+ [89]. 

 

Figure 10. Structure of the receptor 10 and possible binding mode of 10-Ni [89]. 

 

2.3.1.6 Zinc ions 

Just like copper, zinc is equally important for physiological and biological processes. Zinc 

is also the second most abundant transitional metal [73,90]. It is reported that zinc is a 

cofactor of a number of enzymes that play a crucial role in immune functions such as cell 

regeneration as well as in catalytic [6,8]. However, zinc deficiency is associated with 

immune dysfunction, depression and poor wound healing. Similarly, excess zinc in 

humans is very toxic and it can cause respiratory and gastrointestinal toxicity [79]. Zinc 

toxicity can also cause sideroblastic anaemia, Alzheimer’s disease, Parkinson’s disease 
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and Friedreich’s ataxia [6,90]. On the other hand, zinc surplus can lead to excitotoxic 

neuronal death [8].  

An acylhdrazone based fluorescent chemosensor was designed and synthesized by Hu, Li 

and Sun. The synthesized compound 11 (Figure11) was successfully applied in the 

detection of zinc in a mixture of H2O/DMSO (8:2v/v). The addition of zinc to compound 

11 resulted in a strong fluorescence response and colour change from colourless yellow-

green [91]. 

 

Figure 11. Structure of the receptor 11and 11-Zn [91]. 

 

Lastly, from all the sensors reported above for anions and cations, only a few have 

dual/multi-sensing capabilities. In this study we focused on the synthesis and the 

characterisation of dual multi sensing chromogenic and fluorescent sensors. We also 

focused on testing the synthesized sensors against the cations and anions. 
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Chapter 3: Experimental  

3.1 Materials 

All chemical reagents used in this study were obtained commercially and are of analytical 

grade. The chemical reagents were used as received without any further purification. All 

the anions used are in the form of tetrabutylammonium (TBA) salts. The cations are in 

either chloride salts or nitrate salts. The chloride salts used are: FeCl2‧4H2O, SnCl2‧2H2O, 

CrCl3‧6H2O, MgCl2, MnCl2‧4H2O, CuCl2‧2H2O, CdCl2‧H2O, SrCl2‧6H2O, AlCl3, and the 

nitrate salts used Ni(NO3)2‧6H2O, AgNO3, Hg(NO3)2‧H2O, Zn(NO3)2‧6H2O, 

Co(NO3)2‧6H2O, Pb(NO3)2, Fe(NO3)3‧9H2O. Solvents such as dimethyl sulfoxide 

(DMSO) and ethanol (EtOH) were used. All fluorescence titration and UV-Vis titration 

were analysed using a (1x10-5M) solution of receptor A and receptor C. The stoichiometric 

interactions were determined by Job plot using a (1x10-4M) solution of receptor A and 

receptor C at ambient temperature.  

 

3.2 Instrumentation 

UV-Vis spectra were obtained on a Perkin Elmer Lambda 35 UV-Vis spectrophotometer 

using a 3.0 ml quartz cell with 1cm path length. The fluorescence emission spectra were 

recorded on a SpectraMax M2 using a quartz cell.  The synthesized chemical sensors were 

characterized using 1H-NMR (400 MHz, DMSO-d6) analysis at University of Cape Town. 

All the synthesis and measurements were carried out at ambient temperature. 
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3.3 Research Methods 

3.3.1 Synthesis of the receptors 

In this research, we worked on two receptors, namely A and C. The two receptors are 

colorimetric and fluorescent dual multi-sensing. The receptor A contains two amine and 

two thiourea groups, whereas receptor C bears an amine and a hydroxyl group. The 

receptor A and receptor C were synthesized through a simple and one-step Schiff base 

reaction. 

3.3.1.1 Synthesis of receptor A 

 

Scheme 3. Synthesis route of receptor A 

 

The receptor A (Scheme 3) was synthesized by dissolving N, N’-methylenebis 

(acrylamide) (1.0037g 6.49mmol) in 25.0 ml of ethanol. N’phenylhydrazine 

carbothioamide (2.17 g, 12.98 mmol) was also dissolved in 25.0 ml of ethanol. The two 

solutions were mixed while magnetically stirred in a round bottom flask with an addition 

of 3 drops of acetic acid. The mixture was refluxed for 5 hours in a water bath. The solution 

was filtered and then the crude product was purified by recrystallizing with cold ethanol 

(100ml) and dried under reduced pressure. Yield: 2.2084 g, 74.9%.  
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3.3.1.2 Synthesis of receptor C 

 

Scheme 4. Synthesis route of receptor C 

 

A solution of 2-hydroxy-1-naphthaldehyde (1.0019g, 5.81mmol) in 25.0 ml of ethanol 

was mixed with ethanol solution of 25.0ml of equimolar quantity of 

hydrazinecarbodithioic acid, methyl ester (0.7116g 5.81mmol) at room temperature in a 

round bottomed flask. Then, 3 drops of acetic acid were added to the mixture as a catalyst 

and the mixture was refluxed with vigorous stirring for 5 hours. The crude yellow product 

was filtered and washed several times with hot ethanol. The product was further dried in 

vacuum at ambient temperature and recrystallized with hot ethanol, the product (yield 

1.2811g, 79.6%). The reaction mechanism of receptor C is shown in Scheme 4.  

 

3.3.2 UV-Vis titration measurements  

The UV-Vis titrations were performed at ambient temperature. First, 3.0 ml of receptors 

A and C (1 x 10-5M) in DMSO were measured separately to determine their absorbance. 

Subsequently, the interaction of receptor A and receptor C and the ions were measured 

separately by molar addition of anions (1 x 10-5M): AcO-, F-, CN- , OH- , Br-, Cl-, ClO4
-, 
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HSO4
-, I-, N3

-, NO3
-, H2PO4

- as TBA salts and cations (1 x 10-5M): Cu2+, Fe2+, Ag+,Al3+, 

Cd2+, Co2+, Cr3+, Mg2+, Mn2+, Pb2+,Ni2+, Sn2+,Sr2+ and Zn2+  with 0.1 equivalent intervals. 

  

3.3.3 Fluorescence titration measurements 

The fluorescent intensity of receptor A and receptor C were measured by withdrawing 

3ml of receptor A and receptor C (1 x 10-5M) in DMSO and their excited states were 

determined. The fluorescence titrations of receptor A and receptor C were performed by 

molar addition at 0.1 equivalent interval of ions (1 x 10-5M): anions AcO-, F-, CN- , OH- , 

Br-, Cl-, ClO4
-, HSO4

-, I-, N3
-, NO3

-, PO4
3- as TBA salts and cations Cu2+, Fe2+, Ag+,Al3+, 

Cd2+, Co2+, Cr3+, Mg2+, Mn2+, Pb2+,Ni2+, Sn2+,Sr2+ and Zn2+. 

 

3.3.4 Jobs plot measurements 

The stoichiometric interactions of the receptor and ions were measured using Job plots 

by preparing a series of anion solutions of AcO-, F-, CN-, OH- (1x10-4M) and cation  

 solutions of Cu2+, Fe2+, Co2+, Ni2+and Zn2+ (1x10-4M) in DMSO. A standard solution of 

each receptor A and receptor C (1x10-4M) was prepared and varying volumes of anions 

and cations ranging from 0 to 10.0ml (i.e. 1ml guest (F- or Cu2+) ion and 9.0 ml host 

(receptor A or receptor C)) and the absorbance were measured. The process was repeated 

with all the listed anions and cations with ratios ranging from 1 to 9.  

 

 

 



25 
 

Chapter 4: Results and Discussions 

4.1 The interaction of receptor A with different ions 

4.1.1 Charaterisation of receptor A 

 

The receptor A has been synthesized by Schiff base condensation reaction. The design of 

the sensor yielded a receptor-spacer-fluorophore-spacer-receptor motif with two thiourea 

receptor, the primary nitrogen as a spacer and the allyl group as the fluorophore. The 

receptor was characterised by 1H-NMR and UV-Vis spectroscopic techniques to confirm 

the structural facets. The structure of receptor A is characterised by two absorption peaks 

(Figure 12), the main peak at 270 nm and a weak shoulder peak at 316 nm which could 

be due to the ICT transitions of the thiourea moiety and the excitation of the π electrons 

in the phenyl ring [92,93]. The 1H-NMR results obtained for receptor A (Appendix 1.1) 

shows that the peaks are more downfield (7.12-10.28ppm). The 1H-NMR characteristic 

features of receptor A include δH: 10.28 (m, 1H, -CNHAr); 9.80 (s, 1H, -NNH-) 9.08 (s, 

4H, -CNHC-), 7.62 (m, 10H,), 7.37 (m, 11H) and 7.12 (m, 6H) (Appendix 1.1). 
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Figure 12. UV-Vis absorption spectrum of free receptor A (1 x 10-5M) in DMSO 
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4.1.2 Visual sensing of different ions 

The colorimetric sensitivity of receptor A in DMSO towards anions in TBA salts form 

was visually observed. The results show that no colour change was observed with the 

addition of these anions: AcO-, F-, CN-, OH-, Br-, Cl-, ClO4
-, HSO4

-, I-, N3
-, NO3

-, and 

H2PO4
- (Figure 13). 

 

Figure 13. Colour change of receptor A (1x10-3M) in DMSO upon interaction with 

anions.  

 

Figure 14. Colour changes of receptor A (1x10-3M) in DMSO upon interaction with 

cations.  
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Equally, colorimetric sensitivity of receptor A towards cations such as Cu2+, Fe2+, Ag+, 

Al3+, Cd2+, Co2+, Cr3+, Mg2+, Mn2+, Pb2+, Ni2+, Sn2+, Sr2+ and Zn2+ was also observed in 

DMSO. Among the cations investigated, only Cu2+, Fe2+ and Co2+ depicted colour change. 

The addition of copper ion resulted in the colour change from colourless to green, while 

with cobalt, the colour changed from colourless to brown and iron colourless to light 

yellow (Figure 14). Receptor A was able to visually discriminate the different cations from 

each other with each cation displaying a unique colour change. However, no colour 

change was observed in all the other anions and cations. 

 

4.1.3 Absorption spectra of receptor A with different anions 

The binding ability of receptor A with anions was investigated using UV-Vis spectroscopy 

in DMSO with TBA salts solutions of AcO-, Br-, Cl-, ClO4
-, CN-, F-, HSO4

-,I-, N3
-, NO3

-, 

OH- and H2PO4
- (0.03M) at ambient temperature. The titration was carried out using an 

addition of incremental amount of 0.1 molar equivalent to a maximum of 3.0 molar 

equivalent of each anion to the receptor A (1x10-5 M) solution. The molar addition of 

AcO-, F-, CN- and OH- caused a bathochromic shift of the absorption maxima 316 nm 

from 270 nm (Figure 15). The bathochromic shift observed is associated with a π-π* due 

to the ICT between the proton of the thiourea N-H and the anions [92]. Furthermore, there 

exists a strong hydrogen bonding interaction between receptor A and the anions (AcO-, F-

, CN- and OH-). A well-defined isosbestic point at 286 nm is also observed and it indicates 

the presence of a complex in equilibrium with receptor A. 
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Figure: 15  The UV-Vis titration spectra and titration profiles of receptor A (1 x 10-

5M) in DMSO upon addition of 0-3equiv (a,b) CN-, (c,d) AcO-, (e,f) F- and (g,h) OH- at 

ambient temperature. 

 

Titration with Br-, Cl-, ClO4
-, HSO4

-, I-, N3
- and H2PO4

- yield no significant UV-Vis 

spectral changes (Figure S1). The 3 equivalent spectra of AcO-, F-, CN- and OH- were 

plotted in one graph to compare their sensitivity towards receptor A. From the plot, AcO- 

has the highest peak followed by F-, then CN- and OH- being the lowest (Figure 16). 

Furthermore, 3 equivalent spectra of each anion were combined in one plot to compare 

their sensitivity towards receptor A as shown in Figure 17 below. 
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Figure 16. UV-Vis absorption spectra of receptor A in the presence of acetate, fluoride, 

cyanide and hydroxide. 

 

 

 

 

 

 

Figure 17. The UV-Vis spectral of receptor A (1 x 10-5M) upon titration with solution of 

anions (AcO-, Br-, Cl-, ClO4
-, CN-, F-, HSO4

-, I-, N3
-, NO3

-, OH- and H2PO4
-) in DMSO at 

ambient temperature. 
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4.1.4 UV-Vis titration of receptor A with cations 

The interaction of receptor A was also investigated with metal chloride salts or metal 

nitrate salts. The presence of soft donor atoms such as sulphur, oxygen and nitrogen made 

it possible for receptor A to interact with cations through coordination. The chloride and 

nitrate salts used are: FeCl2‧4H2O, SnCl2‧2H2O, CrCl3‧6H2O, MgCl2, MnCl2‧4H2O, 

CuCl2‧2H2O, CdCl2‧H2O, SrCl2‧6H2O, AlCl3, Ni(NO3)2‧6H2O, AgNO3, Hg(NO3)2‧H2O, 

Zn(NO3)2‧6H2O, Co(NO3)2‧6H2O, Pb(NO3)2, and Fe(NO3)3‧9H2O (0.03M) at ambient 

temperature. Figure 18a-c- indicates the change in the UV-Vis spectra of receptor A (1x10-

5M) upon addition of salts of Cu2+, Fe2+ and Co2+; these cations interacted with the receptor 

A through coordination. Titration with Sn2+, Cr3+, Mg2+, Mn2+, Cd2+, Sr2+, Al3+, Ni2+, Ag+, 

Hg2+ and Zn2+ yield no significant UV-Vis spectra changes (Figure S2).  
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Figure 18. The UV-Vis titration spectral changes of receptor A (1 x 10-5M) with (a) Cu2+, 

(b) Fe2+ and (c) Co2+in DMSO upon addition of 0-3 equiv. (a) Cu2+, (b) Fe2+ and (c) Co2+ 

at ambient temp.  

 

The molar addition of cations Cu2+, Fe2+ and Co2+ also caused a bathochromic shift. The 

molar addition of copper resulted in an absorption peak centered at 270 nm disappearing 

concomitantly with the appearance of the peak at 316 nm (Figure 18a). For cobalt, the 

absorption peak at 270 nm disappearing concurrently with the new peak formed at 316 

nm (Figure 18c). A well-defined isosbestic point is observed for Cu2+ and Co2+ at 284 nm, 

and the formation of an isosbestic point for copper and cobalt indicates that a complex is 

formed with the sensor. However, iron behaves differently with a new peak at 315 nm 

appearing parallel to the sensor peak at 270 nm, and no isosbestic point was observed 

(Figure 18b). Furthermore, receptor A is more sensitive and selective to copper than iron 

and cobalt (Figure 19), the comparison of different cation sensitivity (Figure 20). 
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Figure 19. UV-Vis absorption spectra of receptor receptor A in the presence of copper, 

iron and cobalt ions. 
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Figure 20. The absorption spectral of receptor A (1 x 10-5M) upon titration with solution 

of cations (Ag+, Al3+, Cd2+, Co2+, Cr3+, Mg2+, Mn2+, Pb2+, Ni2+, Sn2+, Sr2+, Zn2+) in DMSO 

at ambient temperature. 
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4.1.5 Job plot studies of receptor A with ions 

The Job plot was used to determine the stoichiometric ratios between receptor A and the 

anions. The Job plot of the UV-Vis titrations of anions with the concentration of 10µl was 

performed to explore the binding mechanism of anions with the receptor A. The total 

concentration of receptor A and anions was (1 x 10-4M) with various molar fraction from 

1µl to 10µl with incremental of 1µl [sensor]/ [sensor] + [anion]. The data obtained from 

the jobs plot spectra indicate that there are variations in the interaction ratio of anions and 

the receptor A. The ratios vary from 3:1 to 1:1 ratio with the selected anions. The presence 

of NH which possesses the acidic protons made receptor A an ideal sensor for anions. The 

proposed mode of interaction for anions is through hydrogen bonding (Scheme 5). The 

interaction of acetate has maximum absorption at 7 molar fraction which indicates that A-

AcO form a 1:3 complex, (1A: 3AcO) (Figure 21a). Fluoride and hydroxide have similar 

interaction with a maximum absorption observed at 5 molar fraction, which means that 

A-F and A-OH form stoichiometric ratio of 1:1 complex (Figure 21b and d). For cyanide, 

the maximum absorption was observed at 6 molar fraction which indicate that A-CN form 

a 1:2 complex (Figure 21c). 
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Figure 21. The Job plots of (a) [A-AcO-], (b) [A-F-], (c) [A-CN-], and (d) [A-OH-] at         1 

x 10-4 M in DMSO. 

 

 

Scheme 5: Proposed binding models of (a) A-AcO, (b) A-CN, (c) A-OH and (d) A-F 
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To determine the binding mechanism for cations with the receptor A, Job’s plot of the 

UV-Vis titrations was performed. The total concentration of receptor A and cations was 

(1 x 10-4M) with various molar fraction [sensor]/ [sensor] + [cation]. The obtained spectra 

show that for receptor A-copper, a maximum absorption was observed at 5 molar fraction 

which indicates that [A-Cu] form a 1:1 complex (Figure 22a). Iron has a different 

stoichiometric ratio from copper, and for the receptor A-iron, a maximum absorption was 

observed at 9 molar fraction, which means that receptor A- iron form 9:1 complex (Figure 

22b). For receptor A-cobalt, a maximum absorption is observed at 9 molar fraction, 

forming a 9:1 complex (Figure 22c). The proposed binding modes of the sensor and 

cations were deduced from the Job plot results (Scheme 6). The interaction of receptor C 

and cations is based on coordination through the donor atoms nitrogen and sulphur. From 

the Job’s plot and absorption spectra of iron depicted, a broad band and no isosbestic point 

was observed, and it is likely that A-Fe interaction is through π-π starking. 
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Figure 22. Job plots of (a) [A-Cu2+], (b) [A-Fe2+] and (c) [A-Co2+] at 1 x 10-4 M. in DMSO. 

 

N
HN

N
HN

H
N

S

H
N

N
H

S

N
H

N

H
N

N

H
N

NH
S

NH

HN
S

HN

N
HN

N
HN

H
N

S

H
N

N
H

S

N
H

Cu

HN
S

HN

NH
S

NH

N
H

N

N
H

N
Fe

Fe2+

(b)

(c)

N

H
N

N

H
N

NH
S

NH

HN
S

HN
HN

S
HN

NH
S

NH

N
H

N

N
H

N
Co

C
u 2+

(a)

Co2+

  

 Scheme 6: Proposed binding models of (a) A-Co, (b) A-Fe and (c) A-Cu. 
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4.1.6 Fluorescence titration of receptor A with ions  
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Figure 23. Fluorescence of the receptor A 

 

The fluorophore probes redesign in a way that the structure bears the donor atoms such as 

nitrogen, sulphur, and oxygen with a function of coordinating to metal ions. Whereas, the 

existence of the amine group on receptor C made it capable of interacting with the anions 

through hydrogen bonding/deprotonation. Receptor A may offer up to three donor atoms, 

namely the thioamide nitrogen, the imine nitrogen and sulphur. The receptor is expected 

to be deprotonated for it to coordinate with the cations. The receptor A displayed a strong 

fluorescence emission band at 423 nm (Figure 23) with the excitation wavelength at 370 

nm observed from the fluorescence spectroscopy. Moreover, host-guest recognition 

ability was further investigated with fluorescence titration in DMSO. Anions 0-3 molar 

equiv. were used in the fluorescence titrations and receptor A (1x10-5M). Several anions 

that are recognized via UV-Vis titration were explored with the fluorescence spectroscopy 
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which include TBA salts solutions of AcO-, CN-, F- and OH- at ambient temperature. The 

molar addition of 3 equiv. of each of these AcO-, F-, CN- and OH- resulted in fluorescence 

enhancement of the emission spectrum figure (24a and b-25a and b). For AcO- and CN-, 

the enhancement of emission is associated with a red shift from 421 nm to 438 nm (Figure 

24a and b), whereas for F- and OH-, the emission enhancement is shifted from 420 nm to 

435 nm (Figure 25a and b). Generally, for the anion, fluorescence behaved in a similar 

way.  
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Figure 24. Fluorescence titration spectra of receptor A (1 x 10-5M) in DMSO (3.0µl) in 

the presence of increasing amounts of 0-3 equiv. (a) AcO- and (b) CN- 
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Figure 25. Fluorescence titration spectra of receptor A (1 x 10-5M) in DMSO (3.0µl) in 

the presence of increasing amounts of 0-3equiv (a) F- (b) OH-. 

 

Similarly, the same fluorescence test was conducted for metal ions. The addition of 10 

molar equiv. iron to receptor A emission quenching was observed in the region of 430 nm 

(Figure 26a). The fluorescence titration of mercury and copper with receptor A resulted 

in a slight enhancement of the emission; for mercury and copper a broad band is observed 

in the region 436 nm as shown in the (Figure 26b and 27). The addition of both 10 molar 

equiv. nickel and 10 molar equiv. cobalt resulted in the enhancement of the emission in 

the region of 435 nm respectively (Figures 26c and 26d). 
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Figure 26. Fluorescence titration spectra of receptor A (1 x 10-5M) in DMSO (3.0µl) in 

the presence of increasing amounts of 0-10equiv (a) Fe2+, (b) Hg2+, (c) Ni2+ and (d). Co2+. 
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Figure 27.  Fluorescence spectra of receptor A (1 x 10-5M) in DMSO (3.0µl) in the 

presence of increasing amounts of 0-1 equiv. Cu2+. 

 

 

4.2 Receptor C interaction with ions 

4.2.1. Characterization of receptor C 

The receptor C has been synthesized by Schiff base condensation reaction. The design of 

this sensor is based on fluorophore-spacer-receptor, with naphthol fluorophore separated 

by a methylene spacer and hydrazinecarbodithioic acid as a receptor. The sensor has an 

electron withdrawing naphthol and electron donating N-H. The receptor was characterised 

by UV-Vis and 1H-NMR spectroscopic techniques to confirm the structural aspects. The 

structure of receptor C (Figure 28) is characterised by several absorption bands at 266 nm, 

337 nm, 384 nm, with a shoulder peak at 402 nm and 489 nm. Two prominent peaks at 

266 nm and 384 nm were observed among the several absorption peaks. The receptor has 

absorptions bands in both the UV and the visible region. The absorption band in the shorter 

wavelength regions are ascribed to the π-π* transitions whereas the longer wavelengths 

are ascribed to the intermolecular charge transfer. The peak at 489 nm in the low energy 
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region is ascribed to the visible light induced charge transfer. The 1H-NMR was recorded 

in DMSO-d6 at 400 MHz. The 1H-NMR characteristic features of receptor C appear more 

downfield (7.23-13.37ppm) in the spectrum include δH:13.37(s,1H, -OH), 11.06 (s,1H, -

NH-), 9.21 (s,1H, H7) 8.76 (d, J=8.58Hz,1H,H1), 7.94 (d, J=8.94Hz,1H, H5), 7.87 (d, 

J=7.62Hz, 1H, H4), 7.59 (ddd, J= 1.32Hz, J=6.93Hz,J=8.46Hz, 1H, H3), 7.40 (m, 1H,H2) 

and 7.23 (d, J=8.94,1H, H6) (Appendix 1.2). 
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Figure 28. UV-Vis absorption spectrum of free receptor C (1 x 10-5M) in DMSO. 

 

4.2.2 Visual sensing of ions 

The colorimetric sensing ability of receptor C (1 x 10-4M) in DMSO was monitored with 

a naked eye before and after the addition of TBA salts, displaying colour changes (Figure 

29). For AcO-, F-, OCN-, CN-, OH-, N3
- and H2PO4

-, colour changed from light yellow to 

yellow indicating a chemical interaction between the sensor and the anions, whereas for 
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the addition of Br-, Cl-, ClO4-, HSO4
-, I-, and NO3

-, no detectable colour change was 

observed.   

 

  

Figure 29. Colour change of receptor C (1x10-4M) in DMSO upon interaction with anions  

 

Similarly, colorimetric sensitivity of receptor C towards cations, such as Cu2+, Fe2+, 

Ag+,Al3+, Cd2+, Co2+, Cr3+, Mg2+, Mn2+, Pb2+,Ni2+, Sn2+,Sr2+ and Zn2+, was also tested in 

DMSO. Upon investigation, receptor C depicted colour change with several metal ions 

(Figure 30). With addition of nickel, the colour changed from light yellow to yellow, and 

iron colour changed to brown. With addition of mercury, the colour changed slightly from 

light yellow to light green and zinc colour changed from light yellow to yellow and copper 

changed the colour from light yellow to light green. However, no significant colour 

change was observed with other cations. 
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Figure 30. Colour change of receptor C (1x10-4M) in DMSO upon interaction with 

cations. 

 

4.2.3 UV-Vis titration of receptor C with anions 

The recognition ability of receptor C was investigated with TBA salts solutions of AcO-, 

Br-, Cl-, ClO4
-, CN-, F-, HSO4

-, I-, N3
-, NO3

-, OH- and H2PO4
- (0.03) at ambient 

temperature. Figure (31a-e and 32a, b) indicates the change in the UV-Vis spectra of 

receptor C (1x10-5M) upon addition of salts of OCN-, CN-, AcO-, F-, OH- and H2PO4
-, 

respectively. Titration with Br-, Cl-, ClO4
-, HSO4

-, I-, and H2PO4
- yield no significant UV-

Vis spectra changes (Figure S3).  
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Figure 31. The UV-Vis titration spectral changes of receptor C (1 x 10-5M) with OCN- in 

DMSO upon addition of 0-3equiv (a) OCN-, (b) CN-, (c) AcO-, (d) F- and (e) OH- at 

ambient temperature.  
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Figure 32. The UV-Vis titration spectral changes of C receptor (1 x 10-5M) with. (a) 

H2PO4
- and (b) N3

- in DMSO upon addition of 0-2.5equiv H2PO4
- and N3

- at ambient 

temperature.  
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Figure 33. Receptor C and responding anions (3 equiv.) 

 

The addition of AcO-, CN-, F-, OCN- and OH- caused a bathochromic shift from 384 nm 

and its shoulder peak at 402 nm, as well as the peak at 337 nm disappearing and forming 

new peaks at 432 nm and 459 nm, respectively. In addition, the peak at 489 nm become 

more distinctive, whereas for the peak at 266 nm is enhanced. The bathochromic shift 

observed is associated with a π-π*/n- π*; this is due to intermolecular charge transfer 

between the proton of the hydrazone and the anions. The sensitivity of the anions with the 

receptor C is displayed (Figure 33) by comparing the 3 equiv. spectra of the 5 anions 

(OCN-, AcO-, F-, CN- and OH-) that are sensing, with cyanide ion being more sensitive, 

than fluoride, hydroxide acetate and cyanate being the least. 

 

4.2.4 UV-Vis titration of receptor C with cations 

The recognition ability of receptor C was investigated with metal salts. The chloride and 

nitrate salts used are: FeCl2‧4H2O, SnCl2‧.2H2O, CrCl3‧6H2O, MgCl2, MnCl2‧.4H2O, 
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CuCl2‧2H2O, CdCl2‧H2O, SrCl2‧6H2O, AlCl3, Ni(NO3)2‧6H2O, AgNO3, Hg(NO3)2‧H2O, 

Zn(NO3)2‧6H2O, Co(NO3)2‧6H2O, Pb(NO3)2, Fe(NO3)3‧9H2O at room temperature. Figure 

(34a-e) indicates the change in the UV-Vis absorption spectra of receptor C (1x10-5M) 

upon addition of salts of Cu2+, Fe2+, Ni2+, Zn2+ and Hg2+. Upon the addition of Cu2+, the 

prominent peak at 384 nm disappeared concurrently with the appearance of a peak at 433 

nm and a broad band in the region around 300 nm. Two isosbestic points were observed 

at 355 nm and 413 nm, indicating the presence of a complex in equilibrium with receptor 

C. The interaction of Cu2+ and receptor C is ascribed to charge transfer induced by 

coordination (Figure 34a). The addition of Fe2+ caused a significant decrease of the peak 

at 384nm with the formation of a band in the 300 nm region, and no isosbestic point could 

be observed (Figure 34b.). Upon the addition of Ni2+, the peak at 384 nm disappeared 

simultaneously with the appearance of a peak at 438 nm. Two well-defined isosbestic 

points were observed with Ni2+ at 331 nm and 413 nm; the interaction with receptor is 

attributed to coordination just like Cu2+ (Figure 34c.). Furthermore, the addition of Zn2+ 

to receptor C resulted in the disappearance of the peak at 384 nm concurrently with the 

appearance of a peak at 442 nm. Two isosbestic points were observed; however, only one 

isosbestic was well defined at 411 nm and the one in the region 342 nm was not well 

defined (Figure 34d). Upon the addition of Hg2+, a new band in the region 439 nm 

appeared simultaneously with the disappearance of the peak at 384 nm. Two isosbestic 

points were observed with Hg2+ in the region around 344 nm and 415 nm; however, they 

are not well defined (Figure 34e). Titration with Sn2+, Cr3+, Mg2+, Mn2+, Cd2+, Sr2+, Al3+, 

Ag+ and Co2+ yield no significant UV-Vis spectra changes (Figure S4).  
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Figure 34. The UV-Vis titration spectral changes of receptor C (1 x 10-5M) with (a) Cu2+, 

(b) Fe2+, (c) Ni2+, (d) Zn2+ and (e) Hg2+ in DMSO upon addition of 0-3equiv.(a) Cu2+, (b) 

Fe2+, (c) Ni2+, (d) Zn2+ and (e) Hg2+at ambient temperature.  

 

4.2.5 Job plots 

The binding mechanism of receptor C with the ions was determined, and Job plot for the 

UV Vis titration was carried out. The total concentration of receptor C and ions was (1 x 

10-4M) with various molar fraction [sensor]/ [sensor] + [ion]. For receptor C- cyanide, 

fluoride, cyanate and hydroxide, the maximum absorption was observed at 5 molar 

fraction, and this indicate that each of the four anions forms a 1:1 complex with receptor 

C (Figure 35a, c, d and e). For acetate (Figure 35b) on the other hand, the maximum 

absorption was observed at 6 molar fractions and it is likely to form 1:1 complex. The Job 

plot results was used to propose the interaction of mode of the receptor and anions 

(Scheme 7). The interaction of receptor C-F, C-OCN, C-OH and C-AcO is based on 
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hydrogen bonding, whereas for C-CN, it is through nucleophilic addition with the protons 

from the hydroxyl and the amine on the sensing compound. 
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Figure 35. The Job plots of (a) [C- CN], (b) [C-AcO], (c) [C -F], (d) [C -OCN], and (e) 

[C -OH] C at 1 x 10-4 M in DMSO. 

 

  

Scheme 7: Proposed binding models of (a) C-CN, (b) C-F, (c) C-OH, (d) C-AcO and C-

OCN  
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Similarly, to study the binding mechanism of receptor C and cations, the Job plot method 

was used. The obtained spectra show that receptor C-copper (Figure 36a) and receptor C-

zinc (Figure 36d) both have a maximum absorption observed at 6 molar fraction and are 

likely to each form a 2:1 (2C:Cu and 2C:Zn) complex with receptor C. On the contrary, 

receptor C-iron (Figure 36b) and receptor C-nickel (Figure 36c) each has a maximum 

absorption at 5 molar fraction. Iron and nickel each forms a 1:1 (C:Fe and C:Ni) complex 

with receptor C. The proposed interactions modes of the sensor and cations were deduced 

from the Job plot results (Scheme 8). The interaction of receptor C and cations is based 

on coordination through the donor atoms nitrogen, sulphur and oxygen.
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Figure 36. The Job plots of (a) [C-Cu], (b) [C-Fe], (c) [C -Ni], and (d) [M-Zn] at 1 x 10-

4 M in DMSO.  

 

Scheme 8: The proposed binding models of receptor C with (a) Fe2+, (b) Ni2+, (c) Zn2+ 

and (d) Cu2+  
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4.2.6 Fluorescence titration 
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Figure 37. Fluorescence spectra of receptor C 

The existence of the structural features such as hydroxyl and amine group on receptor C 

made it capable of interacting with the anions. Similarly, the presence of soft donor atoms 

receptor C made it capable of coordinating with the cations. The interactions of receptor 

C with the ionic species have an influence on the ICT, consequently affecting the emission 

properties of receptor C. Receptor C was characterized by a peak at 445 nm, and the 

excitation wavelength of receptor C was investigated with fluorescence spectroscopy 

found to be 390 nm, the fluorescence emission of receptor C (Figure 37). The host-guest 

recognition ability was further investigated with fluorescence titration in DMSO. Anions 

and cations were explored with the fluorescence spectroscopy. The anions investigated 

with the fluorescence spectroscopy are of AcO-, OCN-, CN-, F- and OH- at room 

temperature. The fluorescence spectra of receptor C and the different anions are shown in 

Figures 38-39. Upon the addition of acetate, emission enhancement could be observed 

with the fluorescence spectra, the peak at 445 nm is shifted to 458 nm, and a new peak 
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appearing at 521 nm (Figure 38a). The results of the Job plot indicates that the interaction 

is through hydrogen bonding, and the basicity character of acetate is associated with the 

deprotonation of receptor C when in excess [94]. Therefore, the dual emission 

characteristic of receptor C with anions interaction are attributed to hydrogen bonding and 

gradual deprotonation. The addition of molar equivalents of cyanide resulted in the dual 

emission enhancement with peaks at 453 nm and 520 nm (Figure 38b). The emission at 

453 nm is likely attributed to nucleophilic addition of cyanide interaction with imine 

group, whereas for 520 nm, it is ascribed to deprotonation of the amine and hydroxyl 

group. 

The fluoride addition resulted in the enhancement and a slight shift of the emission peak 

around 445 nm to 449 nm with a new band forming at 520 nm where enhancement is 

observed (Figure 38c). The addition of cyanate resulted in enhancement of emission 441 

nm and the formation and enhancement of a new band at 520 nm (Figure 39a). In the same 

vein, the addition of hydroxide resulted in the enhancement of emission around 450nm 

and the formation of the enhanced band at 520 nm (Figure 39b). 
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Figure 38. Fluorescence spectra of receptor C (1 x 10-5M) in DMSO (3.0µl) in the 

presence of increasing amounts of 0-2.5 equiv. (a) AcO-, (b) CN- and (c) F-. 
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   (a)      (b) 

Figure 39. Fluorescence spectra of receptor C (1 x 10-5M) in DMSO (3.0µl) in the 

presence of increasing amounts of (a) OCN- 0-30 equiv. and (b) OH- 0-5 equiv. 

 

Similarly, the cations were also investigated with the fluorescence spectroscopy. Upon the 

addition of Al3+, receptor C was characterised by dual emission at 470 nm and 490 nm 
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(Figure 40a). The two peaks are fluorescence enhanced, and are ascribed to the tautometric 

forms, the keto and enol. The addition of copper, nickel and iron (Figure 40b, 40c and 41) 

resulted in the fluorescence quenching of the emission, and with zinc (Figure 40d), 

minimal change was observed with the emission. The fluorescence quenching of receptor 

C upon addition of cations is ascribed to the chelation induced quenching process, 

furthermore, upon the addition of mercury quenching of 441 nm due to the chelation 

effect. In addition, a red shift from 441 nm to 509 nm was observed with enhancement of 

the emission at 509 nm, and with the increasing molar addition of mercury (Figure 42), 

an isosbestic point could also be seen at 469 nm showing the co-existence of two species 

at equilibrium.  
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Figure 40. Fluorescence spectra of receptor C (1 x 10-5M) in DMSO (3.0µl) in the 

presence of increasing amounts of 0-10 equiv. (a) Al3+, (b) Cu2+, (c) Ni2+ and (d) Zn2+  
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Figure 41. Fluorescence spectra of receptor C (1 x 10-5M) in DMSO (3.0µl) in the 

presence of increasing amounts of 0-15 equiv. Fe2+. 
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Figure 42. Fluorescence spectra of receptor C (1 x 10-5M) in DMSO (3.0µl) in the 

presence of increasing amounts of 0-10 equiv. Hg2+. 
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Chapter 5: Conclusion and recommendations 

5.1 Conclusion 

In this research, two dual multi-sensing and environmentally friendly receptor A and 

receptor C were synthesized using a cost effective single step mechanism of Schiff base 

in an aqueous environment. The receptors were characterized by the UV-Vis and 1H NMR 

spectroscopic techniques. Their application to biologically important anions and toxic 

heavy metal ions has been studied in DMSO. The result helped to assess the receptors’ 

ability to interact with the targeted ions. The receptor A displayed a strong sensing affinity 

towards AcO-, F-, CN- and OH- through spectroscopic techniques; however, no 

colorimetric sensitivity was observed. In addition, receptor A displayed both naked eye 

colorimetric sensitivity and spectrally towards cations Cu2+, Fe2+ and Co2+. The 

colorimetric observations were further confirmed by UV-Vis absorption spectra and 

fluorescence: A bathochromic shift of the absorption maxima 316 nm from 270 nm for 

ions and with an isosbestic point in the absorption spectra. Furthermore, fluorescence 

spectra of. AcO-, F-, CN-, OH-, Cu2+and Co2+ displayed fluorescence enhancement, and 

for Fe2+, fluorescence quenching.  

Correspondingly, receptor C was able to discriminate heavy metals such as Cu2+, Fe2+, 

Ni2+, Zn2+ and Hg2+ through naked eye colorimetric observations as well as spectrally. 

Spectrally, receptor C interactions with cations resulted in a variety of shifts in the spectra 

based on the identity of the cations in UV-Vis absorption. Fluorescence quenching was 

observed with most cations except for Hg2+ and Al3+ where fluorescence enhancement is 

perceived. Additionally, receptor C was also able to detect anions such as AcO-, F-, OCN-

, CN-, OH-, N3
- and H2PO4

-, and all the anions displayed colour change from light yellow 
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to yellow. A bathochromic shift from 384 nm and its shoulder peak at 402 nm, as well as 

the peak at 337 nm disappearing forming new peaks at 432 nm and 459 nm was observed 

for anions (AcO-, F-, OCN-, CN- and OH-) and fluorescence enhancement. Conclusively, 

the changes observed for receptor A and receptor C portray the chromogenic and 

fluorgenic features.  

Although the interaction of receptor A and receptor C with anions is through hydrogen 

bonding whereas heavy metals are through coordination, to improve the proposed binding 

mode, 1H NMR titration should be carried out in future research.  

 

5.2 Recommendations  

Although the characterization of the synthesized receptor A and receptor C were carried 

out by 1H NMR for identification of structural elucidation, their interaction with the 

analytes could not be carried out as this service was outsourced. It is, therefore, 

recommended that to further characterize receptor A and receptor C, with Fourier 

transform infrared spectrometer (FT-IR) to identify the functional groups responsible for 

sensing ability. In addition to FT-IR, electrospray ionization mass spectrometer (ESI-MS) 

should also be used to aid in identifying mass/weight fragments of receptor A and receptor 

C. Once receptor A and receptor C are thoroughly characterized, 1H NMR should be 

carried out for identification of [A-ion] or [C-ion] structural elucidation to improve the 

binding mode proposal and also, to support the UV-Vis and fluorescence data. Finally, 

when receptor A and receptor C are thoroughly characterized, and binding mode with the 

cations and anions are improved, future research could look into developing these 

chemosensors into testing kits.  
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Appendices 

Appendix 1: 1H NMR spectrum of receptors  

Appendix 1.1. 1H NMR spectral of receptor A in DMSO-d6 

  

  

Appendix 1.2. 1H NMR spectral of receptor C in DMSO-d6 
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Appendix 3: Supplementary information 

Absorption spectra of chemosensor A with different anions 
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Figure S1: The absorption titration spectra of receptor A (1x10-5 M) in DMSO with 3 

equiv. Of (a) Br-, (b) Cl-, (c) ClO4
-, (d) HSO4

-, (e) I-, (f) N3
-, (g) NO3

- and (h) H2PO4
- at 

ambient temperature. 
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UV-Vis titration of chemosensor A with cations 
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Figure S2: The absorption titration spectra of receptor A (1x10-5 M) in DMSO with 3 

equiv. Of (a) Ag+, (b) Al3+, (c) Cd2+, (d) Cr3+, (e) Fe3+, (f) Hg2+, (g) Mg2, (h) Mn2+, (i) 

Ni2+, (j) Pb2+, (k) Sn2+ , (l) Sr2+ and (m) Zn2+ at ambient temperature. 
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UV-Vis titration of receptor C with anions 
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Figure S3. The absorption titration spectra of receptor C (1x10-5 M) in DMSO with 3 

equiv. Of (a) Br-, (b) Cl-, (c) ClO4
-, (d) HSO4

-, (e) I- and (f) NO3
- at ambient temperature. 
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Figure S4. The absorption titration spectra of receptor C (1x10-5 M) in DMSO with 3 

equiv. Of (a) Ag+, (b) Cd2+, (c) Co2+, (d) Cr3+, (e) Fe3+, (f) Mg2+, (g) Mn2+, (h) Pb2+, (i) 

Sn2+ (j) Sr2+ and (k) Al3+ at ambient temperature. 

 


