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Abstract 

The thesis presents the development of polymer based electrospun nanofibers as 

diagnostic probes for the selective detection of toxic metal ions in water. Through 

modification of the chemical characteristics of nanofibers by pre- and post-electrospinning 

treatments, three different diagnostic probes were successfully developed. These were the 

fluorescent pyridylazo-2-naphthol-poly(acrylic acid) nanofiber probe,  the colorimetric 

probe based on glutathione-stabilized silver/copper alloy nanoparticles and the 

colorimetric probe based on 2-(2’-Pyridyl)-imidazole functionalized nanofibers. The probes 

were characterized by Fourier transform infrared spectroscopy (FTIR), Energy dispersive 

x-ray spectroscopy (EDX), Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM). The fluorescent nanofiber probe was developed towards the 

determination of Ni2+. Covalently functionalized pyridylazo-2-naphthol-poly(acrylic acid) 

polymeric nanofibers were employed. The solid state Ni2+ probe exhibited a good 

correlation between the fluorescence intensity and nickel concentration up to 1.0 mg/mL 

based on the Stern-Volmer mechanism. The detection limit of the nanofiber probe was 

found to be 0.07 ng/mL. The versatility of the fluorescent probe was demonstrated by 

affording a simple, rapid and selective detection of Ni2+ in the presence of other competing 

metal ions by direct analysis without employing any sample handling steps. For the second 

part of the study, a simple strategy based on the in-situ synthesis of the glutathione 

stabilized silver/copper alloy nanoparticles (Ag/Cu alloy NPs) in nylon 6 provided a fast 

procedure for fabricating a colorimetric probe for the detection of Ni2+ in water samples. 

The electrospun nanofiber composites responded to Ni2+ ions but did not suffer any 

interference from the other metal ions. The effect of Ni2+ concentration on the 

nanocomposite fibers was considered and the “eye-ball” limit of detection was found to be 

5.8 μg/mL. Lastly, the third probe was developed by covalently linking an imidazole 

derivative; 2-(2′-Pyridyl)-imidazole (PIMH) to Poly(vinylbenzyl chloride) (PVBC) and nylon 

6 nanofibers by post-electrospinning treatments using a wet chemical method and graft co-

polymerization technique, respectively. The post-electrospinning modifications of the 

nanofibers were achieved without altering their fibrous morphology. The color change to 
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red-orange in the presence of Fe2+ for both the grafted nylon 6 (white) and the chemically 

modified PVBC (yellow) nanofibers was instantaneous. The developed diagnostic probes 

exhibited the desired selectivity towards the targeted metal ions. 
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Chapter 1 Background 

 

1.1 Introduction 

The conservation and protection of the environment is essential for the health of both 

humans and other organisms. Environmental pollution is becoming a global concern. 

Experts estimate that industrial processes introduce daily up to a million different 

pollutants into the atmosphere and the aquatic environment [1]. Toxic metal ions are the 

most significant environmental pollutants found in water bodies, thus raising concerns 

regarding the long-term effects of metal ion exposure on human health and natural 

ecosystems. The toxicity of metals has led to the urgency for the development of methods 

for detection, quantification and their removal from the environment. 

 

1.2 Toxic heavy metal ions in the environment 

Heavy and transition metal ions play important roles in many biological and environmental 

processes [2, 3]. Depending on the abiotic environment and/or the organisms of interest, 

the physiological, ecological and toxicological effects of these ions are usually strongly 

structure-specific, i.e. they depend on the species [4, 5]. The biological efficacy of a single 

species for instance, if it acts as an essential (trace) element or as an acute toxin, is critically 

determined by its concentration in the respective medium and the uptake paths of an 

organism [6]. Metal ions such as Zn2+, Cu2+,  Ni2+ and Fe2+/Fe3+ are fundamentally involved 

in biochemical reactions at the trace level (<1 mM), e.g. in catalysis, transport or 

biosynthesis. However, at concentrations greater than 1 mM, accumulation of the ions in an 

organism could lead to unhealthy interactions in biochemical redox processes. For 

instance, interaction of the metal ions can lead to the inhibition of enzyme activity or 

nephrotoxicity [7]. In fact pollution by heavy metal ions remains one of the greatest 

environmental risks to date [8]. Heavy metal detection continues to be a priority as high 
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levels of metals have been isolated from soil and drinking water because of their extensive 

applications in industrial and domestic processes.   

 

1.3 Sources of metal contamination 

Heavy metals have been used by humans for thousands of years. Although several adverse 

health effects of heavy metals have been known for a long time, exposure to metals 

continues. The concentration of heavy metals is even increasing in some parts of the world, 

particularly in developing countries, although emissions have declined in most developed 

countries over the last 100 years [9]. Metals are being brought into the environment by 

human activities which started more than 4000 years ago with mineral exploitation [10]. 

Consequently, the human activities have influenced and modified natural cycles (Fig. 1.1).  
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Figure 1.1: Sources of heavy metal pollution for the aqueous system [11]. 

 

Unprecedented pollution resulted from industrialization and the increased consumption of 

energy. The combustion of fossil fuels has led to increased concentrations of heavy metals 

into the atmosphere and the aquatic environment. Crude oil, for example, contains 3.4 ppm 

mercury and the firing of coal results in the worldwide emission of 2.4 x 104 t of lead per 

year [2]. Because of their non-biodegradable nature, high solubility in water and their 

potential to accumulate in different body parts; metals cause serious side effects to human 

health. 

 

1.4 Toxicity of metal ions 

Metal ions show a large tendency to form complexes, especially with nitrogen, sulphur and 

oxygen containing ligands of biological matter [12]. Their toxicological effects can be 

explained by the interactions which lead to changes in the molecular structure of proteins, 

through breaking of hydrogen bonds and subsequent formation of strong and stable 

chemical bonds (Fig. 1.2). The hydrogen atoms or the methyl groups of proteins are 
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replaced by the poisoning metal and the enzyme is thus inhibited from functioning, 

whereas the protein-metal compound acts as a substrate and reacts with a metabolic 

enzyme. 

 

 

  

 

 

 

 

 

 

 

 

Figure 1.2: Biochemistry of heavy metal toxicity; (A) Intramolecular bonding (B) Intermolecular 

bonding; P = Protein; E = Enzyme; M = Metal [10]. 

 

Acute poisoning is rarely observed and usually, it results from suicidal activities or 

accidents. Chronic toxicity is much more relevant and is caused by repeated exposure over 

long periods of time. Mutagenic, carcinogenic or teratogenic effects have been described for 

some heavy metals [2]. Besides the fact that mercury, cadmium and arsenic are highly toxic, 

some heavy metals such as iron, copper, zinc, manganese, cobalt, nickel, tin, and selenium 

are essential to many organisms. These elements, along with amino acids, fatty acids and 

vitamins are required for normal biochemical processes such as respiration, biosynthesis 

and metabolism [13]. An undersupply of the so-called trace metals leads to deficiency, 

while oversupply results in toxic effects [1].  

For instance nickel is an essential element to biota for its biological functions; it is required 

to take part in various enzyme activities such as hydrogenases, superoxide dismutases, 

SH 

SH 

+       M2+ 

S 

S 

M +     2H+                       (A) P or E 

SCH3 

SCH3 

+    2M2+ 

S-M-S 

S-M-S 

+   4CH3
+          (B) 2 



5 

 

acetyl-coenzyme, carbon monoxide dehydrogenases, and catalytic processes [14]. 

However, the concentration of nickel needed by the body is very little, an excess of nickel 

ion in an organism may cause adverse health effects like dermatitis, allergy, carcinogenesis 

and even cell death and therefore its determination is of tremendous interest [14]. In 

accordance with toxicity data and scientific studies, the World Health Organization (WHO) 

recommends standards and guidelines for heavy metals in drinking water. The 

recommended standards and guidelines set by WHO are summarized in Table 1.1. 

 

Table 1.1: WHO standards and guidelines for heavy metals in drinking water [15]. 

      Metal WHO (mg/L) 

       Cd  

       Cu 

       Pb 

       Hg  

       Ni  

       Fe    

0.003 

2 

0.01 

0.006 

0.07 

2 

 

1.5 Nickel 

Nickel (Ni) is the 24th most abundant element in the Earth’s crust, comprising about 3% of 

the composition of the earth. It is the 5th most abundant element by weight after iron, 

oxygen, magnesium and silicon. It is a member of the transition series and belongs to group 

VIII B of the periodic table along with iron, cobalt, palladium, platinum and five other 

elements. Nickel is a naturally occurring element that can exist in various mineral forms. As 

a member of the transition metal series, it is resistant to corrosion by air, water and alkali, 

but dissolves readily in dilute oxidizing acids [16, 17].  
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1.5.1 Occurrence and sources of nickel 

Natural nickel is a mixture of five stable isotopes although nineteen other unstable isotopes 

are known. It can exist in several different oxidation states, the prevalent oxidation state 

under environmental conditions is Ni (II), nickel in the +2 valence state. Other valences (-1, 

+1, +3, and +4) are also encountered, though less frequently [1, 16, 18]. Nickel and nickel 

compounds have many industrial and commercial applications. Nickel metal and its alloys 

are widely used in the metallurgical, chemical and food processing industries, especially as 

catalysts and pigments. The nickel salts of greatest commercial importance are nickel 

chloride, sulphate, carbonate, nitrate, hydroxide, acetate and oxide [19, 20].  

Nickel is one of many trace metals widely distributed in the environment, being released 

from both natural sources and anthropogenic activities, with input from stationary and 

mobile sources. It is present in the air, water, soil and biological material. Natural sources 

of atmospheric nickel levels include wind-blown dust, derived from the weathering of 

rocks and soils, volcanic emissions, forest fires and vegetation. Nickel finds its way into the 

ambient air as a result of the combustion of coal, diesel oil and fuel oil, the incineration of 

waste, sewage, and miscellaneous sources [18-23].  

Environmental sources of lower levels of nickel include tobacco, dental or orthopaedic 

implants, stainless steel kitchen utensils and low-cost jewellery [21, 24]. Tobacco smoking 

is another, significant, source of non-occupational exposures to nickel. It has been 

estimated that each cigarette contains nickel in a quantity of 1.1 to 3.1 μg and that about 

10-20% of the nickel inhaled is present in the gaseous phase. According to some reports 

[25], nickel in tobacco smoke may be present in the form of nickel carbonyl, a form which is 

extremely hazardous to human health. Pipe tobacco, cigarettes and other types of tobacco 

products do not greatly differ from one another in the content of nickel [22, 25]. 
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1.5.2 Nickel in water 

Drinking water generally contains nickel at concentrations less than 10 μg/L, assuming a 

daily intake of 1 L of water and a level of 5-10 μg/L, the mean daily intake of nickel from 

water for adults would be between 5 and 10 μg. Tests conducted in the USA revealed that, 

97% of the 2053 drinking water samples tested had nickel concentrations below 20 μg/L 

and 80% of the samples had less than 10 μg/L. In exceptional cases, values up to 75 μg/L 

were found and those as high as 200 μg/L were recorded only in the nickel ore mining 

areas. The incidence of health impairments due to higher nickel intakes in drinking water is 

extremely rare [26].  

The concentration of nickel in cold and hot water depends on the quality of the water pipes 

as well. According to research carried out in Warsaw, Poland by Prystupa and Rudzki, in 

the case of metal pipes, the level of nickel in hot water was higher than in cold water. 

However, where PVC pipes were used, nickel concentration was higher in cold water than 

in hot water [27]. Soft drinking water and acidic beverages may dissolve nickel from pipes 

and containers. Leaching or corrosion processes may contribute significantly to oral nickel 

intake, occasionally up to 1 mg/day. In another study, nickel concentration in screened 

households’ drinking water decreased significantly after 10 minutes of flushing in the 

morning from an average of 10.79 μg/L to 7.23 μg/L, respectively [20, 28]. The major 

sources of trace metal pollution in aquatic ecosystems, including the ocean, are domestic 

wastewater effluents (especially As, Cr, Cu, Mn and Ni) and non-ferrous metal smelters (Cd, 

Ni, Pb and Se).  

Nickel is easily accumulated in biota, particularly in the phytoplankton or other aquatic 

plants, which are sensitive bio-indicators of water pollution. It can be deposited in the 

sediment by processes such as precipitation, complexation, adsorption on clay particles 

and via uptake by biota [22, 29, 30]. In lakes, nickel is predominant in its ionic form and in 

association with organic matter. In rivers, nickel is transported mainly as a precipitated 

coating on particles and in association with organic matter [29]. Like many heavy metals 

nickel has the ability to bioaccumulate along the food chain and cause toxicity. Therefore its 
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quantification and removal is essential. Like nickel, iron is also considered as an essential 

element in biological systems but if its concentration exceeds the normal level it may 

become a potential health hazard. 

 

1.6 Iron 

Iron is the most abundant of the heavy metals in the Earth’s crust and the most widely used 

than any of the others. Metallic iron is obtained from the refining of iron ore. It has 

enormous applications ranging from small tools to big structures [31, 32]. Iron exists in 

oxidation states of 2 and 3 in a variety of rocks and soil minerals and it is an essential trace 

element in biological systems [33]. The oxidation states of iron, Fe(II) and Fe(III) are much 

closer together in stability when compared with other transition elements having oxidation 

states of 2 and 3. As a result of the stability, ferrous and ferric solutions can readily be 

inter-converted by the use of mild oxidizing or reducing agents [32]. Because of its wide 

spread occurrence, iron and its derivatives are widely distributed in nature.   

    

1.6.1 Iron in the environment 

Iron is a natural constituent of the environment. It is the fourth most abundant element in 

the Earth’s crust (5.6% by mass). In natural waters, it exists in two oxidation states; Fe(II) 

and Fe(III). In oxygenated water, Fe(III) predominates and it readily forms hydroxide and 

becomes insoluble. Fe(II) when present is rapidly oxidized to Fe(III) because it is unstable 

in oxygenated water. Photo-reduction of Fe(III) in surface water, atmospheric deposition, 

and diffusion from sediments are the potential sources of Fe(II) [34-36]. 

The concentration of total iron in oxygenated surface water is usually more than 1 mg/L 

and is less in seawater. On the other hand, ground water and acidic surface drainage 

contain considerably higher concentrations of iron. In sea water, iron is found as dissolved 
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Fe(III), colloidal Fe(III) and as suspended particles. Iron can be bound in humic and fulvic 

acid polymers and organic particles. It can also exist in live and dead biota [37]. 

The concentrations of dissolved iron in the ocean are typically < 0.2 nM in surface waters 

and 0.7-0.8 nM in deep waters [38]. Since iron is an essential micronutrient for the growth 

of surface dwelling marine plankton, the very low concentration of iron in the ocean have 

been reported to limit phytoplankton growth in high nutrient low chlorophyll regions [39]. 

More than 20% of the surface oceans consist of chlorophyll waters, which support low 

primary production of phytoplankton despite an abundance of the major plant nutrients; 

nitrates and phosphates [40]. Figure 1.3 shows a schematic diagram of the biogeochemical 

cycling of iron in the environment. A biogeochemical cycle is the complete path a chemical 

takes through the four major components, or reservoirs, of Earth’s system: atmosphere, 

hydrosphere, lithosphere, and biosphere [41]. Both iron(II) and iron(III) play a central role 

in the biosphere serving as an active centre in a wide range of proteins such as oxidases, 

reductases and dehydrases [42]. 
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Figure 1.3: Schematic diagram of biogeochemical iron cycling in the environment [36]. 

 

1.6.2 Biological importance of iron 

Iron is one of the most important elements involved in living process; it plays a central role 

in almost all living cells of both plants and animals. As an essential constituent of a number 

of proteins, iron is involved in oxygen transport or metabolism [43, 44]. In plant 

metabolism, iron is essential for photosynthesis, respiratory electron transport, nitrate 

reduction, chlorophyll synthesis and detoxification of reactive oxygen species [36]. In 

animals, iron is important in transport, storage and electron transfer processes [37]. 

Metal ions in biological systems are loosely associated with enzymes to turn on and off or 

modify the rate at which the enzymes work. In other cases, some metal ions are found 

firmly bound to the protein molecules e.g. haemoglobin in the red blood cell which is 

responsible for oxygen transport through the body. The binding capacity of hemoglobin to 
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oxygen depends on the presence of the heme group. At the center of each heme group, 

there is an atom of iron that is attached to four nitrogen atoms in the porphyrin ring (Fig. 

1.4). Iron cannot be substituted by another metal in the heme molecule. Iron also plays a 

significant role in respiratory enzymes such as cytochromes that allow humans to use 

oxygen and is necessary for the functioning of myoglobin in muscles [45]. 
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Figure 1.4: The heme complex in which Fe(II) is coordinated to four nitrogen atoms of a planar  

porphyrin ligand [46]. 

 

Fe(II) is required for proper transport and storage of oxygen by hemoglobin and myoglobin 

in higher animals. Methemoglobin and metmyoglobin are the oxidized forms of the 

proteins that contain Fe(III) as they cannot bind oxygen [47].  

A healthy human adult body contains about 4 g of iron out of which, nearly 70% is present 

in oxygen carrying protein hemoglobin and myoglobin, with only 0.7% present in other 

intracellular proteins and enzymes. The remaining ~29% is stored [34, 48]. The average 

requirement of iron is 1.3 mg/day in males and non-menstruating females and 1.8 mg/day 

in menstruating females. Iron deficiency causes anaemia which is one of the world’s most 

common nutritional deficiency diseases [49], and gastric mucosal atrophy [50]. At low-level 
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iron is an essential element in the diet but gets toxic when its concentration becomes 

higher [33]. Excessive intake of iron has been reported to cause siderosis and damage to 

organs [51], toxicity and even death [52]. 

Therefore, selective detection and quantification of essential and non-essential heavy and 

transition metal ions is of great importance in analytical, biological and environmental 

sciences. A number of analytical techniques approved by EPA have been in use to monitor 

and quantify the levels of heavy metals in the environment. While these techniques do an 

excellent job, only a few of them have found their way into routine analysis of heavy metals.  

 

1.7 Conventional methods for the determination of toxic metal ions 

The determination of metal ions is a challenging subject for analytical chemists based on 

their toxicity even at very low concentrations. In addition; their similar chemistry is 

complicated with respect to selectivity of the method. A variety of analytical methods 

fulfilling the demands are available. However, only some of them have found application in 

routine analysis.  

Recommended procedures for the determination of metal ions in water samples include 

photometric methods, flame or graphite furnace atomic absorption spectroscopy (AAS, 

GFAAS), inductively coupled plasma emission or mass spectrometry (ICP-ES, ICP-MS), total 

reflection X-Ray fluorimetry (TXRF) and anodic stripping voltammetry (ASV) [1, 2, 53, 54]. 

While AAS and photometry are single element methods, ICP-ES, ICP-MS and TXRF are used 

for multi-element analysis methods, and voltammetry is an oligo-element approach. The 

methods offer good limits of detection and wide linear ranges, but require high cost 

analytical instruments developed for use in the laboratories. Furthermore, the necessary 

collection, transportation and pretreatment of  samples are time consuming and a potential 

source of error [55]. However, smaller, portable and less expensive devices have been 

brought to the market. On the other hand, there has been an increased development of 

optical probes for a variety of applications. The toxicity of metal ions makes a continuous 
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monitoring of drinking and ground water sources necessary. Optical probes enable field 

monitoring and therefore could be useful alternative tools [56]. For environmental 

analysis, single use test-stripes for various ions, including heavy metals, are commercially 

available [57].  

Reports on the development of optical probes for heavy metals are on the increase and 

mainly two concepts are applied [58]. The first employs lipophilic neutral ionophores, 

while the second makes use of immobilized indicator dyes. Due to the nature of metal ions, 

their similar chemistry, nearly all probes lacked selectivity. Overcoming the limitation of 

selectivity has led to the development of the so-called artificial noses and tongues that rely 

on cross-reactive sensor arrays [59]. The schemes consist of a number of molecular 

recognition cavities or baskets grouped to an array format, which delivers a characteristic 

response that could be evaluated with chemometric tools. 

 

1.8 Molecular recognition of metals ions 

1.8.1 The principle of molecular recognition 

Molecular recognition signifies the processes of specific but non-covalent binding of a guest 

species by an organic host molecule. Fundamentally, molecular recognition involves the 

interactions between molecules: i.e. bond formation, acid-base interactions, hydrogen-

bonding, dipolar and multipolar interactions, van der Waals interaction and physical 

adsorption. Molecular recognition has its origin in the discovery of macrocyclic 

compounds, which were capable of selective binding of alkali ions, and is a field in 

supramolecular chemistry [60]. Usually, in optical probes for metal ions, the recognition 

process is generated by synthetic or natural receptors, so called ionophores or carriers [61, 

62]. Application of the molecular cavities, or similar hosts in which ions could fit and bind 

selectively and reversibly, was a step forward towards the improvement of the selectivity 

of the probes.  
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Metal chelators and crown ethers are the forerunner of these types of selective host 

molecules. Further development led to more sophisticated organic molecules like podants, 

cryptands, spherands or calix(4)arenes [63]. Ionophores for metal ions take advantage of 

the high affinity of oxygen, nitrogen and sulfur donor atoms towards the ions. An effect that 

goes back to the principles of “hard and soft bases and acids” (HSAB) by Pearson [64]. 

Hence, Ag+, Cu+, Cd2+, Hg2+ and Pb2+ are classified as soft acid and bind favorably to ligands 

containing sulfur; while the border line acids Ni2+, Cu2+ , Co2+ and Zn2+ prefer binding to 

nitrogen. Figure 1.5 shows a selection of carriers bearing heteroatoms for the recognition 

of heavy metal ions. 
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Figure 1.5: Examples of ionophores and chelators for heavy metals; 1: 2-(3-phenyl-1, 2, 4-

oxadiazo-5-yl)phenol for Cu2+ ions 2: a purine derivative with high affinity for Hg2+[65]  3: a 

dithiocarbamate derivative with high selectivity for Ag+ and Hg2+[66]. 
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1.8.2 Schemes applied in molecular recognition 

1.8.2.1 Probes based on chromophores and fluoroionophores 

Diagnostic probes for the determination of cations based on complexation have gained 

popularity. A large number of metal indicators exist containing various groups with 

electron donating atoms for binding [67]. A prominent example is Xylenol Orange. The 

EDTA-type complexing agent undergoes different color changes on binding metal ions. The 

fluorescent counterpart calcein increases or decreases its fluorescence, besides its changes 

in color. To date, the field of supramolecular chemistry has brought to light new binding 

sites with improved selectivity. Logically, the idea of coupling the ionophores to 

chromophores or fluorophores emerged in the subsequent years, leading to the so-called 

chromoionophores and fluoroionophores [68].  

Within the chromoionophores and fluoroionophores conjugates, the receptor part 

recognizes the ion and the chromophore/fluorophore signals the binding event by a change 

in its optical property. The indicator substances are often referred to as colorimetric or 

fluorescent probes and a variety are commercially available [69, 70]. Analytical test strips 

(colorimetric probes) for heavy-metal ions can provide simple and convenient procedures 

for on-site analysis and daily monitoring of water quality without using costly instruments. 

However, since the standard limit values of heavy metals in the environment and drinking 

water are remarkably low (ppb level), the detection limits of commercial test strips (ppm 

level) are insufficient to satisfy the required criteria. In addition, since they are generally 

prepared by soaking paper in the signaling reagent, leakage of reagent is facile, and hence 

reliability and sensitivity of detection are poor.  

 

1.8.2.2 Optical probes based on dynamic quenching of fluorescence 

The principle of dynamic fluorescence quenching has been widely studied. A theoretical 

description of fluorescence quenching is given in Chapter 2.2.1.1.4. One of the most 

investigated collisional (dynamic) fluorescence quencher is molecular oxygen [71]. Various 
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applications of quenchers have been reported [56, 72]. In the field of ion analysis, the 

dynamic quenching effect of halides on quinolinum and acridinium compounds is well-

studied [73-75]. Approaches for the determination of chloride in blood [74], and the 

salinity of seawater [76], based on the effective quenching of immobilized lucigenin have 

been reported. 

Both colorimetric and fluorescent molecular probes possessing appropriate functionalities 

have consistently demonstrated their potential to analyse cations, anions and neutral 

species, both qualitatively and quantitatively. The next chapter outlines detailed 

mechanisms of detection by fluorescent and colorimetric probes. 

 

1.9 Objectives of the thesis 

The overall goal of the thesis was to evaluate the potential use of electrospun nanofibers as 

solid supports for hosting optical probes for the detection of heavy metal ions in water. The 

specific aims of the thesis were; 

i) To develop a fluorescent probe for the quantification of Ni2+ ions in water.  

ii) To develop a colorimetric probe for the detection of Ni2+ ions based on silver-

copper alloy nanoparticles hosted in electrospun nanofibers.  

iii) To develop a colorimetric probe for the detection of Fe2+ ions in aqueous media 

by post-electrospinning modification of electrospun nanofibers.  
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Chapter 2 Diagnostic probes 

 

2.1 Overview 

This chapter presents literature review on the mechanisms, theory and examples of 

materials that have been used to fabricate optical probes. Also outlined in the chapter are 

materials such as chemo-responsive dyes, synthetic ligands and metal nanoparticles that 

have been used to fabricate optical probes. 

 

2.2 Diagnostic probes for the determination of toxic metal ions 

A large number of optical probes and test strips for heavy metals have been developed in 

the past and were extensively reviewed by Oehme and Wolfbeis [58]. More recent reports 

have dealt with metal indicators dispersed in plasticized poly(vinyl chloride) (PVC) [77, 78] 

or immobilized to ion exchange resins [79-81], and with ion exchange membranes [82]. 

Although extensive work has been carried out, sensing heavy metals still suffers from poor 

selectivity and reusability in most cases. New approaches take advantage of combinatorial 

methods [83] or chemometric tools [84], such as regression models or artificial neuronal 

networks, and gain selectivity from a response pattern of non-selective probes. The 

combinatorial methods run in parallel with developments in ion-selective electrodes, 

where chemometry has been employed for the determination of heavy metal ions [85]. The 

most significant methods make use of fluorescent reagents that can be quenched by metal 

ions or indicator dyes that can show color change in the presence of metal ions. 

 

2.2.1 Fluorescent probes 

Metal ions could have profound biological effects in animals and the environment even at 

extremely low concentrations, often less than 1 mg/L [14, 86, 87].
 
Therefore, it is important 
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to be able to detect transition metals at low concentrations so as to assess their impact on 

health and for environmental monitoring [88].
 
The development of such assay methods 

presents a significant challenge. There are many methods which are approved by the 

Environmental Protection Agency (EPA) to determine transition metal concentrations in 

drinking water [89]. While the methods do an excellent job in accurately detecting low 

levels of transition metals, they often require extensive sample preparation and expensive 

instrumentation, and thus less suited for routine analysis.  

The development of other techniques having good specificity, sensitivity, as well as being 

inexpensive and fast is of great practical importance. One such approach that could be used 

to detect and quantify transition metal ions is the use of fluorescent organic probes. The 

fluorescence technique has added advantages over the other instrumental methods. It does 

not require extensive sample preparation and it is relatively fast. Intriguingly, specificity 

for particular metal ions can often be built into the technique. In fluorescence assays, the 

complexation of analyte results in either enhanced fluorescence intensity of the probe, an 

event that is also termed chelation-enhanced fluorescence (CHEF) or in decreased 

fluorescence intensity of the probe; chelation-enhanced quenching (CHEQ). For heavy 

metals chelation of closed shell ions, e. g. Zn2+ or Cd2+ results in CHEF, while CHEQ is 

usually observed with metals  like; Cu2+, Ni2+ or Hg2+, due to open shell electron 

configuration or the heavy atom effect [90].  

The most important mechanisms, signaling a recognition event of a fluoroionophore 

include, charge transfer (CT), photoinduced electron transfer (PET), energy transfer and 

excimer or exciplex formation or disappearance among others [68, 90-92]. Within 

intramolecular charge transfer probes, the analyte interacts directly with a ligand that is 

part of the fluorophore π-system. In the simplest form, the fluorophore contains an 

electron donating group conjugated to an electron withdrawing group able to undergo an 

intramolecular charge transfer on excitation by light. The intramolecular charge transfer 

leads to changes in the intensity of fluorescence or absorbance and consequently, 

simultaneous spectral shifts of absorbance or fluorescence are observed.  
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Fluorescent probes based on the PET mechanism involve, an internal red-ox reaction 

between the excited state of the fluorophore and another species which is able to donate or 

to accept an electron. The electron density of the free binding site quenches the 

fluorescence of the covalently linked fluorophore. In the bound state the electron density is 

reduced by the bound species and the quenching effect is observed. Unlike CT probes, only 

fluorescence intensity is affected. Therefore, a PET system can be regarded as a switch, 

where luminescence is switched on or off depending on the occupation of the host moieties 

[93]. Photoinduced energy transfer is observed for complexing bifluorophores consisting of 

a donor and an acceptor fluorophore, linked by a flexible spacer. Binding heteroatoms of 

the spacer decreases the distance between the two fluorophores and consequently, 

increases the efficiency of energy transfer. The transfer efficiency depends on the distance 

according to Förster´s theory [94].  

The developments in supramolecular chemistry brought new receptors for metal ions. The 

ionophores linked with a fluorophore yield the so called fluoroionophores. Within the 

receptors, the recognition and transducing element is combined in one molecule. In 

literature, thiocrown ethers [95], aza-crown ethers [96], thiourea [97], thiadiazole [98], 

bithiazole [99], and azo derivatives [100], have been reported as recognition reagents. 

Most of the reagents, however, suffer from considerable disadvantages such as poor 

solubility, the need for an additional reagent, or, most importantly, the lack of selectivity, 

which makes their application difficult. Nevertheless, fluorescence is one of the most 

powerful transduction mechanisms that could measure chemical recognition events. 

 

2.2.1.1 Fluorescence 

Fluorescence is the emission of light by a substance that has absorbed light or any other 

electromagnetic radiation of a different wavelength. The light is emitted from singlet-

excited states in which the electron in the excited orbital is paired (of opposite sign) to the 

second electron in the ground-state orbital. A return to the ground state is spin-allowed 

and occurs rapidly by emission of a photon. The emission rate of fluorescence is very fast; 
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typically 108 s-1, so that a characteristic fluorescence lifetime is near 10 ns. Fluorescence 

spectral data are generally presented as emission spectra, which vary widely and are 

dependent upon the chemical structure of the fluorophore and the solvent in which it is 

dissolved [101, 102]. Processes which occur between the absorption and emission of light 

are usually illustrated by a Jablonski diagram [103].  

 

2.2.1.1.1 Jablonski diagram 

A typical Jablonski diagram is shown in Fig. 2.1. The ground, first and second electronic 

states are depicted by S0, S1 and S2, respectively.  

 

 

Figure 2.1: A simplified Jablonski diagram of organic dyes: IC-internal conversion, ESA-excited 

state absorption, ISC-intersystem crossing, fluorescence and phosphorescence [103]. 

 

At each of the electronic energy levels, the fluorophore can exist in a number of vibrational 

energy levels (denoted by 0, 1, and 2).  Transitions between states are depicted as vertical 

lines to illustrate the instantaneous nature of light absorption. Transitions occur in about 
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10-15 seconds, a time too short for significant displacement of nuclei (Franck-Condon 

principle) [104]. Following light absorption, several processes usually occur including 

fluorescence, intersystem crossing or phosphorescence.  

In fluorescence, a fluorophore is usually excited to some higher vibrational level of either S1 

or S2. With a few rare exceptions, molecules in condensed phases rapidly relax to the 

lowest vibrational level of S1. This process called internal conversion, is non-radiative and 

takes place in 10-12 seconds or less. A return to the ground state occurs to a higher excited 

vibrational ground-state level, which then quickly reaches thermal equilibrium. The 

consequence of emission to a higher vibrational ground state is that the emission spectrum 

is typically a mirror image of the absorption spectrum of the S0→S1 transition. Molecules in 

the S1 state could also undergo a spin conversion to the first triplet state, T1. Emission from 

T1 is termed phosphorescence and is generally shifted to longer wavelengths (lower 

energy) relative to fluorescence. Transition from the T1 to the singlet ground state is 

forbidden, and as a result, the rate constants for triplet emission are several orders of 

magnitude smaller than those for fluorescence. The transition from the first triplet state 

(T1) to the singlet ground state is termed intersystem crossing. 

 

2.2.1.1.2 Fluorescence technique 

In fluorescence, suitable indicators which are sensitive to analyte concentrations and 

exhibit changes in fluorescence intensity are used as molecular recognition materials [104]. 

Recently, more and more attention has been paid to luminescent probes for various ions 

and molecules, particularly for heavy metal ions [105, 106]. Among chemosensory systems, 

fluorescent devices for the sensing and reporting of chemical species are currently of 

significant importance for chemistry, biology, and environmental science, due to the simple 

instrumentation, high selectivity, and direct visual perception even in very dilute solutions 

[107, 108]. For example, derivatives of 8-hydroxyquinoline have been used as sensitive and 

reliable tools to measure concentrations and fluctuations of cellular Mg2+  by comparing the 

enhancement of fluorescence with analyte concentrations [109]. Also, boradiazaindacene 
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as the fluorophore with 4-(bis(pyridin-2-ylmethyl)amino)-benzaldehyde was employed for 

intracellular emission fluorescent Cd2+ probe based on the internal charge transfer (ICT) 

mechanism [110, 111]. Other examples involve a fluorescence response system with 

poly[p-(phenyleneethynylene)-alt (thienyleneethynylene)]. It showed varying fluorescence 

“turn-on” behavior in the presence of cations including Li+, Na+, K+, Mg2+, Ca2+, H+, Mn2+, 

Fe2+, Co2+, Ni2+, Zn2+, Cd2+ and Hg2+ [112].  

Designing sensitive and selective fluorescent probes is a versatile and widespread 

approach for chemists [113-115]. The design and synthesis of fluorescent probes are 

mainly based on fluorescence enhancement and fluorescent quenching modes, which are 

obtained by employing photoinduced energy transfer, photoinduced electron transfer, 

enhanced spin-orbit and excited state intramolecular proton transfer [109, 116-118]. 

 

2.2.1.1.3 Modes of fluorescence detection 

For transition metal ions to be detected by fluorescence there must be some observable 

change in the fluorescence emission by the fluorophore. There are three ways by which 

detection can be achieved (Fig. 2.2). The first mode is fluorescence enhancement that 

involves the use of a fluorophore that has little or no fluorescence in the absence of the 

target metal ion but becomes fluorescent or more fluorescent in the presence of the metal 

ion. Such an increase in fluorescence efficiency could result from conformational restriction 

induced upon binding [119, 120]. 
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Figure 2.2: Illustration of methods of fluorescence detection where (A) represents fluorescence 
enhancement, (B) fluorescence quenching, (C) λmax shift, I is fluorescence intensity and M = metal 
ion [121]. 

 

The second approach is fluorescence quenching. Fluorescence quenching involves the 

selection of a molecule that has a higher fluorescence in the absence of the target metal ion 

but, greatly reduced or no fluorescence when the target metal ion is present. Many 

transition metals are known to be fluorescence quenchers [122, 123],
 
and they can quench 

fluorescence through energy transfer [117, 124], or electron transfer mechanisms [124].
 

The third approach involves a shift in the emission maximum of the spectrum depending 

upon whether the target metal ion is present or not [121]. Part of the thesis work was 

focused on the development of a fluorescent probe for nickel (II) ions in aqueous media 

through quenching of fluorescence. 

 

 

 

A 

B 

C 
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2.2.1.1.4 Theory of fluorescence quenching 

Fluorescence quenching refers to any process that decreases the fluorescence intensity of a 

substance. There are a wide variety of quenching processes that include; excited state 

reactions, molecular rearrangements, ground state complex formation and energy transfer. 

Quenching-based fluorescence probes utilize Stern-Volmer bimolecular quenching kinetics 

[125] as shown in eqns 2.1-2.3. 

 

F + hv                                                                                      

                    F*                           (2.2)                                     

                                 F* + Q                                    

 

Where F is fluorophore, Q is a quencher, k1 is the rate constant for unimolecular decay of 

the excited-state F*, and k2 is the rate constant for the bimolecular quenching process by Q 

that can deactivate the excited state. On photoexcitation, fluorophore electron is excited 

from the highest occupied energy band (the π*-bond) leaving a `hole’ which is the empty 

state in the π-bond (eqn 2.1). When the excited electron recombines with the hole, a 

photon is emitted (photoluminescence, eqn 2.2). Relatively, when the excited electron of 

fluorophore transfers to a quencher (nearby cationic electron acceptor) and the electron 

and the hole are separated, the luminescence is quenched (eqn 2.3). The kinetic scheme 

gives the well known Stern-Volmer equation (eqn 2.4) 

 

I0/I = 1+ Ksv[Q]                                                                   (2.4) 

 

Where, I0 is the fluorescence intensity in the absence of the quencher, I is the intensity 

when the quencher is present, Ksv is the Stern-Volmer constant, and [Q] is the quencher 
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concentration. A linear calibration curve results for a plot of I0/I versus [Q]. There are two 

basic types of quenching: static and dynamic (collisional). Both these types require an 

interaction between the fluorophore and quencher [126].  

 

2.2.1.1.4.1 Collisional (dynamic) quenching 

In the case of dynamic quenching the quencher must diffuse to the fluorophore during the 

lifetime of the excited state. Upon contact the fluorophore returns to the ground state 

without emission of a photon (Fig. 2.3). Collisional quenching occurs when the excited-state 

fluorophore is deactivated by contact with some other molecule in solution, which is called 

the quencher. 

 

 

 

 

 

 

 

 

 

S0 

 

Figure 2.3: Simplified Jablonski diagram for dynamic quenching where S0 is fluorophore ground 

electronic state, S1 is fluorophore first excited state, A is absorption, Г is radiative decay rate, kq is 

bimolecular quenching rate constant and [Q] is quencher concentration. 
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The molecules are not chemically altered in the process. For collisional quenching, the 

decrease in intensity is described by the ratio of the fluorescence in the absence of the 

quencher to the presence of quencher by the Stern-Volmer equation:  

 

 

 

Where F0 and F are the observed fluorescence in the absence and presence of quencher 

respectively, K is the Stern-Volmer quenching constant, kq is the bimolecular quenching 

constant, τ0 is the lifetime in the absence of quencher, and [Q] is the quencher 

concentration. The Stern-Volmer constant is sometimes abbreviated as KSV or even as KD 

[101].  

  

2.2.1.1.4.2 Static quenching 

In the case of static quenching a complex forms between the fluorophore and the quencher 

in the ground state, and the complex is non-fluorescent (eqn 2.6).  

 

  F + Q                                         F-Q 

    Fluorescent                                            non-fluorescent 

Equation 2.6: Formation of a fluorophore-quencher complex in the ground state. 

 

The formation of the complex does not rely upon the population of the exited state.  The 

dependence of the fluorescence intensity upon quencher concentration for static quenching 

is derived by consideration of the association constant for complex formation (eqn. 2.7). 
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Where, KS is the fluorophore-quencher association constant, [FQ] is the concentration of 

the complex, [F] is the concentration of the uncomplexed fluorophore, and [Q] is the 

concentration of quencher. Since the total concentration of the fluorophore, FT is given by; 

[F]T = [F] + [FQ], the static quenching constant can be written as: 

 

 

 

 

Equation 2.8 rearranges to: 

 

 

 

By recognizing the fluorescence signal in the absence of quencher, F0 would correspond to 

the total concentration of fluorophore. One can substitute the fluorescence intensities F0 

and F for the total and free concentrations [F]T and [F], respectively to obtain: 

 

 

 

Equation 2.10 is equivalent to the linear equation for dynamic quenching (eqn. 2.5). 

 

2.2.1.1.4.3 Difference between dynamic (collisional) and static quenching 

In the previous sections (2.2.1.1.4.1. and 2.2.1.1.4.2.) the mechanisms of collisional and 

static quenching were described. Regarding equations 2.5 and 2.9, fluorescence intensity 
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data are insufficient to distinguish between static and dynamic quenching. The most 

effective way to differentiate the two processes is to measure their fluorescence decay 

time, since in case of static quenching a fraction of fluorophores is removed by complex 

formation and this, of course, does not affect fluorescence lifetime [127, 128]. Besides 

investigation of the fluorescence lifetime, the static and dynamic quenching could be 

distinguished by recording Stern-Volmer plots at different temperatures [128]. 

 

2.2.1.1.4.4 Stern-Volmer plot 

Both static and dynamic quenching can have a linear Stern-Volmer plot. Static and dynamic 

quenching could be distinguished from each other by their dependences on temperature, 

viscosity or lifetime measurements [128]. An increase in temperature leads to an increase 

in the diffusion constant of a quencher and will lead to an increase in collisional quenching. 

In contrast, an increase in temperature would lead to a decrease in the binding constant of 

quencher for fluorophore and result in a decrease in quenching for a static quencher (Fig. 

2.4). A linear Stern-Volmer plot is generally indicative of a single class of fluorophores that 

are all equally accessible to the quencher. If two fluorophore populations are present, and 

one class is not accessible to quencher, then the Stern-Volmer plots deviate from linearity 

toward the x-axis (downward) [129]. 
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             Dynamic quenching                                                   Static quenching 

 

                                                       T1< T2 

Figure 2.4: Temperature dependence on quenching constants. For dynamic quenching, τo/τ = I0/I 

and for static quenching τo/τ = 1, where τ is the fluorescence lifetime, τo is the fluorescence lifetime 

in the absence of the quencher, Io and I is the fluorescence intensity in the absence and presence of 

the quencher respectively, kq is bimolecular quenching constant, KD is Stern-Volmer constant, KS is 

the complex formation constant and [Q] is the concentration of the quenching molecule. 

 

Another possibility for differentiating dynamic and collisional quenching is by investigating 

the absorption spectra of the fluorophore in the presence of the analyte. In the case of 

dynamic quenching the quencher must diffuse to the fluorophore during the lifetime of the 

excited state. Since collisional quenching has impact on molecules when on the excited 

state, no variation in the spectra should be observed. For static quenching, the complex has 

a different absorption spectrum from the fluorophore. The presence of an absorption band 

shift is therefore diagnostic of this type of quenching.  

While fluorescence is a relatively better technique compared to the other instrumental 

techniques, it still requires a fluorometer or at least electricity. This renders fluorescence 

insufficient for online monitoring especially in resource-poor settings. Hence, there is a 

need to develop simpler methods that are sensitive and selective as well as capable of use 

by technicians preferably in the field.  
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Recently, colorimetric sensing of metal ions has been shown to be a less labor-intensive, 

alternative to techniques based on fluorescence [130]. It is well known that solid materials 

that change their color upon recognition of macromolecules are widely accepted for 

fingerprinting or conducting pregnancy tests at home [131]. The throughput of the testing 

was profoundly advanced by the elimination of instrumental requirements and organic 

solvents. The idea could be extended towards developing colorimetric probes for simple 

visual detection of trace environmental toxins such as toxic metal ions.  

 

2.2.2 Colorimetric probes 

Colorimetric probes could be defined as molecules of biotic and abiotic origin that bind 

selectively with the analyte with concomitant change in color [132-134]. Although the use 

of colorimetric detection method is a less advanced approach, it is gaining increased 

attention due to its simplicity, rapidity, high sensitivity and ease of measurement. It is 

simple to use in comparison with other spectroscopic methods as it can give simple visual 

results for “naked-eye” detection [135]. Therefore the approach is attractive as a sensing 

method. Colorimetric probes, as the name would suggest, are based upon the detection of 

an analyte-induced color change in the materials [58, 136, 137]. Hence they can overcome 

the limitations caused by the traditional instrumental methods because no sophisticated 

instrumentation or sample preparation is required in their procedures. Colorimetric 

probes are extremely attractive since signaling the targeted event can be visualized and 

thus can make on-site, real-time detection possible [138, 139]. Not only does the obvious 

color change of the sample make the testing direct and convenient, the linear relationship 

between the concentration of the analyte and the absorbance also gives steady, 

quantitative results [140]. 
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2.2.2.1 Technique of detection by colorimetric probes 

In colorimetric probes, the incorporation of an optical signaling moiety in close proximity 

to a host binding site enables the host to be used as a prototype for a target guest species as 

binding would perturb its electrochemical and/or photophysical properties. Hence a 

bathochromic or hypsochromic shift of absorption spectra or visual color change is affected 

by the respective increase or decrease in electron densities on the chromophore moiety 

(Fig. 2.5). The change in electron densities is more effectively carried out by the association 

of a charged analyte, i.e., cation or anion than a neutral molecule. So, most of the 

chromogenic probes are available for charged guests [133]. 

 

X G+ X G

Optical Responce

Decreased electron 
density on X

Increased electron
 density on X

hypsochromic shift of
absorption spectrum

bathochromic shift of 
absorption spectrum

X = Signaling unit G = guest 
       species

 

Figure 2.5: Schematic presentation of hypsochromic and bathochromic shifts in colorimetric 

probes [141]. 

 

Colorimetric probes seem to be very promising in the development of low cost, simple-to-

use and in the field diagnostic tools for metal ions. A number of materials such as chemo-
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responsive dyes, ligands and metal nanoparticles have been used for the development of 

colorimetric probes.  

 

2.2.2.2 Chemo-responsive dyes 

Chemo-responsive dyes are dyes that change color, in either reflected or absorbed light 

upon changes in their chemical environment. Consequently, chemo-responsive dyes have 

been utilized to develop colorimetric probes for various analytes. The consequent dye 

classes that display these requirements are (1) Lewis acid/base dyes (i.e. metal ion 

containing dyes), (2) Brønsted acidic or basic dyes (i.e. pH indicators), and (3) dyes with 

large permanent dipoles (i.e. zwitterionic solvatochromic dyes). Disposable colorimetric 

arrays of chemo-responsive dyes have been created by printing the dyes on various inert 

solid supports, e.g. reverse phase silica gel plates, acid-free paper, or porous membranes of 

various polymers e.g. nylon [142].  

 

2.2.2.2.1 Classification of dyes 

Dyes could be classified according to their chemical structures, their usage or application 

method. The former approach is adopted by practicing dye chemists, who use terms such 

as azo dyes, anthraquinone dyes, and phthalocyanine dyes. The latter approach is used 

predominantly by the dye user, who would speak of reactive dyes for cotton and disperse 

dyes for polyester. Very often, both terminologies are used, for example, an azo disperse 

dye for polyester and a phthalocyanine reactive dye for cotton [143].  

The most appropriate system for the classification of dyes is by their chemical structure 

and it has many advantages. First, it readily identifies dyes as belonging to a group that has 

characteristic properties, for example, azo dyes (strong, good all-round properties, cost-

effective) and anthraquinone dyes (weak, expensive). Second, there are a manageable 

number of chemical groups (about a dozen). Most importantly, it is the classification used 



33 

 

most widely by both the synthetic dye chemist and the dye technologist. Thus, both 

chemists and technologists can readily identify with phrases such as an azo yellow, an 

anthraquinone red, and a phthalocyanine blue [144]. Based upon their use, some dyes have 

been classified as indicator dyes. 

 

2.2.2.2.1.1 Indicator dyes 

As early as 1660, Boyle observed that certain plant extracts changed their color on 

treatment with acid or base. This effect is well known to gardeners in the case of hydrangea 

(hortensia): the color of its blossoms can be changed by watering it with slightly acidic or 

alkaline water. The first indicator dye which came into use was litmus, which was isolated 

from the orseille lichen; Roccella tinctoria [145]. It changes its color from red (acid) to blue 

(alkaline). The systematic investigation of natural colors led to the discovery of several 

dyes and dye classes which are able to change their color. Thus, it was found that the origin 

of the color of hydrangea blossoms is an anthocyan dye [146]. Interestingly, in nature these 

dyes are not always and necessarily used as indicators. The red color of roses and the blue 

color of the cornflower are based on the same molecule (anthocyan), which in vitro reacts 

as an indicator dye [147]. In the plants (in vivo) however, this dye does not change color. 

With the introduction of titration into the arsenal of analytical methods, an increasing need 

arose for means to detect end-points of reactions. This need stimulated the search for 

indicator dyes, and consequently synthesis of dyes begun. As a result, most indicator dyes 

are now synthetic. Synthetic dyes that have been produced as ligands for heavy metals 

include crown ether, cryptand and spherand structures. 

In general terms, an indicator dye can be characterized as follows:  (1) It shows different 

optical properties when the system of which it forms a part changes its status, and (2) leads 

to a reversible change. The first property means that the indicator molecule reacts as a part 

of the system. The second property in particular distinguishes indicator dyes from color 

forming reagents. The latter are widely used in reactions in which colors are formed by 

chemical or biochemical (mostly enzymatic) reactions between the analyte and added 
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reagents. The reactions are widely used in analytical and diagnostic test kits but are 

normally not reversible. The different optical properties mentioned are clearly linked to 

structural properties: a change in optical properties also indicates a change of molecular 

structure. The most important structural changes for indicator dyes are (1) Reversible 

transition between acid and base form of a molecule (pH indicator), (2) Reversible 

transition between reduced and oxidized forms of a molecule (redox indicator), and (3) 

Reversible transition between the free molecule and its complex with a cation (metal 

indicator) [148, 149]. 

 

2.2.2.2.1.2 Metal indicators 

Metal indicators are organic molecules which form specifically colored soluble complexes 

with metal ions in aqueous media. Here, the color of the complex and of the free indicator 

must be different. These reactions can be used in two analytical procedures: volumetry 

(complexometry) and colorimetry/photometry. In both methods, the concentration of 

metal ions could be determined, but with different techniques. Colorimetry/photometry 

exploits the fact that the color intensity of the complex correlates to the metal ion 

concentration, at least within a certain concentration range. Therefore, sufficient indicator 

is added to the sample that the indicator forms a colored complex with all ions of the metal 

of interest in solution. The color intensity of this complex is then either compared visually 

against the color of reference samples (colorimetry) or the color intensity is measured at a 

defined wavelength with an instrument and then compared with a calibration curve 

(photometry). Due to different requirements of the two methods, indicators for metal 

determination in colorimetry/photometry and volumetry/complexometry are different 

(Table 2.1). 
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Table 2.1: Metal indicators: importance of parameters for different application areas [143]. 

Parameter Colorimetry/photometry Volumetry/complexometry 

Sensitivity                                                                Very important (detection of 

metals in the ppm and ppb 

range) 

Not very important 

Selectivity Very important (ideally, an 

indicator detects only one 

metal) 

Important 

Complex stability as a 

function of time 

Very important (ideally hours to 

days) 

Not too important (hours) 

Complex stability 

against other reagents 

Important Must be lower compared to 

titrants 

Color difference 

between free and 

complexed indicator 

Less important  photometry, 

Quite important (colorimetry) 

Very important 

 

The main challenge with metal indicators is selectivity. Most of them form complexes with 

more than one metal. But selectivity can be improved by optimizing the reaction conditions 

either by addition of buffers or masking reagents. Nevertheless, researchers have 

developed many selective reagents in the last four decades that could form complexes only 

with specific metals. 

 

2.2.2.2.1.2.1 Chemical structures of metal indicator complexes 

The complexes formed by the metal indicator and the metal ions contain an electron donor 

and an electron acceptor part. If the donor molecule (ligand) contains two or more atoms 

with donor properties, the complex is known as a chelate. Most organic complexing agents 

can be regarded as bidentate ligands (they contain two donor atoms) and form five- or six-
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membered chelate rings. The electron-donating atoms in these chelates include oxygen, 

nitrogen, and sulfur. The other part of the molecule may vary and the difference can 

significantly influence its binding characteristics. For instance both diacetyldioxime and 

1,10-phenanthroline contain the same donor atom configuration (Fig. 2.6).  

 

 

N N

CH3H3C

OHOH                                           

N N

RR  

Diacetyldioxime (dimethylglyoxime)                           1,10-phenanthroline                

 

Figure 2.6: Examples of organic complexing agents. 

 

While diacetyldioxime is highly specific for nickel and palladium, if the same donor atom 

configuration is incorporated into a heterocyclic system, as in the phenanthroline, the 

ligand becomes specific for copper and iron. The selectivity can be directed by choice of the 

substituent R in the molecule: if R = H, the ligand is specific for iron; with R = CH3, and/or 

C6H5, the ligand is copper-specific. Some of the metal indicators have been reported in 

literature as reagents in photometric or visual test kits for the detection of metals [57]. 

These molecules act like color-forming reagents but are still indicators and they can be 

referred to as chemo-responsive dyes. Apart from natural and synthetic dyes that have 

been used to fabricate colorimetric probes, nanotechnology has brought in more 

fascinating materials.  

Nanotechnology, nanoscience, nanostructures, nanoparticles are now some of the most 

widely used terms in materials science literature. But why are nanoscale materials and 

processes so attractive? From the point of view of the general public, nanotechnology 

appears to be the fabrication of miniature machines, which would be able to travel through 

the human body and repair damaged tissues, or supercomputers small enough to fit in a 
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pocket. However, nanostructured materials have potential applications in many more 

areas, such as biological detection, controlled drug delivery, low-threshold lasers, optical 

filters and colorimetric probes among others. Nanoparticles (NPs) are one of the most 

important class of nanomaterials owing to their unique properties hence wide applications. 

 

2.2.2.3 Nanoparticles 

Nanoparticles are defined as any material with at least one dimension in the 1-100 nm 

range. The shape may vary (it does not have to be spherical) and the materials include 

metals, semiconductors, polymers and carbon based materials [150].  A recent review by 

Zamborini et al. covered the use of NPs in measurement science showing their various 

applications in the traditional disciplines of analytical chemistry, including spectroscopy, 

electrochemistry, and separations, as well as in several sensor technologies [151]. One 

amazing class of nanomaterials that has been widely explored is the metal nanoparticles. 

The optical properties of these nanoparticles are spectacular and, therefore, have 

promoted a great deal of excitement during the last few decades. In fact, it is relatively easy 

to find examples of the use of metal nanoparticles (maybe not deliberately) as decorative 

pigments since the time of the Romans. 

 

2.2.2.3.1 History of metal nanoparticles 

Metal nanoparticles have been in use for a long time, for example, Lycurgus Cup, which 

displayed unique colors, as well as the Damascus steel, which was used to make swords 

[152, 153], became renowned [154],  because of (1) its extreme strength, (2) the sharpness, 

(3) the resilience, and (4) the beauty of the characteristic surface pattern [155, 156]. The 

fascinating blade story is that it could cut clean through rock and still remain sharp enough 

to cut through a silk scarf dropped on the blade. Many scientists tried to investigate the 

source of these special properties and they encountered the presence of multiwall carbon 
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nanotube (MWNTs) in the steel [153, 157]. The famous Glass Lycurgus Cup (Fig. 2.7) from 

the Romans times (4th century AD) contains silver and gold nanoparticles in approximate 

ratio 7:3, which have diameters of about 70 nm [158]. The presence of these metal 

nanoparticles gives special color display for the glass. When viewed in reflected light, for 

example in daylight, it appears green. However, when a light is shone into the cup and 

transmitted through the glass, it appears red. This glass can still be seen in the British 

museum. 

Even though, nanoparticles were being used so many decades ago, nobody realized that the 

materials were in nanoscale range. But after the development of modern devices that could 

analyze materials in the nanoscale range, nanotechnology became an interesting subject to 

scientists.  

 

 

Figure 2.7: The Lycurgus Cup (a) green color, if light source comes from outside of the cup (b) red 

color, if the light source comes from inside of the cup [159]. 
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2.2.2.3.2 Metal nanoparticles 

Metal nanoparticles are very attractive because of their size and shape dependent 

properties. Metal nanoparticles particularly silver and gold nanoparticles with well-

controlled size have recently been the focus of great interest because of their color changes. 

The color changes are associated with their surface Plasmon absorption band which is 

dependent on a number of parameters such as the size and shape of the particle, the 

adsorbed species, the dielectric properties of the medium, and the distance between 

particles [160]. These nanoparticles have been used with great success for the detection of 

a range of analytes such as metal ions [161]. For color signal generation, metallic 

nanoparticles are particularly attractive; as they possess much higher extinction 

coefficients compared to organic dyes, allowing sensitive colorimetric detections with 

minimal material consumption [161, 162].  

More importantly, metallic nanoparticles display distance-dependent optical properties 

[163]. For example, dispersed gold nanoparticles (AuNPs) are red in color, while 

aggregated ones are purple or blue. Colorimetric probes using metal nanoparticles for 

instance have been widely explored and have important applications in the sensitive 

detection of metal ions [164-166]. The metal nanoparticles based colorimetric assays do 

not utilize organic co-solvents, enzymatic reactions, light-sensitive dye molecules, lengthy 

protocols, or sophisticated instrumentation thereby overcoming some of the limitations of 

more conventional methods. One of the studies conducted in this thesis was the 

development a colorimetric probe for Ni2+ ions based on silver-copper alloy nanoparticles 

(Ag-CuNPs). 

 

2.2.2.3.2.1 Silver and copper nanoparticles 

Of the three metals (Ag, Au, and Cu) that display plasmon resonances in the visible 

spectrum, Ag exhibits the highest efficiency of plasmon excitation. Moreover, optical 

excitation of plasmon resonances in nanosized Ag particles is the most efficient mechanism 
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by which light interacts with matter. A single Ag nanoparticle interacts with light more 

efficiently than a particle of the same dimension composed of any known organic or 

inorganic chromophore. The light-interaction cross-section for Ag can be about ten times 

that of the geometric cross-section, which indicates that the particles capture much more 

light than is physically incident on them. Silver is also the only material whose plasmon 

resonance can be tuned to any wavelength in the visible spectrum [167]. 

Copper on the other hand costs significantly less than silver and gold, therefore, it is 

economically attractive. Copper nanoparticles, due to their unique physical and chemical 

properties and low cost preparation, have been of great interest recently. Copper 

nanoparticles have great applications in heat transfer systems [168], antimicrobial 

materials [169], super strong materials [170], sensors [171], and catalysts [172]. The key 

to metal nanoparticles colorimetric sensing platform is the control of their dispersion and 

aggregation behavior. To control the inter-particle distance, several stabilizing and capping 

agents have been used to direct the growth of nanoparticles during synthesis. 

 

2.2.2.3.2.2 Stabilization and functionalization of metal nanoparticles 

Because of their small size, nanoparticles have a very high surface area to volume ratio 

resulting in high reactivity and the need for stabilization. When nanoparticles are not 

stabilized they will generally undergo a process known as “Ostwald Ripening”. Ostwald 

Ripening describes the tendency for smaller particles to merge into one another until one 

large particle remains [173]. To avoid aggregation, various stabilizers have been used.  

For further application of metal nanoparticles, attaching the molecular recognition motifs 

(i.e. functional groups) of interest to the nanoparticle surface has to be readily achieved. 

Most importantly, they must not bind non-specifically to each other or to anything else 

present in the system under investigation. In addition, introducing multiple functionalities 

would be of great value, as it provides more flexibility for multiplexing in analytical 

applications and new tools to control the bottom-up assembly of nanostructures. 
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Functionalization and stabilization of nanoparticles has been extensively explored [174, 

175].   

Though inorganic species and small organic ligands are indispensable tools for stabilization 

of nanoparticles, synthetic polymers have also played a role as a stabilizer. Previously, 

stabilizing agents were low-molecular organic compounds (carbonic acids, alcohols, 

amides) and natural polymers (gelatin, agar-agar, starch, cellulose and so on). At present, 

synthetic polymers are more frequently employed. Synthetic polymers solve the limitations 

of nanoparticle stabilization and introduction of a polymer ingredient into the 

nanocomposite [176].  

 

2.2.2.3.2.2.1 Synthetic polymers and organic ligands as stabilizing agents 

As stabilizing agents for nanoparticles, polymers provide several possible advantages over 

small molecule ligands. Because polymers consist of multiple repeating units, each of which 

can display ligand functionality, they have a much greater potential degree of multivalency 

and also allow for the ready incorporation of multiple types of ligand functionality [177, 

178]. While small molecule ligands typically require very strong affinities for nanoparticle 

surface sites to ensure nanoparticle stability, the multivalency of polymer ligands enables 

the use of other ligating species e.g., pyridines which can bind metal ions [179]. For 

environmental applications, surface functionalization of metal nanoparticles is essential to 

apply them for selective detection of a specific heavy metal. 

The developments in the fields of fluorescence and colorimetric techniques have seen the 

emergence of immobilized signaling molecules into solid supports [180]. Solid state 

fluorescent probes can be obtained by the incorporation of the fluorophores or 

chromophores to an ion permeable matrix. Three general methods are widely applied, 

namely physical, electrostatic and covalent immobilization [56]. The proper choice of a 

solid support is very important and is governed by parameters such as suitability for dye 

immobilization, mechanical stability, and permeability for the analyte [181]. Furthermore, 
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immobilization may shift spectra, pKa values, fluorescence lifetimes and dynamic ranges, as 

well as binding or quenching constants of the indicators. For this reason, various support 

materials for their immobilization have been employed [182]. The next chapter gives a 

detailed literature review of some of the solid supports that have been used for the 

immobilization of optical probes.  
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Chapter 3 Support materials for the incorporation 
of optical probes 
 

3.1 Overview 

Chapter 3 presents background information on the solid materials that have been used to 

incorporate signaling reagents. The emphasis is on the use of electrospun polymeric 

nanofibers as support. The chapter is therefore divided into three sections: (1) Solid 

supports for diagnostic probes, (2) Polymers as supports for diagnostic probes, and (3) 

Techniques for producing nanofibers. The chapter also outlines some methods that can be 

used to post-functionalize polymeric electrospun nanofibers in order to achieve the desired 

selectivity. 

 

3.2 Solid supports  

Solid state optical probes (diagnostic probes) are usually obtained by immobilizing the 

signaling reagents on solid supports. Several different support materials including 

lipophilic polymers and plasticizers, hydrophilic polymers, ionic polymers, sol-gel glass and 

molecularly imprinted polymers have been used for the preparation of diagnostic probes 

[182-187]. The choice of solid support and incorporation of the indicator into the support 

has significant impact on the performance of the probes in terms of selectivity [188], 

sensitivity, response time and stability [189]. Table 3.1 gives a summary on the use of solid 

supports in designing diagnostic probes.  
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Table 3.1: Solid supports used in designing diagnostic probes. 

Type of probe Solid support used Fields of 

applications 

Special features Ref. 

Colorimetric Polyacrylonitrile 

(PAN) 

Detection of Hg2+, 

Pb2+, Cd2+, Zn2+, Ni2+ 

and Cu2+ 

Ethylenediamine immobilized on 

PAR fibers  

[190] 

Colorimetric Agarose film coated 

glass slide (ACGS)  

pH indicator Two dyes covalently immobilized 

on ACGS to form a long life probe 

[191] 

Colorimetric Polyvinyl chloride Detection Cd2+, Pb2+ 

and Hg2+ ions 

Films of polymer prepared 

via LB deposition and solid PVC 

strips anchored with probe 

molecular assemblies  

[131] 

Colorimetric Polystyrene Detection Fe3+, Sn2+, 

Fe2+ and Ag+ 

Polymeric chemosensor bearing 

the side chain donor-acceptor 

chromophores  

[192] 

Fluorescent Poly(acrylic acid) Determination of 

Fe3+ and Hg2+ 

Electrospun nanofibers with 

covalently linked fluorescent 

reagent 

[193] 

Fluorescent Poly(methyl 

methacrylate) and 

ethyl cellulose 

Determination of 

Cu2+ 

Electrospun nanofibers of 

polymer blends with physically 

immobilized fluorescent dye  

[194] 

Fluorescent Ethyl cellulose Determination of 

Hg2+ 

Electrospun nanofibers with 

physically immobilized 

fluorescent dye 

[195] 

 

Because their chemical and physical properties may be tailored over a wide range of 

characteristics, polymers find use in sophisticated electronic measuring devices such as 

diagnostic probes. During the last 15 years, polymers have gained tremendous recognition 

in the field of artificial sensors with the goal of mimicking natural sense organs. Polymer 

membranes have the advantage of being rapidly penetrated by analytes and in contrast to 

glass-immobilized materials. Furthermore, they can more easily be fabricated and handled.  
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3.2.1 Polymers as supports for optical probes 

Polymers are commonly used in optical probes as inert supports for indicator dyes to keep 

the molecules apart and allow for exposure to analytes and to maintain the peculiar optical 

properties of the sensitive dyes. Polymers impregnated with solvatochromic dyes or 

fluorophores are a common practice in the development of diagnostic probes where they 

have been used to detect the presence of a large number of different volatile compounds 

[196]. Nonetheless, in the applications, the polymeric matrix is limited to retain the 

indicator in place and to favor the diffusion of analyte molecules to the sensing molecules. 

However, the polymer properties may affect the characteristics and performances of the 

signaling reagent as well as the resulting optical probe [197].  

Polymers are convenient due to the fact that they can easily be processed into small 

particles and thin films that can be deposited onto optical fibers [198], and waveguides 

[199, 200] for fabrication of  optical probes. The presence of polymers in current 

technology is based on the enormous possibilities to tailor their chemical and physical 

characteristics. The properties include the chemical reactivity of polymers that could be 

altered to cope with different kinds of interactions and bind a large number of chemical 

compounds with controlled properties [201]. Suitable chemical functionalization can also 

efficiently orient their properties towards certain classes of chemicals to achieve high 

selectivity. 

Polymers used in the development of diagnostic devices either participate in the sensing 

mechanism or they are used to immobilize the component responsible for analyte sensing. 

The use of polymers for different physical, chemical and biochemical sensing applications 

was reviewed by Adhikari and Majumdar [202]. During the last two decades, chemical 

indicators have been immobilized in polymeric matrices mainly by simple impregnation 

[203], by doping [204], or by covalent attachment [205]. Other strategies such as 

electrostatic layer-by-layer assembly have also been used [206].  
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3.2.1.1 Incorporation of chemical indicators into polymer matrix  

3.2.1.1.1 Physical incorporation of chemical indicators into polymers 

Physical entrapment of the dyes in the polymer matrix is the simplest method for 

immobilization of dyes and indicators into polymer materials. Indicators (which can be 

dyes or ligands) statically immobilized on solid supports such as ion exchangers [184, 185], 

are easy to fabricate although they suffer from numerous disadvantages such as; swelling, 

hysteresis, dye leaching and inhomogeneity of the material. Nevertheless, the method is 

widely used for the preparation of sensitive thin films or microspheres [207, 208]. 

Polymeric thin films with embedded organic dyes are also very often immobilized on the 

tip of optical fibers to perform the sensing measurements [209].  

The specific incorporation of fluorescent probes in polymers has been recently reviewed by 

Bosch et al. [210]. Entrapment of organic dyes and transition metal complexes onto 

polymers has also been used to design probes for sensing O2 [208, 211]. Yang and co-

workers recently reported the immobilization of pyrene-labeled metalloporphyrins in a 

plastized poly(vinyl chloride) (PVC) membrane for the sensing of imidazole derivatives 

such as histidine [212]. Approaches based on dye-doped thin films have been used in the 

analysis of organic vapors [213-215], the detection of metal ions [216-218], and the 

determination of pH [219, 220]. It could be the reason as to why such materials have rarely 

been incorporated into commercial instrumentation despite their ease of preparation. In 

general these methods produce unstable materials because leaching of the signaling 

reagents limits their use for prolonged monitoring. Therefore efforts have been shifted to 

procedures such as covalent attachment of the ligands to the polymer backbone to prevent 

leaching. 
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3.2.1.1.2 Covalent attachment of chemical indicators to polymers  

Covalent attachment comprises indicators (can be dyes, ligands or metal nanoparticles) 

covalently bonded to supports such as polymer, cellulose or glass [221, 222]. Covalently 

immobilized dyes, in contrast to the physically adsorbed or entrapped dyes, do not suffer 

from leaching or hysteresis and exhibit long lifetimes [182]. Hence they have the advantage 

of being used many times and re-usability efficiency of a material could be an important 

component in cost reduction in analytical procedures.  

Better selectivity and rapid measurements have been achieved by replacing classical 

sensor materials with polymers involving nanotechnology and exploiting either the 

intrinsic or extrinsic functions of polymers. The advent of nanotechnology has been a major 

boost in the research area of polymer based solid state optical probes as it opened up 

possibilities for a new class of materials that could be used. Polymers can be transformed 

into nanoscale structures for example nanofibers which can offer enhanced responses and 

rapid procedures for solid phase measurement.  

 

3.3 Nanofibers 

Nanofibers have many fascinating properties such as remarkable strength, high surface 

energy, high surface reactivity, and high thermal and electric conductivity [223]. 

Nanomaterials may exhibit unique mechanical, optical, magnetic and electronic properties 

as a result of their nanoscale dimensions. Various techniques have been employed to 

fabricate polymeric nanofibers and these include; drawing, template synthesis, phase 

separation, self-assembly and electrospinning [224].  

 

3.3.1 Techniques for producing nanofibers  

Polymer nanofibers, possessing high surface area to volume ratio, have great potential for 

applications in a wide variety of fields, including high performance filtration, chemical 
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sensing and biomedical engineering [225-227]. There are several methods currently being 

used for micron- and sub-micron-scale fiber formation.  

Conventional mechanical fiber drawing is one of the most mature methods. Even though 

high throughputs can be achieved using the method; the resulting fibers are typically ~10-

100 µm in diameter [228]. To obtain sub-micron fibers, an additional fiber redraw step, 

commonly used in optical fiber industry, would have to be employed [229]. Melt blowing is 

another promising technique that has been shown to be capable of producing nanofibers in 

a single stage. However, due to the underlying driving mechanism, the attenuation rate is 

essentially slow, and thus numerous very small orifices are required to obtain nanofibers 

with significant throughput [230]. Another approach to produce polymer nanofibers in a 

single stage is electrospinning [225-227].  

Electrospinning provides a simple and versatile method for generating ultrathin fibers 

from a rich variety of materials that include polymers, composites and ceramics. While the 

electrospinning process still suffers from low throughput, relatively high attenuation rates 

can be achieved with some process modifications [231]. The modifications eventually 

result in increased throughputs thus positioning electrospinning as an attractive candidate 

to address the industrial demand. 

 

3.3.1.1 Electrospinning 

Electrospinning of polymeric materials into well-defined fiber mats has received significant 

interest in the recent past. The high specific surface area and small pore sizes of 

electrospun nanofibers make them attractive candidates for a wide variety of applications. 

For instance nanofibers with a diameter of 100 nm have a ratio of geometrical surface area 

to mass of approximately 100 m2/g. Nanofibers provide a connection between the 

nanoscale world and the macro-scale world, since the diameters are in the nanometer 

range and the lengths are in kilometers. Therefore, current emphasis is to exploit such 

properties and focus on determining appropriate conditions for electrospinning various 
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polymers and biopolymers for eventual applications. The properties of electrospun 

nanofibers qualifies them for  applications such as, composite reinforcement, protective 

shields in fabrics, in multifunctional membranes, biomedical structural elements (scaffolds 

used in tissue engineering, wound dressing, drug delivery, artificial organs), structures for 

nano-electronic machines and platforms for hosting optical probes among others. 

Specifically, electrospinning technique has been found to be a unique and cost-effective 

approach for fabricating large surface area mats for a variety of sensor applications [193, 

232-236]. Wang et al. reported that the sensitivities of electrospun nanofiber to detect Fe3+ 

and Hg2+ are 2 to 3 orders of magnitude higher than those obtained from thin film sensors 

[193]. Since there is increasing need to develop highly sensitive solid-state diagnostic 

probes for toxic metal ions [237-241], electrospinning seems to provide the simplest 

approach to produce nanofibers. 

Electrospinning is a process in which static voltages are used to produce an interconnected 

membrane-like web of fibers in the diameter range of 10-1000 nm [242]. Electrospinning is 

a very promising and versatile technique as it facilitates the production of multifunctional 

nanofibers from various polymers, polymer blends, sol-gels, composites and ceramics. 

Formation of nanofibers through electrospinning is based on the uniaxial stretching of a 

viscoelastic solution. To understand and appreciate the processes that enable the 

formation of various nanofiber assemblies, the principles of electrospinning and the 

different parameters that affect the process have to be considered. Unlike conventional 

fiber spinning methods like dry-spinning and melt-spinning, electrospinning makes use of 

electrostatic forces to stretch the solution as it solidifies. Similar to conventional fiber 

spinning methods, the drawing of the solution to form the fiber would continue as long as 

there is enough solution to feed the electrospinning jet. Thus without any disruption to the 

electrospinning jet the formation of the fiber would be continuous [243]. Electrospinning is 

an old technique. It was first observed in 1897 by Rayleigh and studied in detail by Zeleny 

in 1914 [244]. 
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3.3.1.1.1 Brief history of electrospinning 

Although the process of electrospinning has been known for over 90 years and the first 

patent was issued to Formhals in 1934 (US Patent, 1-975-504), polymeric nanofibers 

produced by electrospinning became a topic of great interest in the past few years. Reneker 

and Chun, who revived interest in electrospinning technology in the early 1990s, showed 

the possibility to electrospin a wide range of polymer solutions in 1996 [245]. Larrondo 

and Manley had performed similar work on polymer melts in 1981 [246]. In general, 

electrospinning is applicable to a wide range of polymers like those used in conventional 

spinning, i.e. polyolefin, polyamides, polyester, acrylic as well as bio-polymers like proteins, 

DNA or polypeptides. Currently, there are two standard electrospinning setups, vertical 

and horizontal. With the expansion of the electrospinning technology, several research 

groups have developed more sophisticated systems that can fabricate more complex 

nanofibrous structures in a more controlled and efficient manner. 

 

3.3.1.1.2 Electrospinning set-up 

The research groups working on electrospinning have adopted different orientations for 

the polymer feed. Some have simply decided on placing the capillary vertically, letting the 

polymer fluid to drop with help of gravity and placing the collector underneath [247]. At 

times the capillary can be tilted at a defined angle to control the flow [248]. In other cases, 

the capillary is placed horizontally [249], and a pump is used to initiate the droplet, the 

pump was also used in vertical feeding [250]. The electrode on the other hand can be 

inserted either in the polymer solution or placed onto the tip of the capillary if a syringe 

with a metal needle is used. 

The collector is usually a plane metal sheet or a grid that can be covered with a fabric. Kim 

and Reneker used a different set-up in their work on polybenzimidazole (PBI) [251]. In 

fact, they used a rotating cylinder covered with a grounded aluminium sheet. In the work 

by Theron et al. an electrostatic field assisted assembly technique was described, combined 
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with an electrospinning process used to position and align individual nanofibers on a 

pointed and grounded wheel-like bobbin [252]. The bobbin was able to wind a 

continuously as-spun nanofiber at its tip-like edge. The alignment approach resulted in 

polyethylene oxide (PEO)-based nanofibers with diameters ranging from 100 to 300 nm 

and lengths of up to hundreds of microns. Electrospinning is a unique approach using 

electrostatic forces to produce fine fibers from polymer solutions or melts and the fibers 

thus produced have a thinner diameter and a larger surface area than those obtained from 

conventional spinning processes. 

 

3.3.1.1.3 Electrospinning process 

In the electrospinning process a charged liquid polymer solution is introduced into an 

electric field. The liquid polymer solution is dispensed via a needle attached to a syringe at 

a voltage between 0-40 kV and is deposited on a grounded conductive material (aluminum 

foil) located at a distance from the needle tip. The polymer is ejected from a needle with an 

inner diameter (ID) between 0.5-1.5 mm. The ejected polymer solution forms a continuous 

nanofiber when the electrical force (due to the high voltage potential of the polymer 

solution) overcomes the surface tension. At this point the pendant droplet of the polymer 

solution at the tip of the needle is deformed into conical shape, typically referred to as 

Taylor cone (Fig. 3.1). If the voltage surpasses a critical value (depends on the chemical 

composition of the polymer solution), the electrostatic force overcomes the surface tension 

and a fine charged jet is ejected. After the jet flows away from the droplet in a nearly 

straight line, it bends into a complex path as other changes in shape occur, during which 

electrical forces stretch and thin it by very large ratios. After the solvent evaporates solid 

nanofibers are left [253]. The electrospinning process has been extensively documented 

using a variety of fiber forming polymers [235, 254]. In order to carry out electrospinning, 

there are parameters/variables that play significant roles in the process and the resultant 

fiber morphology.  
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Figure 3.1: Typical electrospinning set-up [255].   

 

3.3.1.1.4 Electrospinning process parameters 

The following parameters and processing variables affect the electrospinning process:  

(1) System parameters such as molecular weight, molecular-weight distribution and 

structure (branched or linear) of the polymer and solution properties (viscosity, 

conductivity and surface tension). 

(2) Process parameters such as electric potential, flow rate and concentration, distance 

between the capillary tip and collector, ambient parameters (temperature, humidity 

and air velocity in the chamber) [256].  

For instance, the polymer solution must have a concentration high enough to cause 

polymer entanglements yet not so high that the viscosity prevents polymer motion induced 

by the electric field. The solution must also have a surface tension low enough, a charge 

density high enough, and a viscosity high enough to prevent the jet from collapsing into 

droplets before the solvent has evaporated. Morphological changes can occur upon 

decreasing the distance between the syringe needle and the collector. Increasing the 
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distance or decreasing the electrical field decreases the bead density, regardless of the 

concentration of the polymer in the solution. Applied field can in addition influence the 

morphology of the nanofibers, creating a variety of new shapes on the surface. 

Deitzel et al. systematically evaluated the effects of two important processing parameters: 

spinning voltage and solution concentration on the morphology of electrospun  nanofibers 

[257]. They found that the spinning voltage is strongly linked to the formation of beaded 

fibers, and their measurements could be used to signal the onset of the processing voltage 

at which the density of beaded fibers increase considerably.  

Solution concentration has been found to strongly influence the fiber size, with fiber 

diameter increasing with increasing solution concentration. In addition, electrospinning 

from solutions of high concentration has been found to produce a bimodal distribution of 

fiber sizes, reminiscent of distributions observed in the droplet generation process of 

electrospraying. Moreover it was found that electrostatic effects influence the macro-scale 

morphology of electrospun fabrics and may result in the formation of heterogeneous or 

three-dimensional structures [258].  

In recent years, many research groups have paid more attention to altering the chemical 

compositions of electrospun nanofibers in order to cope with different kinds of interactions 

and bind a large number of chemical compounds with controlled properties. 

 

3.3.2 Functionalization of polymer nanofibers 

The extensive research activities on electrospun polymer nanofibers are encouraged by 

their great potential for many applications. However, most of polymer nanofibers are 

chemically inert and do not have any specific functions. For the applications to be 

successful the electrospun polymer nanofibers must be modified with desired 

functionalities. Chemical functionalization of electrospun nanofibers can be done by: 
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(1) Attaching the functional component before preparing the solution for 

electrospinning.  

(2) Adding functional components to the solution for electrospinning so as to obtain 

nanofibers containing a variety of compositions. 

(3) Post-electrospinning treatments (surface modification of nanofibers). 

 

3.3.2.1 Surface modification of polymeric nanofibers  

Polymers very often do not possess the surface properties needed for specific applications. 

In most cases, the mechanically strong and chemically stable polymers have inert surfaces 

both chemically and biologically. Likewise, those polymers having active surfaces usually 

do not possess excellent mechanical properties which are critical for their successful 

application. 

In general, special surface properties with regard to chemical composition, hydrophilicity, 

roughness, crystallinity, conductivity and lubricity are required for the success of these 

applications. Due to this predicament, surface modification of electrospun nanofibers 

without changing their bulk properties has been a typical research topic for many years, 

and is still receiving extensive studies due to many new applications of polymeric 

materials. Common surface modification techniques include treatments by; coating, 

radiation with electromagnetic wave, electron beam, ion beam [259], chemical vapor 

deposition (CVD), gas oxidation, metallization, chemical modifications use wet-treatment 

and surface grafting polymerization [260, 261] among others. 

 

 

 



55 

 

3.3.2.2.1 Graft copolymerization 

Among the surface modification techniques, surface graft copolymerization has surfaced as 

a simple, useful, and versatile approach to improve surface properties of polymers for a 

wide variety of applications. Surface grafting has several advantages; 

(1) Ability to modify the polymer surface to have very discrete properties through 

the choice of monomers.  

(2) Ease and controllable introduction of graft chains with exact localization of graft 

chains to the surface without affecting its bulk properties. 

(3) Covalent attachments of graft chains onto a polymer surface assuring long-term 

chemical stability of the introduced chains. 

For most of the chemically inert polymers, surface grafting can be achieved via inducing 

methods such as;  photo-induced grafting (UV-induced grafting), thermal-induced grafting, 

ozone-induced grafting, plasma-induced grafting and redox-grafting techniques either via 

“grafting-to” or “grafting-from” routes [262]. Among the methods, UV-induced surface graft 

polymerization is particularly attractive due to its low cost, easy operation and mild 

reaction conditions. Additionally, UV graft polymerization has been reported to improve 

surface performance of the substrate without affecting its bulk properties [263]. The 

general scheme of how the surface of polymer can be grafted is shown in Fig. 3.2. 
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 Figure 3.2: General scheme of graft copolymerization on polymer surfaces [224]. 

 

3.3.2.1.1.1 Radiation-induced graft copolymerization  

Radiation induced graft co-polymerization is the irradiation of the polymer surfaces 

(substrates) with a high energy source such as UV and eventually grafting a monomer on 

the surface. Absorption of high-energy radiation by the substrate induces excitation and 

ionization. The excited and ionized species are the initial reactants for a series of 

complicated reactions to give free radicals, which can cause monomers to polymerize. The 

substrate is typically brought into contact with the solution containing the monomer, so 

that the radicals produced on the substrate can instantaneously initiate the 

copolymerization of the monomer.  

In addition to producing radicals, exposure of polymers to radiations can also lead to other 

chemical reactions and physical changes, which may have both detrimental and beneficial 
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consequences in determining the end-uses of the polymers. It is beneficial in the sense that 

it could cause cross-linking. Grafting on the surface of the polymers on the other hand may 

cause chain scission (breaking of bond) as well hence damaging the polymer.  A fair 

number of cross links often improve the physical properties of polymers while scission 

processes usually produce negative effects, resulting in materials which are weak [224]. 

Apart from the surface graft co-polymerization method, chemical treatment has also been 

reported as another simple way of introducing desired chemical functionalities onto the 

surfaces of electrospun nanofibers. 

 

3.3.2.1.2 Chemical treatment 

Some polymer surfaces contain functional groups such as hydroxyl, carboxyl, amine and 

ester. Such polymers can be modified directly by chemical treatment. Chemical 

modification involves the introduction of chemical species to a given surface in order to 

create a surface which has desired chemical and physical properties. 

Chemical reactions can be carried out at sites that are susceptible to electrophilic or 

nucleophilic attacks. Structures such as benzene rings, hydroxyl groups, double bonds, 

halogens and ester groups qualify for such attacks. Polyester like Polyethylene 

terephthalate (PET) and Poly(caprolactone) (PCL) can be treated by amine compounds to 

introduce amino groups through the aminolysis of the ester groups [264]. Cellulose surface 

contain hydroxyl groups and can be modified with many electrophilic agents such as 

cibacron blue F3GA [265], via the reaction between the hydroxyl groups and the 

electrophilic agents.  

Wet chemical oxidation treatments are also commonly employed to introduce oxygen-

containing functional groups (such as carbonyl, hydroxyl, and carboxylic groups) at the 

surface of the polymer. This can be conducted using gaseous reagents or with solutions of 

vigorous oxidants. The oxygen-containing functional groups lead to increased polarity and 
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the ability to form hydrogen bond, which in turn results in the enhancement of wettability 

and adhesion.  

The next chapter outlines the reagents, instrumentation and experimental aspects of the 

research work. 
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Chapter 4 Experimental 

 

4.1 Overview 

This chapter presents the experimental aspects of the studies that were carried out in this 

thesis. It has been configured to provide details of the general reagents and equipments 

that were used as well as experimental procedures for the three components of the 

research work which were; (i) Development of a fluorescent probe for quantification of 

Ni2+ ions in water, (ii) Colorimetric probe for the detection of Ni2+ ions based on silver-

copper alloy nanoparticles hosted in electrospun nanofibers, (iii) Colorimetric probe for 

rapid detection of Fe2+ ions in aqueous media. 

 

4.2 General materials and reagents 

Poly(acrylic acid) (PAA) (Mw = 50000 g/mol), Nylon 6 (Mw = 10 000), pyridylazo-2-

naphthol (PAN), Pyridine-2-aldehyde 99%, Azoisobutyronitrile (AIBN) (was recrystallized 

from THF just before use), 1,1’carbonyldiimidazole (CDI), 4-vinylbenzyl chloride (90%), 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), Glyoxal solution (40% weight in water), NaBH4,  

glutathione (GSH), certified  reference material (Iron, Ferrous 1072) and all inorganic salts 

(NiCl2.6H2O, CoCl2.6H2O, CrCl3.6H2O, CuCl2.6H2O, FeSO4.7H2O, Cd(NO3)2.4H2O, 

Zn(NO3)2.H2O, Pb(NO3)2, Al2(SO4)3.15H2O, AgNO3), were of analytical grade and were used 

as obtained from Sigma Aldrich (St. Louis, MO USA).  

Formic acid (90%), Glacial acetic acid (100%), Ethanol, Diethyl ether, Ethyl acetate, N,N-

Dimethylformamide (DMF) (was distilled over nitrogen at reduced pressure), 

Tetrahydrofuran (THF), Potassium hydroxide (KOH) and Sodium hydroxide (NaOH), 25% 

ammonia solution were obtained from Merck Chemicals (Wadeville, South Africa).  
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Sodium dihydrogen phosphate (NaH2PO4.2H2O) and Potassium hydrogen phthalate 

(C8H5KO4) were obtained from Saarchem Analytic (Krugersdorp, South Africa). All 

experimental manipulations and data collections were performed at room temperature 

unless otherwise stated. Standard solutions were freshly prepared by dissolving known 

quantities of metal salts in deionized ultrapure water obtained from a Millipore system. 

 

4.3 Instrumentation and measurements 

4.3.1 Characterization techniques 

In this thesis, the characterization techniques described were used to confirm the 

successful formation of products in cases where synthesis was done and the morphology as 

well as elemental composition. The rest other characterization techniques were used to 

study the optical properties of the diagnostic probes that were developed. Characterization 

instruments used in this work are briefly described below. 

 

4.3.1.1 Elemental analysis 

Elemental analysis or "EA" almost always refers to CHNX analysis; the determination of 

the mass fractions of carbon, hydrogen, nitrogen, and heteroatoms (X) (halogens, sulfur) of 

a sample. This information is important to help determine the structure of an unknown 

compound, as well as to help ascertain the structure and purity of a synthesized compound. 

Elemental analyses were performed with Vario Elementar Microtube ELIII (Hanau, 

Germany) after drying the samples. 

 

http://en.wikipedia.org/wiki/Mass_fraction_(chemistry)
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4.3.1.2 Fourier transform infrared spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy provides information about the chemical 

bonding or molecular structure of materials, whether organic or inorganic. The technique 

works on the fact that bonds and groups of bonds vibrate at characteristic frequencies. The 

specimen’s transmittance and reflectance of the infrared rays at different frequencies is 

translated into an IR absorption plot consisting of reverse peaks.  FTIR spectra were 

recorded on a Perkin Elmer Spectrum 100 ATR (attenuated total reflection)-FTIR 

spectrometer. 

 

4.3.1.3 Nuclear magnetic resonance spectroscopy (NMR) 

NMR spectroscopy is one of the principal techniques used to obtain physical, chemical, 

electronic and structural information about molecules due to either the chemical shift, 

Zeeman effect, or the Knight shift effect, or a combination of both on the resonant 

frequencies of the nuclei present in the sample. It is a powerful technique that can provide 

detailed information on the topology, dynamics and three-dimensional structure of 

molecules in solution and the solid state. 1H and 13C NMR spectra were collected on Bruker 

Avance 400 MHz spectrometer and reported relative to tetramethylsilane (δ 0.00). 

 

4.3.1.4 Transmission electron microscopy (TEM) 

Transmission electron microscopy is the most useful imaging techniques for nanoparticles. 

In case of transmission electron microscopy (TEM) a beam of electrons is transmitted 

through an electronically transparent specimen interacting with the atoms to produce one 

image. Due to the small de Broglie wavelength of electron image, atomic resolution is 

possible to be captured by TEM. To obtain TEM image, the sample is required to be 

dispersed on TEM grids (carbon coated copper grid or molybdenum grid). For this work, 

http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Zeeman_effect
http://en.wikipedia.org/wiki/Knight_shift
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TEM images were recorded by a JEOL-JEM 2010 electron microscope operating at 100 Kv 

and a JEOL JEM 2100 LaB6, working in STEM and HAADF (High Angle Annular Dark Field 

Mode). Samples for TEM were prepared by placing a drop of colloidal sample or nanofiber 

mat on carbon coated copper grid and dried at room temperature. 

 

4.3.1.5 Scanning electron microscopy (SEM) 

In SEM the area of the sample to be analyzed is targeted by a narrowly focused electron 

beam which can be swept across the surface of specimen to form image or may target one 

place only to analyze particular position. The image is produced due to the interaction of 

the electron beam with atoms at or near the surface of the samples. SEM can also produce 

very high resolution images (1 to 5 nm). SEM specimens are required to be conductive at 

the surface to avoid accumulation of electrostatic charge at the surface. For imaging non-

conductive specimens, the specimen surface is coated with a thin film of conducting metal 

like gold. For this work the morphology of the nanofiber mats were studied by the Tescan 

(TS5136ML) Scanning Electron Microscope (SEM) operating at an accelerated voltage of 20 

kV and a JEOL JSM-7001F Field Emission Scanning Electron Microscope operating at 2 kV 

after gold sputter coating.   

 

4.3.1.6 Energy dispersive x-ray spectroscopy (EDX) 

Chemical characterization and elemental analysis of nanometer scale particles can be done 

by EDX/EDS. This analysis is based on the analysis of x-rays emitted by the matter in 

response to interaction between electromagnetic radiation and matter. As each element 

has unique atomic structure and can emit unique x-rays, elemental composition can be 

detected by analyzing the emitted x-rays. EDX/EDS for compositional characterization of 

nanoparticles is usually integrated with TEM or SEM. The elemental contents of the surface 
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modified nanofibers were determined by Environmental Scanning Electron Microscopy 

(SEM/ESEM-EDAX-QUANTA 200) operating at an accelerated voltage of 20 kV. 

 

4.3.1.7 UV-vis absorption spectroscopy 

In this technique a beam of light of wavelengths in the visible and ultraviolet region passes 

through the specimen and its intensity before and after interacting with a sample is 

measured to determine the light transmitted through or absorbed by the sample. For metal 

nanoparticles absorption peaks can be correlated to their surface plasmon resonance peak. 

Absorption peaks can also indicate type of bonds in a given molecule. For this work, 

electronic absorption spectra were recorded on a Perkin Elmer Lambda 25 UV/VIS 

spectrophotometer in a quartz cell (1 cm).  

 

4.3.1.8 Fluorescence microscopy 

In fluorescence microscopy, images are taken based on the fluorescence property of 

samples. The sample is usually first tagged with a fluorescent molecule and excited by light 

with excitation energy required for the fluorophores. The fluorescence emission from the 

specimen is collected through an emission filter to separate the emitted light from the 

illumination light. Only a single fluorophore can be imaged at a time. For this work, 

fluorescence images were taken with a DMLS fluorescence microscope. The excitation 

source was a high-voltage mercury lamp and light with a wavelength between 470-570 nm 

was emitted with the help of an optical filter. 
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4.3.1.9 Fluorescence spectroscopy 

In this type of fluorescence electromagnetic spectroscopy, fluorescence intensity from 

sample is analyzed. The sample is excited using a particular wavelength of light and 

emitted fluorescence emission of a lower energy is detected. For this work, emission 

spectra were recorded on Varian Cary Eclipse spectrofluorometer in a quartz cell (1 cm). 

The spectrofluorometer was equipped with xenon discharge lamp (75 kV), Czerny-Turner 

monochromators and an R-928 photomultiplier tube with manual or automatic voltage 

controlled using the Cary-Eclipse software.  

 

4.3.1.10 Electrospinning set-up 

The electrospinning set-up consisted of a polypropylene 25 ml syringe and a 21 gauge, 90° 

blunt end stainless steel needle that was clamped horizontally on a syringe pump. The 

metal electrode and the collector plate were made of copper. The grounded static collector 

plate was covered with aluminum foil. The stainless steel needle was connected to the tip 

of the syringe via polytetrafluoroethylene (PTFE) tubing. The anode of the high voltage 

power supply was connected to the needle. All polymer solutions were delivered by a 

syringe pump at controlled flow rates. Electrospinning was carried out at room 

temperature (25 °C). The typical electrospinning set-up used in this study is shown in Fig. 

4.1. 
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Figure 4.1: The electrospinning set-up that was used for the fabrication of nanofibers for the thesis. 

 

4.4 Development of a fluorescent probe for the determination of 

Ni2+ ions in water 

4.4.1 Synthesis of fluorescence pyridylazo-2-naphthol-poly(acrylic 

acid) (PAN–PAA) 

A solution of 1, 1’-carbonyldiimidazole (CDI), (0.34 g, 2.1 mmol) and a catalytic amount of 

1, 8-diazabicyclo [5.4.0]undec-7-ene (DBU) in 10 mL of (dimethylformamide) DMF were 

added to a solution of poly(acrylic acid) (PAA) (1.5 g, 20.8 mmol) in 40 mL of DMF. After 

stirring the solution at 70 °C until the evolution of carbon dioxide subsided (15 min), a 

solution of 1-(2-pyridylazo)-2-naphthol (PAN) (0.52 g, 2.08 mmol) in 15 mL DMF was 

added and the solution was stirred at 70 °C for 18 h. The solution was slowly transferred 

with vigorous stirring into diethyl ether to precipitate the polymer. After filtration, the 

obtained solid was washed extensively washed with ether and acetone and dried in a 

vacuum oven for 24 h at 25 °C. 
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4.4.2 Fabrication of fluorescence electrospun nanofiber 

A solution for electrospinning was prepared by dissolving 6.6 wt% PAN–PAA in 1:4 (v/v) 

water-ethanol solvent system and stirred overnight to obtain a homogeneous solution. 

After loading the polymer solution into a 10 mL glass syringe, the syringe was mounted on 

a programmable syringe pump (New Era, NE-1000). The solution was pumped at a flow 

rate of 1 mL/h through a steel needle of internal diameter 0.584 mm. Nanofibers were 

collected on glass slides which were covered with masking tape and only the targeted area 

(0.5-2.5 cm) exposed for deposition to occur. This system was mounted on aluminium foil 

and the collection was carried out for 8 min. The distance between the needle tip and the 

collector was 15 cm and the voltage applied at the needle tip was 8.75 kV. In order to 

improve the insolubility of the fiber mat in an aqueous medium, the electrospinning 

solution with cross-linker was prepared with the addition of β-cyclodextrin at 20 wt% of 

the product. After the deposition process, fibers were heat treated at 120 °C for 20 min to 

cross-link the films. 

 

4.4.3 Fluorescence measurements 

In order to perform fluorescence measurements, the glass slides containing electrospun 

nanofiber layers were placed in 1 cm quartz cuvettes which were filled with various metal 

salt solutions. The cuvette was placed in the sample holder of the spectrofluorometer, 

samples were illuminated at an excitation wavelength of 500 nm and the emission was 

scanned from 510 to 640 nm, while the detector voltage was maintained between 600 and 

650 V. 
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4.4.4 Performance of fluorescence measurements  

In fluorescence data collection, the 5 mL aliquots of nickel ion stock solutions (ranged 0.1-

1.0 μg/mL) were added into optical cell containing glass slide coated with the fluorescent 

nanofiber (Fig. 4.2). The data, corresponding to the average of three determinations, were 

fitted by a standard least-squares treatment and the Stern-Volmer equations were 

evaluated. The procedure for examining the influence of other metal ions on fluorescence 

quenching of Ni2+ was essentially the same. For this instance, sensing nanofiber was 

exposed to several metal cations at higher equivalence with or without fixed concentration 

of nickel ion. A custom-made certified reference material for groundwater (SEP-3) 

purchased from Inorganic Ventures (Christiansburg, USA) was used to validate the 

analytical procedure. Repeatability of the method was evaluated by comparing the signals 

obtained from three determinations of the reference material. 

 

 

Figure 4.2: Photograph of glass slides coated with fluorescent nanofibers.    

 

2 cm 
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4.4.5 Preparation of buffers 

Buffer compositions were calculated according to Perrin [266]. This calculation is based on 

the Henderson-Hasselbalch equation (buffer equation), and allows the calculation of; buffer 

composition at a defined pH, buffer concentration and ionic strength. The buffer solutions 

used were potassium hydrogen phthalate-hydrochloric acid (pH 2.2-4.0), potassium 

hydrogen phthalate-sodium hydroxide (pH 4.5-5.9) and sodium dihydrogen phosphate-

sodium hydroxide (pH 6.0-8.0).  The pH of the solutions were monitored by use of a digital 

pH-meter; A Jenway 3510 pH meter (London, UK) calibrated with standard buffers of pH 

7.00 and 4.00 at 21±1 °C. 

 

4.4.6 Regeneration studies 

The whole regeneration process included destabilization of the bond formed between 

nickel cation and the indicator by immersing the fiber in 0.1 M HCl solution, modulating the 

pH value to 7.0 using 0.1 M NaOH and putting the probe back into the Ni2+ ion solution. 

After each time, the used test strip was dipped into HCl for 1 min to desorb the Ni2+ ions, 

conditioned in NaOH for 2 min and washed with fresh deionized water.  

 

4.5 Colorimetric probe for detection of Ni2+ ions based on silver-

copper alloy nanoparticles hosted in electrospun nanofibers 

4.5.1 In situ synthesis of glutathione-stabilized silver/copper alloy 

nanoparticles 

Nylon 6, silver nitrate, copper sulfate, NaBH4 and glutathione were used as electrospinable 

polymer, silver precursor, copper precursor, reducing agent and stabilizer respectively. 

Nylon 6 pellets were dissolved in a mixture of acetic acid and formic acid in the ratio of 1:1 
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to make a solution with a concentration of 15 wt/wt%. The mixture was stirred with a 

magnetic stirrer for 1 h until the lumps of the nylon 6 pellets were broken and well 

dispersed. 10.5% of AgNO3 and CuSO4 in the mole ratio of 1:1.96 were then added to the 

nylon 6 solution. The mixture was allowed to stir for an hour after which, 1.5×10-3 moles of 

NaBH4 were added to this mixture. After stirring for about 5 min 22.8% of GSH was added. 

The percentage weight of the salts and the capping agent were calculated based on the 

weight of nylon 6.  

 

4.5.2 Fabrication of electrospun nanocomposite fibers  

The homogenous nanocomposite solution was loaded into a 10 mL plastic syringe. The 

syringe was then mounted on a programmable syringe pump (New Era, NE-1000). The 

solution was delivered at a flow rate of 0.3 mL/h through a steel needle of 0.584 mm 

internal diameter. Nanofibers were collected on an aluminum foil collector with the 

distance between the needle tip and the collector of 12 cm and the applied voltage at the 

needle tip was 22.5 kV. The electrospun fiber mats were cut into uniform strips and 

without any further treatment the strips were placed in the various test solutions. 

 

4.5.3 Preparation of standard solutions 

Nickel (II) stock solution (0.1 M) was prepared by dissolving 23.77 mg NiCl2.6H2O in 100 

mL volumetric flask with deionized water. The other metal ion solutions were prepared 

from their sulphate, nitrate or chloride salts. Ag+, Cu2+, Zn2+, Cd2+, Pb2+, Fe3+, Co2+, Mn2+, 

Cr3+, Ni2+, Ca2+, Na+ and Mg2+ salts were dissolved to prepare stock solutions with 

concentrations of 0.1 M. The prepared stock solutions of the metal ions were directly used 

in the measurements. 
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4.5.4 Performance testing of the probe 

Standard solutions of various metal salts were prepared by appropriate dilution of their 

stock solutions with double-distilled deionized water. Aliquots (5 mL) of the standard 

solutions were measured out in a sample vial and the strips of electrospun fiber mats were 

placed in these solutions.  

 

4.6 Colorimetric probe for the rapid detection of Fe2+ ions in 

aqueous media 

4.6.1 Synthesis of 2-(2’-pyridyl)-imidazole (PIMH) 

2-(2’-pyridyl)-imidazole was synthesized following the literature procedure described by 

Gerber et al., [267]. Briefly, a solution of 10.70 g of pyridine-2-aldehyde (0.10 mol) in 10 

mL of ethanol was mixed with 20 mL of a 40% aqueous glyoxal solution at 0 °C. 

Immediately, 30 mL of an ice-cold 20% aqueous ammonia solution was added, and the 

yellow-brown solution was stirred at 0 °C for 30 min, and then allowed to stir overnight at 

room temperature. The ethanol was then boiled off, and the residue was extracted several 

times with 50 mL aliquots of diethyl ether. The ether was evaporated using a rotary 

evaporator, and the yellow solid crystals were re-crystallized from ethyl acetate. These 

were filtered and dried under vacuum.  

 

4.6.2 Synthesis of poly(vinylbenzyl chloride) (PVBC)  

Poly(vinylbenzyl chloride) was produced by free-radical polymerization of 4-vinylbenzyl 

chloride (10 mL, 70.9 mmol) in toluene (2 mL) using azobisisobutyronitrile (AIBN) (0.05 g, 

0.3 mmol) as the initiator. The reaction mixture was heated at 70 °C under nitrogen gas for 

12 h. The polymer obtained was dissolved in THF and precipitated with methanol, filtered 
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and air dried. 1H NMR (CDCl3) δ (ppm): 1.4-1.7, (–CH2 and –CH main chain), 4.4-4.6, Ph-

CH2-Cl, 6.4-7.1, (–CH benzyl ring).  

 

4.6.3 Synthesis of 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole  

Potassium hydroxide (2.88 g, 0.05 mol) was added to a solution of 2-(2′-Pyridyl)-imidazole 

(7.2 g 0.05 mol) in acetone. To this, 4-vinylbenzyl (7.63 g, 0.05 mol) was added dropwise. 

The reactants were refluxed, with stirring at 50 °C for 5 h. After which, the solvent was 

evaporated using a rotary evaporator and the product dissolved in dichloromethane, and 

washed with water to remove the water soluble KCl. Anhydrous MgSO4 was used to dry the 

product  and dichloromethane was removed by the rotary evaporator to obtain a yellow oil. 

1H NMR (CDCl3) δ (ppm): 5.1-5.9; (vinyl CH2), 6.5-6.7; (vinyl CH). 

 

4.6.4 Preparation of standard solutions 

Iron (II) stock solution (0.1 M) was prepared by dissolving 2.78 g FeSO4.7H2O in 100 mL 

volumetric flask using 0.2 M of concentrated H2SO4 and deionized water. The other metal 

ion solutions were prepared from their sulphate, nitrate or chloride salts. Ag+, Cu2+, Zn2+, 

Cd2+, Pb2+, Fe3+, Co2+, Mn2+, Cr3+, Ni2+, Ca2+, Na+ and Mg2+ salts were dissolved to prepare 

stock solutions with concentrations of 1.0×10-3 M, the synthetic ligand was dissolved in the 

mixed solution of EtOH: H2O (V/V = 10:90) to give the stock solution (1 mg/mL). The 

prepared stock solution of the metal ions and ligand were directly used in the 

spectroscopic measurement. 
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4.6.5 Optimization of the pH of PIMH-Fe(II) complex 

The buffer solutions used were potassium hydrogen phthalate-hydrochloric acid (pH 2.2-

4.0), potassium hydrogen phthalate-sodium hydroxide (pH 4.5-5.9) and sodium 

dihydrogen phosphate-sodium hydroxide (pH 6.0-8.0). In each case, a mixture containing 

0.34 mg of Fe(II), 5.0 ml of the suitable buffer and 6.0 ml of PIMH solution were taken and 

the volume was adjusted to 20.0 ml with Millipore water. The experiment was repeated 

with buffers of different pH values from 3.0-8.0. 

 

4.6.6 Determination of the absorbance of Fe(II)-PIMH with different 

Fe(II) concentrations   

The absorbance of the different Fe(II)-PIMH compositions were determined with a UV 

spectrophotometer. This was carried out in triplicates for each composition. From the 

values, a plot of absorbance against concentrations of Fe(II) was constructed. Statistical 

methods were then used to determine the limit of detection (LOD), limit of quantification 

(LOQ), standard deviation, regression and equation of the calibration curve.  

 

4.6.7 Preparation of calibration curve 

A series of Fe(II) standard solutions having concentrations ranging from 0 to 3.5 μg/mL 

were prepared. In each case, an appropriate volume of the stock solution of iron (II) 

standard was mixed with 4.0 ml of the buffer (pH 6.0) followed by the addition of 2 mL of 

PIMH solution. The pH of the mixtures was brought to 6.0 by using either NaH2PO4 or 

NaOH solutions and the volume was adjusted to 20.0 mL with Millipore water. 
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4.6.8 Interference evaluation 

Evaluation of chemical interferences was conducted by repeating Fe(II) analysis in the 

presence of each of the interfering species at different concentration levels, and comparing 

the results with a measurement of a blank solution containing iron with no interfering 

substance. The interferences were studied by analyzing samples after adding between 2-25 

μg/mL of each interfering ion into a fixed concentration (2.0 μg/mL) of Fe(II). All the 

solutions were prepared according to the standard preparation procedures already 

described. 

 

4.6.9 Fabrication of nanofibers by electrospinning PVBC 

A solution for electrospinning was prepared by dissolving the polymer to make a 40% 

(wt/v) in 1:1 (v/v) DMF/THF solvent system and the mixture was stirred for 3 h to obtain a 

homogenous solution. After loading the polymer solution into 10 mL glass syringe, the 

syringe was mounted on a programmable syringe pump (New Era, NE-1000). The solution 

was pumped at a flow rate of 0.8 mL/h through a steel needle of 0.584 mm internal 

diameter. Nanofibers were collected on a stationary collector covered with aluminum foil. 

The distance between the needle tip and the collector was 12 cm and the applied voltage 

was 15 kV. 

 

4.6.10 Fabrication of nanofibers by electrospinning nylon 6 

A homogenous solution of nylon 6 was prepared in a mixture of formic and acetic acid in 

the ratio of 1:1 to make concentration of 16% wt/v. After stirring the mixture for 5 h, it was 

loaded into a 10 mL plastic syringe. The syringe was then mounted on a programmable 

syringe pump (New Era, NE-1000). The solution was pumped at a flow rate of 1 mL/h 

through a steel needle of 0.584 mm internal diameter. Nanofibers were collected on an 
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aluminum foil collector with the distance between the needle tip and the collector of 10 cm 

and the applied voltage at the needle tip was 20 kV.  

 

4.6.11 Post-functionalization of PVBC nanofibers with PIMH 

A strip of approximately 14 cm x 6 cm of the PVBC nanofiber mat measuring 0.65 g was cut 

out. The strip was placed into a 20 mL methanol solution of PIMH (5.0 g, 0.035 mol) in a 50 

mL flask along with KOH (3.93 g, 0.07 mol). The contents were heated and stirred gently at 

40 rpm for a period of 5 days at 40 °C. Afterwards, the fibers were rinsed in methanol. 

Finally, the fibers were cleansed with diethyl ether in a Soxhlet extraction system and dried 

at room temperature, under reduced pressure for 12 h.  

 

4.6.12 Photo-grafting procedure 

The nylon 6 nanofibers were cut into strips (5 cm wide and 5 cm long) and then dried in an 

oven at 50 °C. The monomer solution with varied concentrations in the range between; 

0.3–4.0% (w/v) were prepared in MeOH as the solvent. The concentration of the initiator 

(benzophenone) was varied between 0.1–0.4% (w/w). Weight of the initiator was 

calculated based on the weight of the monomer. One piece of nylon 6 nanofibers was placed 

in a Pyrex glass tube containing 15 mL solution of the initiator; this tube was purged with 

nitrogen gas to eliminate oxygen and then sealed.  

The tube was exposed to ultraviolet light under controlled conditions. The light source was 

a 400-W high-pressure mercury lamp, and the glass tubes were rotated and revolved 

simultaneously around the light source at a distance of 10 cm for 30 min. After which, a 

solution of the monomer in MeOH was added to the tube and the contents placed back in 

the oven for grafting to take place. After the grafting reaction, the nylon 6 nanofibers were 

removed from the glass tubes, washed with hot water, and then extracted with MeOH for 6 
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h in a Soxhlet extraction system to remove unreacted monomer and homopolymer. The 

nanofiber mat was then dried at 50 °C to a constant weight. The degree of grafting was 

calculated from the weight gain.  
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Chapter 5 Results and Discussion 

  

5.1 Development of a fluorescent probe for quantification of Ni2+ 

ions in water 

5.1.1 Choice of fluorescent Indicator 

A variety of fluorescent reagents such as fluorescein and rhodamine dyes for the 

determination of heavy metals, in particular nickel ions, have been described in literature 

[268]. In the search for a specific indicator for the development of a fluorescent probe, 1-

(2-pyridylazo)-2-naphthol (PAN) (Fig. 5.1), was identified as a fluorescent reagent that 

could selectively respond to nickel (II) ions in aqueous samples. For fluorescent 

applications, the indicators need to meet some criteria: (1) should have a sufficiently large 

change in the fluorescence (enhancement or quenching) in the presence of the analyte, (2) 

a large Stokes shift, (3) high fluorescence quantum yields, (4) high photostability, and (5) 

should be easy to immobilize into a solid support.  

1-(2-pyridylazo)-2-naphthol was found to fulfill most of these requirements. It is one of the 

most sensitive reagents among heterocyclic azo compounds for determining metal ions. It 

has been reported to possess exceptionally high selectivity for nickel(II) [269]. 1-(2-

pyridylazo)-2-naphthol is commercially available and did not require any chemical 

modification for the application presented. Neither its absorbance nor emission maxima 

were affected by pH changes between 5 and 8. Finally, it had a reactive hydroxyl group 

which makes its incorporation into a polymer backbone easy. 
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Figure 5.1: Structure of 1-(2-pyridylazo)-2-naphthol. 

 

5.1.2 Choice of the polymer support 

Poly(acrylic acid) (PAA) was chosen as the polymer support in the work. The choice of PAA 

was driven by the fact that it possess high molecular weight hence could be transformed 

into nanofibers through the process of electrospinning. Secondly PAA contains carboxylic 

acid groups that could allow the formation of ester bonds with the alcohol group of 1-(2-

Pyridylazo)-2-naphthol. Consequently, covalent attachment of the signaling reagent onto 

the back bone of the polymer was achieved. 

 

5.1.3 Synthesis of pyridylazo-2-naphthol-poly(acrylic acid) 

A two-step synthesis using 1,1'-carbonyldiimidazole (CDI)  as a coupling agent provided an 

effective route for the preparation of the fluorescent pyridylazo-2-naphthol-poly(acrylic 

acid).  In this reaction scheme, the carboxylic acid groups were activated by reacting them 

with CDI (1) to form an imidazolide (2) (Fig. 5.2).  In the activation step, partial protonation 

of the imidazole nitrogen led to the formation of an activated species which was then 

attacked by the carboxylate. Without isolation, the imidazolide was reacted immediately 

with pyridylazo-2-naphthol in the presence of a base (1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU)) to give the required ester (Scheme 5.1). The method is very effective and has been 

followed in the preparation of picolinyl ester derivatives from epoxy [270], and fatty acids 

[271]. An important advantage of the method was that the byproducts; carbon dioxide and 
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imidazole were readily and quantitatively separated from the reaction product by a simple 

washing procedure.  
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Figure 5.2: Chemical structures of; (1) CDI and (2) imidazolide intermediate. 
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Scheme 5.1: Synthesis of fluorescent functionalized polymer of 1-(2-Pyridylazo)-2-naphthol and 

poly(acrylic acid) (PAN-PAA). 

 

5.1.4 Characterization of fluorescent PAN-PAA  

The obtained product was characterized by IR spectroscopy. The FTIR spectra (Fig. 5.3) 

confirmed the successful immobilization of 1-(2-Pyridylazo)-2-naphthol onto poly(acrylic 

acid). In the spectrum of the polymer, a strong band corresponding to C=O stretching band 

appeared at around 1699 cm-1 but disappeared in the spectrum of PAA-PAN. This along 

with the appearance of a new peak at 1737.07 cm-1 was an indication that an ester bond 

had been formed between the hydroxyl groups of PAN and carboxylate groups of PAA. The 
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formation of the new covalent bonds between the indicator and support materials 

prevented the indicator from leaching-out and afforded electrospinable material for 

transformation into nanofiber mat for direct solid phase measurement of nickel ions in 

water. 
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Figure 5.3: Infrared spectra of new fluorescence polymer PAN−PAA, PAN and PAA.            

 

5.1.5 Stokes shift of the fluorescent pyridylazo-2-naphthol-

poly(acrylic acid) 

PAN has been shown to be one of the most sensitive reagents among heterocyclic azo 

compounds for determining nickel ion [269]. Most fluorescent dyes show a difference 

between the absorption and emission maximum. Emission is shifted to a longer 

wavelength, which means a loss of energy. This “bathochromic” shift is called Stokes shift 

[272, 273]. The main reason for this could be seen from the Jablonski diagram (Figure 2.1). 
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The absorption from S0 to S1 is normally from the lowest to the higher vibrational levels 

(Franck Condon Principle) [104], followed by a fast decay to the lowest vibrational state of 

S1. From here fluorescence occurs mainly to higher vibrational levels of S0, which leads to 

loss of energy compared to absorption. 

The fluorescent electrospun nanofiber PAN-PAA exhibited distinct and well-defined 

emission peak as shown in Fig. 5.4. Previously, the intrinsic absorbance of PAN had been 

reported to be 470 nm [269], comparing this with absorbance maximum of the new PAN 

functionalized molecule, there was a slight shift to 479 nm. This could be due to the fact 

that PAN was linked to a polymer through a covalent bond unlike in the previous reports 

where it was used as a free molecule. The emission maximum of the complex occurred at 

557 nm which was indicative of a good Stokes’ shift (78 nm). With the incorporation of PAN 

into PAA, the rate of self-quenching of PAN, as a result of site isolation was greatly reduced 

and this resulted in a remarkably improved fluorescence efficiency and sensitivity of the 

system. 

 

 

Figure 5.4: UV absorption (A) and fluorescence emission (B) spectra of PAN−PAA. 

 

B 
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5.1.6 Fabrication of fluorescent PAN-PAA nanofiber 

To obtain the optimal electrospinning conditions, several operational parameters were 

investigated including voltage, working distance and flow rate. Within the tested range (5-

15 kV voltage, 10-20 cm working distance and 0.5-1.5 mL h-1 flow rate), the optimal 

electrospinning parameters which gave bead-free nanofibers (Fig. 5.5), prepared from 6.6 

wt% solution were 8.75 kV voltage, 15 cm working distance and 1 mL h-1 flow rate.  

 

 

Figure 5.5: SEM image of fluorescent functionalized electrospun PAA−PAN nanofibers (Inset shows 

image of cross linked fibers, average fiber diameter range was 230-800 nm). 

 

The fibers obtained were very soluble in water and even heating the fiber mats at 120 °C 

for 30 minutes did not change their solubility in water. Since their application was intended 

to be carried out in water samples, this posed a challenge. Therefore, there was need to 

render the nanofibers water insoluble. In this regard, a cross linker was used with the aim 

to form covalent bonds with the free carboxylic acid groups in the product.  
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Cross linking could be performed by chemical reactions that are initiated by heat, pressure, 

and change in pH or radiation. In this case, thermally cross linkable β-cyclodextrin (Fig. 

5.6) was employed as it has free hydroxyl ends that are reactive and could form ester 

bonds with the free carboxylic acid groups.  
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Figure 5.6: Chemical structure of β-cyclodextrin. 

 

The suggested mechanism for this reaction indicates that it occurs in two steps [274]; in 

the first step; during heating, glutaric anhydride type rings could form first by the 

dehydration of carboxylic acid groups of poly(acrylic acid). In the second step, these 6-

member cyclic anhydride rings further react with the hydroxyl groups from β-cyclodextrin 

(β-CD) by esterification to form the ester bonds and become water insoluble (Scheme 5.2). 

The cross linked PAN-PAA electrospun fibers retained their fibrous structure after a long 

immersion in water. 
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Scheme 5.2: Reaction mechanism of heat cured PAA-PAN/β-cyclodextrin at 120 0C for 20 minutes 

[274]. 

 

Beta-cyclodextrin was chosen as it has free hydroxyl ends that were capable of further 

esterification with the free carboxylic acid groups on the functionalized polymer. But a 

question arises regarding the possibility of coordination of metal ions by the hydroxyl 

groups of β–cyclodextrin. Some of the hydroxyl groups on cyclodextrin were involved in 

the esterification. Therefore hydroxyl groups which could be used for binding with metal 

ions were not directly available. However, the free ones were not expected to readily react 
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strongly with borderline metals like nickel in terms of hard/soft acids since the hydroxyl 

deprotonation occurs at high pH. More so, the binding affinity of β-cyclodextrin could only 

be extended through the electrostatic interaction and/or electron transfer between ligated 

metal and accommodated guest molecule, which in this case is the PAN-PAA. In addition, 

nickel (II) has a much higher affinity for the nitrogenous bases, and PAN has excellent 

selectivity for nickel (II) ions. So in terms of competitive binding, there would be a 

preference for nitrogen donor atom [275]. 

 

5.1.7 Effect of pH on the response of PAA-PAN to nickel 

The fluorescence intensity versus pH plot for the PAA-PAN nanofiber (Fig. 5.7) was 

obtained by using the appropriate buffer and adjusting the solution pH with hydrochloric 

acid and sodium hydroxide while keeping the concentration of Ni2+ constant. It could be 

seen that at lower pH values, the fluorescence intensity decreased with decreasing pH 

value. Considering that at pH below 5.0, the protonation of receptors’ nitrogen atoms of the 

PAN-PAA fiber could lead to a decrease in its electron donating ability and at higher pH 

(>8.0) value, the precipitation of metal hydroxide which decomposes to the oxide could be 

promoted, so the experiments were carried out at a pH range from 5.0-8.0. From the results 

that were obtained, it was obvious that the system could be used in a wide range of pH 

(5.0-8.0). In other words, there was no need for strict control of pH of the sample solution 

in the determination of Ni2+ in real samples since most water bodies exist at this range. The 

results however demonstrated that the functionalized polymer was affected by proton in 

the detection of nickel (II) ions.  
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Figure 5.7: Effect of pH on the determination of Ni2+ with the proposed flurescent PAA-PAN system, 
the concentration of Ni2+ was 1.0 µg/mL. 

 

5.1.8 Response of PAN−PAA nanofiber to Ni2+ ion concentration 

In order to get clearer insight into the florescence behavior of the nanofiber, its 

fluorescence intensity was monitored when various concentrations of Ni2+ were added. It 

was observed that the addition of Ni2+ at a lower concentration of 0.1 µg/mL decreased the 

emission intensity drastically. When 1.0 µg/mL of Ni2+ was added, the fluorescence 

intensity decreased to less than 2%. Figure 5.8 shows the decrease of fluorescence upon 

addition of different concentrations of Ni2+. 

It was evident that the fluorescence emission intensity of the ligand decreased dramatically 

with increasing concentration of Ni2+. The decrease in emission intensities was due to the 

formation of a coordination complex between Ni2+ ions and the N atoms of the ligand. The 

coordination complexes make the energy transfer possible from the excited state of the 

ligand to the metal ions; thus, increasing the non-radiative transition of the ligand excited 
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state and decreasing the fluorescence emission. The mechanism clearly involved an 

interaction between the metal ion and the ligand where fluorescence emission of the ligand 

was inhibited in this case. 

 

 

Figure 5.8: Fluorescence emission spectra of PAN−PAA nanofiber as a function of Ni2+ 

concentration. The insert shows relative fluorescence intensities (I/Io) at 557 nm with Ni2+ 

concentration. 

 

The relationship between the emission at 557 nm and Ni2+ concentrations could be 

deduced from the Stern-Volmer equation; 

 

I0/I = I + Ksv[Q]                                                                        (5.1) 

 

Where, I0 is the fluorescence intensity in the absence of quencher (Ni2+), I is the intensity 

when the quencher is present, Ksv is the Stern-Vomer constant and [Q] is the concentration 
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of quencher. The linear range of the method was found to be 0.1-1.0 µg mL-1 Ni2+ with a 

correlation coefficient of R2 = 0.996 (Fig. 5.9). The detection limit, based on the definition 

by IUPAC (DL = (3δ/S) [169], was found to be 0.07 ng mL-1. The relative standard deviation 

(R.S.D.) for eight repeated measurements of 1.0 µg mL-1 Ni2+ was 3.9%. The Ksv of the 

nanofiber calculated from the slope of the plot was found to be; 3.69 x 103 mL µg-1 

indicative of enhanced sensitivity of the detector which can be attributed to the higher 

surface area of the electrospun nanofibers. 
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Figure 5.9: Stern-Volmer plot of fluorescence PAN−PAA nanofiber as a function of Ni2+ 

concentration. 

 

5.1.9 Fluorescence imaging of the electrospun nanofibers 

The sensitivity of the nanofiber was further visualized by fluorescence microscopy. The 

fluorescence images before the quenching process indicated fluorescence emission and 

[Ni2+] μg/mL 
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uniform dispersion of fluorophores, which was beneficial to the performance of the 

fluorescent probe. After treating the fiber mat with a 1.0 µg/mL Ni2+ solution, a remarkable 

quenching effect could be observed in the fluorescence image (Fig. 5.10).  

 

 

Figure 5.10: Fluorescence images of sensing electrospun PAN−PAA nanofibers before and after      

treating it with 1.0 µg/mL Ni2+ solution. 

 

5.1.10 Mechanism of PAA-PAN quenching by Ni2+ 

Basically, electron transfer as well as energy transfer [118, 123] and paramagnetic 

interactions [276], have been suggested to be responsible for the quenching of fluorescence 

by transition metal ions. Utilizing the Stern-Volmer mechanism, the quenching of 

fluorescence by metal ions could occur by at least two different mechanisms [272]. In the 

static quenching, on complexing of the ground state molecule with paramagnetic ion, 

fluorescence intensity decreases as a function of concentration of the metal ion introduced. 
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However, a second mechanism must involve the excited state, rather than the ground state 

of the fluorescent molecule (dynamic quenching). The paramagnetic metal ion causes a 

reduction of fluorescence intensity by inducing intersystem crossing. In an equilibrium 

situation, both of these mechanisms could be operating and the scenario is represented for 

Ni-PAN−PAA system as shown in Scheme 5.3.  

 

(PAN-PAA)o + Ni2+

hv

1(Ni-PAN-PAA) (IC) 3(Ni-PAN-PAA)

 

Scheme 5.3: Proposed quenching mechanism of PAN-PAA by Ni2+. 

 

Where; (PAN−PAA)o, 1(Ni-PAN−PAA) and 3(Ni-PAN−PAA) are ground state fluorescence 

molecule, first excited singlet and triplet state respectively. The rationalization is that the 

rate of intersystem crossing (IC) in the first excited singlet complex is enhanced by the 

influence of the unpaired electrons of the nickel metal ion. The first excited singlet crosses 

over to the triplet state, which may then undergo some type of quenching to return to the 

ground state. 

The exact mechanism taking place in this system was not fully established since 

fluorescence lifetimes were not determined. But absorption spectra of PAA-PAN and PAA-

PAN-Ni2+ were recorded. For static quenching, the complex is expected to have a different 

absorption spectrum from that of the fluorescent indicator. Presence of an absorption 

change is therefore diagnostic of static quenching. From the spectra obtained, the spectrum 

of the complex; PAA-PAN-Ni2+ was different from that of PAA-PAN (Fig. 5.11). The complex 

had a spectrum with absorption maxima at 509 nm with a shoulder band at 553 nm while 

that of PAA-PAN had a maximum absorption at 479 nm. The difference therefore, signified 

that the quencher had diffused into the fluorophore while in the ground state. But, the UV-
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vis results only could not be conclusive without the fluorescence lifetime data since both 

static and dynamic quenching can be at play in a single system [127]. 
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Figure 5.11: Absorption spectra of; (a) PAA-PAN (b) PAA-PAN-Ni2+. 

 

5.1.11 Selectivity of the fluorescent probe 

In the design of diagnostic probes for environmental analysis, the interference due to other 

species in the sample normally poses a challenge to analysts. Depending on the proposed 

end-use of the diagnostic probe, interference from other species could limit their 

applications. The selectivity of metal ions could be affected by the diffusion kinetics of the 

metal ions into the probes and also the binding affinity of metal ions with ligands. 

Therefore, several commonly existing metal ions were tested. 

The selective binding ability of PAN−PAA nanofiber was determined by addition of equal 

concentrations of various metal ions (Al3+, Cr3+, Fe2+, Co2+, Cu2+, Zn2+, Cd2+ and Pb2+). PAN-

a 

b 
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PAA nanofibers were found to have a large chelation enhanced quenching (CHEQ) effect 

only with Ni2+ among the metal ions examined with percentage quenching near 100% as 

shown in Fig. 5.12. In contrast, addition of other metal ions (Al3+, Cu2+, Zn2+, Cd2+ and Pb2+) 

did not show fluorescence quenching but rather enhanced the fluorescence intensity of the 

probe. However, Cr3+, Fe2+ and Co2+ ions showed weak quenching abilities, probably due to 

their diamagnetic nature. In particular, the probe showed a high selectivity for Ni2+ in 

contrast to other metal ions tested in its fluorescence quenching response. 
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Figure 5.12: Quenching percentage ([Io-I/Io] x 100 %) of fluorescence intensity of PAN−PAA 

nanofiber upon addition of 1.0 equivalence of metal ions. 

 

The selectivity and tolerance of PAN−PAA for Ni2+ over other metal ions was further 

examined by competition experiments (Fig. 5.13). When 1 equivalent of Ni2+ in the 

presence of 10 equivalence of respective metal ion was introduced on the fiber, the 

emission spectra displayed a similar quenching near 557 nm to that of Ni2+ alone. The 

results indicated that the fluorescence quenching by Ni2+ was hardly affected by the co-

existence of other metal ions, a characteristic which is vital to its applications in 
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environmental samples. When analyte solutions containing mixtures of competing species 

are used, the issue of selectivity becomes more important.  
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Figure 5.13: Quenching percentage ([Io-I/Io] x 100 %) of fluorescence intensity of PAN−PAA      

nanofiber upon addition of 1.0 equivalent of Ni2+ and 10.0 equivalence of other ions. 

 

5.1.12 Reusability of the probe 

The reproducibility of a signaling response is a desirable characteristic in the design of a 

diagnostic probe. In fact the most attractive characteristic of the solid state probes is their 

regeneration efficiency because it is this parameter that would determine the cost of any 

analytical procedure. To investigate its reusability, the fluorescent nanofiber was used to 

complex Ni2+ through complex-stripping cycles. The stripping agent used was 0.1 M HCl. 

Figure 5.14 shows a profile of the fluorescence response during five sequential cycles. The 

nanofiber was found to be able to re-combine with Ni2+ for at least four times 

(I4/I1=94.8%). The subsequent decrease of the fluorescence intensity could be attributed to 

the effect of stripping agents on the sensing performance and little loss of the fiber during 

multiple regeneration experiments. However, the probe showed excellent reusability and 
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stability towards Ni2+ for at least four successive cycles. Hydrochloric acid was chosen as a 

simple stripping agent for the regeneration of nickel-free PAN-PAA nanofiber. This was 

because at pH below 5.0, the protonation of receptors’ nitrogen atoms of the PAN-PAA fiber 

decreased its electron donating abilities. 

 

0

150

300

450

600

750

2 4 6 8 10

Cycles

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (a
.u

.)

  

Figure 5.14: Repeated switching of fluorescence emission of the PAN−PAA nanofiber against the 

number of Ni2+ solution/eluent cycles. 

 

5.1.13 Validation of the method 

Table 5.1 gives the quality control parameters regarding the detection of nickel metal ion in 

aqueous solution. Accuracy of the determinations, expressed as relative error between the 

certified values of the reference material and the observed were ≤ 0.1%. The precision of 

these measurements expressed as relative standard deviation for eight repeated 

measurements of 1.0 μg/mL Ni2+ was also satisfactory, being lower than 4%. The limit of 

detection, based on the definition by IUPAC (LOD = (3δ/S) [277], was found to be 0.07 

ng/mL. This LOD achieved with the PAN-PAA nanofibers was lower than 4.5  ng/mL 

achieved with fluorescence-based sensor from Escherichia coli nickel binding  protein 

labeled with N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide [278]. 
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In addition, the LOD was significantly lower than 0.02 μg/mL nickel concentrations above 

which it is toxic in drinking water as established by EPA [279]. 

 

Table 5.1: Analytical quality control.  

I0/I Certified 

concentration 

(µg/mL) 

Concentration 

found 

 (µg/mL) 

Relative 

error 

(%) 

Relative 

standard 

deviation 

(%) 

LOD 

(ng/mL) 

LODa 

(ng/mL) 

LODb 

(ng/mL) 

5.29 0.8980(0.007) 0.8986(0.004) +0.0668 3.9203 0.0710 0.1 4.5 

aSquare-Wave anodic stripping voltammetry bismuth-film electrode sensing method [280].  

bFluorescence-based sensing system using nickel binding protein from Escherichia coli [279]. 

 

5.2 Colorimetric probe for detection of Ni2+ ions in water based on 

Ag/Cu alloy nanoparticle 

5.2.1 Choice of the metal nanoparticles 

For color signal generation, metal nanoparticles are particularly attractive; as they possess 

much higher extinction coefficients compared to organic dyes, allowing sensitive 

colorimetric detections with minimal material consumption [281]. Among the metals, gold, 

silver and copper are known to display plasmon resonances in the visible spectrum [282]. 

Metal alloy nanoparticles, on the other hand, have mainly been studied because of their 

catalytic effects [283]. For whichever application they are designed, colorimetric probes 

should be simple and robust. Even if these criteria are fulfilled, whether an assay will be 

used or not is decided by the availability of the reagents, their price, and their overall 

simplicity. We chose to use Ag and Cu because they are cheap in comparison to gold. 

Secondly, alloy nanostructures have been reported to offer additional degrees of freedom 

for tuning their optical properties. 
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5.2.2 Choice of the stabilizing agent 

Because of their small size, nanoparticles have a very high surface area to volume ratio 

resulting in a high reactivity and the need to stabilize them. Glutathione (GSH) (Fig. 5.15) 

was used both as a stabilizing agent and a ligand that could selectively bind Ni2+ ions in 

aqueous media.  
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Figure 5.15: Structure of glutathione (GSH). 

 

Glutathione is a tripeptide (-Glu-Cys-Gly) that contains a thiol (-SH) group which can easily 

form a covalent bond with the metal nanoparticles. Glutathione is known to protect red 

cells from oxidative damage when it is present in sufficiently high quantities (∼5 mM) and 

to maintain the normal reduced state of the cell because of its antioxidant nature. 

Glutathione also plays an important role in the detoxification of the cell and is responsible 

for removing harmful organic peroxides and free radicals. It binds to toxins, such as heavy 

metals, solvents, and pesticides, and transforms them into a form that can be excreted in 

urine or bile [284].  

In particular, GSH has two free -COOH groups and a -NH2 group to provide a hydrophilic 

interface and a handle for further reactivity with heavy metals such as nickel(II) ion. GSH 

could bind Ni2+ in aqueous solution resulting in the aggregation of nanoparticles due to 

strong coordination bond formed between Ni2+ and -NH2, -COOH of the functionalized 

glutathione modifier. The aggregation was expected to result in a significant shift in the 
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plasmon band and a substantial color change since metallic nanoparticles display distance-

dependent optical properties [282]. 

 

5.2.3 Choice of the polymer support 

Incorporation of metal nanoparticles into other materials is an attractive method of 

increasing compatibility for specific applications. Polymers are considered as good host 

materials for metal nanoparticles as well as other stabilizing agents. Nylon 6 was used as 

the polymer matrix firstly because of its good mechanical strength [285]. Secondly, nylon 6 

has multiple nitrogen atoms on its back bone which could stabilize the metal nanoparticles 

during synthesis. In addition to the afore-mentioned properties, the presence of hydrogen 

bonds in the polymer makes it polar hence enhances its wettability when used in water 

samples.  

 

5.2.4 Synthesis of glutathione-stabilized silver/copper alloy 

nanoparticles 

One step in situ synthesis of the alloy nanoparticles in the polymer matrix was employed in 

the work. Different chemical and physical methods exist to prepare metal-polymer 

composites [286]. A successful preparation of nanoparticles is determined by the ability to 

produce particles with uniform distributions and long stability, given their tendency to 

rapidly agglomerate. The widely used fabrication approach is to disperse previously 

prepared particles in the polymer matrix [287]. This method is often referred to as the 

evaporation method since the polymer solvent is evaporated from the reaction mixture 

after nanoparticle dispersion. However, this often leads to inhomogeneous distribution of 

the particles in the polymer.  
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One solution is the in situ synthesis of metal particles in the polymer matrix, which involves 

the dissolution and reduction of metal salts or complexes in the polymer matrix [288]. In 

situ synthesis can be done by reducing the metal precursors to nanoparticles with 

chemicals (e.g., an aqueous solution of N2H5OH, potassium/sodium borohydride, radiation 

(e.g., UV radiation) or high temperatures. The in situ reduction of metal ions led to the 

homogeneous distribution of nanoparticles in the polymer matrix. Sodium borohydride 

was used as the reducing agent to produce the alloy nanoparticles within the polymer 

matrix (Scheme 5.4).  

The choice of NaBH4 was based upon the fact that, it is a strong reducing agent which did 

not require heating during the reaction. Secondly NaBH4 has been reported to produce 

nanoparticles that have very small sizes [289]. The small particle sizes were of great 

interest in the research work since electrospinning was to be applied for fabrication of the 

nanocomposite fibers. This meant that the sizes had to be very small to pass through the 

electrospinning needle and also to blend well with the polymer. 

 

 

 

 

 

Scheme 5.4: In-situ synthesis of glutathione stabilized Ag-Cu alloy nanoparticles. 

 

5.2.5 Optical properties of synthesized Ag-Cu alloy nanoparticles 

UV-vis spectroscopy is one of the widely used techniques for structural characterization of 

nanoparticles. The absorption spectrum (Fig. 5.16) of the black silver-copper alloy colloids 

prepared showed a surface plasmon absorption band with a maximum at 424 nm. If silver 

and copper ions are reduced simultaneously in the same solution, silver-copper alloy 

nanoparticles are expected to be formed. The alloy formation could be concluded from the 

Polymer Solution/ 
AgNO3/CuSO4.5H2O 

NPs NPs 
NaBH4 GSH 
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fact that the optical absorption spectrum showed only one plasmon band and this was in 

agreement with what had been reported in literature [290-292]. Two bands would be 

expected for the case where there was a mixture of  silver and copper nanoparticles. Also, 

the appearance of a narrow SPR absorption band at 424 nm confirmed the narrow size 

distribution and the well dispersed state of the alloy nanoparticles that were formed. 
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Figure 5.16: UV-vis spectrum of Ag-Cu/Nylon 6 nanocomposite solution before electrospinning. 

 

The appearance of a single absorption band indicated that the synthesized Ag-Cu bimetallic 

particles were in alloy form rather than being a mixture of individual metal nanoparticles, 

whereas the physical mixture of synthesized Ag and Cu nanoparticles showed two 

absorption bands corresponding to the individual metal nanoparticles (Fig. 5.17 inset). 

Silver NPs alone in the polymeric solution had a strong surface plasmon resonance peak at 

408 nm, while that of the Ag-Cu alloy NPs was red-shifted to 424 nm and slightly 

broadened which is in agreement with what had been reported [290]. In addition, the 

plasmon resonance absorption band of Ag NPs was stronger and sharper in comparison to 
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that of Cu nanoparticles which was at 551 nm, and occurred at a longer wavelength (Fig. 

5.17).  

The collective plasmon resonance absorption band of Ag-Cu alloy differed dramatically 

from that of Ag or Cu, and could easily be tuned in the UV-vis region by changing the Cu/Ag 

mole ratio. The notable change in the absorption spectra could primarily be attributed to a 

change in the dielectric function when different metal atoms were mixed. Silver has been 

reported to display approximately free electron behavior in the visible region, which gives 

rise to a sharp absorption band. Other metals, including Cu and Au, have less free-electrons, 

which gives rise to a broad absorption bands [293]. 
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Figure 5.17: Surface plasmon absorption spectra of AgNPs (a), Ag-Cu alloy NPs (b), CuNPs only (c), 

inset is for the physical mixture of Ag and Cu NPs. 
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5.2.6 Reducing agent 

The general chemical reduction reactions involve reducing agents that are reacted with a 

salt of the metal according to the following chemical equation: 

mMen+  +  nRed                       mMe0  +  nOx                         (5.2) 

Where, m is the number of moles of the metal ions, Me is the metal ion, n+ is the charge on 

the metal ion, n is the moles of the reducing agent, Red is the reducing agent and O is the 

oxidized form of the reducing agent. 

In a study of metal ion reduction by borohydride system, it was reported that BH4- ions 

functions not only as a reducing agent but also as a stabilizer that prevents the 

nanoparticles from aggregating [294]. Adsorption of borohydride onto the surface plays a 

key role in stabilizing growing nanoparticles by providing particle surface charge leading to 

electrostatic repulsion that keeps them from agglomerating (Scheme 5.5). Therefore, there 

had to be enough borohydride in solution to reduce the metal ions as well and to stabilize 

the particles as the reaction proceeded.  
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Scheme 5.5: Separation of nanoparticles by repulsive forces induced by adsorbed borohydride. 

 

Later in the reaction however, it was observed that when the mole ratio of the salts to 

NaBH4 was greater than 1:2.8, aggregation of the nanoparticles was observed. This could be 
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due to the fact that NaBH4 increased the overall ionic strength of the solution leading to 

aggregation of the nanoparticles. Therefore, the amount of NaBH4 had to be optimized. The 

optimal mole ratio of the total salts to sodium borohydride was found to be; 1:2.8. Below 

and above the optimized mole ratio, there appeared more than one peak which was also 

very broad (Fig. 5.18). The broad nature of the peaks could be attributed to large size 

distribution and probably aggregation caused by excess or less concentrations of the 

reducing agent. 
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Figure 5.18: UV-vis spectra of Ag/Cu alloy nanoparticles with varying mole ratios of reducing 

agent. 

 

Upon introduction of the stabilizing agent (GSH), the rather loose shell of borohydride ions 

on the Ag/Cu NPs surfaces could easily be displaced by other desired ligands with valuable 

functionalities (e.g. N and -SH groups). Molecules with electron-rich nitrogen or sulphur 

atoms are easily bound onto the surface of metal nanoparticles through the coordinating 

interactions between sulphur or nitrogen atoms with the electron-deficient surface of 



102 

 

metal nanoparticles. In particular, the sulphur atom of GSH exhibited much stronger 

binding ability/affinity to NPs than the borohydride ions. A stabilizing agent relies on 

electrostatic repulsion force caused by either surface charge or steric stabilization, or both 

to prevent nanoparticles from aggregation. 

 

5.2.7 Characterization of GSH-Ag/Cu Alloy NPs nanofibers  

The morphology of the GSH-Ag-Cu alloy nanofibers was observed using a transmission 

electron microscope (TEM). As shown in Fig. 5.19, glutathione stabilized Ag-Cu alloy 

nanoparticles having sizes between 3-6 nm were well dispersed in the electrospun 

nanofibers. Glutathione was used with the aim to stabilize the nanoparticles in order to 

prevent them from aggregation and this was successful as could be observed from the TEM 

image. For environmental applications, surface functionalization of nanoparticles is 

essential to apply them for selective detection of a specific analyte. Therefore, apart from 

stabilizing nanoparticles formed, GSH also served as a ligand that could selectively bind 

Ni2+ ions in aqueous media.  
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Figure 5.19: Transmission electron micrograph of Ag-Cu alloy nanoparticles in the electrospun 

nanofibers. 

 

5.2.8 Metal ions recognition ability of Ag-Cu alloy nanoparticles 

To investigate the metal ions recognition ability of GSH-Ag-Cu alloy NPs, metal ions (Ni2+, 

Mn2+, Fe2+, Co2+, Cd2+ and Pb2+, Na+, Cr3+) of the same concentration (0.1 mol L−1)  were 

prepared  and the electrospun fiber mats were cut and placed in the solutions. Deionized 

ultrapure water obtained from a Millipore system was used as control in this experiment. 

Upon interaction with various metal ions, as could be seen from Fig. 5.20, the fiber mat 

placed in the solution containing Ni2+ was discolored, while other metal ions did not 

discolor the mats. 
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Figure 5.20: Colorimetric responses of the fiber strips to various solutions from left, H2O, Pb2+, Ni2+, 

Fe2+, Na+, Cr3+, Ca2+, Mn2+ and Co2+  respectively. 

 

Glutathione, a tripeptide containing cysteine, contains two carboxylic acid groups. Marco 

Bieri and Thomas Bürgi [295], reported that, at least one of these carboxylic acid groups 

forms an additional anchor to the metal nanoparticle surface, besides the strong metal-

sulfur bond when it is used as a stabilizer. Upon interaction with the surface, part of the 

carboxylic acid groups also deprotonates. Ni2+ is known to bind well to groups or ligands 

containing lone pair of electrons such as -NH2, -COOH via a coordination bond [296]. Both 

the terminal carboxylate groups of glycine moiety and the free -NH2 groups from glutamate 

moiety were believed to be responsible in binding the Ni2+ center. The nanoparticles were 

expected to aggregate upon interaction with Ni2+ due to strong coordination bond between 

Ni2+ and –NH2, –COOH of the functionalized glutathione modifier. We therefore concluded 

that; the carboxylic acid groups that were bound to the surface of the nanoparticles were 

detached and in the process the nanoparticle surface became exposed and this led to 

agglomeration and subsequent loss of their surface properties. Agglomeration is mainly 

caused by excess surface energy and high thermodynamic instability of the nanoparticle 

surface [289]. 
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It must be noted that in the presence of Ni2+ ions, Ag/Cu alloy nanoparticles were 

aggregated and latter oxidized to silver and copper ions probably because GSH no longer 

surrounded the alloy nanoparticles. The observations were consistent with the SEM results 

that were obtained. The SEM images of alloy nanoparticles before and after the addition of 

Ni2+ ions are shown in Fig. 5.21. As could be seen, aggregated nanoparticles were observed 

in nanofibers treated with Ni2+ solution although it was not possible to see the 

nanoparticles before the nanofibers were treated with the analyte using SEM microscope. 

This could have been so because; they were encapsulated within the nanofibers. The 

discoloration was probably related to the oxidation of the aggregated nanoparticles which 

we believe were no longer stabilized and the consequent formation of a colorless complex 

between glutathione and Ni2+ ions. 
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Figure 5.21: Scanning electron micrograph of Ag-Cu alloy-nylon 6 nanocomposite fibers (a) before 

and (b) after treatment with nickel (II) ions.  

 

To further confirm that the nanoparticles had actually been oxidized, some crystals of 

nickel chloride salt were dissolved in the nanocomposite solution before electrospinning 

and a color change from black to blue was observed(Fig. 5.22 inset). The blue color 

indicated the presence of Cu2+ ions in the mixture while Ag+ ions are colorless. This 

oxidation was further confirmed by UV-vis spectroscopy (Fig. 5.22). It could be seen that 

the SPR absorbance had been significantly decreased by the presence of nickel in the 

nanocomposite solution and that designated a considerable decrease in the concentration 

of Ag-Cu alloy NPs. 

 

a b 
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Figure 5.22: UV-vis spectra of Ag-Cu alloy nanocomposite solution incubated with Ni2+ ions and 

inset is photograph of the mixture.    

 

In an attempt to evaluate the effect of concentration of Ni2+ to the color change of the 

nanocomposite fiber, a series of solutions of Ni2+ with different concentrations ranging 

from 0.058 μg/mL to 5.8 mg/mL were prepared and the fiber immersed into the solutions. 

Color changes were observed on the fibers in solutions having concentrations of 5.8 μg/mL 

to 5.8 mg/mL within 30 min, at the rate at which was proportional to the concentration. 

Below 5.8 μg/mL, the fibers changed after an overnight stay in the nickel ion solutions 

down to a concentration of 0.058 μg/mL. 

 

5.2.9 Real samples analysis 

The proposed method was applied in the determination of the concentration of nickel (II) 

ions in a water sample, tap water from the F12 research lab at Rhodes University was used. 
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For this purpose, the fiber strip was put in a vial containing 5 mL of tap water sample. No 

change in the color of the fiber strip was observed thus confirming that the concentration 

of Ni2+ in the sample was less than the limit of detection of the proposed method. The tap 

water was then spiked with 5.8 μg/mL of Ni2+ solution and the fiber mats were discolored. 

This result demonstrated the applicability of the colorimetric probe for detection of Ni2+ 

ion in real water samples. 

 

5.3 Colorimetric probe for rapid detection of Fe2+ ions in aqueous 

media 

5.3.1 Synthesis of 2-(2’-pyridyl)-imidazole (PIMH) 

The synthesis of the ligand (PIMH) was accomplished by use of pyridine-2-aldehyde, gloxal 

and ammonia solutions. Synthesis of PIMH from pyridine-2-aldehyde and glyoxal in 

aqueous ammonia solution (Scheme 5.6) provided a direct route for the preparation of the 

imidazole ring of the ligand. This reaction is highly exothermic and hence must be carried 

out at low temperatures. This necessitated the use of ice cold glyoxal and ammonia 

solutions. The reaction vessel was also placed in an ice bath to maintain the needed low 

temperatures. The reactants were stirred in the ice bath for 30 min and then allowed to 

stand overnight at room temperature. Upon leaving the solution overnight, the color 

changed from light yellow to dark brown. A black viscous liquid was formed after 

evaporating the solvent with a rotary evaporator. To achieve optimum yield, extraction of 

the product with diethyl ether was done several times until no visible brown color was 

observed. The obtained yellow crystals were further purified by re-crystallization in ethyl 

acetate. 
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Scheme 5.6: Synthesis of 2-(2′-Pyridyl)-imidazole (PIMH) ligand. 

 

5.3.2 Characterization of 2-(2′-Pyridyl)-imidazole 

mp = 133-135 °C. Anal. Calc. for C8H6N3 (%): C, 66.65; H, 4.20; N, 29.15. Found: C, 66.29; H, 

5.30; N, 29.16. 1H NMR (CDCl3) δ (ppm): 7.19 (s, 1H, H4), 7.22-7.25 (m, 2H, H5, H5’), 7.76 (t, 

1H, H4’), 8.25 (d, 1H, H3’), 8.50 (d, 1H, H6’), 12.05 (br s, 1H, NH). 13C NMR (CDCl3) δ (ppm): 

149.29 (2C), 77.90 (4C), 77.58 (5C), 148.80 (2’), 123.45 (3’), 137.71 (4’), 120.73 (5’), 146.70 

(6’). IR (vmax/cm-1): 1592, v(C=Nim); 1567, v(C=Npy); 3108 v(N-H). 

The successful synthesis of PIHM was confirmed by both FTIR and NMR spectroscopy. In 

the IR spectrum of pyridine-2-aldehyde, a strong band for the stretching frequency of the 

C=O appeared at 1706.74 cm-1 but disappeared in the spectrum of 2-(2′-Pyridyl)-imidazole 

(Fig. 5.23). The disappearance of the carbonyl band indicated that the reaction took place 

via the carbonyl group of the aldehyde. In addition to the absence of the carbonyl group in 

the spectrum of 2-(2′-Pyridyl)-imidazole, the appearance of the ν(C=N) at 1592.97 cm-1 of 

the imidazole moiety confirmed that the product was formed. Similarly, the C=N absorption 

band of the pyridine-2-aldehyde at 1582.86 cm-1 was slightly shifted to 1567.69 cm-1 upon 

attachment of the imidazole ring.  
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Figure 5.23: Infrared spectra of (a) pyridine-2-aldehyde and (b) 2-(2’-pyridyl)-imidazole.  

 

The 1H NMR and 13C NMR spectra of 2-(2’-pyridyl)-imidazole together with the spectral 

assignment are shown in Fig. 5.24 and 5.25 respectively. From the 1H NMR spectrum of 2-

(2’-pyridyl)-imidazole, the characteristic presence of a broad singlet peak at 12.05 ppm 

which depicts the chemical shift of the imidazole nitrogen was a confirmation that the 

product was indeed formed. The 13C NMR spectra of 2-(2’-pyridyl)-imidazole is shown in 

Fig. 5.25. The peak at 149.29 ppm was attributed to the C atom that attaches the imidazole 

ring to the pyridyl ring and all the other peaks were accurately assigned. 
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Figure 5.24: 1H NMR of 2, 2’-pyridyl-1H-imidazole (PIMH) ligand recorded in CDCl3. 

 

 

Figure 5.25: 13C NMR of 2-(2′-Pyridyl)-imidazole (PIMH) ligand recorded in CDCl3. 
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Microanalysis results further confirmed that 2-(2′-Pyridyl)-imidazole had been successfully 

synthesized since the expected elemental compositions were very close to those that were 

found (Table 5.2). 

 

Table 5.2: Elemental composition of 2-(2′-Pyridyl)-imidazole. 

Element  
C  H  N  

Expected Values 

(%)  

66.65  4.20  29.19  

Obtained values 

(%)  

66.29  5.30  29.16  

 

 

5.3.3 Absorption response of 2-(2′-Pyridyl)-imidazole to different 

metal ions 

Although many sophisticated techniques are available for the determination of iron(II) at 

trace levels in numerous complex materials, factors such as the high cost of the analytical 

instruments, sample preparation and handling steps as well as expensive maintenance has 

made spectrophotometry to remain a popular quantification technique, particularly in 

laboratories in developing countries with limited budgets. UV-vis spectroscopy measures 

the absorption of a molecule at different wavelengths in the ultraviolet and visible 

spectrum caused by the excitation of electrons from the highest occupied molecular orbital 

(HOMO) to the lowest unoccupied molecular orbital (LUMO). Shifts in peak locations and 

changes in absorbance intensity can give information about the kinetics of a chemical 

reaction, as well as changes in optical and electronic properties. 
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The recognition ability of PIMH towards different metal cations was investigated by UV-vis 

spectroscopy. In each case, 1 mL solution of the ligand was added to 1.0×10-3 M of the metal 

ion solutions. The absorption spectrum of the ligand in the presence of Fe(II) was red 

shifted to the visible region (Fig. 5.26). The bathochromic shift could be attributed to spin 

crossover (SCO) in which is a common phenomenon in numerous compounds of Fe2+ (d6). 

In Fe2+ the outer electrons could occupy all the lower t2g level (low spin) or they could 

occupy both t2g and eg level (high spin). It is believed that the replacement of water 

molecules in FeSO4.7H2O by 2-(2’-pyridyl)-imidazole molecules led to the spin transition 

from the high spin (HS) to low spin (LS) state of Fe2+. In particular, the spin transitions 

between LS and HS states in SCO compounds have been reported to result in distinctive 

color changes [297]. When SCO occurs, it normally results in the variation of the thermal 

energy at the crossover, which leads to an electronic change in the d-orbital configuration 

and the resulting change is often observed as a color or magnetic moment change. 

The variation of absorption spectra of ligand upon addition of other metal ions including 

Ni2+, Mn2+, Cr2+, Co2+, Zn2+, Cd2+, Cu2+, Fe2+, Fe3+, Ag+, Pb2+, alkali and alkaline earth metal 

ions, were also recorded. As shown in Fig. 5.26, there was no significant change observed 

except with nickel. On addition of Ni2+, the spectrum shifted to 530 nm accompanied by the 

appearance of a faint purple color.  
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Figure 5.26: UV-vis spectra of  PIMH (1 mg/mL) in water-ethanol (90:10 v/v) at pH 6 in the 

presence of 1 equiv of Ag+, Zn2+, Cu2+, Pb2+, Cd2+, Ni2+, Co2+, Fe2+, Fe3+,Mn2+, Mg2+, Ca2+, Cr3+. 

 

It could be seen that the maximum absorption of the ligand was shifted from 292 nm and 

271 nm to 484 nm upon addition of Fe(II). The shift was accompanied by a visual color 

change from colorless to red-orange upon the addition of PIMH (Fig. 5.27). The results 

obtained demonstrated that PIMH had a high-binding affinity towards Fe(II). The ligand 

was highly suitable for use in aqueous solutions and showed high selectivity towards Fe(II) 

over a large number of mono-, bi- and trivalent cations tested. 

 

Ca2+, Cd2+,Cu2+,Co2+, 
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Zn2+, Pb2+ 

Fe2+ 

Ni2+ 

Fe3+ 

PIMH 



115 

 

 

Figure 5.27: Color changes of PIMH (1 mg/mL) upon addition of  PIMH alone, Mn2+, Ag+, Cu2+, Fe3+, 

Mg2+ Pb2+,Cd2+, Fe2+,Ni2+ , Zn2+ (1.0 equiv) respectively. 

 

5.3.4 Effect of pH on the color intensity of PIMH-Fe(II) complex 

In order to select the optimum pH value at which maximum sensitivity occurs, the 

influence of the pH of the medium on the absorption spectra of Fe(II)-PIMH was studied 

over the pH range 3.0 to 8.0. It was observed that the absorbance intensity increased as the 

pH increased from 3.0, reached a maximum at pH 6.0 and started to decrease up to pH 8 

(Fig. 5.28). At lower pH (< 5.0), the absorbance was lower and this could be due to the fact 

that PIMH could be protonated and hence reduced its chelating ability. It is important to 

note that at higher pH (> 6.0), there could be a probability of formation of the hydroxide 

ions. Hence, pH 6.0 was taken as the optimum pH value and used for further studies. 
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Figure 5.28: The effect of pH on the absorbance intensity of Fe(II)-PIMH complex. 

 

5.3.5 Effect of iron(II) concentration on the absorbance intensity of 

Fe(II)-PIMH complex 

The change in absorbance intensity as a function of increasing metal ion concentration was 

monitored. The increasing peak intensity at 484 nm with increasing Fe(II) concentration 

(Fig. 5.29) enabled quantitative determination of test samples by comparison with the 

calibration curve.  
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Figure 5.29: Absorption spectral changes of PIMH-Fe(II) complex with increasing concentrations 

of Fe(II) solution (pH 6.0).  

 

Spectroscopic analysis in very dilute solutions is usually derived from the well known 

Beer’s law (eqn 5.3); which gives the relationship between the absorbance of PIMH-Fe(II) 

complex at 484 nm and Fe2+ concentrations.  

 

 

 

Where A is the absorbance intensity (arbitrary units), ε is the molar absorptivity (L mol-1 

cm-1),  is the length of the solution the light passes through (cm) and c is the concentration 

of the solution (molL-1). A linear correlation between the concentration of Fe(II) and 

absorbance was observed over the range of 0.0988 μg/ mL to 3.5 μg/mL (Fig. 5.30). The ε 

of the method calculated from the slope of the plot was found to be 4.353×103 L mol-1 cm-1. 

0.09 μg/mL  

3.5 μg/mL 
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Figure 5.30: Calibration curve for the determination of Fe(II) concentration with PIMH. 

 

5.3.6 Limit of detection (LOD) and limit of quantification (LOQ) of the 

method 

The slope and standard deviation of the calibration curve were used to determine the LOD 

and LOQ of Fe(II) using the procedure.  LOD is the lowest concentration of analyte in a 

sample which can be detected but not necessarily quantified as an exact value while LOQ is 

the lowest concentration of analyte in a sample which can be quantitatively determined 

with suitable precision and accuracy. LOD and LOQ were calculated using eqns 5.4 and 5.5 

respectively. 

 

 

 

(µg/mL) 
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Where; δ is the standard deviation and s is slope of calibration curve [298]. The standard 

deviation was calculated from the slope of the calibration curve. The limit of detection 

(LOD) and limit of quantification (LOQ) of the proposed method were found to be 0.102 

μg/mL and 0.309 μg/mL respectively. The method had a detection limit which is lower 

than the WHO guideline limit (2 mg/L) for Fe(II) in drinking water [15], and this showed 

that the assay was particularly very sensitive. 

 

5.3.7 Composition of the absorbing complex 

Most colorimetric analyses particularly for metal ions depend upon the formation of 

colored complex molecules. It is important to ascertain the molar ratio of metal to reagent 

in the complex. The stoichiometry of the absorbing complex could be evaluated from 

photometric data by different procedures. The continuous variation method attributed to 

Job and modified by Vosburgh and Cooper [299], as well as the mole ratio method [300], 

were applied to ascertain the stoichiometry of the complex.  

In the continuous variation method, the total concentration of the solution (ligand + metal) 

is kept constant while varying the mole fractions of the ligand and the metal. While in the 

mole ratio method, the absorbances are measured for a series of solutions which contain 

varying concentrations of either the ligand or the metal but having a constant 

concentration of the other reactant.  

From Fig. 5.31 it could be seen that, increasing the mole fraction of the ligand, led to a 

steady increase in the absorbance intensity of the complex and curve reached a maximum 

absorbance when the mole fraction of PIMH in the mixture was 0.75. The maximum 

absorbance gave the mole ratios corresponding to the complex formed between Fe(II) and 

PIMH.  
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Figure 5.31: Plot of Job’s method of continuous variation for determination of the stoichiometry of 

Fe(II)-PIMH complex at pH  6.0. 

 

In the plot of the mole ratio method, there was an initial increase in the absorbance 

intensity with increasing volume of Fe(II), the curve then flattened out (Fig. 5.32). The 

flattening signified that all the ligand had been used up and the addition of more Fe(II) 

could not produce more of the absorbing complex. The composition of the complex 

([Fe(II):PIMH]) was determined as 1:3 by both the methods. 
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Figure 5.32: Plot of the mole ratio method for determination of M:L ratio for Fe(II)-PIMH complex, 

Fe(II) (1×10-3 M), PIMH (1 mL, 6.9 × 10-3 M) at pH 6.0. 

 

5.3.8 Selectivity studies 

When an analyte of interest exists in a complex matrix containing competing species, 

selectivity of the optical probe becomes an important parameter to investigate. The optical 

selectivity of a probe is generally linked to its relative affinity to the various structures 

considered (targets + competitors). Tolerance limits for the determination of 2.0 μg/mL of 

Fe(II) in the presence of interfering ions are given in Table 5.3. The ligand showed excellent 

selectivity for Fe(II) over the alkaline earth and most of the transition metal ions tested. 

From the results obtained, Ni(II), Cu(II) and Co(II) were found to  interfere more with the 

determination of Fe(II) at higher concentrations.  
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Table 5.3: Spectrophotometric determination of Fe(II) in the presence of other metal ions n = 3. 

Proposed method 

Interfering ions with 

2.0 μg/mL Fe(II) 

Quantity of the metal 

added (μg/mL) 

Fe(II) found  

method (μg/mL) 

%RSD 

Ni(II) 2.0 

5.0 

10.0 

20.0 

25.0 

1.78 

1.28 

0.86 

0.70 

0.70 

0.00 

0.10 

0.15 

0.15 

0.12 

Cu(II) 2.0 

5.0 

10.0 

20.0 

25.0 

1.93 

2.01 

2.00 

1.29 

1.13 

0.05 

0.00 

0.11 

0.15 

0.17 

Zn(II) 2.0 

5.0 

10.0 

20.0 

25.0 

2.05 

2.03 

1.99 

1.95 

1.85 

0.00 

0.00 

0.14 

0.70 

0.14 

Mn(II) 2.0 

5.0 

10.0 

20.0 

25.0 

2.01 

2.00 

1.97 

1.92 

1.80 

0.00 

0.07 

0.91 

1.76 

0.77 

Mg(II) 2.0 

5.0 

10.0 

20.0 

25.0 

2.00 

2.00 

1.99 

1.98 

1.99 

0.12 

0.00 

0.07 

0.93 

0.00 

Co(II) 2.0 

5.0 

10.0 

20.0 

25.0 

2.01 

2.00 

1.97 

1.92 

1.70 

0.14 

0.09 

0.00 

0.07 

1.76 

 

 

Ferrous ion has an affinity for amine ligands and it has been reported to interact with 1,10-

phenanthroline and 2,2-bipyridine resulting in the formation of [Fe(bipy)3]2+ and 

[Fe(phen)3]2+ colored complexes [301]. The ferric ion does not have the same affinity for 

the amine ligands as the ferrous ion. Color change was not observed with PIMH even with 

metal ions that are considered borderline like Fe(II) at tenfold excess. However, Ni(II) 
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showed a faint purple color in solution. Based on the high selectivity of the PIMH, it seemed 

that its structural features and its coordination sites fitted the coordination tendencies of 

Fe(II) better than any of the other cations tested, which explained its high selectivity 

towards Fe(II). 

 

5.3.9 Analytical application 

To investigate the potential use of the new optical probe in complex matrices, an attempt 

was made to determine Fe(II) ions in certified reference material (Iron, Ferrous 1072), fish 

farm waste water, dam water and tap water samples. The samples were collected, acidified, 

stored in polyethylene bottles and analyzed within 12 h of collection. The waste water and 

dam water were filtered with Whatman filter papers before analysis. Each sample was 

analyzed in triplicate using PIMH by standard addition method. The concentration of Fe(II) 

in spiked samples and the reference material were determined with reference to the 

calibration curve. 

 

Table 5.4: Determination of Fe(II) in various water samples   

Proposed method 

Sample Fe(II) added  

(μg/mL) 

Fe(II) found 

(μg/mL) 

Recovery (%) %RSD 

Waste watera 2 1.94 97.40 0.30 

Dam waterb 2 1.96 98.20 1.05 

Tap waterc 2 2.08 104.00 0.46 

 

a) Collected from Swartkops river (a site near fishwater flats) in Port Elizabeth (SA)  

b) Collected from Howiesons Poort Dam near Grahamstown (SA)  

c) Collected from Rhodes University (SA) 
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The method was successfully applied for the determination of the environmental samples. 

The percentage recovery values for Fe(II) in the real samples were found to be above 97% 

(Table 5.4). The high recoveries with low % RSD values indicated that the method had good 

accuracy. Table 5.5 gives the quality control parameters regarding the determination of 

Fe(II) in aqueous certified reference material. The precision of the measurements 

expressed as relative standard deviation for three repeated measurements was lower than 

2% confirming that the method was accurate. 

 

Table 5.5: Analytical quality control (n = 3).  

Absorbance 

(au) 

Certified concentration 

(mg/L) 

Concentration 

found 

(mg/L) 

% RSD 

0.229 2.44 ± 0.12 2.39 1.15 

 

After quantitative analysis of Fe(II) using PIMH in solution, the ligand was used to post-

functionalize electrospun poly(vinylbenzyl chloride) (PVBC) nanofibers to obtain a solid 

state colorimetric probe.  

 

5.3.10 Choice and synthesis of poly(vinylbenzyl chloride) (PVBC) 

Poly(vinylbenzyl chloride) was chosen as it contains reactive chloride groups which could 

readily undergo substitution reactions in the presence of a nucleophile. Thus, any ligand 

which had a suitable nucleophilic group (e.g. N-H, O-H, S-H, COOH etc.) could form a 

covalent bond with PVBC hence attaching itself to the polymer backbone[302].  

The most popular method of producing polymeric materials is via radical initiated 

polymerization. This is most likely due to the wide variety of available monomers that can 

undergo this type of reaction. Certain vinyl monomers may undergo polymerization on 

heating even in the absence of an initiator; however most of the monomers require an 
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initiator to polymerize. Radical initiators may be divided into four major groups; peroxides 

and hydroperoxides, azo compounds, redox initiators and photoinitiators. The most 

popular initiators in the groups are; benzoyl peroxide, tert-butyl hydroperoxide, 2,2-

azobisisobutyronitrile, potassium persulfate and benzophenone respectively.  

The initiators provide the initial radical which then reacts with the vinylic monomer. The 

radical containing monomer then reacts with another monomer to form a dimer radical 

species. This process is known as chain propagation and continues until terminated by 

radical coupling, combination or disproportionation. Poly(vinylbenzyl chloride) was 

produced by free-radical polymerization of 4-vinylbenzyl chloride in toluene using 

azobisisobutyronitrile as the initiator (Scheme 5.7). 

 

Cl

H
C

H2
C **

n

AIBN, 70 0C

Cl

12 h

PVBC4-vinylbenzyl chloride
 

Scheme 5.7: Synthesis scheme of Poly(vinylbenzyl chloride) (PVBC).  

 

5.3.11 Characterization of poly(vinylbenzyl chloride) 

Infrared spectrum of PVBC is shown in Fig. 5.33. Benzyl ring of PVBC shows absorption at 

1264.67 and 1610.67 cm-1 and the aliphatic C-H stretching were observed at 1364-1486cm-

1 and 2800-3000 cm-1 regions. The C-Cl band of the polymer was clearly observed at 673.36 

cm-1. 
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Figure 5.33: Infrared spectrum of PVBC Poly(vinylbenzyl chloride) 

 

 

Figure 5.34: 1H NMR of PVBC Poly(vinylbenzyl chloride) in CDCl3. 
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1H NMR of PVBC in (CDCl3) is shown in Fig. 5.34. The peaks appearing between 1.4-1.7 ppm 

were assigned to chemical shifts arising from; –CH2 and –CH of the main chain, between 

4.4-4.6; Ph-CH2-Cl, and finally between 6.4-7.1 were assigned to chemical shifts from –CH of 

the benzyl ring. The peaks appearing between 5-6 ppm indicated the presence of the 

monomer impurities in the final product. It is important to note that the monomer did not 

polymerize quantitatively and it was not possible to completely wash it off the product. 

After the polymer was obtained, it was electrospun in order to obtain nanofibers. 

 

5.3.12 Electrospinning poly(vinylbenzyl chloride) 

Homogeneous and clear Poly(vinylbenzyl chloride) solutions were prepared by dissolving 

PVBC in a solvent system of DMF and THF in the ratio of 1:1 at room temperature after 

stirring for 3 h. The polymer concentration was varied from 20% (w/v) up to 50% (w/v). 

By means of the electrospinning technique, micro- and nanofibers could be obtained from 

polymer solutions under high electrical field. A special challenge that was encountered was 

the fabrication of bead-free, uniform fibers. This was because, any slight change in the 

electrospinning parameters such as small variations in the polymer solutions and/or 

electrospinning experimental parameters resulted in significant variations in the final 

nanofiber morphology. Furthermore, it was often not the case at all times to obtain 

reproducible uniform electrospun nanofibers for the optimized electrospinning conditions.  
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Figure 5.35: Scanning Electron Micrograph of electrospun PVBC nanofibers obtained from 

different concentrations of PVBC solution (a) 25% PVBC, (b) 35% PVBC, (c) 40% PVBC and (d) 50% 

PVBC. 

 

For example, beaded fibers often resulted from otherwise optimized electrospinning 

conditions due to small changes in the polymer solutions and/or the electrospinning setup. 

Figure 5.35 shows the SEM images of PVBC nanofibers obtained with different polymer 

concentrations when the electrospinning parameters were kept constant (15 kV, 12 cm, 1.2 

a b 

c d 
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mL/h). It was clear from these results that varying the polymer concentration had an 

influence on the fiber morphology. From detailed studies on the electrospinning of PVBC, 

reproducibility problems were experienced and that meant that the electrospinning 

conditions had to be optimized every time in order to produce bead-free nanofibers.  

 

  

Figure 5.36: Scanning Electron Micrograph of electrospun PVBC fibers obtained from 40% (w/v) 

solutions, (a) 15 kV, 12 cm, 1.2 mL/h, (b) 15 kV, 12 cm, 0.8 mL/h. 

 

However, even when the electrospinning conditions were optimized i.e. polymer 

concentration of 40% (w/v), applied voltage of 15 kV and tip to collector distance of 12 cm, 

the flow rate had an effect. The flow rate of 0.8 mL/h produced bead-free nanofibers while 

1.2 mL/h gave beaded fibers (Fig. 5.36). Hence optimized flow rate was achieved by a slight 

reduction of the flow rate from 1.2 mL/h to 0.8 mL/h.   

 

a b 
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5.3.13 Fabrication of the colorimetric probe by post-functionalization 

of the nanofibers  

The incorporation of 2-(2′-Pyridyl)-imidazole functional groups was achieved by the post-

electrospinning reaction with PVBC nanofibers. Post-electrospinning modifications have 

paved the way for future developments of advanced composite systems. Surface 

functionalization of electrospun nanofibers are meant to allow modification of chemical 

properties of nanofibers without changing their morphology. Moreover, an attempt to 

prepare a pre-electrospinning functionalized PVB-PIM was not possible owing to the fact 

that the product was insoluble in several solvents. Hence, post-electrospinning 

functionalization was the only way out of the dilemma. Reacting the PVBC nanofibers with 

PIMH with the use of KOH as a base at a mild temperature of 40 0C for a period of five days 

provided a successful route of binding the ligand to the polymer backbone. 

 

5.3.13.1 Characterization of the post-functionalized PVBC nanofibers  

The scanning electron microscope (SEM) image of electrospun membrane of PVBC is 

shown in Fig. 5.37. The nanofiber mat had a 1-dimentional structure with a random fiber 

orientation that was evenly distributed. The obtained fibers had diameters ranging 

between 340 nm to 1.08 µm. After post-functionalization of the nanofibers, the SEM image 

(Fig. 5.37b) indicated that the fibrous structure of the mat was not lost but, the diameters 

of the fibers increased to between 860 nm to 1.9 µm. The increase in fiber diameters could 

be attributed to swelling which resulted from attachment of the bulky ligand (PIMH) on to 

the fiber surface. The image also revealed breakage of the nanofibers upon post-

functionalization and this could have resulted from the stirring and heating during the 

reaction. 
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Figure 5.37: Scanning electron micrograph of; (a) Poly(vinylbenzyl chloride)  nanofibers, (b) 

Surface-modified PVBC electrospun nanofiber mats. 

 

The composition of the nanofibers after functionalization was verified by elemental 

analysis. The appearance of nitrogen in the results of the functionalized fibers was a 

pointer that PIMH had been successfully attached to the polymer back bone (Table 5.6). 

The successful attachment of the ligand to the polymer was further confirmed from the 

FTIR spectra.  

Infrared spectra of PVBC, PVB-PIM and PIMH are presented in Fig. 5.38. The PIM unit of 

PVB-PIM showed several medium or strong peaks in the 1454-1512 cm-1 range due to C=N 

and C-N ring vibrations. Benzene ring of PVBC showed absorptions at 1267 and 1658 cm-1 

and the aliphatic C-H stretching were observed at 1267-1454 cm-1 and 2800-3000 cm-1 

region. Furthermore the disappearance of C-Cl band of the PVBC at 672 cm-1 and N-H band 

around 3100 of PIMH was a clear confirmation of the successful functionalization of the 

electrospun nanofibers. 

 

a b 
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Table 5.6: Elemental analysis results of PVBC and PIMH functionalized PVBC nanofibers. 

Results (%) 

C H N 

PVBC 70.20 6.296 - 

PVB-PIM 75.65 6.988 10.92 
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Figure 5.38: Infrared spectra of (a) Poly(vinylbenzyl chloride) nanofibers (b) PVB-PIM nanofibers 

(c) PIMH. 

 

The elemental composition on the surface of modified fibers was further examined by 

Energy Dispersive X-ray Spectroscopy (EDX). The appearance of nitrogen in the histogram 

of the functionalized nanofibers was an indicator that PIMH had been attached to the 

polymer back bone and mapping results indicated uniform distribution of nitrogen on the 

fiber surface (Figs. 5.39a & b).The peaks corresponding to K and Al were ascribed to the 
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use of KOH as a base in the reaction and aluminum as the collector respectively. The peak 

corresponding to O was attributed to oxygen contamination during the reaction. 

  

 

Figure 5.39: (a) Energy dispersive x-ray histogram of PIMH modified nanofibers; (b) Mapping 

results of nitrogen on the surface of the functionalized nanofibers. 

 

After successful functionalization of the PVBC nanofibers, the mats were cut into circular 

shapes having diameters of 0.9 cm and 1.4 cm and without any treatment were dipped into 

the test solutions. While the color change of the nanofibers from yellow to red-orange 

associated with the reaction of PIMH with Fe(II) was readily detectable visually, no 

significant color changes were promoted by other metal ions (Fig. 5.40a). 

 

 

 

 

a b 
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Figure 5.40: (a) Photographs of PIMH functionalized PVBC nanofibers upon treatment with 

different metal ions (0.01 M) and (b) different concentrations of Fe(II). 

 

The diagnostic probe showed a marked red-orange color in the presence of Fe(II) that was 

detectable down to 3.0 μg/mL (Fig. 5.40b). Therefore 3.0 μg/mL was taken as the cut-off 

for the “eye-ball” detection of Fe(II) using the solid state probe.   

Covalent immobilization of polymer chains onto another polymer surface by coupling 

reactions (grafting techniques) have also been reported as a simple way of introducing 

desired functionalities to the fiber surface. Consequently, the possibility of employing 

grafting technique to attach 2-(2′-Pyridyl)-imidazole onto polymeric electrospun nanofiber 

substrate was also investigated.  

 

5.3.14 Functionalization of nylon 6 nanofibers by graft polymerization 

Grafting provides a method of adding certain desirable properties to a substrate without 

greatly disrupting its mechanical properties and strength. Grafting is normally 

accomplished by generating radical sites on the first polymer backbone onto which the 

a) 

b) 

1.4 cm 

0.9 cm 

[Fe
2+

] (µg/mL) 

0.52 2 3 
13 32 65 90 120 

Zn2+ Mg2+ Fe2+ Cd2+ Co2+ Ni2+ Cr3+ Fe3+ Cu2+ 
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monomer of the second polymer is to be co-polymerized. So the polymer substrate must 

contain protons that can be abstracted during the grafting process to create radical sites. 

For this reason, we chose to use nylon 6 (Fig. 5.41) nanofibers as the substrate. Polyamides 

(i.e. nylon 6) contain functional groups which are capable of forming a complex with the 

initiator on the fibers. Further decomposition of the obtained complex leads to the 

formation of free radicals on the fibers, thus paving the way for direct grafting almost 

without the formation of homopolymer.  

 

*

H
N

O

*
n

 

Figure 5.41: Chemical structure of nylon 6. 

 

For graft copolymerization to take place, radicals or groups which can produce radicals like 

peroxide groups must be introduced onto the polymer surface first. For most of the 

chemically inert polymers, this can be achieved via inducing methods such as photo-

induced grafting (UV-induced grafting) and thermal-induced grafting among others. We 

chose to use the UV-induced surface graft polymerization because of its low cost, easy 

operation and mild reaction conditions. 

The main goal of this part of the work as already mentioned was to graft PIMH onto 

electrospun nylon 6 nanofibers and evaluate the characteristics of the resulting material. 2-

(2′-Pyridyl)-imidazole did not contain any polymerizable group hence; the first step was to 

introduce a group that could undergo polymerization. Consequently; 2-(2′-Pyridyl)-

imidazole was modified with 4-vinylbenzyl chloride (4-VBC) (Scheme 5.8).  
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Scheme 5.8: Synthesis scheme of 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole (4-VB-PIM).  

 

4-vinylbenzyl chloride (4-VBC) was chosen because it was commercially available and 

could react with nucleophiles by substitution reaction, thereby connecting the ligand to the 

styryl group. Typically nucleophilic substitution reactions are carried out in polar aprotic 

solvents such as acetonitrile or DMF in the presence of a base like triethylamine, potassium 

carbonate or potassium hydroxide [303]. Once the ligand was functionalized with a styryl 

group, it was then incorporated into nylon 6 backbone by graft polymerization.  

 

5.3.14.1 Characterization of 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole 

FT-IR spectra of 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole is represented in Fig. 5.42. It was 

evident that the two peaks appearing at 675.28 and 1261.79 cm-1 in the spectrum of 4-

vinylbenzyl chloride corresponding to ν(C-Cl) and ν(CH2) completely disappeared in the 

spectrum of 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole. This was a clear indication that PIMH 

reacted with 4-vinylbenzyl chloride via the reactive chloride group which could readily 

undergo substitution reactions in the presence of a nucleophile. After the reaction, a shift 

from 1592.97 cm-1 to 1585.39 cm-1 peaks corresponding to C=N of the imidazole ring was 

also observed confirming the anchoring of the functional group.  
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Figure 5.42: Infrared spectra of (a) 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole; (b) 4-vinylbenzyl 

chloride; (c) 2-(2′-Pyridyl)-imidazole. 

 

Attachment of the styryl group on the imidazole ring of 2-(2′-Pyridyl)-imidazole was 

further confirmed by 1H NMR spectroscopy. The disappearance of the peak at 12.05 ppm 

depicting the imidazole nitrogen proton in the spectrum of this compound (Fig. 5.43) 

signified that the reaction had taken place. The disappearance of the peak corresponding to 

the imidazole nitrogen proton also confirmed that the styryl group was connected to the 

ligand via the imidazole nitrogen. The functionalization of PIMH was further confirmed by 

appearance of more peaks in the aromatic region, between 7-8 ppm of the spectrum (Fig 

5.43b).  
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Figure 5.43: 1H NMR of (a) 2-(2′-Pyridyl)-imidazole; (b) 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole. 

 

The 13C NMR spectrum of 4-VB-PIM is shown in Fig. 5.44. The peak at 51.73 was attributed 

to the C atom that attaches imidazole ring to the benzyl group. The benzyl group appeared 

around 128-132 ppm. The peak at 151.17 was assigned to the C of the imidazole ring 

attached to N atoms.  

 

 

a b 

N-H 



139 

 

 

Figure 5.44: 13C NMR spectrum of 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole. 

 

5.3.14.2 Grafting 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole onto nylon 6 

nanofibers 

After synthesis of the monomer, heterogeneous modification of nylon 6 nanofibers with 4-

VB-PIMH was accomplished in a two step process (Scheme 5.9). The two-step approach 

involved:  

(1) Placing the substrate into a methanol solution of benzophenone (BP). In this 

step, the initiator (BP) was expected to abstract hydrogen from the polymer surface 

in order to create free radicals under UV irradiation.  

(2) Introducing the monomer solution in methanol and placing the contents under 

UV irradiation. In this step, the monomer solution was added onto the active 

substrate, and the radicals on the surface of the substrate were expected to initiate 

the graft polymerization under UV irradiation.  
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The two step procedure reduced the formation of the non-grafted polymer in solution 

unlike in the single step procedure where the monomer and the initiator in solution were 

introduced at the same time. The sequential approach also provided additional control over 

grafting. This is because, the process of hydrogen abstraction and graft polymerization 

were split into two separate steps. 

 

Step 1: Creating surface radicals;  

 

 

 

 

 

 

Step 2: Graft polymerization; 
 

  

 

  

 

 

Scheme 5.9: The two step photografting procedure.   

 

5.3.14.1.1 Characterization of surface modified nanofibers 

After the electrospun nanofibers were subjected to surface modification, the surface 

chemical features of the nanofibers were examined by FTIR (Fig. 5.45). The infrared 

spectrum of regular nylon 6 nanofiber showed absorptions at 1641–1540, 3083, and 2925–

H 
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2852 cm-1, which are typical to those of C=O and CONH, NH2, NH stretching and CH 

stretching respectively. However, in the FTIR spectrum of the poly(vinylbenzyl)-PIM-

modified nanofibers, there were new peaks which appeared between 1464 to 699 cm−1 

corresponding to the absorption of aromatic groups from the monomer. The peaks got 

stronger as the grafting density of poly(vinylbenzyl)-PIM increased. The increasing peak 

intensities suggested that; not only was poly(vinylbenzyl)-PIM successfully grafted onto 

the nanofibers, but that nanofiber surfaces with different grafting percentages of 

poly(vinylbenzyl)-PIM chains were obtained. 
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Figure 5.45: Infrared spectra of; (a) Unmodified nylon 6 nanofibers, (b) Poly(vinylbenzyl)-PIM 

Modified nanofibers with grafting percentage of 226 (b), 94.7 (c), 30.6 (d). 

 

The elemental compositions on the surfaces of the unmodified and modified nanofibers 

were further examined by Energy Dispersive X-ray Spectroscopy (EDX). From the EDX 
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histograms obtained, it was not obvious that grafting had taken place since the elemental 

compositions of the substrate and the monomer were similar. But from the EDX data, the 

atomic compositions and atomic ratio (N/C) on the surfaces were calculated and 

summarized in Table 5.7. The atomic ratio value of N/C increased from 0.0978 to 0.3228 

with different grafting percentages.  The grafting percentages were calculated using eqn 5.6 

[304].  

 

 

 

Where, W1 and W0 are the weight of grafted and unmodified nylon 6 fibers, respectively. 

 

Table 5.7: Atomic compositions and atomic ratios (N/C) from EDX. 

Grafting 

percentage 

Atomic compositions (at. %) Atomic ratio 

(N/C) 
C N O 

0 83.10 8.13 8.78 0.0978 

30.6 82.22 11.04 5.65 0.1342 

94.7 72.26 23.33 3.89 0.3228 

 

Surface morphology of a grafted substrate could provide valuable information on the effect 

of grafting reactions on the surface. Figure 5.46 presents the SEM images corresponding to 

unmodified and poly(vinylbenzyl)-PIM modified nylon 6 nanofibers. It could be seen from 

the SEM images that unmodified nylon 6 nanofibers surface had a smooth and a relatively 

homogeneous appearance (Fig. 5.46a). After grafting poly(vinylbenzyl)-PIM onto the nylon 

6 fibers, the surface gained some roughness. The heterogeneous appearance after grafting 

could be attributed to the formation of a layer of poly(vinylbenzyl)-PIM  on the surface of 
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the nanofibers. However, the substrate still maintained its fibrous structure (Fig. 5.46b). 

The heterogeneous appearance of the surface was another proof of the successful grafting 

of poly(vinylbenzyl)-PIM. 

 

  

Figure 5.46: Scanning electron micrographs of; (a) nylon 6 nanofibers and, (b) poly(vinylbenzyl)-

PIM grafted nylon 6 nanofibers.  

 

5.3.14.1.2 Effect of monomer concentration on grafting percentage 

There are a number of grafting parameters that have been reported to influence the 

percentage grafting. Grafting parameters, e.g., initiator concentration, UV irradiation time 

and monomer concentration could influence the degree of grafting in the procedure of 

photo-initiated surface graft polymerization. The effect of monomer concentration on the 

degree of grafting was investigated.  

The degree of grafting on nylon 6 was affected by the concentration of 4-vinylbenzyl-PIM 

as shown in Fig. 5.47. It was evident that increasing the monomer concentration up to 

a   b 
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about 2.48 w/v caused an outstanding enhancement in the degree of grafting and further 

increase in the monomer concentration beyond 2.48 w/v led to a decrease. Upon 

introducing the monomer into the reaction system, they were expected to immediately 

react with the activated surface of nylon 6 fibers. When the monomer concentration was 

low, the main reaction sites that would initiate the grafting process would be the radicals 

on the backbone leading to formation of graft copolymer other than homopolymer. 

Therefore, the degree of grafting was seen to increase as the monomer concentration was 

increased. But as the monomer concentration was increased beyond 2.48 w/v, grafting was 

inhibited. 

The decrease in grafting percentage could be probably due to the formation of 

homopolymer as a result of a high concentration of the monomer in solution. The presence 

of homopolymer in the grafting solution could also bring about an increase in the viscosity 

of the reaction system, and hence hinder further formation of graft copolymer, which could 

have led to a low degree of grafting at higher monomer concentrations. 
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Figure 5.47: Influence of the concentration of 4-vinylbenzyl-2-(2′-Pyridyl)-imidazole on the degree 

of grafting (Temperature, 40 0C,  BP concentration 0.8%, UV irradiation time 4 h, The error bars: 

standard deviations, n = 3.) 
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Chapter 6 Conclusions and Recommendations 

The thesis presents an evaluation of the use of polymeric electrospun nanofibers as solid 

supports for optical probes. In the light of the urgent need for development of new, more 

efficient, accessible, economically viable, and environmentally friendly techniques for 

detection of toxic metal ions in water, current research developments in the field of 

nanotechnology and the efficient immobilization of signaling reagents onto nanofibers offer 

promising solutions. Nanomaterials, such as electrospun nanofibers offer an alternative 

method of incorporating active chemical groups in order to fabricate cheap and efficient 

probes.  

The results obtained demonstrated that polymeric nanofibers are attractive as solid 

supports for signaling reagents based on the enormous possibilities that exist to tailor their 

chemical and physical characteristics. The high surface area and porosity, the ease of 

fabrication and the highly modifiable characteristics allow for the development of 

polymeric nanofibers with a wide range of chemical characteristics. Suitable chemical 

functionalization could also efficiently orient their properties towards certain classes of 

chemicals to achieve high selectivity. This thesis has shown that diagnostic probes could 

easily be fabricated by functionalizing nanofibers through simple processes that yield 

selective and sensitive nanofibers.  

The methods presented in this thesis demonstrated the possibility of having alternative 

ways to complement the conventional methods for detection and quantification of metal 

ions in water which often include; the use of large sample volumes, extensive sample 

preparation steps and the use of expensive instrumentation. 

It should be noted that despite the excellent results that were obtained on application of 

metal nanoparticles to detect metal ions, there is a growing evidence that metal 

nanoparticles could exhibit cytotoxic effects on higher organisms [305]. This raises the 

need for further investigation into their impact on the environment and human health 

especially when used in water bodies.  
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Our future research would be geared towards the fabrication of diagnostic probes that 

could be able to detect more than one metal ion with totally differing responses. Such a 

product will be highly applicable for multi-element detections hence reducing the cost of 

analytical procedures. 
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