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Preface 

Sensing is very important in different fields like engineering, medicine, transportation, 

environment and manufacturing processes. In the present world, the problem of pollution 

takes many forms causing huge damage to many ecosystems. Many chemical sensors have 

been reported for a variety of pollutants. Anion sensing is considered to be a huge challenge 

owing to difficulty of realizing suitable water based sensing mechanisms or receptors that 

support it. Fluoride pollution in water resources is an interesting situation owing to the fact 

that not just man-made activities and products but also natural sources like fluorite rocks 

contribute to the problem. The exposure to fluoride beyond a certain limit is found to cause 

severe damage to human health. Considering the fact that many existing sensors for 

fluoride work only in organic solvents, it becomes very important to find receptors that are 

selective to fluoride and devise efficient methods for fluoride detection.  

The thesis describes the results of experiments carried out using synthetic organic dyes like 

Rhodamine 6G, Coumarin 540A and natural dye Curcumin towards the realization of 

simple, low cost optical sensors for the detection and measurement of fluoride, both in the 

organic and inorganic forms. 

Chapter 1 gives an introduction to the field of anion sensing and the challenges associated 

with it. The use of fluoride in its different forms along with the activities that lead to excess 

fluoride in water resources are also described in the chapter. The harmful effects of fluoride 

pollution and the importance of fluoride detection are discussed. The chapter also gives a 

brief literature review on the existing classes of sensors for the detection of both organic 

and inorganic forms of fluoride with the pros and cons of each method. The advantages of 

optical sensing technology and the use of some materials like dyes and their derivatives, 

nanoparticles etc to enable colorimetric and spectrophotometric detection of fluoride are 

detailed. Some basic properties of the dyes used in the present work are also mentioned in 

the chapter along with the scope of the thesis. 

In Chapter 2 the fluoride sensing response of synthetic organic dye Rhodamine 6G (Rh6G) 

in the organic solvent acetonitrile is described. The mechanism of NH deprotonation 



 

 

leading to colour changes of Rh6G solution along with the rapid decrease in absorption and 

fluorescence was confirmed using FTIR spectroscopy and protic solvent addition. The 

Forster resonance energy transfer (FRET) based sensing of fluoride was studied using 

Coumarin 540A (C540A) donor-Rh6G acceptor pair by making use of the selective 

sensitivity of the acceptor to fluoride, for different donor-acceptor concentrations. The 

change in fluorescence lifetime of Rh6G was also used to study the FRET in C540A-Rh6G 

pair and the FRET efficiency was found to be a good indicator for the concentration 

measurement of fluoride. A simple system consisting of C540A doped in poly-

methylmethacrylate (PMMA) polymer film coated on a hollow glass capillary was also 

demonstrated as an effective sensing element towards the detection of fluoride. The effect 

of varying concentration of C540A dye in PMMA and the thickness of the coated layer on 

the fluorescence emission from the capillary was studied. The detection of fluoride using 

both C540A and Rh6G emissions from the capillary is also described in the chapter.  

Chapter 3 describes the detection of fluoride using low cost natural dye Curcumin via OH 

deprotonation mechanism. The use of Curcumin for the realization of intensity based fiber 

optic sensors involving the absorption and fluorescence changes of Curcumin in the 

presence of fluoride in two different organic solvents have also been presented. 

Fluorescence sensor probes using un-cladded and chemically tapered silica fibers were 

fabricated and the fluoride detection using collection of diminishing fluorescence of 

Curcumin in the presence of increasing fluoride was studied and compared. 

Chapter 4 presents the results of irradiation of Curcumin in organo-aqueous media using 

different light sources for the detection of fluoride. The result of irradiation of Curcumin in 

the presence of organic and inorganic fluorides (Tetrabutylammonium fluoride and Sodium 

fluoride) in mixture solvent has been discussed in this chapter. Simple experimental set-ups 

for the continuous monitoring of fluoride by irradiation of Curcumin using low cost sources 

and the detection of the absorption or fluorescence signal using low cost detectors are also 

discussed. The chapter also gives a description of the possibility of using Curcumin stained 

filter paper strips for sodium fluoride (NaF) detection by the irradiation technique. 

Chapter 5 details the preparation of Curcumin-Aluminium (Cur:Al) dye metal complexes 

in varying molar ratio for the detection of inorganic form of fluoride (NaF), acetate 

(CH3COONa) and phosphate (NaH2PO4). The chapter also gives a brief description about 



 

 

the importance of phosphate and acetate and the methods that exist for their detection. 

Cur:Al complexes were found to work in higher volume of water content with a decrease in 

absorption and fluorescence intensity along with an observed blue shift of absorption upon 

addition of the anions. The use of different ratio complexes to achieve good sensitivity and 

higher dynamic range of detection is also discussed in this chapter. The preliminary result 

of a sensor set-up using a Cur:Al complex doped poly-methymetahcrylate optical fiber 

towards the detection of three anions is also described.  

Chapter 6 lists the general conclusions of the works described in the thesis and proposes a 

few possible future works towards the detection and measurement of fluoride. 

The publications related to the works presented in the thesis are included in the „Appendix‟.  
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Chapter 1 

 

Introduction 

 

 

In this chapter, an overview of the challenges in anion sensing is presented with special 

reference to the problems associated with fluoride detection. The different sources of 

fluoride in the environment, the forms utilized by mankind and the harmful effects of 

fluoride pollution are outlined. Various methods used for the detection and measurement 

of fluoride are also presented with their pros and cons. Some basic properties of organic 

dyes used in fluoride sensing methods described in the later parts of thesis are also listed 

with their applications. 

  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 



 

[3] 

 

1.1 Anion sensors-Challenges 

Sensing of chemical species in water resources have always been of integral importance to 

ensure quality control and prevention of a number of health conditions and diseases that 

would wreak havoc in almost all living systems. Anions play a pivotal role in the field of 

medicine and catalysis [1]. Anion sensing is considered to be an interesting challenge by 

many researchers all over the world [1-4]. A variety of reasons are reported for the 

difficulty in realizing anion sensors when compared to cation sensors [5]. Anions have a 

larger size (larger ionic radius) and hence a lower charge to radius ratio. This means that 

the electrostatic binding interaction with a receptor would be weak and also the binding 

site of receptor should be large enough to accommodate the large sized anion. Secondly, 

the anions have differing geometries including linear, spherical, triagonal planar, 

tetragonal etc which makes it a huge challenge to design a receptor accordingly [1, 5].  

Anions are also prone to losing their negative charge in acidic environments, thereby 

further restricting the use of receptors to a certain pH range. The selection of solvents too 

can affect proper detection of anions. Solvents with hydroxyl (OH) groups can bond with 

the anions thereby making it difficult for the sensing receptors to bond with the anions and 

generate a response [1, 6]. Fluoride ion detection in particular seems to be a true challenge 

amongst the clique of varied anions that find their way from various natural as well as 

industrial sources into the ground water resources. The high affinity of fluoride ion 

towards water molecules makes it difficult to selectively perform aqueous based 

measurements [7, 8]. 

 

1.2 Fluoride ion and its uses 

Fluorine element belongs to Group 7A in the periodic table and has a deficiency of one 

electron from achieving the stable inert configuration. This makes fluorine highly 

electronegative and reactive. Fluorine further reacts to form hydrofluoric acid (HF) and 

sodium fluoride (NaF) in water [9].   Fluoride is reported to be beneficial for the prevention 

of tooth decay [10].  The bacteria present in the mouth produces acid via fermentation. 

Fluoride inhibits the growth of bacteria and prevents acid induced demineralization of the 

enamel [9]. HF is used in the production of aluminium fluoride and fluorocarbons and it is 

also used in etching glass. Other inorganic fluorides like sulphur hexafluoride is used as an 

electrical insulator in transformers. Fluorides are also used to manufacture the fluoro-
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polymer Teflon that finds use in cooking utensils, paints and even cosmetic surgery. Some 

medications are also reported to contain fluorides [11, 12].  

.  

1.3 Sources of fluoride and  fluoride pollution  

There are both natural and artificial sources of fluoride. In the soil, fluoride is found in 

fluorite (CaF2) [13] rocks, which is an accessory mineral to granitic rocks. Cryolite 

(Na3AlFPO6) and fluorapatite (Ca3(PO)2  Ca(FCl)2) rocks also contain fluoride [11]. Around 

20-3600 ppm of fluoride concentration was reported to be found in granite rocks. The 

concentration of fluoride in the soil is depth dependent. Even though the leaching of 

fluoride from soils is small, the content of fluoride in soil was found to be around 300 ppm. 

Application of fertilizers was also reported to cause fluoride pollution in ground water 

resources [9]. The fluoride content in soil and the water used for irrigation can also affect 

the concentration of fluoride in most food items, with even high level of fluoride reported 

in tea leaves [11].  

The artificial sources of fluoride include various industries that make use of fluoride in 

its varied forms. Fluorides are found in products such as toothpaste (Na2PO3F or NaF), 

dietary supplements (as NaF), glass-etching or chrome-cleaning agents (NH4HF2 or HF), 

insecticides, rodenticides (NaF), and also in drinking water (NaF) [14]. The discharge of 

waste from HF, toothpaste, semiconductor, glass, ceramic and phosphate fertilizer 

manufacturing industries, aluminium smelters etc all contribute to excess fluoride in water 

resources [9, 15]. The presence of both natural and man-made sources of fluoride 

contributing to fluoride pollution is a huge cause for concern. Many adverse effects of 

fluoride pollution have been reported. Many parts of India and China are worst affected by 

excess fluoride ion concentration in ground water resources [15]. There have been reports 

of dental and skeletal fluorosis, both being incurable conditions [16], recorded for very low 

concentrations of fluoride ion. This led to the WHO declaration of 1 ppm as the permissible 

limit for fluoride ion in ground water resources in India whereas 1.5 ppm is the maximum 

acceptable concentration the world over [9]. The U.S environmental protection agency has 

declared 4 ppm as the permissible limit of fluoride in drinking water [17]. Dental fluorosis 

manifests itself as mottling of teeth [10] whereas skeletal fluorosis causes weakening of the 

bones even leading to fractures, joint pain and fatigue [9, 10, 15]. The other major diseases 

or conditions that have been reported to be caused by excessive fluoride intake include 

irritable bowel syndrome [15], infertility, osteoporosis, arthritis, cancer, Alzheimers, weak 
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immune system, deformed red blood cells and even neurological problems [10, 11, 16 ]. It 

was also reported that fluoride tends to accumulate in the aquatic species like fish, crab, 

shrimp etc [13] 

  

1.4 Current sensors and techniques for fluoride detection and 

measurement 

There are a wide variety of sensors for the detection of fluoride. They can be classified into 

the following major methods: 

1.4.1 Ion-selective electrodes 

The ion selective electrode for fluoride works on the principle of development of a 

potential across a membrane that is impervious to all other ions except fluoride ions [6]. 

The schematic of an ion selective electrode is as shown in Fig. 1.1. Crystalline lanthanum 

fluoride (LaF3) membrane is mostly used as the sensing membrane. The potential usually in 

mV, measured with respect to a reference Ag/AgCl electrode is proportional to the 

concentration of fluoride in solution. A typical graph of the variation in potential with 

concentration is as shown in Fig. 1.2. In some cases europium is added to LaF3 membranes 

to increase the conductivity [18]. Polycrystalline LaF3 layers have also been shown to 

possess fluoride sensitivity identical to that of a LaF3 single-crystal electrode. This vapour 

deposited LaF3 membrane on Si-SiO2 –Si3N4 structures was reported to be similar to the 

gate area of an ion selective field effect transistor (ISFET). Concentrations of fluoride 

ranging from 10-5 M to 0.1 M could be detected from the shift of the C-V curve on the 

voltage axis and the limit of detection was around 10-6 M [18].  

 

 

Figure 1.1 Schematic of an ion-selective electrode [5] 
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Figure 1.2 Example curve of variation in potential with fluoride concentration in the 

potentiometric method [19] 

 

There are different variations of the ion selective electrode used for the detection of 

fluoride. S Liawruangrath et al [20] used an asparagus plant based bio-electrode which 

could detect fluoride concentrations above 0.5 ppm with a linear response of upto 14 ppm. 

Here the asparagus tissue was incorporated into a ferrocene modified carbon paste 

electrode and reduction in response of the electrode towards H2O2 in the presence of 

fluoride was used to estimate the concentration of fluoride. But the sensor has interference 

problems with other species and also suffers from variation of sensitivity with time. Zr(IV) 

porphyrins have also been used in PVC membrane to function as neutral anion carriers. 

This porphyrin along with cationic additives in polymer membrane shows faster response 

towards fluoride with high selectivity [8].  

The organotin compound bis(chlorodiphenylstannyl)methane doped in PVC 

membrane showed enhanced Lewis acidity leading to high selectivity for fluoride [21]. 

Another study used poly-(borosiloxane), a soft polymer with Lewis acid sites having strong 

affinity towards fluoride, to achieve detection limits as low as 10-10 M [22]. Spiropyran 

assembled on single walled carbon nanotube modified carbon electrode was used to 

generate an electrochemical response towards fluoride via breakage of Si-O bond leading 

to a limit of detection of almost 8×10-8 M [23]. 

The method of ion selective electrodes requires complex procedures for sample 

preparation and temperature stability [24, 25]. It is costly [26] and needs the use of special 

agents to ensure no interference from other metal ions as well as to maintain the pH 

between 5.3-5.8. The stringent pH condition is imposed to prevent the formation of 
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lanthanum hydroxide in the basic pH condition [22, 27]. The method has a detection range 

of 10-9 M to 10-6 M [22] and can lead to errors at higher concentration range [25]. It was also 

reported that at low fluoride concentration the response of the electrode is slow and 

drifting of the electrode potential due to different reasons necessitates the frequent 

calibration of the electrode for optimal performance [28]. 

 

1.4.2 Ion-chromatography 

Ion chromatography is considered to be a method that is sensitive enough to detect many 

ions [25, 29]. The ion chromatograph system for anion analysis consists of a number of 

sections like solvent (eluent) reservoir, separator and suppressor columns, provisions for 

sample injection, pump, conductivity cell, a meter and recorder. The eluent which is an 

electrolyte is used to extract the anions to be detected from the anion-ion exchange resin at 

the separator column. The rate at which the ions pass through depends on the affinity of 

the anion with the ion exchange resin. At the suppressor column, the electrolyte (base like 

sodium hydroxide or sodium carbonate) is removed by an acid resin and the anion is 

converted to its acid which is detected further by the conductivity cell. The suppressor 

column is used to ensure that the high conductance of the eluent does not affect the 

measurements of the anion [29]. The basic steps in each section are as shown in Fig. 1.3 and 

a typical chromatogram of anions is as shown in Fig. 1.4. 

 

 

Figure 1.3 Steps in ion chromatography for anion detection [29] 
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Figure 1.4 Ion-chromatogram of anions [29] 

 

There are also modifications of the method to use detectors like spectrophotometers or 

fluorescence spectrometers instead of the conductivity cell to achieve higher sensitivity [25, 

30]. In this method, formation of complex of aluminium and fluoride in the presence of 

excess aluminium was used for detection. The ion chromatography method being time 

consuming, bulky and expensive, is not considered as the most attractive option for 

fluoride ion sensing [19, 26].   

 

1.4.3 Colorimetric and spectrophotometric methods 

Ion selective electrodes and ion chromatography are considered as the standard 

methods for fluoride detection by the WHO. But both of these techniques require technical 

expertise, complicated equipment and stringent conditions for operation [17]. 

Electrochemical methods also have the disadvantage of having mostly a liquid electrolyte 

[24] whereas optical sensing techniques do not need the use of electrodes which are prone 

to electrical interference [31]. Optical sensing methods involve the study of changes in 

absorbance, fluorescence, chemi-luminescence, refractive index, photo-thermal effects and 

scattering in response to analyte [32]. Of all the different methods that have been used for 

detection of fluoride ions, the class of spectrophotometric and/colorimetric methods have a 

large number of advantages including low concentration measurement, easy to use etc [31, 

33]. Fast straightforward detection with naked eye is offered by colorimetric methods, 

which obviously are low cost owing to the absence of bulky spectrophotometric 

instruments [34-36]. Exact concentration of the analyte is difficult to estimate with 
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colorimetric methods, but the presence of analyte above a certain concentration level can be 

surmised [5]. Colorimetric sensors also may have problems distinguishing between 

different anions having similar basicity or surface charge density [37].  

Fluorescence based sensors are highly attractive owing to the high sensitivity [17] and 

high specificity offered by the choice of excitation and emission wavelengths. It also offers 

the possibility of monitoring different signals including emission intensity, emission 

wavelength and lifetime [35, 38].  The sensors based on visible wavelength excitation and 

emission are reported to have low background emissions and scattering [35]. Many optical 

sensors for fluoride ion employ either colorimetric, fluorescence or mostly a combination of 

both to effectively detect the fluoride species in organic media [39-41], mixtures of organic 

solvents [42], organic-aqueous solvent mixtures [43, 44] and very few in aqueous solvents 

[45, 46] or buffer solutions [47]. Most fluorescence probes involve a ‗two in one unit‘ with a 

receptor that interacts with fluoride and a flurophore that signals the presence of this 

interaction [17]. The hydrogen bonding nature of fluoride is exploited by many 

chemosensors via the formation of O-H---F-, N-H---F-, C-H---F- and (C-H)+---F- bonds [34, 

48]. The review by Massimo Cametti et al describes explicitly many different methods and 

mechanisms for sensing the elusive fluoride ion. Groups like amide, urea, thiourea, 

imidazolium, pyrrole are used as receptors for fluoride [48].  

H Wada et al [49] developed a spectrophotometric method for the detection of fluoride 

ion which used Cerium or Lanthanum (La)/Alizarin complexone in a flow injection 

system. Lanthanum/alizarin complexone (1:l) in 70% acetone was used in conjunction with 

a 500 cm reaction coil at 60°C to determine 0.03-1.2 mg/L fluoride. Only aluminium 

seriously interfered with the method and this method is temperature dependent. Another 

such experiment using stopped flow reagent injection method using La (III) AFB complex 

in 15% (v/v) acetone, was devised by M E Leon Gonzalez et al [50]. The 

spectrophotometric alizarin fluorine blue (AFB) method was improved by developing a 

ternary complex in the presence of sodium dodecyl sulphate (SDS). The detection range for 

the method was 0.08-1.2 mg/L. Phosphate, nitrate, aluminium, iron, nickel and zinc ions 

caused interferences in the detection. A drawback of the method was that it required 

maintaining pH at 4.6. 

A lot of fluorescence based methods for fluoride detection involve the use of organic 

dyes and their derivatives. Most of these sensors work in organic solvents. A coumarin 

derivative 7-(Diethylamino)-2-oxo-2H-chromene-3-carbaldehyde was used to detect 
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fluoride in acetonitrile via interaction of NH with F‾ that led to NH deprotonation and an 

intramolecular charge transfer (ICT) with a red shifted absorption peak [51].  A bis 

(coumarin) methylene probe responded to fluoride via OH deprotonation in acetonitrile 

solvent leading to charge delocalization in the phenyl ring. This caused a corresponding 

colour change to yellow from the initial colourless state and an increase in fluorescence 

[34].  

Shan Jiao et al [52] demonstrated a ratiometric probe for fluoride using fluorescein-

coumarin probe in organo-aqueous mixture solvent by studying the ratio of intensities at 

two different wavelengths. The authors suggest that the ratiometric detection is far 

superior compared to monitoring either the decrease or increase in fluorescence. In most 

probes the single emission intensity can be affected by the concentration, instrumental and 

environment conditions. F‾ triggered Si-O cleavage in the compound leads to a change in 

fluorescence emission from blue to green with a limit of detection (LOD) of 0.025 µmol/L 

and a linear detection range of 0-20 µmol/L.  

Ratiometric sensing was also carried out using coumarin-bodipy compound by 

Xiaowei Cao et al [53] which brought huge red shift in the absorption spectrum, decrease in 

fluorescence emission at 606 nm and the appearance of a new band at 472 nm. Jianguang 

Wang et al prepared OH containing bodipy dyes for fluoride detection using O-H-F 

hydrogen bonding interaction. They studied the presence of methoxy groups and different 

positions of the OH group to get high selectivity towards fluoride for certain bodipy dyes 

[54]. Another interesting work involves the use of extracted natural dye Curcumin to detect 

fluoride and iron in mixture solvent [55] via OH deprotonation. 

Aluminium (Al) has been reported to have a very high attraction towards fluoride ion. 

An optical sensor based on a poly (vinyl chloride) film containing aluminum (III) - 

octaethylporphyrin and a pH indicator was reported by I H A Badr et al [56]. Fluoride 

interacted with the Al (III) center of the porphyrin structure leading to changes in the 

absorption bands of both the porphyrin and the pH indicator. The authors attributed this to 

the change in the protonation state of the pH indicator when aluminium interacts with 

fluoride. Here also the pH condition of 3.6 was imposed to reduce interference from OH‾ 

ions. The detection range of fluoride was 0.1 μM-1.6 mM using this method [56].  

N-aryl imidazolium based probe for naked eye and dual channel (absorption and 

fluorescence) detection of F‾ was described by Subodh Kumar et al [35]. The colour of the 

solution changed from yellow to orange in the presence of fluoride ions owing to the 



Introduction 

[11] 

 

generation of negative charge on nitrogen on addition of fluoride ions. Shyamaprosad 

Goswami et al [57] designed and synthesized nine 2, 3, 5‐triphenylimidazole derivatives 

having nitro and/or OH groups at their phenyl groups as receptors for the colorimetric 

detection of F ion. Among these, the receptor having a nitro group at the para position of 

the 2‐phenyl group with respect to the imidazole moiety showed colorimetric responses 

(yellow to red) towards F- anion in acetonitrile‐water (9:1 v : v). The nitro group acted as a 

signaling unit and OH and NH of imidazole acted as binding sites respectively. The intense 

red colour resulted because of the charge transfer interaction between fluoride bound NH 

of imidazole and the electron deficient nitro group at para position. There was a blue 

shifting of the emission peak from 550 nm to 477 nm and an increase in this emission with 

increase in fluoride. However the red colour change was also observed for acetate anion 

when added in very higher concentration. 

Among the various recognition strategies that are available, researchers have focused 

a great deal of attention on Lewis acidic boron compounds. Three organoboron compounds 

were investigated as fluorescence sensors for fluoride by Zhi Qiang Liu and group [41]. In 

the presence of fluoride ion, the strong B-F interaction (Lewis acid-base interaction) 

interrupts the extended π-conjugation, thereby causing a dramatic change in the photo-

physical properties, including two photon excited fluorescence leading to high sensitivity 

and selectivity. The colour changed from green yellow to colourless in Tetrahydrofuran 

(THF) solvent and there was also a blue shifting of emission band from 520 nm to 411 nm. 

Organic–inorganic materials have also been widely studied for fluoride sensing. 

Eunjeong Kim et al [58] described an Anthraquinone-based fluorescent receptor which was 

immobilized on mesoporous silica (AFMS) or on silica particles (AFSP) via a sol–gel 

reaction. The addition of fluoride ions to a suspension of AFMS resulted in a large decrease 

in the fluorescence intensity of the anthraquinone of AFMS owing to the binding of 

fluoride to two urea N–H protons of receptor in AFMS. In the case of AFSP, the sensitivity 

for fluoride ions was 10 times lower than that of AFMS due to the immobilization of 

smaller amounts of receptor on the silica particles. A linear response of AFMS upon the 

addition of fluoride ions was observed between 0.50 µM and 10.0 µM, with a detection limit 

of 0.50 μM. The pore diameters of mesoporous silica are large enough to allow rapid anion 

diffusion resulting in sensing response times of less than 10 seconds. 

Bin Liu et al [59] described the fluoride sensitivity of derivative 1, 4 benzoylamido-N-

butyl- 1, 8-naphthalimide. In the presence of fluoride, the extent of intra-molecular charge 
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transfer (ICT) from the amide anion to the electron withdrawing imide moiety is enhanced, 

facilitated by an intermolecular proton transfer from the amide to fluoride. This 

enhancement in ICT (effectively fluorescence quenching) leads to an intensity-reduced and 

wavelength-shifted fluorescence as a function of fluoride concentration. Fluoride 

concentrations in the range of 20–100 mM can be detected. The colourless-to-yellow colour 

change and red shifted emission from 468 nm to 583 nm were reported to be due to the 

deprotonation of the 4-amido moiety of the naphthalimide fluorophore. Since the amide 

group also interacts with other strong bases, such as OH‾, the compound would also be 

likely to have a pH-dependent response. 

A fluoride-responsive organogelator based on oxalamide-derived Anthraquinone was 

described by Zoran Dzolic et al [60]. This was the first example of a fluoride responsive gel 

system which allows naked-eye detection of fluoride by colour change or gel-to-sol 

transition owing to the presence of amidic NH in the structure. P Rajamalli et al [61] 

reported poly(aryl ether) dendrons with an anthracene moiety attached to the core through 

a acylhydrazone undergoing a gel-to-sol transition, accompanied by a color change from 

deep yellow to bright red, in the presence of fluoride ions. Fluoride ion concentration as 

low as 0.1 equivalent could be detected by this method.  

Another such colorimetric fluoride sensor was reported by Yuping Zhang et al [62] 

with a cyano substituted amide gelator which could turn yellow owing to N-H 

deprotonation.  The cyano-substituted aromatic amide with strong intermolecular 

hydrogen bonding and π–π stacking can easily form the organogel. The two NH groups of 

the amide act as anion acceptors and the cyano-substituted aromatic groups function as the 

chromophore that converts the interaction between hydrogen atom and anion to optical 

signals. A reversible organogel based on anthracene based uracil gelator was studied by 

Ling Bao Xing et al [63]. The aromatic anthracene unit serves as a signaling chromophore, 

and the amidic N−H in the uracil unit serves as the recognition site for its hydrogen-

bonding ability. 

Nanoparticles have also been reported for the detection of fluoride using colour 

changes, quenching or enhancement of fluorescence. S Wantanabe et al [46] reported 

thioglucose-capped gold nanoparticle which underwent aggregation in the presence of F- 

leading to a colour change from red to blue in aqueous solution with a detection range of 

20–40 mM. However, the selectivity and sensitivity of this sensor were poor. A similar 

method was implemented by Jiun-An Gu et al [64] with a gold agglomeration probe 
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(AuNP) comprising of a dual silyl-protected dithiol-modified flexible linker. Fluoride ions 

remove silyl groups from phenol causing release of a dithiol which in turn caused 

aggregation of the AuNPs. The colour change from pink-red to violet-blue was observed 

with LOD of 120 μM in the dynamic concentration range from 120 μM to 1.5 mM. The 

method was reported to be simple, fast and could detect inorganic fluoride salts in polar 

solvents without the interference by the oxygen-containing anions.  

Sunlight induced gold nanoparticles [65] were also demonstrated for sequential 

detection of Al3+ and F-. Here poly-acrylic acid functionalized gold nanoparticles 

aggregated in the presence of Al3+ (red to blue colour) whereas the addition of F- caused a 

dispersal of the aggregated nanoparticles (blue to red colour) as F- removes Al3+. The time 

for detection of change in peak absorbance was 10 minutes. Ag doped CdS/ZnS core/shell 

nanoparticles [66] functionalized using L-cystein responds to F- by the formation of N—H-

F- bond with amide group of L-cystein leading to an enhancement in fluorescence. The 

LOD for the method was reported to be 99.7 µg/L.  

Another method reports the use of 7-nitro-2, 1, 3-benzoxadiazole (NBD) dye 

covalently attached to mesoporous silica nanoparticles. Even though this system has 

reduced fluorescence emission, upon addition of fluoride, there is an enhancement in 

fluorescence owing to the cleavage of Si-O bond leading to the free movement of 

fluorophore in the solution [67]. The method requires longer times (~40 minutes) to ensure 

the movement of NBD molecules from the mesoporous silica surface and has a detection 

range of 10-5 M-10-3 M at an operating pH between 2.3 to 3.5. Fast response time for fluoride 

detection was reported with the use of fluorescent carbon dots via quenching of 

fluorescence using an organic receptor like 4-mercaptophenyboronic acid. The method 

reports an LOD of 1.1×10-4 M and a linear detection range of 0-26.7 mM concentration. But 

phosphate ion was reported to cause interference in the detection. [68].  

Most of the nanoparticle based fluoride detection schemes involve aqueous medium 

[46, 65, 66, 68] and mixture solvent [67] which is a huge advantage. But some of them 

exhibit pH dependent response [67] or narrow detection ranges [46] or longer response 

times [65, 67].   

 

1.4.4 Other methods 

An acoustic wave sensor for fluoride ion was reported by N.I.P. Valente et al using a 

sensitive coating on a piezoelectric crystal and the frequency decrease upon addition of 
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fluoride was studied [26]. The method could linearly detect fluoride concentrations till 80 

ppm, but it has a detection limit of 3.7 ppm which is above the permissible limit of fluoride 

ion in water. Moreover it requires the use of gold coated quartz crystals which would 

render it costly. The authors also reported leaching of sensing agent affecting its stability.  

Another method involves the use of inorganic cage structures to trap fluoride ion (Fig. 

1.5a) at the central empty space, this not just helps in fluoride detection but also in the 

removal of fluoride from the solvent. Different D4R zinc phosphate molecular clusters were 

reported to complex F- (both organic and inorganic fluoride) in both the solution and solid 

state forming anionic, neutral or cationic products. The reaction of one such cluster is as 

shown in Fig. 1.5b. NMR spectroscopy was used to study the inclusion of fluoride in the 

host by observed chemical shifts of the host in the presence of fluoride [14].  

 

 

Figure 1.5 (a) Schematic of fluoride ion entrapment in cage structure (b) Chemical structure 

of D4R zinc phosphate heterocubane before and after fluoride additon [14] 

 

1.4.5 Optical fiber sensors 

Fiber optic sensors are deployed for a wide variety of sensing applications. The 

numerous advantages of fiber optic sensors include its high sensitivity, small size, light 

weight, immunity to electromagnetic interference and also the possibility of carrying out 
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remote and distributed sensing of multiple parameters even in hazardous environments 

[69, 70]. Optical fiber sensors can broadly be divided into two types- intrinsic sensors and 

extrinsic sensors. In the intrinsic sensor, the sensing region is intrinsic to the fiber i.e. the 

optical fiber is itself the sensing element, whereas in the extrinsic fiber senor the sensing 

region is external to the fiber and the fiber collects the light that is modulated by the 

measureand [70]. There are also classifications of the optical fiber sensor based on the type 

of signal viz. the intensity, wavelength, polarization and phase change of light upon 

interaction of measureand with light [69]. Intensity based fiber optic sensors record the 

change in intensity of light with respect to measureand.  Different methods can be used to 

study the variation in intensity of light with respect to the measureand including 

evanescent field interaction, scattering of light, displacement of fiber and reflection. The 

intensity based fiber optic sensors are very low cost, easy to use and simple [71].  

 

 

Figure 1.6 Schematic of (a) FBG and (b) LPG [72] 

 

Wavelength modulation based sensors involve the fiber gratings like long period 

grating (LPG) and fiber bragg grating (FBG). FBG‘s and LPG‘s have a grating pitch of a few 

nanometers and a few hundred micrometers respectively. FBG reflects a particular 

wavelength depending upon the grating pitch whereas in LPG the particular wavelength is 

coupled into the cladding as depicted in Fig. 1.6. Interferometric sensors which involve 

phase modulation are reported to have a high level of sensitivity while FBG‘s and LPG‘s 

depend on the shift of central wavelength and loss peaks in transmission respectively. Here 
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the advantage is that the output is not affected by the fluctuations in light source intensity 

[69, 70] 

Evanescent wave fiber optic sensors depend on the decaying exponential 

electromagnetic field called the evanescent wave originating at the core-cladding interface 

which can interact with the species surrounding the core region. When the evanescent 

wave is absorbed by the species, it leads to attenuated total internal reflection causing a 

decrease in the optical power transmitted by the optical fiber [73]. The evanescent wave 

fiber optic sensors can be implemented in a wide variety of methods including the simple 

un-cladded straight fiber [74], U shaped optical fiber sensors [75], D shaped fibers [76], side 

polished fibers [77], tapered fibers [72], hollow fibers [72], micro-bending [78] and LPG 

[72]. Some of the above mentioned configurations are shown in Fig 1.7.  

 

 

Figure 1.7 (a) D shaped fiber [76] (b) Schematic of a U shaped optical fiber probe [72] (c) 

Tapered fiber and simple evanescent wave interrogation set-up [72] 

 

Different types of fibers have been reported for sensing applications including silica 

core-silica clad fiber, silica core-plastic clad fibers and polymer fibers. The evanescent wave 
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in plastic-clad silica fibers can easily be accessed by removing the plastic cladding using 

chemicals like acetone whereas the silica cladding requires the use of HF which is toxic 

[72]. Polymer fibers or plastic fibers have higher transmission losses than glass fibers, but 

they have comparatively lower manufacturing cost. The other advantages of polymer fibers 

include biocompatibility[79], high flexibility, high elastic strain limits etc which make them 

attractive for sensing applications [80] especially in structural health monitoring, medicine, 

chemical sensors and biosensors [80, 81]. Dye doped polymer fibers can especially be 

advantageous as light sources for sensing fibers and a variety of dopants can be used to get 

the required source wavelength [79].  

Only a few optical fiber sensors have been reported for the detection of fluoride. R 

Narayanaswamy et al reported an alizarin fluorine blue (cerium (III) - alizarin complexone) 

binary complex immobilized on amberlite XAD-2 polymer beads for reflectance based 

measurements in a flow cell system. The flow cell system packed with the beads was 

interrogated by an optical fiber system consisting of a number of polymer fibers both for 

excitation and collection of light reflected from the beads. The Ce metal cation of this 

complex forms a ternary complex with fluoride leading to a colour change from wine red of 

the binary complex to blue of the ternary complex. The response time recorded was 12 

minutes with the detection range of 0.16 mM to 0.95 mM [82] 

Two other works reported from the same group use the Calcein blue complex with 

Zirconium to detect fluoride [83, 84]. A flow cell (Fig. 1.8) packed with calcein blue-

zirconium complex adsorbed on amberlite XAD-4 polymer beads and a system consisting 

of a single silica fiber for excitation of beads surrounded by six fibers for collection of 

fluorescence from the beads was realized by the group [83]. The fluorescence intensity of 

calcein blue decreased upon zirconium complexation. But upon addition of fluoride, the 

formation of a ternary complex caused an enhancement in fluorescence. The response time 

was found to be around 2 minutes and the detection range was linear in the 0.11-0.42 mM 

(i.e. 2-8 ppm) range with a limit of detection of 5.3×10-5 M. Other ions like iron, tin, barium, 

aluminium, phosphate and acetate were reported to cause interferences in the detection.  

A slight improvement in the detection limit (2.63×10-5 M) was observed with the use of 

a porous polytetrafluoroethylene membrane [84] to house the polymer beads instead of the 

flow cell. The authors attributed this improvement to the reduction in noise in this 

configuration compared to the flow cell based sensor system. 
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Figure 1.8 (a) Flow cell system for fiber optic fluorimetric determination of fluoride (b) 

Enlarged view of the flow cell system [83] 

 

 

Figure 1.9 SEM image of (a) Microstructured fiber end face and (b) cross section of end face 

after sol gel coating inside the hole (c) experimental set up for interrogation of sol gel coated 

fiber [45] 

 

All the above methods work in the acidic pH range of 2.2 [83, 84] and 4.1 [82].  A 

microstructured polymer optical fiber with the hole coated with a thin layer of morin-Al 

doped sol gel film was reported by Yang et al [45]. The coated fiber and the experimental 

set up used by the group are as shown in Fig. 1.9. Morin is non fluorescent and upon 

complexation with Al3+ gives strong fluorescence. When F‾ is added Al3+ is removed from 
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the morin structure and there is a quenching of fluorescence. Authors reported a detection 

range of 5-50 mM with the use of a simple set up for interrogation as shown in the figure. 

PO4
3− ions were also reported to have a similar effect on morin-Al structure. Here also 

stringent pH condition of less than 4.6 was imposed to ensure that OH‾ ions do not interact 

with Al3+ in the gel. 

Aji Balan Pillai [85] compared the fluoride detection capability of a simple LED-

photodiode based set-up with that of a system consisting of U shaped evanescent wave 

fiber optic sensors employing polymer fibers. The set-up with LED excitation source is as 

shown in Fig. 1.10. Zirconyl-SPADNS reagent was used in both the cases for the formation 

of colourless  ZrF6
2− and the concentration of this complex was proportional to the fluoride 

concentration. The reaction rate was reported to be pH dependent and it was found that 

LED and optical fiber based sensor set ups exhibited sensitivity of 8 mV/ppm and 4.22 

mV/ppm respectively. The advantages of these methods include aqueous based sensing 

capability. But such a sensor can operate only in acidic pH ranges, whereas for practical 

applications it should function in basic pH too as pH of water in ground water resources 

would mostly be basic.  

 

 

Figure 1.10 Schematic of the experimental set-up of the evanescent wave optical fiber sensor 

with LED light source [85] 

 

A tilted fiber bragg grating (TFBG) was demonstrated for the detection of organic 

form of F‾, CH3COO‾ and Cl‾ in organic solution by L B Melo et al [86]. TFBG consists of 

modulation of refractive index tilted with respect to the fiber axis. The transmission 

spectrum from such a fiber consists of multiple dips owing to the coupling between 

forward propagating core mode and forward or backward propagating cladding modes.  
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The experimental set-up used by the group and the TFBG spectrum are as shown in Fig. 

1.11. The resonance wavelength and intensity of the dips varies with the changes in the 

surrounding refractive index (SRI). The variation in anion concentration changes the SRI 

leading to corresponding changes in the transmission spectrum which is demodulated to 

calculate the concentration. 

 

 

Figure 1.11(a) Experimental set-up of TBFG sensor and (b) Transmission of TBFG [86] 

 

1.5 Organic dyes for chemical sensing applications 

Organic dyes find a lot of applications including fluorescence enhancement [87], imaging 

[88], fluorescent labeling [89], lasing [90-93], sensing [94-96], dye sensitized solar cells [97] 

and even lighting applications [98]. Organic dyes have complex structures involving many 

conjugated bonds and such structures can especially be easily used for chemical sensor 

applications. Most of them also show inherent sensitivity to solvent environment [99, 100]. 

Rhodamine, coumarin, bodipy dyes and their derivatives as well as combinations of dyes 

have been reported for chemical sensing [94, 95, 101-104].  

Coumarin 540A and Rhodamine 6G dyes are reported for lasing and FRET 

applications [87, 90, 93, 105] whereas Curcumin, a natural dye is reported to have a wide 

variety of medicinal applications [106-108]. A brief description of the dyes used in the 

present work is discussed below: 

 

1.5.1 Coumarin 540A (C540A) 

Coumarin 540A belongs to the class of benzo-α-pyrones (Fig. 1.12) [95] and has been 

reported for use with polymer films for lasing, as a donor for FRET systems and also as a 

standard for the determination of fluorescence quantum yields [87, 90, 109]. Some of the 
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coumarin derivatives are reported to be found in plants. Coumarin dyes have a variety of 

structures and are sensitive to local environment pH, viscosity and polarity and this is 

reflected in the change in fluorescence properties. These properties make them ideal 

candidates for sensing applications [95].  Coumarins and their derivatives have been 

reported for sensing Cu(II), Ni(II), CN‾‾, nucleotides etc [ 110-112]. 

 

 

Figure 1.12 (a) Benzo-pyrone structure [95] and (b) C540A structure [105] 

 

 

1.5.2 Rhodamine 6G (Rh6G) 

Rhodamine 6G belongs to the class of xanthene dyes [113]. The basic xanthene structure 

and that of Rh6G dye are as shown in Fig. 1.13. Rhodamine dyes have very high absorption 

coefficient and broad visible fluorescence emission. They are also highly photo-stable and 

possess high quantum yield. Due to their excellent optical properties they find use in lasing 

applications, imaging and also as molecular probes [93, 94, 113].  

 

The absorption, fluorescence emission and fluorescence lifetime of Rh6G have been 

reported to vary with solvent environment as well as in solid matrices [114, 115] making 

them highly sensitive to parameters irrespective of the host. Rhodamine dyes exist in 

fluorescent amide form and the non-fluorescent ring closed spirolactum form [116]. 

Rhodamine derivatives are generally non fluorescent and have been used for sensing 

Hg(II), Cu(II), Fe(III), Cr(III), thiols, Cu2+ and Ce4+ [113, 117].  
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Figure 1.13 Structure of (a) xanthene and (b) Rh6G [113] 

 

1.5.3 Curcumin 

Curcumin is considered to be a miracle molecule derived from the roots of turmeric plant. 

Curcumin has a diferuloylmethane structure [118]. Commercial Curcumin consists of 

curcumin (major component), bis-demethoxycurcumin and demethoxycurcumin [107]. 

Curcumin being a non-toxic dye [119] finds a large number of applications in the field of 

medicine. Curcumin is reported to have anti-viral, anti-cancer, anti-Alzheimers, anti-

bacterial and anti-inflammatory properties. It is also used in the treatment of wounds, skin 

infections, liver problems, heart diseases, high blood cholesterol, arthritis etc [106-108]. 

Metal complexes of Curcumin are also associated with medicinal capabilities including 

anti-Alzheimer, anti-cancer and neuroprotective properties [107]. Curcumin has also been 

reported for its use in sensing F‾ and Fe [55], dye sensitized solar cells [120] and for 

preparation of nanoparticles [118]. 

 

Curcumin has limited solubility in water but has good solubility in most organic 

solvents. The β-diketone structure leads to keto-enol tautomer forms of Curcumin via intra-

molecular hydrogen atom transfer as shown in Fig 1.14. The enol form of Curcumin is more 

stable and is most likely the form found in organic solvents [108]. The molecule also shows 

solvent, temperature and pH dependent fluorescence properties [108, 119, 121, 122]. 

Curcumin is also reported to undergo degradation in alkaline conditions [120, 122] even as 

it is partially soluble in this condition [108, 119].  
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Figure 1.14 Keto-enol forms of Curcumin [118] 

 

1.6 Summary 

The chapter describes the property of fluoride ion, its available forms, sources of fluoride in 

nature and the adverse effects of fluoride pollution. The challenges in the detection of 

fluoride and the major methods for fluoride detection like the ion selective electrodes, ion 

chromatography, colorimetric, spectrophotometric and optical fiber based methods are 

described in detail. The structure, properties and some applications of the organic dyes 

used in the present work are also described briefly. 

 

1.7 Scope of the thesis 

Fluoride sensing is a formidable problem. With the many pathways of fluoride pollution 

prevalent, it is of utmost importance to devise simple, sensitive, selective, low cost optical 

probes and measurement techniques for the detection of fluoride. The thesis describes the 

use of both synthetic and natural dyes for the detection of fluoride using optical sensing 

techniques. It also proposes improvement in methodology using mechanisms like 

fluorescence resonance energy transfer, optical fiber probes for fluorescence collection and 

irradiation technique to enable detection in aqueous based solvents. Further, it describes 

the use of dye-metal complexes to enable the extremely sensitive detection of fluoride, 
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phosphate and acetate. Some of the methods described in the thesis like optical fiber probes 

and filter paper based sensing strategies can easily be adapted for deployment in practical 

applications for monitoring fluoride in water resources.  
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Chapter 2 

 

Coumarin 540A - Rhodamine 6G dye mixture for FRET based fluoride 

detection 

 

 

The chapter describes the strong and sensitive response of the organic dye Rh6G towards 

fluoride in organic media. The increase in the dynamic range of fluoride detection of the 

C540A-Rh6G FRET pair when compared to Rh6G is discussed. The fabrication of a simple 

C540A dye doped PMMA coated hollow glass capillary for the detection of fluoride and its 

sensing response under laser and UV LED excitation are also discussed. The effects of 

coating thickness and doping concentration of C540A on the fluorescence emission from 

the capillary and the resulting change in optical response of the capillary towards fluoride 

are described in detail. 

 

 

 

 

 

 

Journal publication based on the work described in this chapter: 

Roopa Venkataraj, Arindam Sarkar, C. P. Girijavallabhan, P. Radhakrishnan, V. P. N. Nampoori, and M. 

Kailasnath. "Fluorescence resonance energy-transfer-based fluoride ion sensor." Applied optics 57, No. 15, 

4322-4330 (2018) 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 



 

[37] 

 

2.1 Introduction 

Organic dyes like Rhodamine 6G (Rh6G) and Coumarin 540a (C540A) find a number of 

applications as fluorescent labels, gain media for laser action and optical probes or sensors 

[1-3].  High sensitivity, selectivity, possibility of monitoring both the intensity and 

wavelength of emission are some of the advantages of fluorescence based detection 

techniques [4, 5]. The use of organic dyes for fluorescence based sensing applications 

would enable the realization of simple, highly sensitive and low cost sensing systems. 

Forster resonance energy transfer (FRET) phenomena between the donor and the acceptor 

depends on a variety of factors including the refractive index of the environment, the 

distance between donor-acceptor pair, their relative dipole angular orientation and their 

optical properties [6]. Consequently, the FRET based detection scheme boasts of high 

sensitivity and accuracy of detection. It offers a range of options viz. measurement of both 

donor and acceptor fluorescence intensities, peak emission wavelengths and ratio of 

intensities to accomplish sensing [4, 7].  

The present chapter describes the fluoride sensing mechanism of Rh6G in an organic 

medium. The use of C540A-Rh6G FRET pair to extend the range of detection is also 

described. The use of different concentrations of dye mixtures and their corresponding 

sensing responses are described in detail. A simple system consisting of C540A doped 

PMMA, coated on hollow glass capillary for the detection of tetrabutylammonium fluoride 

(TBAF) in the presence of Rh6G is also described. The tailoring of fluorescence emission 

from the capillary by changing the concentrations of C540A dye as well as by increasing the 

number of layers of coating is also discussed.   

 

2.2 Experimental methods 

The solutions of both Rh6G (Acros Organic) and C540A (Exciton) dyes in acetonitrile 

(CH3CN) were prepared with concentrations in the range of 10-6, 10-5 and 10-4 M.  The 

solutions with dye mixture were prepared by diluting appropriate volumes of stock 

solutions of Rh6G and C540A. The stock solutions of anions in acetonitrile were prepared 

by dissolving the tetrabutylammonium (TBA) salts. The required volumes of the anion 

stock solutions were added to individual dye solutions or dye mixture solutions for the 

analysis. The absorption and fluorescence spectra were recorded using Jasco V-570 

spectrophotometer and Cary Eclipse (Varian) fluorescence spectrometer respectively. The 

excitation and emission slit width for recording fluorescence was fixed at 2.5 nm.  
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Fourier transform infrared (FTIR) spectrum was recorded using Jasco 4100 

spectrometer in the 400-4000 cm-1 range using the KBr pellet method. The samples of Rh6G 

in acetonitrile with and without fluoride were dropped onto KBr pellet and left to dry 

before recording the spectrum. 

 

Horiba (Jobin Yvon) DeltaPro time correlated single photon counting (TCSPC) lifetime 

measurement system was used to record the fluorescence decay curves of the dye samples. 

The excitation source was a NanoLED (N-370) with peak emission wavelength of 370±10 

nm and pulse duration of 1.4 ns. A long pass filter (500 nm) was used to separate the 

fluorescence emission of the samples from the excitation wavelength. Horiba DAS6 decay 

analysis software was used to fit the decay curves and to calculate the lifetime values using 

the method of least squares. 

 

2.3 Results and Discussion 

2.3.1 Rh6G for fluoride detection 

Rh6G solution exhibits a strong response towards TBAF leading to a drastic change in 

colour from pink to dull brownish orange (Fig.2.1) especially in the presence of high 

concentration TBAF. Along with the colorimetric changes, there is a decrease in peak 

absorption intensity along with a blue shift of the absorption peak from 525 nm to around 

480 nm as shown in Fig. 2.2 a. The peak fluorescence intensity of Rh6G around 550 nm also 

decreases with increase in TBAF concentration as shown in Fig. 2.2 b.  

 

In the case of un-esterified rhodamines like Rhodamine B, the increase in pH of 

solution can lead to a change in the structure of the molecule into the zwitterionic form and 

cause a blue shift (<10 nm) of absorption and fluorescence spectra. But Rh6G has an 

esterified structure and hence the change in basicity of the solution induced by TBAF 

would not lead to changes in the structure. The zwitterion form undergoes reversible 

changes to the lactone form leading to a single absorption peak in the ultra-violet (UV) 

region [8-10]. Therefore, the colorimetric and spectral changes observed in Rh6G could be 

due to the deprotonation of the amide group of Rh6G [11]. 
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Figure 2.1 Colour changes of Rh6G in CH3CN in the presence of 2×10-4 M anions (from left 

to right: Nil, TBAC, TBAB, TBAI, TBAN, TBAS, TBAP, TBAA, TBAF added to Rh6G in 

CH3CN with C-Chloride, B-Bromide, I-Iodide, N-Nitrate, S-Hydrogen sulphate, P-Di-

hydrogen phosphate, A-Acetate, F-Fluoride) 

 

 

Figure 2.2 Variation in (a) absorbance and (b) fluorescence of Rh6G in CH3CN in the 

presence of 2×10-4 M anions. Inset of Fig. 2.2b shows the fluorescence of Rh6G in the 

presence of TBAP, TBAA and TBAF with 403 nm excitation 
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The variation in the normalized peak absorbance and peak fluorescence of Rh6G in the 

presence of varying TBAF is as shown in Fig. 2.3a. The peak intensity values of the samples 

are normalized with respect to the intensity values of the reference Rh6G sample 

containing no fluoride. It can be observed that there is a fast decrease of fluorescence upon 

TBAF addition. There is also fluorescence decrease with increase in TBAF under 405 nm 

and 365 nm excitation wavelengths, though the fluorescence level is very low as shown in 

Fig. 2.3b.  

 

Figure 2.3 (a) Variation in the normalised peak absorbance and peak fluorescence intensity 

of Rh6G with increasing TBAF (b) Decrease in peak fluorescence intensity of Rh6G with 

increase in TBAF under 405 nm and 365 nm excitation 

 

 

Figure 2.4 Recovery of (a) absorbance and (b) fluorescence peak intensities of Rh6G in 

CH3CN in the presence of high concentration TBAF upon addition of water 

 

The presence of hydrogen bonding in an interaction between molecules can be studied 

by the addition of protic solvents like water (H2O), ethanol, methanol etc. It was observed 

that on addition of even micro-liter volumes of water, the initial value of absorption 

intensity of Rh6G which had decreased upon addition of high concentration TBAF tends to 
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increase. The fluorescence intensity which decreased in the presence of fluoride was also 

found to increase gradually towards the initial value in the presence of water as shown in 

Fig. 2.4. The colour of solution was also changed back to pink upon addition of the protic 

solvent. These changes could be due to the disruption of the bond between Rh6G and 

TBAF.  

The structural change of Rh6G on addition of TBAF was confirmed using FTIR 

spectroscopy. The FTIR spectrum of Rh6G is as shown in Fig. 2.5. There is a clear increase 

in transmittance in 3431 cm-1 band (N-H stretching of Rh6G) pointing to the quantitative 

conversion of amide group of Rh6G to the deprotonated form [12].  

 

Figure 2.5 Changes in FTIR spectrum of Rh6G in the presence of high concentration TBAF 

 

2.3.2 C540A-Rh6G FRET donor-acceptor pair for fluoride detection 

Rh6G dye was found to be sensitive for the detection of fluoride especially in the lower 

concentration range. But the fast and drastic change of absorbance and fluorescence of 

Rh6G would limit its use in the higher concentration range. Hence, the mixture of C540A-

Rh6G FRET pair was investigated for the detection of fluoride. FRET depends on the 

concentrations of donor and acceptor molecules, distance between them, the relative dipole 

angular momentum, the spectral overlap between them and the refractive index of the 

solvent [6, 13]. The absorption and fluorescence peak of 10-5 M C540A was found to be 

around 420 nm and 513 nm respectively. From Fig. 2.6a it is clear that there is huge spectral 

overlap of the acceptor Rh6G absorption with the donor C540A fluorescence emission. The 

fluorescence of donor C540A was quenched whereas the fluorescence of the acceptor Rh6G 

was increased (Fig. 2.6b), indicating the FRET interaction between the dyes. It was also 

observed that Rh6G had negligible fluorescence when excited with the donor absorption 
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wavelength. Similarly C540A had negligible fluorescence when excited with the acceptor 

absorption wavelength.  

 

 

Figure 2.6 (a) Overlap of fluorescence of 10-5 M C540A with the absorbance of 10-5 M Rh6G 

(b) Quenching of donor C540A fluorescence in the presence of Rh6G acceptor (421 nm 

excitation). Inset of Fig 2.6b shows the low values of fluorescence of C540A donor when 

excited with acceptor absorption wavelength (525 nm) 

 

C540A dye does not respond to fluoride and this is illustrated in Fig. 2.7. There is no 

change in the absorbance and fluorescence of C540A in the presence of even high 

concentration TBAF. Hence by using the C540A-Rh6G FRET pair, the change in absorption 

and fluorescence characteristics of both dyes can be studied as a function of TBAF 

concentration. The changes in optical properties can be brought about by changes in the 

FRET interaction between the dyes, even though only one of the dyes directly interacts 

with TBAF.   

 

 

Figure 2.7 (a) Absorbance and (b) fluorescence of C540A in CH3CN in the presence of TBAF 
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Since FRET efficiency depends on concentration [6, 13], two different combinations of 

the dye concentrations were initially studied namely 10-5 M C540A-10-5 M Rh6G and 10-4 M 

C540A-10-5 M Rh6G. A higher donor to acceptor ratio can increase FRET efficiency when 

the donor lifetime is appreciably higher than acceptor lifetime [14, 15]. The FRET efficiency 

E is described by the equation [13]: 

 

𝐸 = 1 −  
𝐼𝐷𝐴

𝐼𝐷
      -(2.1) 

where IDA and ID are respectively the fluorescence intensities of the donor in the presence 

and absence of the acceptor. The FRET efficiency for 10-5 M C540A-10-5 M Rh6G and 10-4 M 

C540A-10-5 M Rh6G were calculated to be 0.52 and 0.44 respectively.  

 

FRET phenomena can also be studied using the lifetimes of the donor, acceptor and 

the donor-acceptor system. The fluorescence decay of the acceptor, the dye mixture pair 

and that of the pair in the presence of TBAF are as shown in Fig. 2.8. The donor lifetime is 

expected to decrease while the lifetime of sensitized emission of the acceptor is expected to 

increase [14]. Many factors need to be considered to estimate the lifetime changes in the 

donor-acceptor system. The observation of decrease in donor lifetime is very difficult due 

to longer lifetime of unquenched donor emission which would also be present along with 

the FRET component [16]. The excitation energy transfer due to donor-donor interaction 

[17] is not expected to take place in the present C540A-Rh6G system owing to the negligible 

spectral overlap of C540A absorption and fluorescence when compared to the C540A 

fluorescence-Rh6G absorption spectral overlap. Since the possibility of direct excitation of 

acceptor would be negligible, emission of fluorescence from Rh6G acceptor when excited 

with 370 nm would also be very small.  

The fluorescence decay of C540A was found to be single exponential in nature with a 

lifetime of 5.68 ns, in agreement with the value reported in literature [18]. The lifetime of 

Rh6G was also single exponential with a value of 5.36 ns. Considering the above mentioned 

factors and the fact that the lifetime values of both the dyes are comparable, the time 

resolved fluorescence decay of the dye mixture pair can be fitted as bi-exponential. The 

C540A-Rh6G dye mixture system exhibited lifetime values of 3.28 ns and 6.17 ns with pre-

exponential factors -0.13 × 10-2 (-1.39 relative amplitude) and 4.9 × 10-2 (101.39 relative 

amplitude) respectively. The presence of negative pre-exponential factors can be attributed 

to the energy transfer process [16, 19]. The lifetime values of the system changed to 4.88 ns 
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and 6.18 ns with pre-exponential factors of 2.85 × 10-2 (50.66 relative amplitude) and 2.19 × 

10-2 (49.34 relative amplitude) respectively in the presence of TBAF. The presence of 

positive pre-exponential factors could be due to the disruption of efficient FRET between 

C540A and Rh6G in the presence of high concentration TBAF.  

 

 

Figure 2.8 (a) Changes in the lifetime of C540A-Rh6G dye mixture pair in comparison to 

Rh6G alone (b) Expanded views of graphs in (a) 

 

 

Figure 2.9 (a) Decrease in peak absorbance and (b) variation in fluorescence of the 10-5 M 

C540A - 10-5 M Rh6G dye mixture in CH3CN with increasing TBAF concentration 

 

Figure 2.9 shows the variation in absorption and fluorescence of the dye mixture in the 

presence of increasing TBAF concentration. Two peaks of absorption corresponding to 

C540A (420 nm) and Rh6G (525 nm) were observed in the spectrum. The peak absorption 

in Rh6G absorption range decreases with increase in TBAF as described above. But there is 

an apparent increase in absorption in the 440-480 nm range. This could be the combined 

absorption of C540A which does not react with TBAF and the de-protonated form of Rh6G. 

The fluorescence spectrum clearly shows a decrease in Rh6G fluorescence and a 
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corresponding increase in C540A fluorescence with increase in TBAF. The increase in TBAF 

and the subsequent conversion of Rh6G to its de-protonated form lead to reduced spectral 

overlap between the two dyes and hence a reduction in the FRET efficiency. This leads to 

the recovery of fluorescence of C540A dye molecules in the presence of TBAF.  

The effect of addition of water to the dye mixture also gave similar results as that in 

the case of Rh6G alone. There was a retrace of the absorption and fluorescence spectra of 

the dye mixture containing TBAF upon addition of water. The decrease in FRET efficiency 

and the consequent increase in donor emission were observed only in the case of TBAF and 

not in the case of other anions as shown in Fig. 2.10 indicating the high selectivity of the 

dye mixture pair towards TBAF detection.  

 

 

Figure 2.10 Selectivity of C540A-Rh6G in CH3CN towards TBAF as evidenced from the (a) 

absorbance and (b) fluorescence of the dye mixture pair 

 

The change in normalized peak fluorescence intensity as well as peak fluorescence 

intensity of the Rh6G dye alone and C540A-Rh6G pair were compared (Fig. 2.11a). It was 

found that the response of both the dye alone and dye mixture was linear in the 0-7×10-6 M 

range. Also, while there was almost an enhancement of peak fluorescence by a factor of 7 

(Fig. 2.11b) in the case of dye mixture, Rh6G alone was very sensitive towards TBAF 

detection as is evident from the fast decrease in normalized intensity even in the acceptable 

concentration range of TBAF (< 2×10-5 M). C540A-Rh6G dye pair on the other hand, 

exhibits a gradual decrease and hence would be able to detect higher TBAF concentrations 

more effectively than Rh6G alone.  

The limit of detection (LOD) was estimated using the method described in literature 

[20]. In this method, the LOD is estimated as that particular value of analyte (TBAF) which 

when added to the sensing agent (dye or dye mixture) gives a signal (peak fluorescence) 
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that is thrice the value of the error (standard deviation) added (or subtracted) to the signal 

of blank sample. Using this method, the LOD of TBAF using both Rh6G alone and C540-

Rh6G dye mixture can be approximated to be 3×10-6 M (0.78 ppm TBAF). Hence the LOD 

using C540A-Rh6G is not only comparable to that using the single dye Rh6G, but the pair 

also has the added advantage of having a higher dynamic range of detection compared to 

Rh6G alone. 

 

 

Figure 2.11 (a) Comparison of normalized peak fluorescence intensity of Rh6G with that of 

C540A-Rh6G FRET pair (b) Peak fluorescence intensity variation of Rh6G and C540-Rh6G in 

CH3CN in the presence of lower TBAF concentration (0-7×10-6 M). Standard deviation was 

plotted as the error bar for each concentration 

 

The variation in donor and acceptor absorption as well as fluorescence with increase 

in TBAF concentration for two different dye mixture pairs 10-5 M C540A-10-5 M Rh6G 

(denoted as A) and 10-4 M C540A-10-5 M Rh6G (denoted as B) are as shown in figures 2.12 

and 2.13. The peak absorption and fluorescence wavelengths of 10-4 M C540A in acetonitrile 

are 417 nm and 516 nm respectively. As expected there was a decrease in the acceptor 

absorption. But there was a slight increase in absorption in the region of donor absorption 

(420 nm for A and 417 nm for B). This could be owing to the overlap of the C540A 

absorption spectrum with that of the Rh6G de-protonated form.  

  

Similarly, a decrease in acceptor fluorescence intensity was observed with increase in 

TBAF for both the dye mixture pairs. But the level of donor and acceptor fluorescence 

intensity in case B was found to be higher than that of case A. This could be due to the 

inherent higher fluorescence intensity of 10-4 M C540A dye molecules. 
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Figure 2.12 Variation in the (a) donor C540A and (b) acceptor Rh6G absorbance values in the 

dye mixture pairs in the presence of varying TBAF. A = 10-5 M C540A:10-5 M Rh6G and B = 

10-4 M C540A:10-5 M Rh6G 

 

 

Figure 2.13 Variation in the (a) donor C540A and (b) acceptor Rh6G fluorescence values in 

the dye mixtures in the presence of varying TBAF. A = 10-5 M C540A:10-5 M Rh6G and B = 

10-4 M C540A:10-5 M Rh6G 

 

The variation in peak absorbance and fluorescence wavelength with TBAF 

concentration in the region of donor absorption and emission is as shown in Fig. 2.14. As 

there was a huge overlap of absorption spectrum of deprotonated Rh6G (blue shifted peak) 

with C540A absorption, there was a red shift of peak absorption wavelength in the donor 

absorption region with increase in TBAF (Fig. 2.14a). This apparent red shift of donor 

region peak absorption wavelength was not readily observable in the dye mixture pair 

with 10-4 M C540A (case B) because of the donor’s much higher absorption when compared 

to that of deprotonated Rh6G. The peak fluorescence wavelengths in the case of both the 

dye mixtures show a red shift with increase in TBAF. This is due to the gradual recovery of 



Chapter 2 

[48] 

 

the fluorescence spectra of C540A caused by the reduced FRET efficiency between the 

C540A donor and Rh6G acceptor in the presence of TBAF.  

  

 

Figure 2.14 (a) Peak absorbance and (b) peak fluorescence wavelength shift of donor C540A 

in the dye mixture. A = 10-5 M C540A:10-5 M Rh6G and B = 10-4 M C540A:10-5 M Rh6G 

 

C540A has very broad fluorescence spectrum and the recovery of fluorescence of 

C540A in the presence of high TBAF concentration can alter the recorded values of Rh6G 

acceptor fluorescence. So, recording the acceptor fluorescence alone would not be reliable 

as there could be donor fluorescence in the acceptor channel. But donor emission intensity 

and wavelength can very well be used to study the FRET phenomena as changes in FRET 

efficiency will cause changes in donor emission. Moreover, the FRET efficiency calculated 

using the quenching of donor fluorescence is more accurate than monitoring the acceptor 

fluorescence [14].   

A slightly modified dye mixture pair involving a higher donor concentration and a 

lower acceptor concentration was prepared to test the sensitivity of FRET towards TBAF. 

The fluorescence decrease in this dye mixture pair when excited with acceptor absorption 

wavelength as well the variation in FRET efficiency E of the same pair when excited with 

the donor absorption wavelength is as shown in Fig. 2.15. It can be seen that as described in 

earlier sections of the chapter, there is a rapid fluorescence decay of the acceptor in the 

presence of TBAF (Fig. 2.15a). The FRET efficiency on the other hand shows a gradual 

decrease with increase in TBAF (Fig. 2.15b). Hence it can be said that the lower 

concentrations may be detected using the fluorescence of the acceptor alone but both the 

lower and higher TBAF concentrations can be detected using the FRET efficiency. Hence 

multiple parameters like peak intensity, peak wavelength of absorption and fluorescence of 
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donor as well as acceptor and the FRET efficiencies can be used to detect TBAF over a 

broad range. 

 

 

Figure 2.15 (a) Variation in peak fluorescence intensity of C540A-Rh6G when excited at peak 

absorption wavelength (525 nm) of the Rh6G acceptor (b) Variation in FRET efficiency of the 

same pair with increase in TBAF concentration. Inset of figure 2.15b shows the expanded 

view of the lower TBAF concentration 

 

The variation of FRET efficiency E with increase in TBAF in the case of 10-5 M C540A-

10-5 M Rh6G and 10-4 M C540A-10-5 M Rh6G is as shown in Fig. 2.16. The pair with higher 

donor (C540A) concentration exhibited lower values of FRET efficiency. This could be 

owing to the presence of large amount of un-quenched donor emission along with the 

sensitized emission of the acceptor [14, 15]. But this FRET pair too showed comparable 

resolution in values of E when compared to the lower donor concentration FRET pair and 

hence can also be used to detect TBAF. Fig. 2.16b shows the variation in FRET efficiency in 

the case of a FRET pair with lower donor C540A concentration and higher acceptor Rh6G 

concentration. The FRET efficiency is reported to increase in this condition as the 

probability of the donor emission to transfer energy to the acceptor is very high compared 

to the donor emitting the energy as fluorescence. Also, the competition of multiple donors 

to transfer energy to a single acceptor is absent when the acceptor concentration is higher 

than that of the donor [13]. The fluorescence level decreases rapidly with increase in 

fluoride as in the earlier cases (Fig. 2.16b inset). The value of efficiency was found to 

slightly increase in this case when compared to other dye pairs described in the chapter. 

Here too it was observed that there is a considerable decrease in the value of efficiency with 

increase in TBAF.  
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Figure 2.16 (a) Variation in FRET efficiency with increase in TBAF concentration for different 

C540A donor concentration in C540A-Rh6G FRET pairs (b) FRET efficiency variation in the case 

of a lower donor-higher acceptor concentration. Inset of Fig 2.16b shows the variation in peak 

fluorescence intensity of this FRET pair when excited at 525 nm 

  

2.4 Hollow glass capillary based sensor set up for fluoride detection 

Hollow glass capillaries coated with an internal layer of dielectric film or polymer film 

have been used to generate lasing action via random lasing or by the formation of 

whispering gallery modes [21, 22]. There have also been studies where a coating of 

quantum dots or dye doped polymer films inside the capillary hole can be used for sensing 

refractive index [23, 24]. In the present studies, the strong fluorescence emission from 

C540A dye doped polymer coating outside the hollow glass capillary is investigated as 

source of excitation for Rh6G solution inside capillary to enable detection of fluoride.  

 

2.4.1 Preparation of C540A dye coated hollow glass capillary 

C540A dye was directly doped into the solution of acetonitrile containing 20 % by weight 

PMMA granules (15,000 M. W, Himedia) [25]. A viscous solution was formed after stirring 

the mixture for about an hour using a magnetic stirrer. The capillary tubes of 1 mm 

diameter and 10 cm length were cleaned by rinsing repeatedly with water followed by 

isopropyl alcohol. A Teflon masking tape was used to mask around 1 cm of the capillary 

end that was to be dipped into the polymer solution, to ensure that there is no inner coating 

of polymer inside the hollow capillary. The cleaned capillaries were then dip coated at 0.95 

mm/sec withdrawal rate to form a coating over a length of about 4 cm at one end of the 
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capillary tube on the outside as shown in Fig. 2.17a. A layer of C540A doped PMMA film 

was immediately formed upon withdrawal from the solution. Multiple layers were coated 

one above the other by immersion and dip coating the capillary repeatedly with 2 minutes 

drying time in between. C540A concentrations of 10-4 M, 10-3 M and 10-2 M were doped into 

PMMA and coated onto the capillary. About 0.3 ml was drop casted onto glass slides to 

form free standing C540A doped PMMA thick films as shown in Fig. 2.17c. The thickness of 

the drop casted PMMA and the capillary coating were estimated using a screw guage 

(0.001 mm resolution) with provision for read-out of diameters. The drop casted samples of 

un-doped PMMA, 10-4 M and 10-3 M C540A doped PMMA were about 0.4 mm thick 

whereas that of 10-2 M C540A doped PMMA was about 0.32 mm thick. The average 

thickness of the capillary coating increased with the number of layers and was found to be 

approximately around 0.03±0.013 mm, 0.12±0.04 mm and 0.35±0.15 mm respectively for 

two layer, five layer and ten layer coating.  

 

2.4.2  Experimental set-up of capillary based sensor 

The capillary was mounted on a holder and the light from a 100 mW 403 nm (Vortran 

Stradus) laser was focused onto the coated section as a 3 cm stripe using a plano-convex 

lens and cylindrical lens (Fig. 2.17b). The coating on the capillary was also excited with a 

single 368 nm UV LED (Epistar) by directly exposing it to the coating without using any 

coupling optics. The samples of Rh6G containing varying amounts of TBAF were 

introduced into the capillary by capillary action. The emission from the capillary end was 

collected in a direction transverse to that of the incident light and the spectra were recorded 

using a fiber probe connected to the SpectraSuite HR 4000 Ocean Optics spectrometer (190-

1100 nm, 0.3 nm resolution).  

 

The fluorescence of the drop casted samples recorded by the fluorescence 

spectrometer is as shown in Fig. 2.18. There was a clear shift in fluorescence peak with 

increase in C540A concentration in the PMMA matrix. This could mean that the higher 

concentration (10-2 M) C540A doped PMMA coating on capillary can provide better 

excitation for fluorescence from Rh6G solution taken inside the capillary.  
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Figure 2.17 (a) Capillaries coated with C540A doped in PMMA, A = 5 layer coating with 10-3 M 

C540A, B = 10 layer coating with 10-2 M C540A (b) Schematic of the set-up for detection of 

fluoride using dye coated hollow glass capillary (c) Drop casted samples of (A) un-doped PMMA 

(B) 10-3 M C540A doped PMMA and (C) 10-2 M C540A doped PMMA 

 

 

Figure 2.18 Normalised fluorescence intensity of drop casted samples of C540A doped 

PMMA with 405 nm excitation wavelength (excitation-emission slit width = 20 nm). Inset 

shows absence of fluorescence from un-doped PMMA.  

 

2.4.3 Fluorescence from hollow glass capillary 

The fluorescence emission from capillary upon different excitation conditions is as shown 

in Fig. 2.19. The emission in the case of an uncoated capillary when excited with 403 nm 
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laser wavelength (A) was found to be quite low whereas there was considerable emission 

in the case of 532 nm laser excitation (B) as depicted in the Fig. 2.19a. There was a strong 

fluorescence emission from the C540A coated PMMA capillaries upon excitation by both 

403 nm laser and 368 nm UV LED. The emission (inside the capillary) visibly looked similar 

to that due to 532 nm laser excitation on the bare capillary. This would mean that even a 

simple UV LED source can be used to excite the fluorescence of Rh6G inside the capillary 

by using the requisite concentration of C540A in the PMMA coating.   

 

 

Figure 2.19 (a) Emission from capillaries containing Rh6G in CH3CN with (A) Un-coated 

hollow glass capillary under 403 nm laser excitation (B) Un-coated hollow glass capillary 

under 532 nm laser excitation (C) C540A coated capillary under 403 nm excitation (D) C540A 

coated capillary under 368 nm UV-LED excitation (b) Variation of peak fluorescence 

intensity from un-coated capillary containing Rh6G in CH3CN, under 403 nm and 532 nm 

laser excitation. Inset shows the low fluorescence recorded with 403 nm excitation.  

 

The fluorescence peak intensities of the emissions recorded using an un-coated 

capillary under 403 nm and 532 nm laser excitations are as shown in Fig. 2.19b. The 
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emission using 403 nm was very less and it is difficult to distinguish between the different 

TBAF concentrations. The emission using 532 nm laser was considerably high, but there is 

a fast decrease in fluorescence recorded and it may be difficult to distinguish between 

individual high fluoride concentrations. Coating the capillary would enable the use of a 

different excitation wavelength than the absorption wavelength, the monitoring of two 

fluorescence wavelengths for detection and also allow the use of easily available low cost 

sources like LED’s.  

The fluorescence emitted from the capillary filled with Rh6G solution with an outside 

capillary coating of 10-2 M C540A doped PMMA for different thickness of coating is as 

shown in Fig. 2.20. The coating thickness for the two layer, five layer and ten layer were 

about 0.03±0.01 mm, 0.16±0.018 mm and 0.48±0.096 mm respectively. It was observed that 

there is an increase in emission with increase in coating thickness. Two peaks 

predominantly corresponding to C540A and Rh6G emission were observable in the 

emission spectrum from capillary and this emission spectrum can be divided into two 

regions viz. C540A region (< 525 nm) and Rh6G region (> 525 nm) as shown in the figure. 

 

 

Figure 2.20 Fluorescence emission from capillary coated with 10-2 M C540A doped PMMA 

with different coating thickness and containing Rh6G in CH3CN at 403 nm laser excitation. 

Two emission peaks corresponding to C540A and Rh6G are observed. 

 

The coating with 10-4 M C540A doped PMMA gave only a feeble emission whereas the 

coating with 10-3 M and 10-2 M C540A doped PMMA coated capillaries gave significantly 

higher fluorescence emission. The fluorescence emission recorded from the capillary with 

different thickness of 10-2 M C540A in PMMA in response to TBAF is as shown in Fig. 2.21. 
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It can be seen that there is an increase in the fluorescence emission in C540A emission 

region and a decrease in the fluorescence emission in the Rh6G emission region. The 

decrease in Rh6G emission region was expected owing to the deprotonation of Rh6G. The 

fluorescence values for both the Rh6G and C540A emission were quite high for both the 5 

layer and 10 layer capillary compared to the 2 layer coated capillary. The resolution 

between the readings was also found to be higher in these cases compared to the 2 layer 

coating. Therefore, coating thickness and the concentration of C540A in the coating can be 

tailored to get resolution in the fluorescence emission corresponding to different TBAF 

concentration, thereby increasing the sensitivity of detection. 

 

 

Figure 2.21 Fluorescence increase in the C540A emission range and corresponding 

fluorescence decrease in the Rh6G emission range from the 10-2 M C540A doped PMMA 

coated capillaries with different coating thickness in response to varying TBAF (Rh6G 

concentration in CH3CN = 1.2×10-5 M) 

  

The possible mechanism for detection is the excitation of fluorescence of Rh6G 

molecules in solution inside the capillary by the C540A molecules coated outside the 

capillary. C540A molecules emit fluorescence in all directions when laser or LED light is 

incident on the coated portion. A fraction of this emitted light is used to excite Rh6G 

molecules inside the capillary. Since the Rh6G absorption as well as fluorescence decreases 

with increase in TBAF, this affects the emission spectrum from the capillary too. This is 

especially discernible in the case of high TBAF concentration where there is a clear increase 

in emission from the C540A fluorescence with a corresponding decrease in Rh6G 

fluorescence. At high TBAF concentrations, most of Rh6G molecules would be in 

deprotonated form and would have lower absorption leading to only small fraction of 
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C540A emission used for excitation of fluorescence. Hence the optical interaction of the 

dyes without the dyes being in contact was enough to exhibit fluorescence changes that 

could be used for fluoride detection. The normalized values of peak fluorescence intensities 

with reference to the fluorescence intensities in the case of the blank sample (without 

TBAF) are as shown in Fig. 2.22. The normalized values point to the higher resolution of 

fluorescence values in the case of higher number of coatings (C540A range). It can also be 

observed that the Rh6G emission range can be used for lower concentration TBAF and 

C540A emission range for higher concentration TBAF in all cases.  

 

 

Figure 2.22 Variation in the normalized peak fluorescence intensity in the (a) C540A and (b) 

Rh6G emission regions in the 10-2 M C540A doped PMMA coated capillaries for different 

number of coating layers 

 

Hence the emission regions of individual dyes can be used to detect different TBAF 

concentration i.e. Rh6G emission and C540A emission can individually be used to detect 

lower and higher TBAF concentrations respectively [25]. As in the case with C540A in 

solution, the broad fluorescence spectrum of C540A could overlap with the emission of the 

Rh6G molecules inside the capillary, especially at higher fluoride concentration. Therefore, 

the ratio of peak fluorescence intensities can be used to filter out the effect of overlap of 

C540A emission into the Rh6G emission region. Fig. 2.23a shows the variation in the ratio 

of the fluorescence emission in the C540A and Rh6G regions of capillary emission. It can be 

seen that there is an increase in the peak ratio values with increase in TBAF concentration 

as expected for all the cases. The peak ratio values are slightly lower for the 5 layer and 10 

layer coated capillary, probably because of the extensive absorption of C540A radiation by 

the Rh6G molecules inside the capillary. Fig. 2.23b shows the observed red shift in peak 
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fluorescence wavelength in the C540A emission region for the different layer coated 

capillaries with increase in TBAF concentration. This further indicates the increase in 

C540A emission and the recovery of the broad nature of the C540A fluorescence when the 

concentration of TBAF is very high.   

 

 

Figure 2.23 (a) Ratio of peak fluorescence intensities (PeakC540A/PeakRh6G) for different 

number of coating layers of 10-2 M C540A doped PMMA coated capillaries with variation in 

TBAF concentration under 403 nm laser excitation (b) Red shift in peak fluorescence 

wavelength in the C540A emission region with increase in TBAF concentration 

 

The use of a low cost LED for excitation of fluorescence would further increase the 

utility of the capillary system. A 368 nm UV LED was used to excite fluorescence from the 

capillary containing solutions of Rh6G. The variation in the normalized peak fluorescence 

intensities (Fig. 2.24) in this case reveal that a single UV LED can itself serve as an excellent 

source for fluorescence excitation. Here too there is a decrease in Rh6G fluorescence and a 

corresponding increase in the C540A emission.   

The response of the 5 layer and 10 layer coated capillaries were found to be 

significantly better than the 2 layer coated capillary. The normalized peak fluorescence 

intensity values were also found to be considerably lower in the Rh6G emission region and 

this could be due to the lower concentration of Rh6G used in the solution when compared 

to the experiments with laser. The excellent resolution in this case could also be due to the 

dispersed excitation light of the LED which could easily illuminate a large area of the 

C540A coated section. 
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Figure 2.24 Variation in the normalized peak fluorescence intensity in the (a) C540A and (b) 

Rh6G emission regions in the 10-2 M C540A doped PMMA coated capillaries for different 

number of coating layers under 368 nm UV LED excitation (Rh6G concentration in CH3CN = 

0.92×10-5 M) 

 

 

Figure 2.25 (a) Ratio of peak fluorescence intensities (PeakC540A/PeakRh6G) for different 

number of coating layers of 10-2 M C540A doped PMMA coated capillaries with variation in 

TBAF concentration under 368 nm UV LED excitation (b) Red shift in peak fluorescence 

wavelength in the C540A emission region with increase in TBAF concentration 

 

The plot of ratio of the peak fluorescence intensities as well as the peak fluorescence 

wavelength (Fig. 2.25) for UV LED excitation shows similar trend as that of laser excitation. 

The plots show the tendency of increase in C540A emission with TBAF. The red shift of 

peak fluorescence wavelength in the C540A emission region indicates that there is a 

recovery of fluorescence emission contribution from C540A. 

The selectivity of the dye coated hollow glass capillary towards TBAF was studied 

using a 10-2 M and 10-3 M C540A doped PMMA (5 layer) coated capillary exposed to a 
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focused laser stripe of length 2 cm. The approximate coating thickness of the 10-2 M and 10-3 

M C540A doped PMMA were 0.109 mm and 0.09 mm respectively. The fluorescence 

emissions recorded in these cases are as shown in Fig. 2.26. It was observed that in the case 

of Rh6G alone as well as in samples containing Rh6G with other common anions, the 

presence of both the peaks ascribed to Rh6G and C540A fluorescence were observed from 

the capillary. The addition of phosphate and acetate anions showed slight decrease in 

fluorescence in the region of Rh6G emission, but there was no increase in emission in the 

region of C540A fluorescence. It was also observed that in the presence of TBAF, there was 

only one dominant fluorescence peak in the spectrum near the region of C540A 

fluorescence emission. This suggests the possibility of distinguishing high concentration 

TBAF with just the number of peaks in the spectrum i.e one peak in the case of TBAF and 

two peaks for all other anions and the blank sample. The capillary based detection of TBAF 

is attractive as low cost sources and detectors can be used for detection. Also very small 

volume of samples is required for interrogation [25]. 

 

 

Figure 2.26 Fluorescence from capillaries coated with five layer PMMA doped with (a) 10-2 M 

C540A and (b) 10-3 M C540A in the presence of Rh6G solution having varied anions of 1.5×10-4 

M-1.8×10-4 M concentration. (Rh6G concentration in CH3CN = 1.2×10-5 M). Inset shows the 

fluorescence spectrometer response from Rh6G solution in the presence of varied anions under 

403 nm and 525 nm excitation  

 

2.5 Conclusions 

The rapid and sensitive response of Rh6G dye towards fluoride is described. The dynamic 

range of TBAF detection was found to be limited with the use of Rh6G alone. The 

possibility of using the C540A-Rh6G FRET pair to detect broad range of TBAF was studied. 
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The increase in TBAF caused a reduction in FRET efficiency leading to an increase in donor 

C540A emission. A number of FRET pair combinations having different concentrations of 

donor and acceptor were investigated and it was found that all the pairs could detect TBAF 

effectively even though the FRET efficiencies varied with donor-acceptor concentration. 

Moreover, the absorption and fluorescence peak intensities as well as peak wavelengths of 

both the donor and acceptor can also be used along with FRET efficiency for accurate 

determination of TBAF 

The use of C540A dye doped PMMA coated hollow glass capillary with Rh6G test 

solution inside for the detection of TBAF was also studied. The effect of C540A 

concentration in the coating as well as the number of coating layers on the response of the 

sensing element was investigated. The fluorescence emission from the capillary increased 

with increase in concentration as well as the number of coating layers. The results indicate 

that Rh6G emission and C540A emission can respectively be used to detect lower and 

higher TBAF concentrations whereas the ratio of peak intensities of the dyes can be used to 

estimate TBAF concentration over a broad range. The possibility of employing a low cost 

UV LED to excite fluorescence from the capillary system was also investigated. The 

capillary system for the detection of fluoride offers the advantages of using different 

coating thicknesses and dopant concentration leading to good resolution in fluorescence 

values corresponding to different TBAF concentrations. The method also required only 

micro-liter volumes of samples for interrogation.  
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Chapter 3 

 

Natural dye Curcumin for fluoride detection 

 

 

This chapter describes the use of natural dye Curcumin for the detection of organic fluoride 

in organic medium. The effect of protic solvents on the ability of Curcumin to sense 

fluoride and the nature of bonding of Curcumin with fluoride has been studied. The 

possibility of using straight and U shaped evanescent wave optical fiber sensors for 

fluoride detection using Curcumin is investigated. The dye fluorescence when dissolved in 

two organic solvents namely, acetonitrile and anisole, having smaller and larger refractive 

indices with respect to the core of the optical fiber are recorded. The results of probes 

consisting of combinations of chemically tapered and bare uncladded optical fibers are 

compared. 
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3.1 Introduction 

Many organic dyes are employed for chemical sensing applications using different 

mechanisms to achieve sensing response. Numerous methods have been described in 

literature for the detection of fluoride ion. The most widely used sensing technique 

involves the study of changes in optical properties of sensing compounds in the presence of 

fluoride [1]. A few optical fiber sensors have been reported for the detection of fluoride 

using reflectance and fluorescence of reagents, microstructured fibers and tilted fiber bragg 

gratings [2-7]. But even with the wide variety of advantages offered by optical fiber 

sensors, the use of optical fibers for the detection of fluoride is sparsely investigated.  

In this chapter, the prospects of using a natural dye like Curcumin for the detection of 

fluoride in an organic medium is described. The use of natural dyes would be very 

attractive owing to their low cost, easy availability, bio-compatibility and non-toxic nature. 

The effect of pH on the optical properties of Curcumin and the effect of addition of protic 

solvents on the sensing response are discussed. The implementation of absorption and 

fluorescence based fiber sensors with the use of Curcumin dye would further enable low 

cost, easy to use systems for fluoride detection. The results of the evanescent wave 

absorption based straight and U shaped optical fiber sensors for the detection of fluoride 

are compared. The fluorescence collection using combinations of bare uncladded and 

chemically tapered fibers in two solvents having different refractive indices are studied.  

 

3.2 Theoretical section 

3.2.1 Evanescent wave optical fiber sensor (EWOFS) 

Evanescent wave optical fiber sensors employ attenuated total reflection (ATR) of light as it 

propagates along the extended length of the optical fiber. The schematic of evanescent field 

formed at the core-cladding interface is as shown in Fig. 3.1. A section of the cladding is 

removed and replaced by an absorbing medium that would then function as the cladding 

in the un-cladded (sensing) region. When the evanescent wave propagates in this region, it 

is absorbed by the medium. The fraction of power absorbed by the medium depends on the 

waveguide parameters, the free space wavelength and also on the properties of the 

absorbing medium. Hence the transmitted output power by a given length of the optical 

fiber is a direct measure of the variation in absorption of the medium. V Ruddy et al [8] 

have explicitly described the theoretical background of the evanescent wave and A Messica 
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et al [9] have studied the effect of coupling angle, fiber diameter and length on the 

evanescent multimode fiber sensor response theoretically as well as experimentally.  

 

 

Figure 3.1 Evanescent field in an optical fiber sensor 

 

The power transmitted P(z) by an optical fiber with un-cladded length along z 

direction in the presence of absorbing medium is given by[8, 10]: 

 

𝑃 𝑧 = 𝑃 0 𝑒−𝛾𝑧      (3.1) 

where P(0) is the power transmitted by the same fiber without any absorbing species and γ 

is the evanescent absorption coefficient.  

When all the modes are excited, the power transmitted by un-cladded length L in the 

optical fiber in terms of bulk absorption coefficient α of the medium is: 

𝑃 𝐿 = 𝑃 0 𝑒−𝑝𝛼𝐿      (3.2) 

where p is the fraction of power in the sensing region which depends on the V number and 

hence on waveguide parameters and the wavelength of incident light. 

Hence the evanescent absorbance A is, 

 

 A = 𝑙𝑜𝑔
𝑃(0)

𝑃(𝐿)
=

pαL

2.303
     (3.3) 

For a medium obeying Lambert-Beer law, the bulk absorption coefficient can be written in 

terms of concentration of absorbing species C and molar extinction coefficient εx as: 

 

α =  εx C     (3.4) 

Therefore, Eq. 3.3 becomes, 
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A =
p𝜀𝑥CL

2.303
     (3.5) 

Hence it is very clear that the evanescent absorbance is directly proportional to 

concentration of the absorbing species and the length of the sensing region. From equations 

(3.1), (3.2) and (3.3), the evanescent absorption coefficient γ can be expressed as: 

 

𝛾 =  
2.303

𝐿
𝑙𝑜𝑔

𝑃(0)

𝑃(𝐿)
    (3.6) 

For an absorbing medium with constant refractive index, the sensitivity of the optical 

fiber sensor is proportional to the evanescent absorption coefficient as Lγ/α [11].The 

bending of the fiber in the form of a U shape increases the penetration of the evanescent 

wave into the surrounding region, thereby increasing the fraction of power in the sensing 

region. This leads to a considerable increase in the evanescent absorption coefficient and 

consequently an increase in the sensitivity of the U shaped optical fiber sensor. The 

theoretical formulation of the U shaped probe has been extensively and clearly formulated 

by B D Gupta et al [11]. The effect of refractive index of the surrounding medium, bending 

angle and core diameter on sensitivity of the U shaped optical fiber sensor has also been 

studied and elucidated by the same group. It has been experimentally verified by them, 

that there is an increase in sensitivity of the optical fiber sensor with increase in the 

refractive index of the absorbing medium. 

 

3.2.2 Tapered optical fiber probe 

The evanescent wave travelling into the surrounding absorbing medium with 

concentration of absorbing species C is described by the expression [12]: 

 

𝑃 = 𝑃𝑜𝑒
−𝛾𝐶𝐿      (3.7) 

where P and Po are respectively the power transmitted by the optical fiber in the presence 

and absence of an absorbing medium. L is the length of the uncladded section of the optical 

fiber and γ is the evanescent absorption coefficient. 

The penetration depth of the evanescent wave is given by the equation [13]: 

 

𝑑 =  
𝜆

2𝜋 𝑛𝑐
2𝑠𝑖𝑛2𝜃− 𝑛𝑐𝑙

2
    (3.8) 
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where nc and ncl are the refractive indices of the fiber core and cladding respectively. θ and 

λ are the incident angle normal to the interface and wavelength of light respectively. 

The propagating modes in a multimode fiber have different penetration depths. This 

leads to a broad range of evanescent absorption coefficients associated with the large 

number of modes travelling along the optical fiber. So the coupling of evanescent power to 

the surrounding medium leads to the logarithmic nature of the detected transmitted power 

at the detector end [12].Tapering a fiber increases the coupling of evanescent wave into the 

external media and hence increases the sensitivity. The smaller the diameter and larger the 

length of the taper, higher is the coupling efficiency [14]. 

The exposure of evanescent wave into the surrounding medium excites fluorescence 

from the dye molecules which is coupled back by guided modes of the core. Fluorescence 

collection efficiency depends on many factors like refractive indices of the core, cladding, 

sensing medium/layer, geometry of the probe etc [14]. The number of modes (mode 

capacity) travelling in the fiber is given by the V parameter or the V number. In general, for 

a multimode fiber, the total number of modes is given by V2/2. V number depends on the 

fiber radius r and the index as [15]: 

 

𝑉 = 2𝜋𝑟
 𝑛𝑐

2− 𝑛𝑐𝑙
2

𝜆
     (3.9) 

When the optical fiber cladding has been replaced by an absorbing medium, ncl = nmed. 

For the same wavelength λ, V is modified as V‟ (say) as there is now a mode number 

mismatch, given by: 

 

V‟ = 2𝜋𝑟
 𝑛𝑐

2− 𝑛𝑚𝑒𝑑
2

𝜆
     (3.10) 

So as to ensure maximum fluorescence power coupling from un-cladded section 

immersed in absorbing medium to the cladded section, there should be V number 

matching between the two sections. 

 

From (3.9) and (3.10), for V number matching, we need V≈V‟, so considering a new 

parameter, called matching radius r=Rm ,when the condition V≈V‟ is satisfied, we can write, 

V‟ = V = 2𝜋𝑅𝑚

 𝑛𝑐
2− 𝑛𝑚𝑒𝑑

2

𝜆
= 2𝜋𝑟

 𝑛𝑐
2− 𝑛𝑐𝑙

2

𝜆
    (3.11) 
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Simplifying Eq. 3.11 we get [13, 15]: 

 

𝑅𝑚 =  𝑟
 𝑛𝑐

2− 𝑛𝑐𝑙
2

 𝑛𝑐
2− 𝑛𝑚𝑒𝑑

2
     (3.12) 

Significant loss in fluorescence signal acquisition can be prevented by modifying the core 

radius to a value smaller than the matching radius. This matching radius can be easily 

achieved by chemically tapering the multimode fibers.   

The matching radius for a 200/229 μm optical fiber with nc=1.462, ncl=1.414 and 

acetonitrile as the sensing medium (nmed = 1.3431) is calculated to be 129 μm. For a medium 

with higher refractive index than the core refractive index like in anisole, it is not expected 

that there would be significant collection of excited fluorescence. The fluorescence signal 

collection approaches its least value as the index of surrounding medium reaches a value 

above the core index value [16]. But, the fluorescence rays generated in a medium with 

higher refractive index like anisole can be coupled back into the core of collection fiber 

provided they are incident at angles between [0, θcr]. The critical angle θcr is given by the 

equation [14]: 

 

𝜃𝑐𝑟 =  sin−1 𝑛𝑐

𝑛𝑚𝑒𝑑
    (3.13) 

With nmed =1.516 for anisole, the value of θcr is calculated to be 0.42π radian=74.7 degrees. 

 

3.3 Experimental methods 

3.3.1 Preparation of anion samples 

10-5 M of Curcumin dye (Acros Organics, 98% purity) was dissolved in AR grade 

acetonitrile (CH3CN) and anisole (CH3OC6H5). Tetrabutylammonium fluoride (TBAF, 75 % 

in water, Spectrochem Pvt. Ltd., Mumbai) was added to the stock solution of Curcumin to 

get fluoride samples of varying concentrations. Other anions samples were also prepared 

by adding tetrabutylammonium anions (Sigma Aldrich, Spectrochem India Pvt Ltd) of 

acetate (TBAA), dihydrogen phosphate (TBAP), hydrogen sulphate (TBAS), nitrate 

(TBAN), chloride (TBAC), bromide (TBAB) and iodide (TBAI) to measured volumes of 

Curcumin stock solution. The changes in the absorption and fluorescence spectra of 
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Curcumin were studied using Jasco V 570 UV-Vis spectrophotometer and Cary eclipse 

(Varian) fluorescence spectrometer.  

 

3.3.2 Preparation of EWOFS 

The straight optical fiber sensor was prepared by removing the cladding of around 14.5 cm 

length in the middle of a 200/229 µm plastic clad silica (PCS, Polymicro Technologies) of  

97 cm length by immersing it in acetone for 2 hours. This optical fiber was then fixed inside 

a cylindrical vessel with provisions for easy removal of samples. A U shaped optical fiber 

couples a large fraction of light from the core to the outside medium when compared to the 

straight fiber. For preparing the U shaped optical fiber sensor, a 109 cm length was at first 

un-cladded (7 cm). The un-cladded section was then bent in the form a U shaped probe of 

approximately 1.5 cm radius. The optical fiber was fixed on microscopic glass slide using 

epoxy glue such that the U shaped portion is positioned outside the glass slide. 

 

3.3.3 Tapered fiber probe fabrication 

Tapered fiber probes can be fabricated by heat pulling, arc splicing and chemical methods. 

The chemical method involves treating the optical fiber surface with etchants like 

hydrofluoric acid (HF) to create a taper profile [17, 18]. The chemically tapered probes do 

not usually have the cladding and hence it is reported that they can be readily used for 

fluorescence collection applications [19]. The taper profile at the end of PCS optical fibers 

were fabricated using 48 % HF. For this purpose, optical fibers of about 60 cm length were 

uncladded (2 cm) at one end by immersion in acetone. The uncladded section was then 

placed and fixed on a specially constructed Teflon reaction chamber. About 20 µl of HF was 

added onto the fixed fiber such that the tip of the uncladded section was at the center of the 

HF drop.  

This drop of HF moves along the length of the uncladded section and as it moves, it 

evaporates. This capillary effect is also called the Marangoni effect [18]. The result of such 

an etchant motion along the uncladded fiber surface creates a taper profile. The etchant was 

exposed to fiber surface for different time durations. The reaction time for getting a clear 

taper profile was found to be around 75 minutes. The reaction of the etchant with the fiber 

surface was stopped after the required time of exposure using a 5 N sodium hydroxide 

(NaOH) solution. The reaction chamber was then washed repeatedly with de-ionised 

water. The taper tips were then stored in 0.1 N NaOH until it is fixed on the microscopic 
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glass slide. The taper profile of the prepared optical fibers was observed under a GP-KR 

222 CCD camera connected to a TV screen. The average taper length and taper diameter of 

the prepared fiber was found to be 3.3 mm and 36 µm respectively.  

 

3.3.4 Experimental set-up for interrogation 

The experimental set-up for the U shaped evanescent wave optical fiber sensor is shown in 

Fig 3.2. The light from the 403 nm laser was focused into one end of optical fiber using a 

convex lens (f=3.5 cm) and the transmitted light from the other end was detected by a Si 

biased photo-detector (DET 36 A/M, Thorlabs, 350-1100 nm). The detector was connected 

to an hp 34401a digital multimeter which was in turn interfaced to a personal computer 

having RS 232 data logger software. The U shaped sensor head was immersed in the beaker 

containing the samples of Curcumin in acetonitrile with varying concentrations of TBAF, 

using a 3D translational stage. The output voltage values corresponding to the transmitted 

light from the sensor head was recorded as a function of time. Hence fluctuations in output 

voltage values if any could also be monitored easily. The acquisition of transmitted output 

voltage values was carried out over a period of 60 seconds for each of the fluoride samples.  

 

 

Figure 3.2 Experimental set-up for U shaped evanescent wave fiber optic sensor 

The experimental set-up for the straight fiber sensor is also similar to the one shown in 

Fig. 3.2 except that the U shaped fiber was replaced by a straight fiber fixed in a cylindrical 

vessel with provisions for introducing the fluoride samples.  The effect of refractive index 

of TBAF samples on the output of EWOFS was also studied and is described in later 

sections of this chapter. 
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The image of the chemically etched tapered section of the multimode fiber is shown in 

Fig. 3.3a. The experimental set-up for the collection of fluorescence from the single tapered 

fiber probe upon direct laser excitation of the samples is as shown in Fig. 3.3b. The laser 

was focused onto the fiber in the form of a stripe of 2 cm length using plano-convex and 

cylindrical lenses. The samples were taken in a 1 cm quartz cuvette and the laser light 

stripe is adjusted in such a way that it is directly incident on the tapered tip inside the 

solution. 

 

 

Figure 3.3 (a) Tapered tip at the end of multimode fiber using CCD camera (b) Experimental set-

up for the collection of fluorescence from a single tapered fiber 

The different sensor probes constructed with short length (0.7 cm) uncladded or 

tapered fibers for excitation and tapered or longer length (2 cm) uncladded fiber for 

collection of fluorescence are as shown in Fig. 3.4a. The laser path in the two different 

refractive index solvents is as shown in the Fig. 3.4b. The experimental set-up for studying 

the excitation and collection of fluorescence from Curcumin using the different sensor 

probes is shown in Fig. 3.5. The laser beam was focused onto the input fiber using a convex 
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lens. The fluorescence of Curcumin with varying fluoride concentrations in the case of 

single tapered probe and the two fiber probes were recorded using an HR 4000 

SpectraSuite Ocean Optics spectrometer.  

 

 

Figure 3.4 (a) Sensor probe configuration for the excitation and collection of fluorescence from 

Curcumin (b) Light path in CH3CN (A, B) and CH3OC6H5 (C, D) with A,C - Curcumin alone in 

the solvents and B, D- Curcumin in the presence of high concentration TBAF 

 

Figure 3.5 Experimental set-up for interrogation of the two-fiber sensor probes 

3.4 Results and Discussion 

3.4.1 Sensing response of Curcumin towards fluoride in organic medium 

Curcumin has an absorption peak at 418 nm and 423 nm in acetonitrile and anisole 

respectively. This prominent absorption peak intensity decreases with the addition of 

TBAF, accompanied by an increase in the absorption band around 560 nm as shown in 

figures 3.6a and 3.7a.  
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Figure 3.6 Variation in (a) absorbance and (b) fluorescence of Curcumin in CH3CN in the 

presence of common anions (Exact concentrations of anions: TBAC=2.63 mM, TBAB, TBAI, 

TBAN, TBAS=0.2 mM, TBAP=0.193 mM, TBAA=0.184 mM and TBAF=0.22mM) 

 

 

Figure 3.7 Variation in (a) absorbance and (b) fluorescence of Curcumin in CH3OC6H5 in the 

presence of common anions (Exact concentrations of anions: TBAB=0.232 mM, TBAI=0.177 

mM, TBAN, TBAP,TBAA=0.22 mM, TBAC, TBAS, TBAF=0.2 mM) 

 

These changes in the absorption of Curcumin in both the solvents can be attributed to 

the deprotonation of  OH in the phenol group of Curcumin [20, 21]. At low concentration of 

TBAF, the complex of TBAF with curcumin formed via bonding of F- at the OH site of 

Curcumin, is prevalent. This complex exists in equilibrium with the deprotonated state at 

lower TBAF concentration. The reaction then shifts towards the formation of large number 

of deprotonated Curcumin when concentration of TBAF is very high. Consequently, a 

decrease in fluorescence of Curcumin is also observed with increase in TBAF and this could 

be due to overlap of the absorption spectrum of deprotonated form of Curcumin with the 

fluorescence spectrum of the free Curcumin [20] (Fig. 3.6b and 3.7b). 
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It was also observed that there was a change in initial yellow colour of the solution to 

a deep purple and reddish brown in the case of acetonitrile and anisole respectively at high 

TBAF concentration as shown in Fig. 3.8. The optical and colourimetric changes of 

Curcumin were observed only in the case of TBAF and not in the case of other anions. The 

gradual colour change in solutions of Curcumin in the presence of increasing concentration 

of fluoride is as shown in Fig. 3.9.  

 

Figure 3.8 Colour changes of Curcumin in (A) CH3CN and (B) CH3OC6H5 in the presence of 

(from extreme right to left) 2×10-4 M of TBAF, TBAA, TBAP, TBAS, TBAN, TBAI, TBAB and 

TBAC. Sample at the extreme left depicts Curcumin in the solution without any anion 

 

Figure 3.9 Colour changes of Curcumin in (A) CH3CN and (B) CH3OC6H5  in the presence of 

(from left to right) 0, 2×10-6, 7×10-6, 2×10-5, 7×10-5, 2×10-4, 7×10-4, 2×10-3 M TBAF 

The decrease in normalized peak absorbance values in the 400-500 nm wavelength 

range and the corresponding increase in absorbance in 500-600 nm range is shown in Fig. 

3.10. Also, the decrease in normalized peak fluorescence intensity of Curcumin with 

increase in TBAF is as shown in Fig. 3.11. The graphs indicate a complexation and 

conversion of Curcumin to its deprotonated form in the presence of TBAF. 
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Figure 3.10 Variation in normalized peak absorbance values of Curcumin with increase in 

TBAF in (a) CH3CN and (b) CH3OC6H5 in the 400-500 nm and 500-600 nm wavelength 

ranges. Normalization is carried out with respect to maximum values in the respective 

wavelength ranges.  

 

Figure 3.11 Decrease in normalised peak fluorescence intensity of Curcumin with increase in 

TBAF in CH3CN and CH3OC6H5   

3.4.2 Effect of pH and addition of protic solvents 

The effect of pH on the optical properties of Curcumin was verified by the addition of 

buffer solutions and addition of NaOH. It was observed that there is a red shift in the 

absorption spectrum with increase in pH. This could be due to the removal of the proton 

from the acidic phenol group [22, 23]. The solution of Curcumin in 0.5 M NaOH was 

reported to have maximum absorption at 463 nm with a shoulder at 360 nm [24]. The same 

effect was observed in acetonitrile-water solvent mixture in the presence of NaOH as 

shown in Fig 3.12b. It was reported that the variation of pH in the range 9-11 caused a red 

shift in absorption spectrum of Curcumin to around 522 nm. But further increase in pH 
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leads to a blue shift from 522 to 485 nm due to the simultaneous deprotonation of both the 

phenol groups [20].   

 

 

Figure 3.12 Shift in the peak absorption wavelength of Curcumin in mixture solvent of 1:1 

v/v CH3CN:H2O in the presence of (a) pH buffer 7 and 10 and (b) NaOH 

 

The complex between Curcumin and TBAF is very sensitive to the solvent 

environment around it. The presence of protic solvents like ethanol (EtOH) and water 

(H2O) can lead to the disruption of the complex owing to the competitive binding of the 

molecules with Curcumin [20]. The effect of addition of protic solvents is as shown in Fig. 

3.13. It was observed that the absorption curves retraced back to their original state (i.e 

without TBAF) when even microliter volumes of protic solvents were added. A faster 

recovery of absorption spectra was observed in the case of strong protic solvent like 

ethylene glycol (EG). This recovery of absorption spectrum leads to the gradual shifting of 

peak absorption wavelength from 560 nm of the deprotonated state to 418 nm of Curcumin 

as shown in Fig. 3.13c. The colour of the solution changed from purple to yellow, indicating 

the reversal of the state of Curcumin from the complexed form to the free form.  

 

Therefore, the presence of even a small volume of protic solvents can lead to a huge 

change in absorption spectra and hence the detection of fluoride using Curcumin is very 

difficult in aqueous medium or even mixtures of aqueous and organic solvents. But the 

volume of protic solvents required for different concentration of TBAF is different and 

therefore, the volume of protic solvent required for retrace of absorption spectrum can also 

in turn be used to estimate the concentration of TBAF in the solution.  
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Figure 3.13 Recovery of the peak absorbance of Curcumin in CH3CN in the presence of high 

concentration TBAF upon addition of protic solvents (a) EtOH and (b) EG (c) The shift in 

peak absorption wavelength of Curcumin upon addtition of protic solvents (d) Recovery of 

peak absorbance of Curcumin in CH3OC6H5 on addition of EtOH 

 

3.4.3 Straight and U shaped EWOFS 

The variation in the detected output voltage corresponding to different TBAF 

concentrations in acetonitrile is as shown in Fig. 3.14. It was seen that there is an increase in 

transmittance of incident light or output voltage recorded by the detector with increase in 

TBAF. This is in accordance with the decrease in the initial peak absorbance of Curcumin at 

418 nm with increase in fluoride. Since the change in output voltage of the straight fiber is 

very low, the distinction between TBAF concentrations would be difficult using this 

configuration (Fig. 3.14b). On the other hand, with the U shaped optical fiber sensor of only 

half the length of the straight fiber sensor, a considerable change in output voltage was 

recorded. This is in accordance with the increased sensitivity of the U shaped optical fiber 

sensor to the surrounding environment [11].  
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Figure 3.14 (a) Variation in transmittance and (b) Change in the output voltage of the straight 

and U shaped optical fiber sensor with increase in TBAF concentration  

 

 

3.4.4 Effect of index of refraction on EWOFS response 

The increase in refractive index of surrounding medium leads to an increase in sensitivity 

of the fiber sensor [11]. To study the influence of any refractive index change with increase 

in TBAF concentration a 400/431 µm PCS fiber was uncladded and fixed in the cylindrical 

vessel. Light from a superluminescent white LED was directly fed to one end of the fiber 

without the use of any bulk optics. The samples of acetonitrile containing varying amounts 

of TBAF were introduced into the cell. The light from the output end was recorded by a 

spectrometer (HR 4000 Spectra Suite Ocean Optics).  

 

As depicted in Fig. 3.15, there is no change in transmittance at both the bands of the 

LED centered at 450 nm and 532 nm with increase in fluoride ion concentration. Since there 

was no absorbing species in the medium, the increase in fluoride concentration alone does 

not seem to bring about major changes in the transmittance. This could also mean that 

there are no significant refractive index changes on increasing fluoride concentration. The 

refractive index measurements of the TBAF samples in acetonitrile using the Abbe‟s 

refractometer also indicated only a 0.001 RIU change at the higher TBAF concentrations. A 

rough approximation of the refractive index of solutions of Curcumin with different TBAF 

concentrations by the hollow prism method using a 10 mW 633 nm He-Ne laser also 

showed that the change in refractive index was even lesser than 0.001 RIU.  
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Figure 3.15 Transmitted spectrum of the evanescent wave straight optical fiber sensor for 

varying concentration of TBAF in CH3CN 

 

3.4.5 Fluorescence quantum yield of Curcumin  

For comparing the characteristics of the fluorescence probes, an estimation of the quantum 

yield of Curcumin in both the solvents is necessary. Fluorescence emission in general, 

depends on a variety of factors like solvent polarity and viscosity, solvent relaxations, 

excited state reactions, conformational changes etc [25]. The fluorescence quantum yield is 

also dependent on various factors including solvent polarity and refractive index [26].  

 

The quantum yield using the single point method is given by the equation [27]: 

𝑄 =  𝑄𝑅
𝐼

𝐼𝑅

𝐴𝑅

𝐴

𝑛2

𝑛𝑅
2      (3.14) 

 

In the comparative method, the equation for quantum yield is given by [25, 27]: 

𝑄 =  𝑄𝑅
𝑚

𝑚𝑅

𝑛2

𝑛𝑅
2      (3.15) 

where I, A, n, m are the integrated fluorescence intensity, absorbance, refractive index and 

slope of A versus I graph respectively. The subscript „R‟ denotes the standard reference for 

quantum yield.  

 

Curcumin exhibits very low quantum yield (< 0.2) in many protic solvents with the 

maximum value reported to be observed in acetonitrile [28]. Coumarin 540A (C540A) 

dissolved in ethanol was selected as the standard for estimating the quantum yield of 

Curcumin in anisole [29, 30]. The quantum yield of Curcumin in acetonitrile was also 
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estimated for comparison of quantum yield in the solvents. Two different excitation 

wavelengths were used for analysis viz. 403 nm, which is the laser source excitation 

wavelength and 422 nm, which is near to the peak absorption wavelength of Curcumin in 

acetonitrile and anisole.  

 

Table 3.1 Fluorescence quantum yield of Curcumin in acetonitrile using single 

point method 

 

λexcitation 

 

Curcumin in CH3CN 

 

C540A in EtOH 

 

Q 

A I AR IR 

 

403 nm 

0.06859 6399.71 0.0683 23938.03 0.098 

0.04998 4925.582 0.04893 18369.53 0.097 

0.04256 4622.638 0.04053 13824.4 0.118 

0.01839 2834.76 0.01996 10500.13 0.108 

 

422 nm 

0.09007 8602.767 0.08737 28091.64 0.1097 

0.06027 5748.154 0.06354 21729.6 0.103 

0.05306 5373.962 0.05282 18556.86 0.106 

0.036 4043.504 0.03509 14236.18 0.102 

 

Table 3.2 Fluorescence quantum yield of Curcumin in anisole using single point 

method 

 

 

λexcitation 

 

Curcumin in 

CH3OC6H5 

 

C540A in EtOH 

 

 

Q 

A I AR IR 

 

403 nm 

0.05031 4735.787 0.04893 18369.53 0.1197 

0.04201 3984.164 0.04053 13824.48 0.133 

0.03128 2901.12 0.03453 13824.48 0.111 

0.02739 2936.564 0.02545 12070.99 0.108 

 

422 nm 

0.0672 6374.622 0.06354 21729.6 0.133 

0.05619 5139.011 0.05282 18556.86 0.125 

0.04314 4637.294 0.04536 16059.11 0.145 

0.03788 3930.295 0.03509 14236.18 0.122 

 

Here QR for C540A in EtOH = 0.38 [29]. nR = 1.3725 at 403 nm and 1.3706 at 422 nm [31, 

32]. The n values for acetonitrile are 1.3531 and 1.3513 at 403 nm and 422 nm respectively 

[32, 33]. The experimentally verified value of n for anisole at 434 nm is 1.5382 [34]. Using 

the above values, the quantum yields of Curcumin in the two solvents were estimated 
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using both the single point and the comparative method. The values of quantum yield 

calculated using the single point method (Eq. 3.14) are tabulated in Table 3.1 and Table 3.2. 

The values of slopes for the three cases of Curcumin in acetonitrile, Curcumin in 

anisole and C540A in EtOH were calculated from the linear fit of plot between integrated 

fluorescence intensity and absorbance [Fig. 3.16]. Using equation 3.15 (comparative 

method) the quantum yields of Curcumin in acetonitrile was found to be 0.093 and 0.1 for 

403 nm and 422 nm excitation respectively, which is in good agreement with values 

reported in literature [28]. The quantum yield of Curcumin in anisole was calculated to be 

0.111 and 0.125 for 403 nm and 422 nm excitation respectively. Hence it was found that the 

quantum yield of Curcumin in anisole was approximately 1.2-1.3 times higher than that in 

acetonitrile. 

 

 

Figure 3.16 Plot of integrated fluorescence intensity versus absorbance of Curcumin in 

CH3CN and CH3OC6H5 when compared to the C540A dye in EtOH solvent for (a) 403 nm 

excitation and (b) 422 nm excitation  

 

3.4.6 Fluorescence collection by a single tapered probe 

The evanescent wave absorption based fiber sensors are extremely simple to construct and 

use. Fluorescence based sensors are reported to be very attractive owing to the possibility 

of monitoring a variety of parameters including excitation wavelength, emission 

wavelength, intensity and fluorescence lifetime [35]. The fluorescence spectra collected by a 

single tapered fiber probe is as shown in Fig. 3.17. The fluorescence recorded by the 

tapered fiber tip is found to be considerably good even in the case of higher index solvent 

like anisole. 
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Figure 3.17 Fluorescence spectra collected by a single tapered probe immersed in (a) CH3CN 

and (b) CH3OC6H5 

 

3.4.7 Fluorescence collection by two fiber probes 

In comparison to the single tapered probe, a two fiber probe would enable remote sensing 

capability. Initially the response of a probe consisting of two uncladded fibers was 

recorded. The laser was directly coupled into the uncladded excitation fiber. The collection 

of fluorescence of Curcumin by the uncladded collection fiber was found to be very small 

in both the solvents as shown in Fig. 3.18.  

 

Figure 3.18 Fluorescence values recorded in CH3CN and CH3OC6H5 by a probe consisting of 

two uncladded fibers placed side by side. Inset shows the structure of the probe 

Tapered fibers are reported to couple a large fraction of light into the external medium 

and also have the capacity to collect fluorescence from the medium [13, 36]. The probe A 

consisting of two tapered fibers for excitation and collection of fluorescence is inefficient in 

both the solvents as shown in Fig 3.19. This could be owing to the poor collection of 

fluorescence via the evanescent wave. There could also be collection of fluorescence along 
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the direction of fiber axis. Since this collection would also be very small, the overall 

efficiency of fluorescence collection of such a system was very small.  

 

 

Figure 3.19 Fluorescence collected by the different probe configurations of Fig. 3.4a in (a) 

CH3CN and (b) CH3OC6H5. Insets of (a) and (b) show the expanded graphs corresponding to 

lower TBAF concentration  

 

The uncladded bare fiber when immersed in solvent produces a fluorescence cone 

inside the medium. Especially in the case of higher index solvent anisole, the fluorescence 

cone is dispersed and appears to be reflecting off the walls off the cuvette as shown in Fig. 

3.4b. Hence a shorter length uncladded fiber was used for excitation of fluorescence in the 

case of probes B and C as shown in Fig. 3.4a. In these cases, there is axial excitation of 

fluorescence and also excitation of fluorescence due to the evanescent wave propagating in 
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the uncladded region. The axial excitation of fluorescence leads to the formation of 

fluorescence cone inside the medium which in turn leads to a wide range of angles of 

incidence on the collection fiber [37]. The critical angle condition would then be easily 

satisfied. This would especially be the case for higher refractive index solvent anisole. It can 

be seen from Fig. 3.19 that there is considerable resolution in fluorescence values in the 

solvent anisole. This could be owing to the higher quantum yield of Curcumin in anisole. 

The wide range of absorption coefficients corresponding to the different modes of a 

multimode fiber and the varied fluorescence collection efficiency corresponding to these 

modes could have also led to the higher resolution in fluorescence values even at high 

fluoride concentration. Both the systems containing short length uncladded fiber for 

fluorescence excitation and tapered fiber (Probe B) or uncladded fiber (Probe C) for 

fluorescence collection recorded higher values compared to the two tapered fiber system.  

The fluorescence values corresponding to high fluoride concentration is near zero in 

the case of anisole. This could be due to the 1:1 binding nature of Curcumin with fluoride 

[20]. From Fig. 3.19 it can be seen that the linear detection range of TBAF in anisole is 

around 2×10-5 M (5.2 ppm TBAF) and slightly higher than this value in acetonitrile. But 

fluorescence values corresponding to 7×10-5 M (18 ppm) in anisole and 2×10-4 M (52 ppm) 

in acetonitrile can be recorded using the probes B and C. The LOD is calculated using the 

method described in literature [38]. From Fig. 3.19, the LOD using the probes B and C are 

approximately 2×10-6 M (0.52 ppm TBAF, 0.038 ppm F) in anisole and 6×10-6 M (1.6 ppm 

TBAF, 0.11 ppm F) in acetonitrile. Hence it is clear that the combination involving two 

dissimilar length bare uncladded fibers can also serve as an efficient excitation-collection 

system for fluorescence in a similar manner to the uncladded-tapered fiber combination. 

 

3.5 Conclusions 

Natural dye Curcumin was used to detect fluoride over a broad range of concentration in 

two organic solvents viz. acetonitrile and anisole. The addition of protic solvents led to the 

recovery of the absorption spectrum of Curcumin, indicating the hydrogen bonding nature 

of interaction of Curcumin with fluoride. It also points to the difficulty of using Curcumin 

for aqueous based sensing. The use of evanescent wave straight and U shaped optical fiber 

sensors in the detection of fluoride using Curcumin was also investigated. The variation in 

output voltage corresponding to the transmitted optical power by the U shaped fiber 

sensor was better than that of the straight fiber sensor. Fluorescence probes were assembled 
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using combinations of uncladded and chemically tapered optical fibers. Such combination 

of probes collected significant fluorescence from both the higher and lower refractive index 

solvents compared to the case when a probe consisting of only uncladded fiber or tapered 

fiber is used. The use of such fluorescence probes with natural dye Curcumin proves to be 

sensitive enough to distinguish between broad ranges of fluoride concentrations. 

Furthermore, the probes could also be extended to study chemical reactions and its 

byproducts, in solvents of even higher refractive index compared to the fiber core.  
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Chapter 4 

 

Irradiation technique for aqueous based sensing of fluoride using 

Curcumin 

 

 

The chapter describes the simple technique of irradiation of Curcumin using UV and 

visible light sources for sensing fluoride in organo-aqueous mixture solvent. Irradiation of 

Curcumin in the presence of fluoride facilitates its accelerated photochemical degradation 

leading to changes in its optical properties. The corresponding changes in optical 

properties with irradiation can be used to quantify fluoride in the mixture solvent. The 

chapter also describes the effect of irradiation time and solvent ratio on the photochemical 

degradation of the dye. The chapter also demonstrates the use of a simple experimental set 

up with low cost LED source for continuous monitoring of fluoride. 
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4.1 Introduction 

Irradiation is the process of exposure of substances to radiation from a variety of sources. 

Ultra-violet (UV) and Visible light irradiation have been used for the photo-catalytic 

splitting of water to generate hydrogen in new generation clean energy fuel cells [1, 2]. 

Photo-catalysts have also been used for the breakdown of dyes, contaminants and for the 

conversion of atmospheric CO2 to formate ions under visible light irradiation [3-6]. Some 

harmful chemicals have been reported to directly undergo degradation when exposed to 

UV radiation [7] and a similar principle is applied for the purification of drinking water [8]. 

Visible light irradiation has found applications in the treatment of acne [9] and limiting 

growth of bacteria that causes periodontal disease [10]. Visible light has also been used to 

aid nanoparticle synthesis [11] and a study indicates that nanoparticles exposed to 

radiation have better therapeutic properties [12].  

In this chapter, the irradiation technique is described for the detection and 

quantification of fluoride in organo-aqueous media using Curcumin. The effect of 

irradiation time and type of solvent on the degradation rate of Curcumin has been 

discussed. The photo-degradation mechanisms involved as a result of the irradiation 

process and the effect of fluoride in enhancing the degradation are described in detail in the 

chapter 

 

4.2 Experimental methods 

4.2.1 Preparation of anion samples 

10-5 M of Curcumin dye (Acros Organics) was dissolved in AR grade 90:10 v/v acetonitrile 

(CH3CN): water (H2O) mixture solvent. Tetrabutylammonium fluoride (TBAF, 

Spectrochem Pvt. Ltd., Mumbai) was added to the stock solution to get fluoride samples of 

varying concentrations. Separate aliquots of stock solution of Curcumin were also prepared 

with the addition of common tetrabutylammonium anions (Sigma Aldrich, Spectrochem 

India Pvt Ltd) of acetate (TBAA), dihydrogen phosphate (TBAP), hydrogen sulphate 

(TBAS), nitrate (TBAN), chloride (TBAC), bromide (TBAB) and iodide (TBAI). 

 

4.2.2 Experimental set-up for irradiation  

The beam of light from a 100 mW semiconductor laser (403 nm, Vortran Stradus) was 

converted into a 3 cm stripe by using a combination of plano-convex lens and a cylindrical 

lens as shown in Fig. 4.1. The peak emission wavelength from this laser source is close to 
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the absorption peak of Curcumin in mixture solvent. About 3.5 ml of the samples were 

taken in a 1 cm × 1 cm quartz cuvette and the irradiation process was carried out for 

varying time durations. A handheld UV lamp (365 nm) was also used to irradiate 10 ml of 

the samples taken in glass bottles. To study the effect of combined visible and UV light 

irradiation, samples of about 10 ml in volume were exposed to a 125 W mercury vapour 

(Hg) lamp (GE) that irradiates at the wavelengths of 364 nm, 403 nm, 435 nm, 545 nm, 576 

nm and 619 nm.  

 

                                   

Figure 4.1 Experimental set-up for 403 nm laser irradiation process 

 

4.2.3 Studies on variation in optical properties and structure of Curcumin upon 

irradiation  

In order to study the changes in the optical characteristics of Curcumin upon irradiation, 

Jasco V-570 absorption spectrophotometer and Varian (Cary Eclipse) fluorescence 

spectrophotometer were used. The excitation and emission slit widths for the fluorescence 

measurements were fixed at 5 and 10 nm respectively. The fluorescence lifetime of the 

samples was recorded using Horiba (Jobin Yvon) DeltaPro lifetime measurement system.  

The structural changes in the Curcumin molecule upon photochemical degradation 

were studied using the method of FTIR spectroscopy and Raman scattering. FTIR spectrum 

was recorded using Thermo Nicolet Avatar 370 FTIR spectrometer in the 400-4000 cm-1 

range using the KBr pellet method. In this method, samples in the mixture solvent were 

dropped onto KBr pellet and left to dry before recording the spectrum. The samples that 

were irradiated for 45 minutes with 403 nm laser were used for fluorescence lifetime 

measurements.  

Raman spectrum was recorded using WITec Alpha300RA confocal Raman microscope 

coupled with a 532 nm DPSS laser (70 mW) and UHTS 300 spectrograph. The samples for 
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Raman study were prepared by irradiating 10-2 M Curcumin in 70:30 v/v acetonitrile-water 

mixture solvent for 9 hours.   

 

4.3 Results and Discussion 

4.3.1 Response of un-irradiated Curcumin to fluoride in mixture solvent 

Curcumin, with phenolic OH groups in the chemical structure responds to fluoride via 

complexation and subsequent deprotonation of hydrogen from the OH group [13]. In an 

organic solvent environment, Curcumin shows deep colour changes and the presence of 

the new peak can be ascribed to the complex between Curcumin and fluoride. But in the 

presence of even a small volume of protic solvents, the complex is disrupted and this is 

reflected in the optical characteristics too. In the case of organic-aqueous medium also, 

irrespective of the small volume used, Curcumin exhibits no significant colorimetric and 

optical changes. Figure 4.2 shows that there is no change in absorption and fluorescence of 

Curcumin in the mixture solvent of acetonitrile (CH3CN) and water (H2O). This is expected 

to happen, because of the competitive binding of water molecules and fluoride for bonding 

sites in Curcumin [13].  

 

Figure 4.2 No significant changes in the (a) absorption and (b) fluorescence intensity of 10-5 M 

Curcumin in mixture solvent in the presence of common anions 

However, for practical applications, the detection of fluoride in aqueous medium or 

even a mixture solvent is highly desirable. The optical properties of Curcumin are highly 

sensitive to solvent environment. Changes in temperature, polarity, pH can give rise to 

considerable changes in optical characteristics [14-17]. It has also been reported that the 

photo-stability of Curcumin is highly affected by many solvent environment parameters, a 

key paramenter being the solution pH. Curcumin is easily soluble in basic solvents whereas 

it is highly stable in acidic solvents [18, 19]. We studied the fluoride induced basicity 
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changes in solvent environment and the enhanced photo-degradation of Curcumin under 

irradiation and propose the degradation to be an indicator of fluoride content in the 

solution.  

4.3.2 Effect of irradiation of Curcumin in the presence of fluoride 

The degradation products of Curcumin have negligible absorption in the region of 

Curcumin absorption (400 nm-425 nm) and hence the change in absorption in this 

wavelength region as well as the fluorescence can serve as an effective indicator of 

degradation [20]. Figure 4.3 illustrates the changes in the absorption and fluorescence peaks 

of Curcumin under laser irradiation with varying fluoride concentration.  

 

 

Figure 4.3 (a) Variation in absorbance corresponding to different TBAF concentration upon 

irradiation with laser for 45 minutes (b) Expanded views of 250-350 nm and 480-600 nm 

wavelength regions (c) Colour changes in solution upon irradiation with and without TBAF 

in the case of 10-5 M (low) and 10-2 M (high) Curcumin in mixture solvent (d) Fluorescence 

peak intensity changes upon laser irradiation 

There is a gradual decrease in peak absorbance at 421 nm along with a slight increase in 

absorbance in the 250-350 nm as well as in the 480-600 nm wavelength range of the 
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absorption spectra. The expanded views of the two regions are as shown in Fig. 4.3b. The 

presence of two isobestic points in the spectra around 349 nm and 495 nm along with the 

aforementioned changes in peak intensity about them, points to the degradation of 

Curcumin and subsequent formation of its degradation products.  

There are several pathways of alkaline degradation of Curcumin. Many reports 

suggest that the degradation products are formed via the deprotonation of phenolic OH 

group of Curcumin or the breakage in the heptadienedione linkage [14, 19, 21]. Curcumin 

exhibits keto and enol tautomeric forms in solution (structures depicted in Chapter 1). At 

pH below 7, Curcumin exists in the keto form and is a hydrogen atom donor whereas at pH 

above 8 the enol form is an electron donor [21, 22].  Curcumin is stable at acidic pH due to 

conjugated structure, and at higher pH, deprotonation causes a disruption of the structure 

[21]. Studies indicate that the degradation products formed include trans-6-(4′-hydroxy-3′-

methoxy phenyl)-2,4-dioxo-5-hexanal, ferulic aldehyde, ferulic acid, feruloyl methane, 

vanillin and vanilic acid [19, 23, 24].  There are reports proposing that trans-6-(4′-hydroxy-

3′-methoxy phenyl)-2,4-dioxo-5-hexanal is the main product of Curcumin degradation 

which is further broken down to Vanilin, ferulic acid, and feruloylmethane [20]. Others 

indicate that ferulic acid and feruloylmethane are formed initially and upon hydrolysis of 

feruloylmethane, vanillin and acetone are formed [21]. Separate studies in recent times 

reported the formation of bicyclopentadione and 7-norcyclopentadione via auto-oxidation 

at basic pH [25, 26].  

The changes reflected in the absorption spectra shown in Fig. 4.3a indicate photo-

degradation of Curcumin via multiple mechanisms upon irradiation in the mixture solvent. 

The increase in absorbance in the UV region may be ascribed to formation of lower 

molecular weight degradation products owing to breakage in the heptadienedione linkage 

of Curcumin [27]. The degradation products of Curcumin are reported to be yellow or 

brownish yellow [21, 28, 29] and hence only fading of the initial colour of the solution can 

be observed in the case of lower concentration of Curcumin (10-5 M) as depicted in Fig. 4.3c. 

The small increase in the absorbance above 480 nm may be due to the deprotonation of the 

hydroxyl group [14] or due to the polymerization of smaller chain degradation products 

into larger molecules [24]. Deprotonation of the hydroxyl group of Curcumin causes a deep 

red coloration [28] of the solution in aprotic solvents. Irradiation of higher concentration of 

Curcumin (10-2 M) in the presence of TBAF causes a deep orange colouration (Fig. 4.3c) 

which could be due to the deprotonation being the major mechanism of degradation. There 
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is also a huge decrease in fluorescence of Curcumin upon irradiation in mixture solvent in 

the presence of increasing fluoride indicating the conversion of fluorescent Curcumin to its 

degradation products. The increase of TBAF concentration increases the basicity of the 

solution [30]. The increase in basicity of the solvent environment of Curcumin with increase 

in fluoride concentration could lead to the enhanced degradation rate of Curcumin upon 

irradiation.  

The changes in peak absorbance and fluorescence intensities with fluoride in terms of 

the difference in intensities (I-U) of each sample after irradiation I and before irradiation U 

is as shown in Fig. 4.4. The plot of peak absorption and fluorescence intensities versus the 

logarithm of TBAF concentration was found to be linear (not shown here). Also, the plot of 

change in peak absorbance and fluorescence with the logarithm of TBAF concentration as 

shown in the inset of Fig. 4.4 was also linear throughout the entire range of TBAF 

concentration. This offers the possibility of developing a simple irradiation technique for 

direct readout of fluoride concentration in practical applications. 

 

Figure 4.4 Change in (a) peak absorbance and (b) peak fluorescence after irradiation plotted 

as a function of TBAF concentration. Insets show the plots of change in peak intensities with 

logarithm of TBAF concentration 

UV irradiation is also reported to give similar results of degradation as with visible 

light irradiation [29]. Some studies suggest that shorter wavelength light sources can lead 

to efficient degradation of multiple curcuminoids present in Curcumin in comparison to 

longer wavelength sources [23]. It was found that irrespective of the source of irradiation, 

the change in peak absorbance increases with irradiation time as shown in Fig. 4.5. This 

could be owing to the enhanced conversion of Curcumin molecules to the degradation 

products in the presence of fluoride upon irradiation.  
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Figure 4.5 Change in peak absorbance values of 10-5 M Curcumin in 90:10 v/v CH3CN:H2O 

solvent with irradiation time when irradiated with different light sources 

 

Figure 4.6 Change in (a) peak absorbance and (b) peak fluorescence with 45 minutes of 

irradiation using UV LED and Hg lamp 

Figure 4.6 shows the change in peak absorbance and fluorescence of Curcumin when 

irradiated with Hg lamp and a single 368 nm UV LED source. In the case of irradiation 

using UV LED, the change in intensities with increase in TBAF is lesser compared to the 

case for Hg lamp and 403 nm laser radiation. But even so, the samples with permissible 

TBAF concentration and without TBAF show similar change in peak intensities whereas 

the toxic fluoride concentration shows an increased change in peak absorbance and 

fluorescence intensities. Hence a single UV LED source or an array of such LED‟s can be 

used as an efficient source for irradiation to distinguish between samples of different 

fluoride concentration. 
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4.3.3 Irradiation of Curcumin in different solvents 

The effect of solvent type on irradiation and the consequent optical changes were studied 

by 403 nm laser irradiation of Curcumin in the presence of varying TBAF for 45 minutes. 

Curcumin exists in diketone form in non-polar solvents and enol form in both polar protic 

and aprotic solvents [31]. The enol form of Curcumin can form intermolecular hydrogen 

bond with solvent molecules and depending on the type of solvent, can actually provide 

extra stability to the dye or increase its chances to undergo photochemical degradation [32].  

Acetonitrile and tetrahydrofuran are respectively polar aprotic and moderately polar 

aprotic solvents.  

 

The results depicted in Fig. 4.7 show that the change in peak absorbance of acetonitrile 

decreases with increase in fluoride concentration. The same trend was observed in the case 

of tetrahydrofuran and non-polar solvent like anisole. This could be because of the 

conversion of Curcumin to deprotonated form in the presence of TBAF. Further irradiation 

does not lead to significant changes in peak absorbance values owing to lower number of 

Curcumin molecules present following deprotonation. However, in the solvent mixture of 

acetonitrile and tetrahydrofuran with water, the irradiation process shows the trend of 

increase in degradation rate with increase in TBAF concentration.  

 

The effective dielectric constant ε of the mixture solvent is given by the equation [31]: 

 

𝜀 =  
  𝜀𝐴 ×𝐴𝑣 + 𝜀𝐵×𝐵𝑣  

100
    -(4.1) 

 

where εA and εB are respectively the dielectric constants of „A‟ and „B‟ solvents, Av and Bv 

are volume percentages of the solvents. 

 

The dielectric constants of water, tetrahydrofuran and acetonitrile at 20ºC are 79.7, 7.6 

and 37.5 respectively [33]. For 10 % volume of water in the mixture solvents, the effective 

dielectric constants for acetonitrile-water and tetrahydrofuran-water mixture solvents are 

increased to 41.72 and 14.81 respectively. The increase in dielectric constants of the solvent 

has been reported to enhance the degradation rate of Curcumin [32]. This can be clearly 

observed in the Fig 4.7 where Curcumin in acetonitrile-water mixture solvent shows 

comparatively higher degradation than in tetrahydrofuran-water mixture solvent. The 
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degradation is further enhanced with the addition of TBAF. Hence, irradiation technique 

using Curcumin works in different mixture solvents and can be used as a technique to 

detect fluoride in a wide variety of solvents. 

 

 

 

Figure 4.7 Change in peak absorbance with different fluoride concentration upon irradiation in 

different solvents and their mixtures with water 

 

 

4.3.4 Structural studies using FTIR and Raman spectrum 

 

The Fourier transform infrared (FTIR) spectra of the samples are as shown in Fig. 4.8a. The 

medium intensity band around 1640 cm− 1 corresponds to the mixed C = O and C = C 

stretch in the benzene ring [34]. There is a clear increase in the transmittance in this band 

upon irradiation of Curcumin. The transmittance is still higher in the case of irradiation of 

Curcumin in the presence of fluoride.  

 

The weak band at 1423 cm− 1 corresponds to the in plane bending of aromatic (CCC, 

CCH), enolic (COH), CH in plane bending due to CH2 [34]. Here also a huge increase in 

transmittance is observed in the case of irradiated Curcumin with fluoride in mixture 

solvent. The results of the FTIR analysis indicates a quantitative decrease in the Curcumin 

content as a result of irradiation in the presence of fluoride in mixture solvent pointing to 

the formation of degradation products of Curcumin. 
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Figure 4.8 (a) FTIR spectral changes of 10-5 M Curcumin and (b) Variation in Raman peak 

intensites of 10-2 M Curcumin upon irradiation without and with TBAF 

Raman spectrum of the un-irradiated Curcumin in mixture solvent was compared 

with that of irradiated Curcumin in the presence and absence of fluoride as shown in Fig. 

4.8b. The band corresponding to aromatic C=C stretching at 1590 cm-1 is found to be 

slightly broadened in the case of irradiated Curcumin sample without TBAF. This band is 

shifted to 1586 cm-1 and also broadened in the case of the sample with TBAF. These changes 

indicate the presence of degradation products of Curcumin [24].  The region of bands 

around 1300-1400 cm-1 contains mixed vibrations. The band centered around 1341 cm-1 

corresponds to the in plane bending of COH group in enol form, in plane bending of CCH 

in aromatic ring and C=C stretching. In plane bending of CCH, O-CH3 stretching 

vibrations and the in plane bending of CCH in the aromatic ring of enol form could be the 

reason for the presence of the band at 1118 cm-1 [35]. The reported degradation products of 

Curcumin i.e Vanillin exhibits a weak Raman band centered at 1375 cm-1 owing to the CC 

stretching and in CH plane bending [36] whereas Vanillic acid has two bands at 1118 cm-1 
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owing to CO stretch of COOH and 1379 cm-1 owing to CH3 bend and ring stretching 

respectively [37]. From the Raman spectrum it can be seen that both the bands at 1118 cm-1 

and 1341 cm-1 show a large extent of broadening after irradiation in the presence of 

fluoride. Hence both these bands can involve a mixture of vibrations corresponding to both 

Curcumin and to a higher extent the degradation products.  

4.3.5 Lifetime studies of photochemical degradation 

The degradation products of Curcumin are non fluorescent. But even then, the decrease in 

relative amplitudes of lifetime components of Curcumin before and after irradiation can 

indicate a quantitative conversion of Curcumin to its degradation products. Curcumin 

exhibits a bi-exponential decay in many solvents including water and acetonitrile. The 

shorter fluorescence lifetime (~ 0.18 ns) is the major component while the longer 

fluorescence lifetime (~ 3 ns) is the minor component in all the samples as reported in 

literature [38]. A decrease in relative amplitude of the major component of lifetime from the 

initial 98 % to 97.3 % was noticed in the case of irradiated Curcumin sample without the 

presence of TBAF. This was further decreased to 91.8 % in the case of irradiated sample 

containing TBAF. The large decrease in relative amplitude corresponding to Curcumin 

indicates the enhanced photochemical degradation of Curcumin in mixture solvent in the 

presence of fluoride. 

 

4.3.6 Effect of irradiation of Curcumin in the case of different anions 

To study the selectivity of irradiation technique using Curcumin, the samples of Curcumin 

in mixture solvent with approximately 2×10-4 M of common anions were exposed to 403 

nm laser and Hg lamp radiation for 45 minutes. Fig. 4.9 shows that in the case of both laser 

and Hg lamp irradiation, there is considerable decrease in absorption and fluorescence 

intensity with TBAF. The change in absorption and fluorescence intensity in the case of 

most anions is comparable to that for the blank sample. TBAF is highly basic in nature [30] 

and this could have caused extensive degradation of Curcumin in the vicinity of TBAF 

molecules. The phosphate and acetate anions are reported to have comparable basicity to 

TBAF and hence could possibly interfere with the response of TBAF [39]. But it was 

observed that the irradiation technique shows slightly higher selectivity towards TBAF 

compared to other anions. 
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Figure 4.9 (a) Peak absorbance and (b) peak fluorescence intensity changes of Curcumin in 

mixture solvent upon irradiation in the presence of common anions 

 

4.4 Sensing of fluoride in ambient light 

The change in peak absorbance of Curcumin in mixture solvent kept in ambient light was 

also studied over a number of days (Fig. 4.10). Even though the change in colour of solution 

was not easily observable, there was a decrease in peak absorbance with increase in 

number of days of exposure to ambient light. Hence irradiation process in ambient light 

can also bring about changes in Curcumin over a long duration of time and this provides 

the possibility of using Curcumin in mixture solvent for detection of fluoride without the 

use of a separate irradiation source. 

 

 

Figure 4.10 Decrease in peak absorbance of Curcumin in mixture solvent in the absence and 

presence of TBAF 
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4.5 Experimental set-up for continuous monitoring of fluoride ion via 

transmittance and fluorescence 

The strong change in optical characteristics of Curcumin in mixture solvent upon 

irradiation can also be studied using simple experimental set-ups for continuous 

monitoring of optical changes with low cost sources and detectors. Figure 4.11 shows the 

experimental set-up where the samples in a cuvette are irradiated with laser focused to a 

spot using a bi-convex lens of focal length 3.5 cm.  

 

 

Figure 4.11 (a) Experimental set-up for continuous monitoring of transmittance of Curcumin 

in mixture solvent when exposed to 403 nm laser irradiation (b) Change in transmittance 

with respect to irradiation time corresponding to lower and higher TBAF concentration 

The laser acts as the source for irradiation and also as the signal that quantifies the rate of 

degradation in the sample and consequently the concentration of TBAF leading to 
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enhanced degradation of Curcumin. From the result depicted in Fig.4.11b, it can be seen 

that there is an increase in the transmittance with increase in irradiation time in all the 

cases. But, a significant increase in transmittance was observed for the cases with Curucmin 

containing TBAF compared to that without TBAF. 

 

 

Figure 4.12 (a) Schematic of the experimental set-up for continuous monitoring of 

fluorescence of Curcumin in mixture solvent when exposed to 403 nm laser (b) Variation in 

fluorescence with respect to laser irradiation time for two TBAF concentrations (c) Change in 

peak fluorescence values plotted with respect to irradiation time 

Figure 4.12a shows the experimental set-up for collection of fluorescence from sample 

taken in glass bottles irradiated with a 403 nm laser using a bi-convex lens of focal length 

7.5 cm. The fluorescence is collected at a direction of 90º from incident laser path using an 

optical fiber cable connected to SpectraSuite HR 4000 Ocean Optics spectrometer. The 

results (Fig. 4.12b) show that there is a decrease in peak fluorescence intensity with 

irradiation time, where the decrease in fluorescence is considerably higher for TBAF 

samples. The decrease in fluorescence is also rapid and significantly higher in the case of 

toxic TBAF concentration. The experiment was also conducted using a single 368 nm UV 

LED (3 W, 14 nm FWHM) light directly incident on the samples taken in glass bottles and 
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collecting the fluorescence as described above. The glass bottles used in the experiment 

allows the transmission of the source UV light onto the samples inside. Figure 4.13 shows 

that in this case also, the change in peak fluorescence intensity increases with irradiation 

time and is considerably higher in the case of toxic TBAF concentration. The experiment 

points to the use of single LED source for continuous monitoring of fluoride in samples.  

 

 

Figure 4.13 Change in fluorescence of Curcumin with irradiation time in the case of 368 nm 

UV LED irradiation 

4.6 Colorimetric response of high concentration Curcumin to fluoride 

The presence of even microliter volumes of protic solvents can lead to disruption of the 

bond between Curcumin and fluoride. Studies on the extraction of Curcumin for sensing 

fluoride in 90:10 v/v acetonitrile-water mixture solvent was reported [40]. The group 

reported change in colour of solution from yellow to brown upon the addition of TBAF. We 

tried to study the response of 10-2 M Curcumin to varying TBAF concentrations. As shown 

in Fig. 4.14a, there was a colour change from dark yellow to orange and then deep red with 

increasing TBAF concentration in the case of 90:10 v/v acetonitrile-water mixture solvent. 

But, this colour change was not observable in the case of 70:30 v/v acetonitrile-water 

mixture solvent (Fig. 4.14b). Also there is no considerable shift observed in the absorption 

peak in this case. In the case of the 90:10 v/v acetonitrile-water mixture solvent, the 

presence of higher concentration of Curcumin is able to provide binding sites for both 

water molecules and TBAF, which is not possible in the case of 70:30 v/v acetonitrile-water 

mixture solvent. This shows that in the presence of more than 10 percent water in the 

mixture solvent, it is difficult to get a colorimetric response from Curcumin, even when 

higher concentration of the dye is used. But irradiation technique works with higher water 
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percentage by simply modifying the irradiation time. Hence the TBAF concentration can be 

quantified using the absorption and fluorescence peak intensities upon irradiation.  

 

 

Figure 4.14 (a) Variation in absorbance of 10-2 M Curcumin in (a) 90:10 and (b) 70:30 v/v 

CH3CN:H2O mixture solvent 

 

4.7 Irradiation technique for detection of inorganic fluoride (NaF) 

The detection of fluoride in both organic and inorganic form is highly desirable. The 

samples of Curcumin containing sodium fluoride (NaF) in mixture solvent was irradiated 

for 45 minutes using 403 nm laser radiation. The results shown in Fig.4.15 indicate that 

irradiation technique is effective for quantifying both inorganic and organic fluoride by 

using the decrease in absorbance and fluorescence of Curcumin upon irradiation. 
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Figure 4.15 Decrease in peak absorbance and fluorescence of Curcumin with increase in NaF 

concentration upon irradiation in mixture solvent 

 

4.8 Response of Curcumin to NaOH 

The presence of OH‾ ions can also cause degradation of Curcumin and hence it is 

necessary to study the effect of addition of strongly basic NaOH to the mixture solvent. 

From Fig. 4.16 it can be seen that in the presence of NaOH, there is change in colour of 

solution from dull yellow to deep red. This reddish tinge in colour of solution keeps fading 

with time until the colour of the solution becomes pale brown. With irradiation, the change 

in colour from deep red to pale brown was found to be very rapid. On the other hand, as 

discussed before there was no change in colour of solution in the case of fluoride samples. 

Also, the absorption spectrum showed decrease in absorption at 421 nm and the presence 

of a new peak around 510-520 nm in the case of samples with NaOH, whereas there was no 

shift in absorption and fluorescence peaks in the case of NaF. Both the colourimetric and 

optical changes in the case of NaOH can be ascribed to the rapid deprotonation of 

Curcumin in the presence of strong base NaOH [18]. Also, the OH deprotonation of 

Curcumin induced by NaOH was reported to involve both the phenolic OH groups of 

Curcumin whereas that in the presence of fluoride involves only a single OH group [13]. 

Hence it is fairly easy to distinguish between NaOH and NaF samples using the colour of 

solution and the corresponding optical spectra.  
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Figure 4.16 (a) Colourimetric changes of Curcumin in mixture solvent in the presence of 

(from left to right) 0, 2.2×10-6 M, 2.2×10-5 M and 2.2×10-4 M NaOH. There is no colour change 

in the case of fluoride samples (b) Absorption spectra and (c) Fluorescence spectra of 10-5 M 

Curcumin in the presence of NaOH and NaF 

 

4.9 Curcumin stained filter paper strips for detection of NaF 

 

 

Figure 4.17 (a) Colour changes observed in filter paper and plain paper stained with 3 mM 

and 30 mM Curcumin on addition of low (2×10-6 M) and high (2×10-3) TBAF concentrations 

(b) Change in colour of filter paper stained with 3 mM Curcumin in the presence of (A) 0 M 

(B) 2×10-6 M (C) 2×10-4 M and (D) 2×10-3 M NaF before and after UV irradiation 
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The irradiation technique is a versatile method for detection of fluoride but to further 

extend the method as an easy to use platform for sensing of fluoride, Curcumin was 

stained on filter paper. About 3 mM and 30 mM of Curcumin were separately dissolved in 

acetonitrile and the solutions were dropped onto the filter paper using a 1 mm hollow glass 

capillary to form spots. Filter paper and plain paper strips were also stained with the 

solutions by immersion into it. Samples of NaF were prepared in de-ionised water by 

dissolving appropriate quantities of NaF whereas TBAF was dissolved in acetonitrile. 

Addition of high concentration TBAF to filter and plain paper strips as shown in fig. 4.17a 

led to a purple colour of the strip portion as expected. But the addition of NaF samples 

dissolved in water did not lead to any significant colour changes. Equal volumes of the NaF 

samples were dropped onto the stained Curcumin spots on the filter paper. The spots were 

illuminated by handheld 365 nm UV lamp for 15 minutes. A mobile phone camera was 

used to record images of the spots before the addition of fluoride samples (row 1) and after 

irradiation of the spots (row 2) as shown in the Fig. 4.17b.  

Fig. 4.17b (row 2) shows the clear colour change between the samples with no NaF 

from those with NaF. The central region of the spots, where major diffusion of liquid is 

expected was selected and for each concentration of NaF, the images before irradiation and 

after irradiation were subtracted using Image J software. As shown in row 3 there is almost 

near dark region in the resultant image of subtraction for 0 M NaF. But with increase in 

concentration of fluoride, the yellowish green tinge increases. The contrast of the images 

was increased for clarity as shown in row 4. This clearly shows the stark change in different 

concentrations of fluoride as identified by the yellow-green regions in the image. Hence the 

irradiation technique can easily be extended to fluoride detection with low cost materials, 

light sources, image capturing and processing software. 

 

4.10  Conclusions 

The irradiation technique involving exposure of Curcumin to UV, Visible and mixed UV-

Visible radiation led to degradation of Curcumin. The degradation was studied using the 

changes in absorption, fluorescence spectra, FTIR and Raman spectroscopy. The photo-

chemical degradation of Curcumin was enhanced upon the addition of TBAF owing to the 

increase in basicity of the mixture solvent environment in the presence of TBAF. The 

degradation was also found to increase with increase in exposure time in all cases of 

irradiation. Enhanced degradation rate was observed in the case of solvents with large 



Chapter 4 

[114] 

 

dielectric constant. Simple experimental set-ups were demonstrated for the continuous 

monitoring of TBAF using low cost light sources. The irradiation technique was further 

extended to low cost, easy to use filter paper strips to detect NaF with the help of mobile 

phone camera and image processing software. 
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Chapter 5 

 

Curcumin-Aluminium complexes for sensing fluoride, phosphate and 

acetate 

 

 

In this chapter, the preparation of complexes of natural dye Curcumin with Aluminium 

and their sensing response towards inorganic salts of fluoride, phosphate and acetate in 

organo-aqueous medium have been described. Different ratios of Curcumin to Aluminium 

were prepared by varying the molar ratios of the precursors. The variations in optical 

characteristics of the dye-metal complexes in response to the three anions are discussed in 

the chapter. The limit of detection and range of detection of each complex towards the 

anions are estimated. The lower molar ratio of Curcumin-Aluminium complex had the 

lowest limit of detection whereas the complex with the higher molar ratio exhibited higher 

values for maximum measureable anion concentration. The response of a polymer fiber 

sensor doped with Curcumin-Aluminium complex towards the three anions has also been 

described in the chapter.  
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5.1 Introduction 

The importance of fluoride ion, the sources, the main methods of detection and the harmful 

effects of fluoride have already been reviewed in Chapter 1. As discussed in the chapter, 

the permissible limits of fluoride in drinking water is around 1.5 ppm as per WHO (1 ppm 

in India) and 4 ppm as per United States Environmental Protection Agency [1, 2]. 

Acetate ion is one of the most important biological anions with huge relevance in 

biochemical, environmental, pharmaceutical science and industrial applications [3, 4]. 

Many sensors have been reported for acetate including ion selective electrodes [5], 

colorimetric and fluorimetric probes [3, 6, 7]. The fluorimetric probes involve phenol based 

azo dyes and azo dyes with metal centre using the mechanism of proton removal and 

displacement of counter ions respectively, upon addition of acetate ion [6, 7]. Some of the 

other sensors report the use of Schiff base [3] that undergoes deprotonation in the presence 

of acetate. 

Phosphorous is found in biological molecules like phospholipids, nucleic acids etc [8].  

Phosphate is reported to play an important role in many basic processes like energy 

conversion and muscle contraction. It also finds use in the preparation of chemotherapy 

and antivirul drugs [9]. Phosphates can be inorganic or organic in nature and they are 

mainly classified as orthophosphates, polyphosphates and organic phosphates. 

Orthophosphates include H3PO4, H2PO4
2−, HPO4

2−, PO4
3− depending on the pH of water [10]. 

The use of synthetic detergents and fertilizers can cause excess phosphate in water 

resources [11]. The leaching of fertilizers and chemicals into water bodies eventually favour 

the growth of plankton making water unsuitable for drinking purposes. It also leads to 

abnormal algal blooming or eutrophication causing depletion of dissolved oxygen in water 

in turn harming aquatic life too [11].  

The maximum permissible limit of phosphate in drinking water as set by the WHO is 

1 ppm [11]. The most basic method for detection of orthophosphate involves the use of 

ammonium molybdate which forms a yellow coloured complex upon reaction with 

orthophosphate, but this method has low specificity [8]. The standard methods reported for 

phosphate detection are potentiometric methods and ion chromatography which are time 

consuming, tedious and expensive [11]. Many other detection techniques involve 

evanescent wave fiber optic sensor using ammonium molybdate [12], fluorescence based 

sensors using complexes of Zn [13] and Cu [9, 14], hydrogen bonding interaction of 

ferrocene amide [15] and morin dye-hydrotalcite complex used in hydrogel membranes 
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[16]. There are many sensors for the detection of fluoride and acetate [17, 18] as well as 

those that detect fluoride, acetate and phosphate [19-23]. The mechanisms used for 

detection mostly involve hydrogen bonding [19-23] and metal-ligand interaction [17, 18] 

Many organo-metallic complexes find applications in medicine, catalysis, biological 

and analytical fields [24]. Dye metal complexes are extensively used in textile industry [25] 

and medicine [26]. They have also emerged as a versatile tool for sensing applications 

including sensing of biochemical species [27], chemical species [28]. These complexes are 

also known for their capability of array based sensing using a single dye with different 

metal centers or under different pH conditions [29]. The advantages of using dye metal 

complexes for sensing includes the generally different optical properties of dye-metal 

complexes in comparison to the dye alone, the high binding capacity of the metal with the 

dye as well as the analyte in aqueous or polar environment [29] and the electrostatic type of 

interaction of the metal centre [6]. Also, the metal-ligand interaction can be highly selective 

toward certain anions depending on the geometry [13] 

A large number of metal complexes of Curcumin have been reported for a wide 

variety of applications as described in detail in the review by Wanninger et al [26]. Zinc-

Curcumin complexes have been used for ZnO nanoparticle synthesis and Nickel complexes 

finds use in the modification of oxidation electrodes [26]. Gold-Curcumin complexes have 

been used as an anti-arthritic, whereas Curcumin complexes of Copper, Aluminium, 

Indium and Galium have been reported to possess anti-cancer properties [26, 30]. 

Antioxidant properties have been reported for Curcumin complexes of Manganese, 

Copper, Indium and Galium [26, 31]. The bio-imaging, antiviral and antimicrobial 

applications of Curcumin complexes have also been reported [24, 26]. There is a lot of 

ongoing research on the formation of Curcumin complex with certain metals that are 

associated with the onset of Alzheimers disease [26, 32]. Metal complexes of Curcumin 

have been reported to be comparatively more stable than the parent Curcumin molecule 

[33]. 

The chapter describes the use of Curcumin-Aluminium (Cur-Al) complexes for the 

detection of fluoride, phosphate and acetate. The non-hydrogen bonding nature of the 

interaction between the dye metal complex and the anions led to optical response even in 

mixture solvents containing high water content.  
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5.2 Experimental methods 

The preparation of metal complexes of Curcumin generally involves the treatment of 

Curcumin with a strong base for deprotonation to take place and then a subsequent 

reaction with metal halide salts [26]. Curcumin-Aluminium complexes were prepared as 

reported in literature [32]. Curcumin (12 mM) (Acros Organic) and Aluminium chloride 

hexahydrate (AlCl3 .6H2O, Sigma aldrich) were dissolved in methanol and water 

respectively. The solutions of Curcumin and varying concentrations of AlCl3 were mixed in 

the volume ratio of 6:1 so that the resultant concentration of Curcumin and aluminium 

were in the molar ratio of 1:1, 1:2 and 1:4 (denoted as 1:1 Cur:Al, 1:2 Cur:Al and 1:4 Cur:Al 

respectively). These stock solutions of the complexes were then individually diluted using 

50:50 v/v Methanol (MeOH): water (H2O) mixture solvent and used for testing the 

response of anions. 

The sodium salts of common anions like chloride (NaC, Merck), bromide (NaB, SRL 

chemicals Pvt. Ltd), nitrate (NaN, Merck), hydrogen sulphate (NaS, Nice chemicals), di-

hydrogen phosphate (NaP, Merck), fluoride (NaF, Merck) and acetate (NaA, Fischer 

Scientific) were used to prepare anion stock solutions of required concentrations in de-

ionised water. The absorption and fluorescence variation in the samples were studied using 

Jasco V-570 UV-Vis-NIR spectrophotometer and Varian (Cary Eclipse) fluorescence 

spectrophotometer respectively. The slit widths for excitation and emission of fluorescence 

were 5 nm and 10 nm respectively. 

 

5.3 Results and discussion 

5.3.1 Effect of anions on the optical properties of Curcumin 

The normalized absorption and fluorescence response of Curcumin in 50:50 v/v 

MeOH:H2O mixture solvent is as shown in Fig. 5.1a and its optical response in the presence 

of sodium salts of common anions is as shown in Fig. 5.1b. Curcumin has an absorption 

peak at 429 nm and fluorescence emission centered at 541 nm. It can be seen that in the 

presence of common anions there is no change in absorption or fluorescence of Curcumin. 

This could be owing to the presence of water which may lead to competitive binding 

between water molecules and anions [34].  
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Figure 5.1 (a) Absorbance and fluorescence spectrum of Curcumin in 50:50 v/v MeOH:H2O 

mixture solvent (b) Response of Curcumin towards common anions 

 

 

Figure 5.2 (a) Effect of addition of NaP, NaA and NaF on the absorbance of Curcumin in 

MeOH:H2O mixture solvent (b) Colour changes of  (A) standard pH paper and (B) Curcumin 

stained filter paper upon addition of 1 M NaP, NaA and NaF anions 

 

The variation of normalized peak absorbance of Curcumin in mixture solvent upon 

addition of dihydrogen phosphate, acetate and fluoride is as shown in Fig. 5.2a. It can be 

seen that NaP exhibits no response in Curcumin whereas a decrease of 0.1 units was 

observed in the case of NaF. NaP, NaA and NaF are highly basic anions, and fluoride 

having the highest hydrogen bonding tendency [6, 23], it bonds with Curcumin at the 

phenolic OH site causing a decrease in absorbance. This was verified using standard pH 

paper and Curcumin stained filter paper as shown in Fig. 5.2b. Acetate shows a bluish 

green tinge in the pH paper indicating high basicity whereas fluoride has slightly less 

basicity. But in the case of Curcumin stained filter paper, fluoride showed dark purple 

colouration indicating the formation of a complex [34]. The pH of the solutions of 3×10-4 M 
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of NaP, NaF and NaA in de-ionised water were also measured using Lutron 206 pH meter 

and were found to be around 5.53, 6 and 6.5 respectively.  

 

5.3.2 Cur-Al complexes 

The formation of metal complexes depends on a variety of factors like concentration of 

reactants, solvent type and source of metal ion [33]. The formation and structural 

conformation of various Curcumin-Aluminium (Cur:Al) complexes have been described in 

detail by Jiang et al [32]. The absorption and fluorescence spectra of the prepared Cur:Al 

for different molar ratio of the precursors are as shown in Fig. 5.3. Curcumin has three OH 

sites which can be used for metal complexation, but the predominantly used site involves 

the OH of the β-diketone chain. Three types of complexes were reported to form at 

different molar ratios of Curcumin and Aluminium namely [Al(III)][curcumin]2, 

[Al(III)]2[curcumin]2 and [Al(III)]2[curcumin]. The complex of the type [Al(III)][curcumin]2 

was reported to be the dominant complex formed at lower molar ratio of 

Curcumin:Aluminium, whereas [Al(III)]2[curcumin] was reported to be the most stable 

form of the complex at higher molar ratios [32]. 

 

 

Figure 5.3 (a) Absorbance and (b) fluorescence of 1:1, 1:2 and 1:4 Cur:Al complexes in 50:50 

v/v MeOH:H2O mixture solvent 

 

The peak absorption of 1:1 Cur:Al complex is at around 436 nm with a shoulder at 455 

nm. The peaks at 440 nm and 455 nm are of approximately equal intensity for the 1:2 

complex whereas the absorption peak of 1:4 complex is at around 456 nm. The increase in 

absorption with increase in molar ratio of Cur:Al is in accordance with literature [32]. 

Curcumin complexes have a shifted absorption spectrum (~1-8 nm) compared to Curcumin 
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alone [24, 32]. The peaks at 436 nm and 455 nm/456 nm can be attributed to the complexes 

of Curcumin with Aluminium [32]. The absorption peaks as well as the shoulders in 

absorption spectrum are expected to be different for different complexes depending on the 

metal ion [24] 

 

5.3.3 Effect of anions on optical properties of Cur-Al complexes 

The effect of different anions on the response of the prepared Cur:Al complexes is as shown 

in Fig. 5.4. It was observed that the anions NaP, NaA and NaF showed decrease in 

absorption and fluorescence intensity for all the complexes.  

 

 

Figure 5.4 Normalised peak (a) absorbance and (b) fluorescence of 1:1, 1:2 and 1:4 Cur:Al 

complexes towards 2×10-4 M common anions 

 

There was also blue shift in the absorption peaks of all the complexes towards the 

absorption peak of Curcumin alone (~429 nm) with increase in concentration of anions (Fig. 

5.5). This indicates the conversion of Cur:Al complex to Curcumin via the displacement of 

Al cation from the complex. It is also possible that a sequential conversion of higher molar 

ratio Cur:Al complexes to lower ratio complexes could be taking place before the final 

conversion to Curcumin upon addition of higher concentration of anion. The complexes 

exhibit high selectivity towards NaP, NAF and NaA compared to other anions as can be 

seen from the peak absorption wavelength shift. Only NaP, NaF and NaA exhibit drastic 

shifts of wavelength towards the blue region of the spectrum. The other common anions 

evidently did not induce any change in the Cur:Al complexes.  
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Figure 5.5 Shift in peak absorbance wavelength of the complexes in the presence of 2×10-4 M 

of common anions 

 

5.3.4 Response of Cur-Al complexes to fluoride, phosphate and acetate 

The effect of NaP, NaF and NaA addition to Cur-Al complexes were individually studied. 

Figures 5.6 and 5.7 show the decrease in absorption and fluorescence intensity of the 1:1 

Cur:Al complex with increase in NaP.  

 

 

Figure 5.6 (a) Absorbance variation of 1:1 Cur:Al complex towards increasing NaP 

concentration (b) Expanded view of the peak absorbance showing blue shift in peak with 

increasing concentration  

 

The blue shift in absorption peak is also very clear. The dihydrogen phosphate anion 

H2PO4
‾ (NaP) has been reported to form complexes of the form Al(H2PO4)3 via removal of 

Al from Al-morin complex [16, 35]. There are also reports of aluminium based compounds 

being used for removal of phosphate ions [36]. 
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Figure 5.7 Fluorescence decrease of 1:1 Cur:Al complex in the presence of NaP (436 nm 

excitation wavelength) 

 

The absorption and fluorescence variation of 1:1 Cur:Al complex upon NaF addition is 

as shown in figures 5.8 and 5.9. The curves in the case of NaF seemed very similar to the 

case of NaP addition. Fluoride ion has been reported to form stable complexes like AlF2
+ 

[37] and AlF3 [38] with aluminium. There are also multiple reports of sequential detection 

of fluoride after the formation of Al complex by different compounds [39-41].   

 

 

Figure 5.8 (a) Absorbance variation of 1:1 Cur:Al complex with increase in NaF concentration 

(b) Expanded view of the peak absorbance  
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Figure 5.9 Fluorescence decrease of 1:1 Cur:Al complex in the presence of NaF (436 nm 

excitation wavelength) 

 

Figure 5.10 (a) Absorbance variation of 1:1 Cur:Al complex upon NaA addition (b) Expanded 

view of the absorption peaks (c) Expanded view of increase in the absorption intensity in the 

500-525 nm wavelength range (d)Fluorescence decrease of 1:1 Cur:Al complex in the presence of 

NaA (436 nm excitation wavelength) 
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Figure 5.10 shows the variation in absorption and fluorescence intensity of 1:1 Cur:Al 

complex upon NaA addition. It can be seen that there is a huge decrease in absorption and 

fluorescence intensity especially at high concentration of NaA. The expanded region of the 

absorption spectrum above 500 nm shows an increase in absorption with increase in NaA. 

It was also observed that there was a tinge of brownish orange colour in the originally dark 

yellow colour of the solution at very high concentration of NaA.  

Acetate has also been known to form complexes with Aluminium ion [17, 18]. The 

drastic changes in the absorption spectrum upon NaA addition can be attributed to not just 

disruption of Cur:Al complex (< 500 nm) but also to the increase in basicity of solvent 

environment with increase in NaA (> 500 nm) [6]. This could be causing deprotonation of 

Curcumin which can cause an increase in absorbance beyond 500 nm [34]. Sodium acetate 

finds use as a base to facilitate deprotonation of compounds to allow the complexation of 

the metal cation with the resultant anion of the compound [26].  

 

 

Figure 5.11 (a) Normalised peak absorbance values of 1:2 Cur:Al complex towards NaP, NaF 

and NaA (b) Variation in peak absorbance values at lower concentration of the anions 

 

As described above NaP, NaF and NaA can all form complexes with aluminium. The 

normalized peak absorbance and variation of peak absorption of 1:2 Cur:Al complex in 

response to the anions are as shown in Fig. 5.11. Fig. 5.11b shows that there is a huge 

change in peak absorbance at lower concentration of NaP and NaF (steeper slope of linear 

fitted line) compared to that of NaA. This could be because of the formation of stable 

complexes of phosphate and fluoride with aluminium cation after its removal from the 

Cur-Al complex. Some reports suggest that acetate only forms a weak complex with 
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aluminium [42] and this could be the reason for a weaker response of the complex towards 

NaA at lower concentration of NaA. 

Fig. 5.12 depicts the normalized change in peak fluorescence intensities as well as the 

variation in peak fluorescence intensities of 1:2 Cur:Al complex upon addition of NaP, NaF 

and NaA. The same trend was observed here too, with a faster decrease observed for NaP 

and NaF compared to that for NaA. The geometry of the anion concerned also contributes 

to the high sensitivity of the detection method or the sensing complex [23] 

 

 

Figure 5.12 (a) Normalised peak fluorescence values of 1:2 Cur:Al complex towards NaP, NaF 

and NaA (b) Variation in peak fluorescence values at lower concentration of the anions 

 

Figure 5.13 Shift in peak absorption wavelength of Cur:Al complexes upon addition of lower 

concentrations of NaP, NaF and NaA 

 

The variation in peak absorption wavelengths of the three Cur:Al complexes upon 

addition of NaP, NaF and NaA are as shown in Fig. 5.13. The shifts observed for NaP and 
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NaF are almost similar in the case of 1:1 Cur:Al complex, whereas the shifts in the case of 

1:2 Cur:Al complex are different for all three anions. The shifts in the case of NaA is 

significantly different from that of NaP and NaF in the case of 1:4 Cur:Al. Therefore, the 

shifts can also be used to selectively estimate the concentration of the three anions.  

The peak absorbance values and the normalized values of peak absorbance for the 

complexes towards NaP are as shown in Fig. 5.14. It can be seen that the lower molar ratio 

(1:1) Cur:Al complex shows greater resolution between the peak absorbance values 

whereas the higher molar ratio (1:4) displays the capacity to detect higher NaP 

concentrations as inferred from the normalized spectrum.  

 

 

Figure 5.14 (a) Variation in peak absorbance values of varied molar ratio Cur:Al complexes 

towards NaP (b) Normalised values of decrease in peak absorbance of Cur:Al complexes in the 

presence of NaP 

 

Figure 5.15 (a) Variation in peak fluorescence values of varied molar ratio Cur:Al complex 

towards NaP (b) Normalised values of decrease in peak fluorescence of Cur:Al complexes in the 

presence of NaP 
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The peak fluorescence values and the normalized values of peak fluorescence intensity 

of the complexes upon addition of NaP are as shown in Fig. 5.15. A similar trend was 

observed here as in the case of absorption. The changes in peak absorption wavelength 

shifts of the three complexes on NaP addition are as shown in Fig. 5.16. It can be seen from 

the expanded Fig. 5.16b that the three complexes display different shifts with change in 

concentration. Hence it is possible to detect concentration of a particular anion.  

 

 

Figure 5.16 (a) Decrease in peak absorption wavelength of the different Cur:Al complexes with 

increasing NaP (b) Expanded view of the lower NaP concentration region 

 

 

Figure 5.17 (a) Variation in peak absorbance values of Cur:Al complexes towards NaF (b) 

Normalised values of decrease in peak absorbance of the complexes in the presence of NaF 

 

The peak absorbance values and the normalized values of peak absorbance for the 

complexes towards NaF are as shown in Fig. 5.17. The peak fluorescence values and the 

normalized values of fluorescence of the complexes upon addition of NaF are as shown in 
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Fig. 5.18. The changes in peak absorption wavelength shifts of the three complexes on NaF 

addition are as shown in Fig. 5.19. 

 

 

Figure 5.18 (a) Variation in peak fluorescence values of varied molar ratio Cur:Al complexes 

towards NaF (b) Normalised values of decrease in peak fluorescence of the complexes in the 

presence of NaF 

 

 

Figure 5.19 (a) Decrease in peak absorption wavelength of the different Cur:Al complexes with 

increasing NaF (b) Expanded view of the lower NaF concentration region 

 

The peak absorbance values and the normalized values of absorbance for the 

complexes towards NaA are as shown in Fig. 5.20. The peak fluorescence values and the 

normalized values of peak fluorescence of the complexes upon addition of NaA are as 

shown in Fig. 5.21. The changes in peak absorption wavelength shifts of the three 

complexes on NaA addition are as shown in Fig. 5.22. 
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Figure 5.20 (a) Decrease in peak absorbance values of Cur:Al complexes towards NaA (b) 

Normalised values of decrease in peak absorbance of the complexes in the presence of NaA 

 

 

Figure 5.21 (a) Variation in peak fluorescence values of Cur:Al complexes towards NaA (b) 

Normalised values of decrease in peak fluorescence of the complexes in the presence of NaA 

 

 

Figure 5.22 (a) Decrease in peak absorption wavelength of the different Cur:Al complexes with 

increasing NaA (b) Expanded view of the lower NaA concentration region 
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It can be seen that in the cases of NaF and NaA addition too, the lower molar ratio 

(1:1) Cur:Al complex shows greater resolution between the peak absorbance values 

whereas the higher molar ratio (1:4) displays a higher values for maximum measureable 

anion concentration as inferred from the normalized spectrum. This could be due to the 

higher number of Al sites available in higher molar ratio Cur-Al complexes for interaction 

with the anions. 

The peak absorption wavelength shifts of Cur:Al complexes in the presence of some 

selected anion concentrations are as shown in Table 5.1. The blue shifting of absorption 

peaks can be attributed to the conversion of Cur-Al complexes to Curcumin via 

displacement of Al from the complex, as described in the earlier sections of the chapter. It 

can be seen that the peak absorption wavelength shifts can easily be used to infer the 

concentrations of anions either with the use of a single Cur:Al complex or multiple Cur:Al 

complexes (in some cases). 

 

Table 5.1: Peak absorption wavelength shifts of Cur:Al complexes in the presence of NaP, NaF and 

NaA for some selected concentrations  

Complex Anion Anion concentration 

  0 1.62E-5 6.80E-5 6.96E-4 

  Peak absorption wavelength (nm) 

 NaP 436 434 431 430 

1:1 NaF 436 435 429 429 

 NaA 436 434 431 422 

      

 NaP 440 438 433 430 

1:2 NaF 440 440 430 430 

 NaA 440 439 435 425 

      

 NaP 456 440 434 430 

1:4 NaF 456 455 434 429 

 NaA 456 455 440 429 

 

The maximum measurable concentration and limit of detection (LOD) of the different 

Cur:Al complexes towards NaP, NaF and NaA are summarized in Table 5.2. The LOD is 

estimated as that particular value of analyte (NaP, NaF, NaA) which when added to the 

sensing agent (Cur:Al complex) gives a signal (here, the peak absorbance) that is thrice the 
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value of the error (standard deviation) subtracted (or added) to the signal of blank sample 

[43]. The fluorescence values can also be used to calculate the LOD and dynamic range.  

 

Table 5.2: Maximum measureable concentration and LOD of NaP, NaF and NaA using Cur:Al 

complexes 

Complex NaP NaF NaA 

Maximum 

measureable 

concentration 

(M) 

 

LOD 

 

(M) 

Maximum 

measureable 

concentration 

(M) 

 

LOD 

 

(M) 

Maximum 

measureable 

concentration 

(M) 

 

LOD 

 

(M) 

1:1 3E-5 4E-7 1E-4 2E-6 4.3E-4 3E-6 

1:2 1.2E-4 3E-6 2E-4 4E-6 1E-3 1.5E-5 

1:4 2.4E-4 8E-6 4.8E-4 2E-5 2E-3 5E-5 

 

It can be seen from the table that the lower molar ratio of Cur:Al complexes can be 

used to detect lower concentration of anions whereas the higher molar ratio complexes 

exhibited higher values for maximum measureable anion concentration. This is a very 

attractive feature of sensing with Cur:Al complexes in addition to the water based sensing 

capability. The different LOD and range of the Cur:Al complexes allows for tuning the 

sensitivity and range of detection of the complexes towards anions by simply tailoring the 

molar ratio of the precursors. The change in optical characteristics of Cur:Al complexes 

towards NaF was also studied in ethanol-water and acetonitrile-water mixture solvents. It 

was found that the method works in different mixture solvents and also exhibits sensitive 

response towards organic form of fluoride i.e TBAF. This could be owing to the non 

covalent electrostatic interaction between the anions and Al3+ cation [29].   

 

5.4 Polymer optical fiber for sensing applications 

Polymer fibers have generally been used in LAN interconnects and short distance 

communication [44]. Over the years it is extensively used in imaging [45], amplifier [46] 

and laser [47, 48] applications using dye doped polymer fibers. Polymer fibers find 

tremendous applications in sensing strain, pressure, humidity, liquid level, pH etc and 

hence are also used in structural health monitoring and medicine [44, 45, 49]. The ease of 

handling (large core diameters), low cost preparation [44], bio-compatibility [49] and low 

temperature processing of polymer fibers make it a desirable candidate for hosting sensing 

dyes which are prone to degradation at processing temperatures of silica fibers. The use of 
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polymer fiber to host Cur:Al complexes would further allow continuous monitoring and 

detection of anions in ground water resources.  

 

5.4.1 Fabrication of polymer fiber preform 

The poly-methylemethacrylate (PMMA) preform for fabricating PMMA polymer optical 

fiber (POF) was prepared by polymerising the monomer methylmethacrylate (MMA, 

Sigma Aldrich). Before it is polymerised, the MMA solution was washed repeatedly with 

equal volumes of 0.5 wt % sodium hydroxide (NaOH) solution so as to remove the 

inhibitors. The resultant MMA was then washed a number of times with equal volumes of 

water. A drying agent like Calcium chloride (CaCl2) was then added to the washed MMA 

to remove water content. MMA was then filtered out and distilled under reduced pressure 

to get purified monomer [50].  

To the monomer (30 ml) taken inside a test tube, 0.4 wt. % benzoyl peroxide (BPO), 0.1 

wt. % n-butyl mercaptan and 1:2 Cur-Al complex dissolved in ethanol (~10-4 M dye) were 

added. BPO initiates the polymerization reaction and n-butyl mercaptan functions as the 

chain transfer agent that controls the rate of polymerization [47]. The mixture was stirred 

for a few minutes and placed in a temperature controlled oil bath for three days at 70ºC.  

 

5.4.2 Fiber drawing from preform 

A dedicated fiber drawing station was used for drawing optical fibers from the prepared 

solid fiber preforms. The fiber drawing station has a heating furnace, a translational stage 

with a metallic slot for feeding the fixed fiber perform into the heating furnace and a 

section with two rollers for pulling the fiber at a regulated rate (Fig. 5.23 ). There is also a 

separate spool for collecting the fiber drawn.  

The feed rate FR, the draw rate DR, the diameters of the preform DP and fiber DF are 

related by the equation [51]: 

 
𝐷𝐹

𝐷𝑃
=   

𝐹𝑅

𝐷𝑅
 

1

2
        (5.1) 

Hence for a given diameter of preform, optical fibers of different diameters can be 

drawn by adjusting the feed rate and the draw rate. The fiber preform was fixed in the 

preform holder and fibers of different diameters were drawn at a temperature of about 180º 

C. The fiber with approximately 400 µm diameter was used for the evanescent wave optical 

fiber sensor experiments. 
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Figure 5.23 Schematic of the polymer optical fiber drawing station (b) Polymer fiber preform 

doped with 1:2 Cur:Al complex (c) Polymer optical fiber drawn from the doped preform 

 

5.4.3 Experimental set up for evanescent wave straight fiber sensor using POF 

The experimental set-up of the evanescent wave straight optical fiber sensor using Cur:Al 

doped polymer fiber is as shown in Fig. 5.24. About 12 cm of the Cur-Al doped fiber was 

fixed inside a cylindrical glass cell along its axis using epoxy glue. The cell has provisions 

for introducing the anion samples in water into the cell and also for the drainage of 

samples from the cell. A 403 nm laser was focused into one end of the polymer fiber using a 

convex lens having focal length 3.5 cm. The light output from the other end of the polymer 

fiber was collected using a fiber probe and was processed by a SpectraSuite HR 4000 Ocean 

Optics spectrometer. The cylindrical cell holding the fiber was flushed with water 

repeatedly in between each measurement.  

 

Figure 5.24 Schematic of the experimental set-up of the evanescent wave straight fiber 

sensor using Cur:Al complex doped PMMA polymer fiber 
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The light emission from the 1:2 Cur:Al complex doped fiber is as shown in Fig. 5.25a. 

The change in values of fluorescence recorded upon addition of water alone and anion 

samples in water with varying concentration of NaP, NaF and NaA is as shown in Fig. 

5.25b. The fiber response shows similar trend of fluorescence decrease with increase in 

anion concentration as in the case of response of Cur:Al complex in MeOH:H2O mixture 

solvent. The 403 nm (incident light) wavelength region in the output spectrum did not 

show considerable change in intensity (~2-3 a.u.) when compared to the change in 

fluorescence signal values. The measurement of refractive index values of 2×10-6 M-2×10-3 

M NaF by Sipcon Abbe’s refractometer showed no change in refractive index of the 

samples. Hence refractive index induced changes in transmission can be considered to be 

negligible.  

The fluorescence decrease could possibly be due the partial bonding of anions at the 

exposed Al sites in the Cur:Al complex doped fiber. The intensity of fluorescence emission 

recorded depends on the length of the doped fiber since a longer length can cause 

attenuation in signal by scattering or re-absorption [52]. But in general, increase in length of 

fiber can provide better sensitivity for the fiber sensor [53]. Hence the accurate 

determination of optimum doped fiber length to get enhanced emission is necessary. This 

will further ensure better resolution between fluorescence intensities recorded from the 

fiber corresponding to different anion concentrations.  

 

 

Figure 5.25 (a) Output spectrum of 1:2 Cur:Al doped polymer fiber (b) Fluorescence emission 

recorded from the polymer fiber sensor in response to NaP, NaF and NaA. Inset of figure 5.25b 

shows the expanded view of fluorescence values recorded from fiber corresponding to 2×10-6 M, 

2×10-5 M and 2×10-4 M of NaP, NaF and NaA 
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5.5  Conclusions 

Curcumin-Aluminium complexes with 1:1, 1:2 and 1:4 molar ratios were prepared using a 

simple direct reaction of Curcumin and metal halide salt. There was a blue shift in 

absorption peak along with a decrease in peak intensity for all the complexes upon 

addition of acetate, phosphate and fluoride anions owing to the removal of Al from the 

complexes. The 1:1 Cur:Al complex was found to exhibit very low limit of detection of 

4×10-7 M, 2×10-6 M, 3×10-6 M towards phosphate, fluoride and acetate respectively. The 1:2 

and 1:4 Cur:Al complexes, on the other hand, can be used to measure higher anion 

concentrations.  

The peak absorbance, fluorescence intensity as well as peak absorption wavelength 

shift can be used to measure the concentration of anion. The Cur:Al complexes can respond 

to both inorganic and organic anion salts in solvent mixtures containing different water 

content owing to the non covalent interaction of the metal Al with the anions. An initial 

investigation into the use of 1:2 Cur:Al complex doped in PMMA polymer optical fiber as 

an evanescent wave straight optical fiber sensor was carried out. The polymer fiber sensor 

showed slight decrease in recorded fluorescence with increase in the concentration of 

anions. 
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Conclusions and Future prospects 

 

 

In this chapter, the general conclusions of the works presented in the thesis are 

summarized. A brief discussion on the possible future prospects of fluoride detection and 

measurement is also presented. 
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6.1 Conclusions 

Fluoride is a highly reactive species which finds use in day to day life. But owing to the 

presence of even natural sources [1] that can contribute heavily to fluoride pollution in 

ground water resources and the resulting adverse effects in human health, fluoride sensing 

becomes an important challenge that needs urgent attention. Some synthetic, natural 

organic dyes and their derivatives were investigated for the development of optical sensing 

of both organic (TBAF) and inorganic (NaF) forms of fluoride in organic solvents and 

organo-aqueous medium. The results of the investigations towards the development of 

simple, sensitive and selective fluoride sensors are presented in the thesis.  

Rh6G, a high quantum yield dye responds to fluoride sensitively in organic solvent 

acetonitrile via NH de-protonation and this is reflected in the fast decrease in absorption 

and fluorescence intensity values. The use of a FRET mechanism with the addition of 

C540A donor was studied and it allowed for the increase in the range of detection with 

comparable sensitivity to that of Rh6G alone. The increase in fluoride causes a reduction in 

FRET efficiency and a subsequent increase in C540A emission which can be helpful to 

quantify fluoride of high concentration. A hollow glass capillary externally coated with 

C540A doped in PMMA was also demonstrated for TBAF detection with the help of Rh6G. 

The concentration and thickness of the C540A coating was varied and the emission from 

capillary containing both C540A and Rh6G fluorescence components was used to estimate 

the concentration of fluoride. This non-FRET optical interaction of Rh6G and C540A 

seemed to show a similar trend in fluorescence emission recovery of C540A with increase 

in TBAF. The red shift of C540A fluorescence emission can be used along with the emission 

intensities for fluoride detection. A low cost UV LED source can also be used to excite 

fluorescence which further makes it an attractive, simple to use alternative to bulky 

spectrophotometers.  

Curcumin, a non-toxic natural dye was used to detect fluoride in polar solvent 

acetonitrile and non-polar solvent anisole having different refractive indices. The OH de-

protonation mechanism for optical response was confirmed using addition of protic 

solvents and studying the effect of pH on the shift of absorption spectrum of Curcumin. 

Simple evanescent wave absorption based straight and U shaped optical fiber sensors were 

fabricated. The fluoride concentration was quantified using the change in transmittance of 

the optical fiber sensor while immersed in Curcumin solution. Also, fiber probes consisting 

of combinations of chemically tapered and smaller length un-cladded sections were used to 
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collect the reduced fluorescence of Curcumin with increasing TBAF. The hybrid probes 

exhibited greater collection efficiency of Curcumin fluorescence and its decrease upon 

interaction with fluoride.  

Both the above mentioned methods involve the use of organic solvents and are not 

effective in purely aqueous media owing to the hydrogen bonding nature of interaction. 

The use of natural dye Curcumin in aqueous medium would be immensely attractive 

owing to the low cost, non toxic nature of the dye. But Curcumin has very low solubility in 

water. This led us to consider the possibility of irradiation in mixture solvents as a 

technique for aqueous based sensing of fluoride. The irradiation of Curcumin in mixture 

solvents with different sources of light was demonstrated as a means to detect fluoride of 

both organic and inorganic forms. The addition of fluoride leads to changes in the basicity 

of the microenvironment of Curcumin in the mixture solvent leading to its accelerated 

degradation. This process leads to a decrease in absorption and fluorescence intensities of 

Curcumin accompanied by photo-fading. The degree of photo-degradation was found to 

increase with increase in fluoride concentration and was also found to be sensitive to the 

type of solvent used. Experimental set-ups were devised for studying the effect of solvent 

type and exposure time on Curcumin photo-degradation and the changes in optical 

properties of Curcumin upon irradiation in the presence of fluoride. The continuous 

monitoring of Curcumin fluorescence and transmittance of light was also carried out using 

low cost sources and detectors. The simple method of irradiation of filter paper strips 

stained with Curcumin was also demonstrated to detect NaF and slight colour changes of 

the strip were visible to the naked eye. But stark colour changes were observed in the cases 

of high fluoride concentration samples upon image subtraction with the use of simple 

image processing software.  

Curcumin-aluminium complexes in the molar ratio of 1:1, 1:2 and 1:4 were prepared 

and the optical response (absorption, emission intensity and absorption wavelength) of the 

complexes towards phosphate, acetate and fluoride were studied. The blue shifted 

absorption peak of the complexes upon anion addition suggests the displacement or 

removal of Al from the complexes by the anions. The method can be used to detect both the 

inorganic and organic forms of anions in a wide range of mixture solvents owing to the 

non-covalent (non hydrogen bonding) nature of interaction with the Al metal. A 

preliminary investigation of PMMA based polymer fiber doped with 1:2 Cur:Al complex 

was carried out. The evanescent wave straight fiber sensor constructed using the polymer 
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optical fiber showed slight decrease in recorded fluorescence with increase in fluoride, 

phosphate and acetate.  

 

6.2 Future prospects 

The major challenges involving the development of optical sensors for fluoride 

involve the strong hydrogen bonding tendency of water molecules towards most sensing 

agents [2]. This is the reason for a large number of reports on fluoride detection in organic 

media or mixtures of organic solvents and water with water content in low proportions. 

Optical fiber sensors offer a lot of advantages including sensitivity, small size, lightweight, 

remote sensing capability and immunity to electromagnetic interference [3].  

Tapered optical fibers offer efficient excitation and collection of fluorescence [4]. 

Different combinations of taper diameters and lengths can be used for increasing the 

efficiency of excitation and collection of fluorescence from Curcumin. In addition to the use 

of silica fibers, tapered polymer fibers with silica xerogel films doped with the sensing dyes 

like Rh6G and Curcumin can be used for the detection of fluoride. Hollow capillary based 

sensing requires very low volume of sample for interrogation and a low cost capillary 

element. The coating of Rh6G dye alone as well as the C540A-Rh6G FRET pair inside the 

capillary can be tried to directly detect samples of fluoride.  

The use of paper based sensing mechanisms using low cost dyes like Curcumin is very 

attractive, but over time the paper based systems can get damaged due to environmental 

conditions. The incorporation of organic dyes in films is reported to increase photo-stability 

and Curcumin incorporated porous xerogel films are easy to handle and can be preserved 

for a long period of time. The use of free standing films and bio-compatible hydrogel films 

are also attractive to carry out the irradiation process with the added advantage of the 

option for continuous monitoring of the film absorption/fluorescence/transmittance.  

The other interesting possibility towards sensing of fluoride can be the use of 

nanoparticles. Nanoparticles of different morphologies and sizes have different optical 

properties and are reported to have very high sensitive response to multiple parameters. 

There are only a few reports on the use of nanoparticles like Ag doped CdS/ZnS core-shell 

[5], gold [6], mesoporous silica [7] and carbon nanodots [8] for the detection of fluoride and 

the use of nanoparticles can allow the detection of fluoride in aqueous medium.   
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