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ABSTRACT 

Over the years, Fluoride has been identified as a contaminant of great global concern 

on drinking water safety. The need to prevent the population from consuming higher 

fluoride content in water lies in fluoride sensing. A number of the reported fluoride 

probes are water-insoluble and suffer from a longer time taken to respond thus, 

limiting application in real-time fluoride detection. To solve the above problems, 

new and accurate fluoride detectors with ability to detect very low Fluoride 

concentrations in water in the presence of other anions have been developed. Three 

novel sensors 7-O-tert-butyldimethylsylyl-3-cyano-4-methylcoumarin (2), 7-O-tert-

butyldiphenylsylyl-3-cyano-4-methylcoumarin (3) and 7-O-tert-butyldimethylsylyl-2-

(hydroxyimino)-4-methyl-2H-chromene-3-carbonitrile (4) were synthesized by 

introducing fluoride responsive tert-butyldimethylsilylchloride (TBDMS) and tert-

butyldiphenylsilylchloride (TBDPS) moieties into the 3-cyano-7-hydroxy-4-

methylcoumarin (1) derivatives and by modifying the lactone moiety of compound 

(1) by substituting the lactone carbonyl with a hydroxyimino group. The starting 

reagent (1) and the synthesized compounds 7-O-tert-butyldimethylsylyl-3-cyano-4-

methylcoumarin (2), 7-O-tert-butyldiphenylsylyl-3-cyano-4-methylcoumarin (3) and 

7-O-tert-butyldimethylsylyl-2-(hydroxyimino)-4-methyl-2H-chromene-3-carbonitrile 

(4) were characterised using GC-MS spectrometer (Micromass, Wythenshawe, 

Waters, Inc. UK),  Bruker Avance NEO 500 MHz (TXO cryogenic probe) NMR 

spectrometer and Agilent 400 MHz -DD2 NMR spectrometers. The NMR spectral 

data were processed by MestreNova (v14.0.0) software. The absorption and 

fluorescence characteristics of these synthesized fluoride sensors were studied by use 

of UV-Vis spectrophotometer and Fluorospectrophotometer. An investigation on the 

response of the synthesized sensors 2, 7-O-tert-butyldiphenylsylyl-3-cyano-4-

methylcoumarin (3) and 7-O-tert-butyldimethylsylyl-2-(hydroxyimino)-4-methyl-2H-

chromene-3-carbonitrile (4) to environmentally and biologically relevant anions 

revealed lower levels of background of fluorescence in the range of 2.1 to 3.9 AFU. 

However, their fluorescence responses were not considerably affected due to direct 

competition with the tested anions apart from fluoride. These results undoubtedly 

show that environmentally relevant groundwater anions found in do not impede with 

fluoride detection by the synthesized sensors 7-O-tert-butyldimethylsylyl-3-cyano-4-

methylcoumarin (2), 7-O-tert-butyldiphenylsylyl-3-cyano-4-methylcoumarin (3) and 

7-O-tert-butyldimethylsylyl-2-(hydroxyimino)-4-methyl-2H-chromene-3-carbonitrile 

(4). The detection limits of these sensors were established to be 4.5-8.5 µM in 

aqueous NaF solutions with 7-O-tert-butyldimethylsylyl-2-(hydroxyimino)-4-methyl-

2H-chromene-3-carbonitrile (4) being the most sensitive. However, they confirmed 

their capability to determine TBAF concentrations as lower concentrations of between 

0.18 µM
 
and 1.9 µM. This is considered much lower than the current WHO guidelines 

for maximum fluoride concentration in potable water of 789.4 µM (1.5 mgL
-1

). The 

second order rate constants for these sensors were between 1.4 x10 M
-1

min
-1

 and 1.9 

x10 M
-1

min
-1

. This demonstrates their ability to rapidly sense the existence of aqueous 

fluorides in potable water. The quantum yields of these sensors compared against 

quinine sulphate (standard) were established to be between 0.65 and 0.72. This 

indicates that all the synthesized sensors had higher efficiency of photon emission 

than Quinine sulphate which stands at 0.546. 
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CHAPTER ONE 

INTRODUCTION 

This chapter discusses the sources and methods of exposure and health consequences of 

fluorides. The methods of fluoride detection and analysis have also been emphasized. 

This chapter concludes by identifying the gap in the literature that this study will fill 

through the problem statement and justification of this research. 

 

1.0 Background of study 

An elevated fluoride concentration in domestic water is a major health risk since it can 

cause fluorosis, which is a common and severe condition on the teeth and bone. Given 

the relevance of fluoride, an effort has been made to design and produce basic, cheap, 

and simple-to-use fluride sensors. A number of the reported fluoride probes are water-

insoluble and usually suffer from a longer time taken to respond thus, limiting their 

application in real-time fluoride detection. This research work aimed at solving the 

aforementioned problems; by designing novel accurate fluoride detectors with ability 

to detect aqueous Fluoride ion concentrations below the WHO recommended fluride 

levels in the presence of other anions. 

 

1.1 Fluorine 

1.1.1 Occurrence  

Fluorine is a natural element that ranks 13
th

 in terms of abundance (Shahid, et al., 2019). 

The Earth‘s crust contains approximately 0.08 % of Fluorides (Yadav, 2019). It highly 

dissolves in air, water and soil. Due to its high reactivity, Fluorine does not occur as an 

independent atom in nature, but bound to other elements as fluoride (Lacson et al., 

2020).  In 2016, a study on dental caries Global Disease burden estimated that dental 
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caries of the permanent teeth was most prevalent. This accounts for about 2.4 billion 

people, out of which, about 486 million children suffer from primary teeth caries (Vos 

et al., 2017).  

 

Over the years, fluoride has been identified as a contaminant of great global concern in 

terms of drinking water safety (Barathi et al., 2019). Fluorine commonly occurs in 

many rock-forming minerals and sedimentary rocks. Fluorine is the most abundant 

halogen in the sedimentary rocks. Classic sediments can contain higher levels of 

fluorine, while sediments that are either of life origin or/and chemical may contain more 

than 800 mg/kg fluorine (Ranjan & Yasmin, 2019). On average, fluoride content of 

rocks ranges between 100 milligram for every kilogram in ultramafic rock deficient in 

SiO2 to 1000 milligrams for every kilogram in alkalic rock (Ranjan & Yasmin, 2019). 

Fluoride ions are released into groundwater from fluoride bearing minerals. These 

include; biotite, fluorite, fluoroapatite, among others (Adimalla et al., 2018). Some parts 

of Africa especially Eastern and western are highly affected by fluoride contamination 

(Bhattacharya, 2020). 

 

Fluoride is commonly observed in ground water due to natural and anthropogenic 

processes during its formation. Fluoride can get dissolved in groundwater after being 

leached out during the natural movement of water in the soil substrata. In many 

basement aquifers, high fluoride concentration is commonly found in calcium-deficient 

ground waters, these include; geothermal fluids, granite, and sedimentary basins among 

others. (Bhattacharya, 2020). When water passes through the rocks, there is ion 

exchange between F
−
 and OH

−
, this leads to elevated amounts of fluoride in 

groundwater (Adimalla et al., 2018). 
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Natural phenomenon includes mainly weathering of rocks, volcanoes and geothermal 

activities. The geological settings and types of rock are the two major contributors that 

influence the variation of groundwater fluoride ion concentrations. Fluorine 

concentrations in igneous and volcanic rocks vary from 100 mg/kg (ultramafic) to more 

than 1000 mg/kg (alkalic) while in sedimentary rocks it ranges from about 200 mg/kg  

in limestone to 1000 mg/kg  in shales; metamorphic rocks' fluoride concentration range 

from about 100 mg/kg in regional metamorphism to a much higher than 5000 mg/kg  in 

global/contact metamorphism (Bondu, 2020). Some of the most common Fluoride 

occurrences in the ecosystem are shown in Figure 1.1. 

 

Figure 1.1: Some of the common sources of ground water fluoride contamination 

in the ecosystem. 
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The information on some of the fluoride-bearing minerals or rock with its chemical 

compositions is provided in table 1.1. Fluoride-rich groundwater may be found in 

several regions of the world, notably major parts of Middle East, Southern Asia (Sri 

Lanka, Bangladesh, and India, Pakistan), China and Africa (Keesari et al., 2021). One 

of the most well-known continental high fluoride zones runs from Malawi to Eritrea 

along the East African rift system, as well as from Iraq to Turkey. Other countries 

include; India, Iran, Northern Thailand, China and Afghanistan (Dharmaratne, 2019; 

Dhilleswara et al., 2021). Even though aquifer mineral has high concentration of 

fluoride, contact time or reaction time plays major role in ultimate concentration of 

fluoride in source water. High fluoride concentrations can build up due to longer 

reaction time. These types of aquifers are commonly associated with deep aquifer 

systems and zones where groundwater flow velocity is low (Saeed et al., 2020).  

 

Table 1.1: Natural sources of fluorides   

Source Formula Fluoride Content 

Sellaite MgF2 61% 

Villiamnmite NaF 55% 

Cryolite Na3AlF6 54% 

Fluorspar CaF2 49% 

Topaz Al2 SiO4 (F,OH)2 11% 

Bastnaesite (Ce, La) (CO3) F 9% 

Lepidolite K(Li,Al)3(Si,Al)4O10(F, OH)2 4.9% 

Phlogopite KMg3(Si3AlO10)(F,OH)2 4.5% 

Fluorapatite Ca3(PO4)3F 4% 

(Rubio et al., 2020; Štepec, et al., 2019). 
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Fluoride levels are typically low in shallow aquifers that are commonly infiltrated with 

rainfall. Variations can be found in other aquifers found in active volcanic regions that 

have been altered by hydrothermal activity. The fluoride solubility rises with rising 

temperature as well as the dissolution of HF gas (Ong et al., 2020). Thus, groundwater 

with high fluoride concentration is associated with thegeochemistry of the region having 

neutral to alkaline pH of 7.6–8.9, low Ca, and high Na and HCO3 concentrations (Subba 

et al., 2020).  

 

Further, the intrinsic groundwater fluoride content is determined by geological factors 

and the physicochemical features of the aquifer (temperature, pH, porosity, and 

chemical composition), and depth of the aquifer and intensity of weathering (Subba et 

al., 2020). Some of the anthropogenic activities like agriculture, industrial operations 

(soils used in concrete/ceramic industry or coal burning) and phosphate-based fertilizer 

usage also greatly influence in increasing the groundwater fluoride concentration. 

Source includes liquid discharges from industries like glass, ceramic, brick, iron works, 

toothpaste, electroplating, and many more (Ankidawa et al., 2020). 

 

 Fuel combustion byproduct fly ash contains high fluoride similar to volcanic fly 

ash. Every year, between 100 and 150 million tonnes of fly ash are released in the air 

globally as a result of coal combustion, particularly in electric power generation stations 

(Yousuf et al., 2020). Fluoride gets leached into groundwater once fly ash is disposed of 

improperly. Atmospheric fluoride originates from fluoride-containing soils, gaseous 

industrial pollutants, coal fires and volcanic activity (Schlesinger et al., 2020). At later 

stages, these atmospheric fluorides are deposited on ground and enter the hydrological 

cycle. Table 1.2 shows the five major natural sources of fluorides. 
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Table 1.2: Average fluoride concentration ranges in environment  

Environment  Range  Unit 

Ambient air (non-industrial zone)  0.01–0.4  µg/m
3
 

Ambient air (industrial zone)  5–111  µg/m
3
 

Precipitation (non-industrial zone)  1–89  µg/L 

Precipitation (industrial zone)  0.1–1  mg/L 

Ocean (increases with depth)  0.3–1.4  mg/L 

Soil  90–980  mg/L 

River  0.1–0.2  mg/L 

(Ali, 2020). 

 

1.1.2 Applications of fluorine 

Fluorine as an element remains a key player in a larger number of biochemical 

processes. Due to its unique character in preventing caries and in the treatment of 

osteoporosis, it is commonly included as an important constituent in toothpaste. Other 

applications include pharmaceutical, beauty products and drinking water. Fluoride is 

required for suitable growth and protection of strong teeth and bones as well as healthy 

hair and nails. It is also applied in military science as nerve gas monitor as well as in 

nuclear weapon manufacture (Udhayakumari, 2020). 

 

1.1.3 Health significance of fluorides  

Water is considered to be the largest contributor for daily fluoride intake amounting 

to about 75–90% (Assunção et al., 2018). Fluoride ion precence in domestic and 

particularly drinking water has always been a double-edge sword with both beneficial 

and detrimental effects on the population‘s health depending on the amounts of 

consumption. It is beneficial for older people since it reduces hardening of arteries, 
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stimulates bone formation, and helps in the treatment of osteoporosis (Johnston & 

Strobel, 2020).  

 

Human exposure to fluoride is via drinking water, foods, products for dental cleanliness, 

absorption through the skin from chemicals and contact with certain wastes and 

emissions from industries (Villanueva et al., 2014).  Concentration of fluoride past the 

recommended World Health Organization (WHO) limit of 1.5 milligram for every 

litre (Cotruvo, 2017) is common in several regions within the African continent.  

Fluoride (F
-
) is consumed by millions of people globally through water uptake. 

According to the most recent estimates, more than 200 million individuals from 25 

states worldwide suffer from effects caused by fluorosis. China and India, the world's 

two most populated countries, are the hardest affected (Rasool et al., 2018). 

 

The United States public health service has set its daily fluoride maximum uptake to be 

1 milligram. On average, the human body contains about three milligrams of fluoride 

(Peckham and Awofeso, 2014). Fluorine as an element is exceedingly poisonous. 

Fluorosis (Wang et al., 2020), causes severe toxic effects to the tissues leading to grave 

neurodegenerative and related diseases (Esparza et al., 2019; Grandjean, 2019). 

Furthermore, disorders of the kidney increased density of the bone, cancer and even 

death may be caused by consuming higher levels of fluorides (Udhayakumari, 2020). In 

2017, a study by Malago et al., showed that high fluoride levels occur in states such 

as Kenya, Tanzania, Uganda, Sudan, and Ethiopia within Eastern region of Africa, 

Malawi, and South Africa within the Southern side of Africa and Nigeria, Algeria, 

Ghana in Western side of Africa. The maximum known fluoride concentration so far 
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stands at 2,800 milligrams per litre of water in Lake Nakuru located in Kenya‘s 

central rift (Malago, 2017).  

 

Another study by Wambu et al., in 2014 estimated that 36% of children living in 

Bondo-Rarieda are at risk of fluorosis as they consume water from ground sources with 

fluoride levels above the recommended WHO limit (Wambu et al., 2014). Soaring 

water fluoride levels is related to volcanic activities, especially the ones with high 

pH, volcanic gas emissions, granitic and gneissic rocks (Mengyan, 2020). The health 

significance of fluoride consumption at different levels is as shown in table 1.3. 

 

Table 1.3: Health significance of fluoride consumption  

Fluoride, 

mg/L  

Impact 

< 0.5  Tooth decay 

0.5–1.5  Optimum dental health, works against dental caries 

1.5–3  Dental fluorosis, blackening and enamel hypoplasia and teeth from long-

term exposure, mottled enamel, Roentgenographic bone changes, 

polydipsia 

3–8 Skeletal fluorosis, damages fetus, infant mortality due to calcification 

of blood vessels, low IQ in children, osteosclerosis, renal diseases, 

elevated serum alkaline phosphatase, stiffness of knees and hips, 

increased bone mineral density, bone and joint pains. 

10–100  Gastroenteritis, skin irritation, deformation of bones and other skeletal 

abnormalities, thyroid changes, growth retardation, kidney damage, 

crippling 

 (Johnston & Strobel, 2020; Wang et al., 2020) 
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The presence of F
-
 anions at concentrations above 1.5 mg/L is causes spotting and 

discoloration (mottling) of teeth. The long-term exposure may result in permanent grey 

to black discoloration of the enamel (dental fluorosis) (Khandare et al., 2018). Children 

consuming water containing fluoride of 5 mg/L may develop pitting of the enamel. 

Further, consuming larger concentration of 30–50 mg/L may lead to deformation of 

bones and other skeletal abnormalities. Since fluoride affinity towards phosphate is 

high, 96–99% of consumed fluoride combines with bones. Optimum concentration of 

fluoride consumption (1.5 mg/L, according to WHO) helps to maintain dental health 

and appropriate bone density (Saeed et al., 2020).  

 

Non-skeletal fluorosis causes gastrointestinal related ailments as well as neurological 

problems (Grandjean, 2019). From these facts, it is evident that fluoride has adverse 

impact on human health when it is consumed at higher concentrations and for longer 

duration. Reducing fluoride concentration from excess to safe levels is very essential. 

Different physicochemical methods are proposed to be practiced and investigated for 

fluoride elimination from water using chemicals, biosorbents, ion exchange resins, etc., 

which are synthesized or are naturally available (George, 2020). 

 

Teeth fluorosis is the dental hard tissues pathology that occurs during the formation of 

the teeth (Simmer et al., 2012). Endemic fluorosis incidence correlates with the 

environmental fluoride, particularly water (Mohammadi et al., 2017). Endemic fluorosis 

is in more than a thousand zones in the world. The East African Rift System (EARS) 

states are highly exposed to high fluoride levels from their groundwater (Karunanidhi et 

al., 2020). The general damages caused by fluorides in animals ranges from cells to 
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organs and even structures (Zhao et al., 2018; Yadav, 2019; Jiménez-Córdova et al., 

2019; Wimalawansa, 2020).  

 

Low concentration of Fluoride is favourable to healthy teeth. The WHO guidelines 

specifies a fluoride concentration limit of 1.5 milligrams for every litre of drinking 

water; lower than this, fluoride promotes the development of healthy teeth and strong 

and healthy bones However, beyond this concentration it is known to replaces apatite by 

chemical reaction in teeth (Mengyan, 2020). Calcified tissues, in particular, are a 

normal sinks for fluorides (Voicu et al., 2020).  

 

Incorporation of fluorides as fluoro(hydroxy)apatite in tooth enamel mediates its 

anticaries action (Iafisco et al., 2018). Fluoride is known to play crucial role in teeth and 

bone mineralization (Walsh, et al., 2019; (Saha, et al., 2020), motility of sperms and 

fertility decline (Liang et al., 2020), enzyme activation (Waugh, 2019) and the 

production of blood cells (Miranda et al., 2018) among others. Fluorides at low levels 

also decrease the production of acid by inhibiting the breakdown of carbohydrates by 

bacteria (Zhao et al., 2018). 

 

Long-term interaction with excess fluorides lead to all forms of fluorosis (Wong & 

Stenstrom, 2018; Esparza et al., 2019; Grandjean, 2019; Mengwei et al., 2020; Zhang et 

al., 2020). Skeletal fluorosis is considered in cases of extra bone growth accompanied 

by distended bone joints (Sellami et al., 2020) leading to poor and unhealthy quality of 

the bones (Wu et al., 2019). Acute fluoride toxicity includes nausea, vomiting, 

abdominal pain and diarrhoea (Amadeu de Oliveira et al., 2018) (Jeffrey Kuo et al., 

2020). 
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The renal system is key in excreting excess ingested fluorides. On average, about half of 

the ingested fluorides‘ excretion is through the kidneys. Thus, the nephrons are highly 

exposed to Fluoride (Dharmaratne, 2019; Sivasubramanian et al., 2019; Yazdi and 

Vosoogh, 2019). Those who continuously drink water with elevated fluoride levels are 

about five times more in danger of developing nephrolithiasis (Dissanayake and 

Chandrajith, 2019). Excess consumption of fluorides is also known to induce anomalies 

in chromosomes leading to genetic mutations (Johnston and Strobel, 2020). Even at a 

low concentration, fluorides have outstanding negative effects on protein as well as 

DNA and RNA biosynthesis and fragmentation (Sharma et al., 2017).  

  

1.2 Metabolism of fluoride 

The human body absorbs approximately 90% of the fluoride that is ingested. As a result 

of the stomach's acidity, approximately 40% of ingested fluoride is taken up as HF by 

the walls of the stomach.  The intestines absorb the rest of the fluoride, which is not 

affected by acidity. All absorbed fluoride is distributed throughout the body. The 

absorbed fluorides get incorporated into the Calcium-rich crystalline lattice regions 

especially the teeth and bones at a rate of 99%. Fluoride excretion is mostly through 

urine and sweat (Kabir et al., 2020). 

 

1.2.1 Effects on teeth 

The impact of fluorides on teeth is determined by the doses including duration of 

exposure (Khandare et al., 2018). Fluoride, at a reduced concentration, helps to reduce 

dental caries. Large quantities, on the other hand, cause dental fluorosis. This is 

condition is distinguished by yellowish or brown-like creases in tooth enamel. Fluoride 
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also decreases available Ca
2+

 and disrupts enamel calcification. The magnitude of tooth 

decay is determined by physical examination of the deposits mostly on front teeth. The 

Thylstrup and Fejerskov (TF) Fluorosis Index recommends a zero to five scale that 

shows the degree of tooth decay (Sezgin et al., 2018).  

 

1.2.2 Effects on bone 

Bone is thought to be a perfect fluoride ion sink. Lengthy fluoride toxicity causes bone 

fluorosis (Wong & Stenstrom, 2018). Bone osteoporosis is caused by increased bone 

formation, which leads to greater bone mineral density and weight, as well as swollen 

joints. Despite increased bone density, a reduction of trabecular bone connection lowers 

bone quality (Wu et al., 2019).  

 

1.2.3 Effects on soft tissue 

Excess fluoride intake harms the soft tissues of many organs. Several experiments have 

shown that certain results are linked to oxidative damage; however, the cause is largely 

unresolved (Jiménez-Córdova et al., 2019).  

 

By contrasting an edentulous subject panel (n = 9) to a completely dentate panel (n = 

10), Zero and colleagues demonstrated the relevance and significance of oral soft tissue 

as the primary location of fluoride ion deposition and retention. They discovered no 

statistically significant difference in salivary flow rate seen between two panels for each 

operation. Salivary fluoride levels were higher in the edentulous panel than that of the 

dentate panel. However, the FD and FG treatments were statistically significant (p < 

0.05). Fluoride levels at particular soft-tissue locations were assessed during a sixty-

minute period in a second research using absorbent discs implanted in distinct soft-
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tissue oral regions. Fluoride levels were highest in the lower posterior vestibule and 

tongue, followed by that of the upper posterior buccal vestibule and upper anterior 

labial vestibule, and lowest in the lower anterior vestibule and floor of the mouth. This 

study group proposed a strong-to-moderate association of fluoride concentrations in 

total saliva and particular tissue (Zero et al., 1992).   

 

1.2.4 Gastrointestinal effects 

The impact on gastrointestinal tract often is determined by ionic fluoride amounts in the 

belly instead of just the actual volume of fluorides consumed. Numerous severe 

gastrointestinal symptoms in animals, including humans, have been identified in cases 

of acute fluoride toxicity. This involves symptoms such as fatigue, vomiting, stomach 

problems, and diarrhea (Amadeu de Oliveira et al., 2018; Jeffrey Kuo et al., 2020). 

 

1.2.5 Renal effects 

The renal function is critical in discharging absorbed fluorides. The kidneys remove 

about half of the fluoride that is swallowed. Due to this, the nephrons are directly 

exposed to F
-
. Following exposure to elevated fluoride levels in their drinking water, 

individuals are more likely to experience renal calculi, nephrolithiasis or urolithiasis 

(Dissanayake & Chandrajith, 2019). 

 

1.2.6 Effects on the brain 

Fluoride overexposure may have an effect mostly on the structure and operation of the 

CNS and PNS. Large amounts of fluoride accumulation in the hippocampus triggers 

neurodegeneration, reduces body creation of energy through the combustion in the 

presence of oxygen, and shifts in free radical metabolic processes. Fluorides often 
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improve the impact of aluminum on neuronal cytoskeleton metabolic processes 

(Esparza et al., 2019; Grandjean, 2019). 

 

1.2.7 Hepatic effects 

One other primary functions of the liver of animals is the removal of both endogenous 

and exogenous contaminants. Numerous research findings have reported increases in 

the concentrations of liver-specific enzymes as a consequence of fluoride consumption. 

In addition, the rabbit liver cells undergo histopathological alterations in response to 

fluoride treatment. Incurable and pathological disruption has been observed in 

hepatocyte cells containing vacuoles (Mengwei et al., 2020; Zhang et al., 2020). 

 

1.2.8 Cytotoxicity 

Fluoride absorption causes chromosomal abnormalities and genetic defects in human 

cells. Fluorides have excellent influences on DNA and protein metabolism even at low 

doses. Fluorides in abundance can induce changes in cell morphology and DNA damage 

in nucleosomes (Johnston & Strobel, 2020). 

 

1.3 Importance of Testing of Fluorides  

In order to establish the level of fluorides in water, tests must be done. This is necessary 

to prevent the toxicity of fluorides to both terrestrial and aquatic biota. Fluorides 

accumulated in tissues find their way into the food chain through food (Darchen et al., 

2016). Biomagnification then occurs up the food chain (Banerjee et al., 2019). 
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1.4 Methods of Fluoride Sensing  

1.4.1 Mass Spectrometry (MS) 

Fluoride sensing by MS depends on the gas–phase ions that are resolved based on the 

mass-charge ratio (m/z). However, the detection limit of this method stands at 0.5 mg L
–

1
, which is not satisfactory (Dhillon et al., 2016). Kwon and Shin applied this method to 

detect fluoride in biological samples by using 2-(bromomethyl)naphthalene as a 

derivatizer, headspace solid phase microextraction (HS-SPME), and gas 

chromatography-tandem MS detection. Under these set reaction conditions, the LOD 

reported were 11 μg/L and 9 μg/L in 1.0 ml of urine and plasma respectively. At 0.1 

mg/L and 1.0 mg/L concentrations, the intraday and interday relative standard 

deviations were recorded to be less than 7.7% (Kwon & Shin, 2015). This method also 

faces stability challenges that interfere with consistent detection of fluorides (Ünal et 

al., 2019). 

 

1.4.2 Inductively Coupled Plasma (MS)  

The Inductively Coupled Plasma also referred to as ICP-MS is a prospective approach 

in analyzing fluorinated compounds (FCs). It has traditionally been known to be among 

the most accurate analytical tool. However, due to fluorine's high ionization potential 

and spectral and/or non-spectral interferences, direct detection of fluorine using this 

method is challenging. Several research works have documented adjustments to a 

standard ICP-MS analytical process on analysis and instrument optimization to improve 

the quality of results (Moirana et al., 2021). 

 

A superior F
-
 analytical technique ought to be able to efficiently execute non-targeted 

detection and quantification with little or no sample preparation steps. Several Fluoride 
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analytical techniques used currently need significant sample preparation while also not 

being capable of non-targeted analytes. With advancements in apparatus and procedure, 

ICP-MS has proven the capacity to fully perform non-targeted analysis at low LOD. 

Although significant sample preparation techniques are still required to prevent external 

interference during analysis, it is a promising technology. The hyphenation of ICP-MS 

to HPLC proven to become the most effective approach for determining and quantifying 

FCs, especially for noise reduction. Despite this, little research has been conducted on 

environmental analytes. Furthermore, recent advances in the identification and 

characterization of FCs in the positive mode of ICP-MS may be investigated in the 

negative mode of ICP-QMS for fluoride analysis (Moirana et al., 2021). 

 

This method atomizes samples using a plasma source.  Although this method has lower 

detection sensitivity of about 110 µg L
-1

 and reduced interferences, it is costly, complex 

and requires high skilled operators (Ünal et al., 2019). Guo et al., (2017) determined the 

limit of detection (LOD) inductively coupled plasma quadrupole mass spectrometry 

(ICP-MS-MS) as 0.022µg mL
‒1

on total fluoride determination based on a mass-shift 

strategy (Guo et al., 2017).  

 

1.4.3 Atomic Absorption Spectroscopy (AAS) and Molecular Absorption 

Spectrophotometry (MAS) 

This is a highly discriminatory and responsive analytical method. It involves absorption 

of radiation by gas-phase atoms. A study involving the determination of fluorine using a 

high-resolution continuum source electrothermal atomic absorption spectrometer 

reported a limit of detection of 0.105 ng (Ozbek & Akman, 2014). However, the 
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application of low resolution MAS is poor due to low resolution, absence of excitation 

frequencies, and incidence of spectral interferences (Ünal et al., 2019). 

 

1.4.4 Ultra Violet–Visible (UV-Vis) Spectroscopy 

A number of straight forward and relatively cheap colorimetric or fluorescent sensors 

have been in use for fluoride detection in the past decades. However, this technique 

demonstrates a decline in the peak intensity with increase in the concentration of 

fluoride due to the collection of metal nanoparticles (Au, Ag and Cu) upon addition of 

fluoride ions (Ünal et al., 2019). 

 

1.4.5 Ion–selective electrodes 

Ion–selective electrodes (ISEs) are used for both quantitative and qualitative analysis of 

several ions. Fluoride ion-selective electrode (FISE) is used for the quantitative 

determination of fluoride. The method‘s detection limits ranging from 0.001 mg/L to 

20,000 mg/L is considered wide and is also affected by the interferences from sample 

colour, other ions, temperature variation, shift potential and ion activity (Ünal et al., 

2019; Goud et al., 2020). 

 

1.4.6 Fluorescence fluoride testing 

Fluoride sensing fluorescent probe is required to contain two simple components: a 

receptor that recognizes the fluoride and a fluorophore that signals the identification by 

causing a visible physical wavelength shift. Several attempts to develop fluoride 

selective fluorescent probes have been made over the last decade. Inspite ofthis, 

obtaining realistic and cost–effective potential sensing probes is still a challenge (Ünal 

et al., 2019). 
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The invention of superior analytical methods for fluoride sensing has received a lot of 

attention. Despite growing public interest, the production of fluoride probes has 

traditionally been difficult due to anion selectivity requirements. Several techniques 

used to detect and quantify fluoride exist, and these include electrolytic, colorimetric 

fluorescence and 
19

F NMR studies (Dhillon et al., 2016). 

 

By utilizing unique chemical properties of fluoride, chemists have continuously 

designed fluoride specific colorimetric and fluorescent sensors. Due to the fluoride 

importance and toxicity, the creation of specific optical technique that can be used to 

analyse fluoride anion is getting prominence. Anion recognition and sensing by 

synthesis is of interest. Steps must be taken in this field directed in achieving optimal 

selectivity and sensitivity as well as solubility in aqueous systems by careful selection 

and modification of the fluorophores. Several mechanisms of action have been 

employed to achieve this (Johnston & Strobel, 2020). 

 

1.5 Problem Statement 

Clean water is a basic requirement for good health. An average teenage adult‘s overall 

body water content ranges between 50%–70% of the total body weight; (Naeem et al., 

2017). Potable water, on the other hand, is uncommon and safe water is rare in nature. 

Apart from particulate matter, water from natural sources includes various soluble salts. 

Surface and groundwater contain salts and minerals that originate from the soil and 

rocks with which they come into contact. Groundwater is the best for drinking in rural 

areas among the developing countries, including Kenya, where there is no piped water. 

The majority of surface waters in agricultural areas are polluted and contaminated, 
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putting direct users at risk of illness. As a result, relying on groundwater for drinking 

becomes essential. 

 

Groundwaters in rift valley environment frequently have elevated fluoride levels. 

Knowledge on fluoride levels in potable water is crucial to systematically address water 

quality and extensively minimize human exposure to elevated fluoride concentration in 

drinking water.   

 

The connection linking excessive fluoride intake and the occurrence of human fluorosis 

cannot be dismissed; fluorosis still affects people in many parts of the world. It persists 

due to the population's lack of choice of clean drinking water and food supplies, as well 

as the fact that a majority of first-world countries fluoridate their regionally centralized 

drinking water. Private water supply, food preferences, oral and pharmaceutical 

materials, factory emissions, and/or workplace exposure are only a few of the other 

causes. Depending on the primary source of exposure, steps such as eliminating fluoride 

from current water supplies and/or providing alternate water sources with low fluoride 

content, thus improving the way rainwater is captured can be taken to address this 

problem.  

 

A number of known fluoride sensing systems focus on hydrogen bonding and Lewis 

acid/base relationships. These detectors, however, can only sense 

tetrabutylammonium fluoride in non-aqueous media. Despite the benefits, the majority 

of the probes documented is insoluble in water and hence have a long response period. 

As a result, their usage in real-time detection is minimal. Due to its dual position as a 

hazardous pollutant on the one hand and a beneficial addition in products consumed 
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by man as well as industrial processes products on the other, fluoride has become 

popular target for detection and sensing.  Several publications have claimed the 

development of novel selective sensors for fluoride ion in the past, but only a handful 

of them have met the real conditions of high affinity and selectivity to be regarded.  

 

More significantly, these molecular sensors function almost entirely in organic fluids 

or aqueous mixtures; fluoride sensing in water is only possible in a few exceptional 

cases, which is a critical need for broadening the area of use. Around 80% of the 

already existing anion receptors rely on H-bonding interactions for detection.  In order 

to address these problems, this research intends to introduce novel fluoride sensors 

which are cheap, selective and respond fast to aquesous fluoride below the WHO set 

standards for maximum fluoride intake of not more than 1.5 mg/L. 

 

Neutral, monotopic and simple hydrogen bonding fluoride detetors have exceptional 

strong affinity for fluoride in polar aprotic solvents, with K values as high as 107 M
-1

 in 

some cases, however they can't differentiate between fluoride anion and many other 

similarly basic anions. Under these conditions, these anions far too strongly interfere 

with fluoride sensing. With the exception of a few situations, building more 

sophisticated and multitopic frameworks do not always assist. Furthermore, in most 

situations, the presence of plar protic solvents, significantly decreases or even 

completely prevents binding. The use of more energetic binding driving factors, such as 

Lewis centre interactions, can improve sensing ability. 
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1.6 Justification 

Fluoride can be harmful to the populations‘ health at elevated doses of (>1.5 mg/L), 

therefore it is a health concern to detect and quantify. Given the dangers of drinking 

water with elevated fluorides, considerable attention must be paid to the advancement of 

modern methods for fluoride sensing. Currently, WHO recommends two traditional 

fluoride-detecting methodologies. These techniques; Ion-selective electrodes and ion 

chromatography however, necessitate the use of professional, specialized equipment 

and skilled personnel. As a result, they are impossible to carry out in low-income or 

even middle-income economies round the Globe. Fluorescent fluoride probes that are 

simple to use, inexpensive, non-invasive, detect in real time, and are incredibly biased 

have piqued the interest of researchers (Liu et al., 2018).  

 

A number of different of defluoridation technologies, such as adsorption, reverse 

osmosis, precipitation-coagulation, nanofiltration, dialysis, and electrodialysis, and 

electrolytic defluoridation are capable of keeping fluoride concentration in potable 

water within acceptable limit.  Adsorption is seen as a more feasible alternative for 

defluoridation due to its affordability and ease of design. Basically, this is a solid phase 

extraction approach that is suitable for a wide range of applications. The well-known 

Nalgonda method, which includes the use of lime and alum for fluoride adsorption and 

was developed in India, has been in use for a long time. However, there are some 

limitations to using the Nalgoda technique (Kimambo et al., 2019). One major problem 

is the leaching of extra aluminum with a rise in the pH of treated water (Barathi et al., 

2019). Some of the well-studied adsorbents for fluoride removal include activated 

carbon from various sources, activated alumina, fly ash, and bone charcoal. Table 4 

shows the advantages and disadvantages of several defluoridation techniques. 
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Because of fluorine's strong polarizing power and incredibly small size as an atom, 

several known fluoride sensing systems focus on hydrogen bonding and Lewis 

acid/base relationships (Han et al., 2019). These detectors, however, can only sense 

tetrabutylammonium fluoride in non-aqueous media. Due to fluoride's large hydration 

enthalpy (∆Ho = −504 kJ/mol), their fluoride sensing has been shown to be extremely 

difficult in aqueous solutions (Zhan & Dixon, 2004). 

  

Recently, a well-established technique for detecting fluoride in aqueous media has 

been developed, which is focused on the unusual chemical reactivity of silicon and 

fluoride in contrast to sensors based on non-covalent bonding and weak interactions. 

The probes that focus on complex reactions are more stable and selective (Han et al., 

2019).  

 

Despite the benefits, the majority of the probes documented is insoluble in water and 

hence have a long response period. Furthermore, it is contradictory that the same 

hydrogen bonding that fails in abiotic systems is used by Nature to bind anions. High 

affinity is frequently achieved in by placing the binding site inside a hydrophobic 

pocket, a protected milieu where anion-sensing interactions are more favorable, in 

addition to meticulous customization of the active sites. As a result, their usage in 

real-time detection is minimal. Furthermore, a majority of these probes may be turned 

on or off with just a single-wavelength transition as the monitoring signal (Wu et al., 

2020). The detection precision is subjective to the environment and conditions such as 

the excitation energy, analyte concentration auto-fluorescence and self quenching. A 

variety of methods might be used to transfer this concept to aqueous systems. Because 
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water is a key competitor in the binding process, including one or more water 

molecules in the process might have certain advantages.  

 

To resolve the aforementioned concerns, new and accurate fluoride detectors have 

been developed with ability to detect Fluoride ion concentrations below the WHO 

fluoride intake limits in water by introducing F
−
 responsive tert-butyldimethylsilyl 

(TBDMS) and tert-butyldiphenylsilyl (TBDPS) moieties into the coumarin derivatives 

(figures 5-7). These new fluoride detectors have ability to islate fluoride in the 

presence of other anions and respond instantly in the presence of fluorides.  

 

A success in this research will assist governments in making correct environmental 

remediation choices, as well as establishing new health care plans and response needed 

to address fluoride-related health complications among its people. 
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1.7 Objectives 

1.7.1 Overall Objective 

To design, synthesise and characterize of novel fluorogenic 3-cyano-7-hydroxy-4-

methylcoumarin derivative for rapid fluoride detection in potable water, based on 

TBAF-promoted desilylations. 

 

1.7.2 Specific objectives 

1. To  design  and  synthesize  novel  derivatives 3-Cyano-7-hydroxy-4-

methylcoumarin   fluoride  probe  for  rapid  fluoride detection  in  household  

waters.   

2. To identify the newly synthesized sensors using spectroscopic techniques such 

as MS, 1D NMR and 2D NMR.   

3. To evaluate the sensitivity and selectivity of the synthesized scaffolds as fluoride 

sensors. 

 

1.8 Research Questions 

1. Is it possible to rationally design and synthesize novel derivatives of 3-Cyano-7-

hydroxy-4-methylcoumarin fluoride sensors for rapid detection of fluorides in 

household waters at the point of use as mitigation for excess fluoride 

consumption by rural, low income households in Kenya? 

2. Is  it  possible  to  carry  out  structure  elucidation  using  spectroscopic  

techniques  of  the  newly synthesized fluoride sensors? 

3. Is it possible to evaluate the sensitivity and selectivity of the synthesized 

scaffolds as fluoride sensors? 
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CHAPTER TWO 

LITERATURE REVIEW 

This chapter provides a review of the literature on fluoride reduction, removal, and 

detection from/in water. This chapter also discusses the synthetic methods to fluoride 

sensors, as well as their limitations. The chapter goes on to discuss the gaps in the 

literature and how this research contributes to filling them. 

 

2.1 Defluoridation Techniques 

As part of plans to mitigate toxic health effects induced by fluorides, several 

governments and organizations have tried to come up with skilfully developed 

defluoridation methods in areas where clean water is not available (Dhillon et al., 

2017). Some of these technologies make use of the theory of coagulation, adsorption, 

bio-sorption, reverse osmosis (RO), electrodialysis (ED), ion exchange (IE) and nano-

filtration (NF). However, these methods have serious drawbacks in terms of high costs, 

low efficiency and creation of residual pollutants (Mobeen & Kumar, 2017). 

 

De-fluoridation can be categorized into three main groups: Adsorption using bone char, 

activated alumina and clay as packed media in columns which are used for a period of 

operation. These processes result in saturation of media which can be renewed or 

regenerated; Aluminum sulfate and lime in the Nalgonda technique (Naika et al., 2020), 

poly aluminium chloride, lime and similar compounds act as co-precipitation chemicals 

to be added daily and in batches. Precipitation techniques produce a certain amount of 

sludge every day; Calcium and phosphate compounds are the so-called contact 

precipitation chemicals to be added to the water upstream of a catalytic filter bed. In 

contact precipitation, there is no sludge and no saturation of the bed, only the 
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accumulation of the precipitate in the bed; Other advanced treatment processes include 

reverse osmosis, electro-dialysis, electro-coagulation, distillation and many more 

(Geleta & Kebede, 2021). The stengths and weaknesses of some of the commonly used 

defluoridation techniques are given in table 2.1. 

 

Table 2.1: Commonly used defluoridation techniques 

Techniques Merits Shortcomings Reference 

Precipitation Conventional and 

extensively 

implemented 

Efficiency of 65-70%. A high 

amount of Aluminium sulphate 

(800-100 mg/L) and is leached 

into treated water 

 

 

(Barathi et 

al., 2019) 

Ion-Exchange High removal 

efficiency of 

between 90-95%. 

Other anions interfere with 

process and expensive. The 

treated wate is highly acidic. 

 

(Yadav, 

2019) 

Adsorption Efficient and 

relatively cheap 

Depends on pH. Other anions 

compete with fluoride. 

Regeneration is not possible 

(Aoun et 

al., 2018; 

Kalamkar, 

et al., 2021) 

Membrane 

processes 

Efficiency of about 

95%. Taste and 

colour of water is 

not affected. 

Expensive and susceptible to 

contamination by bacteria. 

 

(Damtie et 

al., 2019) 

Electrodialysis Excellent. No need 

for any chemicals, 

No wastes are 

gererated. 

Expensive and vital nutrients 

are lost during the process. 

 

(Aliaskari 

& Schäfer, 

2021) 

Nalgoda 

technique 

Colour, odour, 

pesticides and 

organic substance 

are also removed 

Expensive, highly skilled and 

high chemical consumption 

 

(Modi, 

2013) 
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2.1.1 Coprecipitation 

This is the transfer of trace constituents to a precipitate simultaneously with the 

deposition of primary substances present in a solution. It occurs when a solution is 

supersaturated with a substance forming the precipitates (Liu et al., 2020). 

 

2.1.2 Nalgonda Technique 

It involves sequential addition of an alkali, chlorine and aluminum sulfate or aluminum 

chloride or both by employing several unit operations and processes which include 

rapid mixing, chemical process, flocculation, sedimentation, filtration, disinfection and 

sludge concentration to recover water and aluminum salts. Depending upon sulfate and 

chloride content in raw water aluminium sulfate or aluminum chloride is selected in 

order to avoid unnecessary increase in sulphate or chloride concentration above 

permissible limits (Srivastava et al., 2020).  

 

This technique is a cost-effective method which is extensively practiced in most of the 

developing countries. Though lime softening alone accomplishes fluoride removal, its 

high initial cost, dosage and alkaline pH of the treated water renders it unsuitable for 

field application as it requires pH adjustments for treated water and thereby increasing 

the overall treatment cost. The process is initiated by addition of lime to raw water and 

followed by rapid mixing. Alum is added and slowly mixed for 10 minutes. The flocs 

formed are settled out under quiescent condition. The addition of aluminum sulfate to 

water results in the formation of insoluble positively charged flocs of aluminum 

hydroxide. These charged particles attract negatively charged ions by electrostatic force 

and are removed from subsequent settling (Sahu et al., 2020). 

  



28 

 

 

 

The function of lime or sodium carbonate is to hydrolyze alum completely. In order to 

disinfect water, bleaching powder is also applied simultaneously prior to the addition of 

alum. The reaction mechanism involves (i) aluminum dissolution, (ii) aluminium 

precipitation, (iii) co-precipitation and (iv) pH adjustments (Sahu et al., 2020). 

 

2.1.3 Bone Char and Contact Precipitation 

The degreased and alkali-treated bones were employed initially in home filters. Later 

the material was discontinued due to odour problems and imparting taste into treated 

water. Investigators suggested using of bones after converting to charcoal to avoid odor 

and taste in treated water. In practice, the bone char is prepared from the animal or bird 

bones and teeth, which comes out as a waste from poultry or meat processing small to 

large scale industries. The bones before being charred are boiled, washed, dried and 

crushed to required size. The charring processes can be pyrolysis (without oxygen) or 

calcination (limited supply of oxygen). The crushed bones are converted to char in an 

oven or furnace at a temperature of 300–800 °C for duration of 1–3 hours (Minja, 2019; 

Alemayehu, 2020; Kikuchi et al., 2020). 

 

The char obtained is further pulverized to required sieve sizes and used for 

defluoridation process.The process of charring results in formation of three fragments 

(white, grey and black) depending upon the applied temperature. Each fragment exhibits 

difference in fluoride adsorption capacity. The composition range of compounds present 

in bone charcoal is presented in table 2.2.  
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Table 2.2: Major Components of Bone Charcoal.  

Compounds  Range (%) 

Calcium phosphate  57–80 

Calcium carbonate  6–10 

Carbon  7–10 

Iron, aluminum  0.5–1 

Magnesium  0.2–0.5 

Nitrogen  0.8–1 

Residue insoluble in acid  0.1–0.3 

(Sahu et al., 2020; Wang, 2020) 

 

2.1.4 Adsorption and Ion Exchange 

Ion exchange resins are another important class of molecules for the removal of aqueous 

ionic contaminants. Ion exchange is a fast, reversible stoichiometric method in which an 

ion that is removed from the polymeric resin surface is replaced by a counter ion in 

order to retain electroneutrality (Peng & Guo, 2020). These resins are divided into two 

types: cation exchange resins (Liu et al., 2020) and anion exchange resins (Singh et al., 

2020). Cation exchange resins attract negatively charged functional groups, whereas 

anion exchange resins are attached to positively charged groups. This leads to an 

exchange of ions beteen the resins. 

 

A cation exchange resin can be loaded with positively charged metal ions, which have a 

significant affinity for anions. The anion exchange capacity of most anion exchange 

materials drops in the following sequence, showing low affinity for fluoride ions in 

comparison to other anions; floride< acetate < formate< chloride < thiocyanide < 
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bromide < chromate<  nitro <iodide<  oxalate<  sulfate < Citrate. To remove large 

amounts of fluoride, a strongly basic ion-exchange resin with quaternary ammonium 

moeities would be more efficient. Styrene–divinylbenzene copolymers (DVB) have 

been the most commonly utilized polymeric sorbents for heavy metal removal 

throughout the years, owing to their hydrophilic character and physicochemical stability 

(Simsek et al., 2012).  

 

Al-Amberlite resin, chelating resins like Indion FR 10 (Barathi et al., 2019) and ceralite 

IRA 400 anion exchange resins (Pillai et al., 2021) Metal (III)-loaded Amberlite resin 

(Paudyal et al., 2018), Ion exchange fiber (Grzegorzek et al., 2020), Zr immobilized 

resin (Wang et al., 2017), and polystyrene encapsulated zirconium phosphate 

nanocomposite (Zhang et al., 2017) have demonstrated fluoride removal efficacy in 

water. 

 

Thiourea based Amberlite XAD-4 resin is renowned for defluoridating water in aqueous 

solution with 90% fluoride removal but the untreated resin efficiency stands at 30% at 

pH 7.0. The hydrogen interaction between the amide groups in thiourea and fluoride is 

responsible for fluoride's strong adsorption capability (He et al., 2019). 

 

2.1.5  Bio-polymer based materials 

Due to their relative abundance, affordability, high stability and chemical reactivity, 

biodegradability, and sufficient reactive sites, biopolymer-based materials have received 

a lot of attention as an efficient adsorbent in water treatment. Among the different bio-

adsorbents, chitin and chitosan derivatives exhibit substantial fluoride adsorption 
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capacity (Dehghani et al., 2020). Table 2.3 shows the adsorption capacity of a number 

of chitosan modified metal biopolymers. 

 

Table 2.3. Adsorption capacity of Chitosan based sorbents. 

Adsorbent  Adsorption 

 Capacity 

Reference 

La impregnated chitosan 1.27 mg/g (Wimalasiri et al., 2021) 

Magnesia-chitosan 4440 mg/g (Srivastava et al., 2020) 

La incorporated chitosan flakes 1.27 mg/g (Wimalasiri et al., 2021) 

La incorporated chitosan beads 4.7 mg/g (Wimalasiri et al., 2021) 

Aluminium modified chitosan 1.73 mg/g (Prabhu et al., 2016) 

Neodymium-modifies chitosan 11.4-22.3 mg/kg (Yao et al., 2009) 

Carboxylated chitosan beads 1800 mg/kg (Viswanathan et al., 2009) 

La-Carboxylated chitosan beads 4711 mg/kg (Miretzky & Cirelli, 2011) 

Zr-Carboxylated chitosan beads 4850 mg/kg (Barathi et al., 2019) 

Fe-Carboxylated chitosan beads 4230 mg/kg (Sengupta et al., 2020) 

Hydrotalcite/chitosan 1255 mg/kg (Pandi et al., 2017) 

Chitosan coated silica 44.4 mg/kg (Vijaya & Krishnaiah, 2009) 

Ti-Al binary metal oxide supported 

chitosan 

2.22 mg/kg (Thakre et al., 2010) 

Magnetic chitosan 22.49 mg/kg (Jaafari et al., 2020) 

Nanohydroxyapatite-chitin 

composite 

2840 mg/kg (Barathi et al., 2019) 
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2.1.6  Carbonaceous materials and metal organic frameworks 

Carbon based materials are well known for themselves in the field of water 

defluoridation. Activated carbon with suitable structural adjustments has been widely 

researched as an efficient adsorbent for water treatment to remove a wide variety of 

contaminants, taking into account economic aspects, large surface area, and the 

presence of excipients (Alemayehu, 2020). 

 

Kumar and his colleagues examined fluoride adsorption onto lemon peel activated 

carbon. This was accomplished by studying the roles of various adsorption parameters 

(pH, adsorbent dosage, contact time, rotation speed). Kumar and colleagues' findings 

demonstrated that low-cost lemon peel activated carbon might be useful for fluoride 

removal from water. The results from this team revealed that fluoride adsorption is 

highest in the pH range of 4, and increasing the pH resulted in a drop in percentage 

adsorption. Maximum fluoride removal % was obtained after contact duration of two 

hours, as well as optimum defluoridation for an adsorbent dosage of 10 g/L (Kumar et 

al., 2016). 

 

2.1.7 Fluoride Remediation by Adsorption 

Adsorption research promoters believe that the technique is cheap, effective, and 

generates high-quality water. Fluoride removal via adsorption techniques has received a 

lot of attention in recent times, and there's a great deal of information about 

functionalizing high-valency metals in sorbents. Absorption or transfer of fluoride ions 

to the exterior parts of the adsorbent from solution phase throughout the boundary 

separation enveloping the adsorbent molecule, known as the external mass transfer; the 

chemisorption of F
-
 anion on to adsorbent probe; and electrostatic interaction between 
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the adsorben and fluoride ions; based on the composition of solids, deposited fluoride 

ions interchange with other chemical components of the same kind within adsorbent 

particles, or the accumulated fluoride ions are transported to the interior surfaces of 

permeable materials/intra-particle transport (Tamrakar et al., 2019). 

 

Fluoride adsorption, like that of any other anion, is based on ions (adsorbate) in a 

solution spreading to that same surface of a solid, in which they either bind or are kept 

in place by weak intermolecular interactions. Studies have shown that adsorption 

efficiency, specificity for fluoride ions, regenerability, compatibility, particle and pore 

size, and cost are all important characteristics that determine adsorbent suitability for 

practical application, while fluoride removal efficiency is always dependent on the 

untreated water quality characteristics, that includes initial fluoride ion intensity, 

acidity, temperature, reaction time, and quantity of the adsorbent (Inglezakis et al., 

2020). 

 

The selectivity of the adsorbent for fluoride ions appears to be a more critical process 

parameter. This is attributed to the ability of certain adsorbents' excellent performance 

in experimental determinations but fail in practical applications at the industrial water 

treatment plants due to a loss in effective adsorption power induced by adsorbent active 

sites being occupied by other similar and competing anions in the treated water 

(Jeyaseelan et al., 2021). Selectivity is determined as the percentage of the component's 

potential at a particular fluorine concentration. As concentration declines, selectivity 

becomes constant.  As a result, researchers and professionals must idesign and produce 

a low-cost, efficient, and environmentally friendly adsorbent with a relatively higher 

adsorption capacity (Gamaethiralalage et al., 2021).  
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A wide variety of adsorbents and their modifications have been tested for the removal 

of fluoride from water. These include activated carbons (Alemayehu, 2020) activated 

alumina (Ahamad et al., 2018), bauxite (Cherukumilli et al., 2017), hematite  (Kumar et 

al., 2019), polymeric resins (Singh et al., 2020), activated rice husk (Gebrewold et al., 

2019), brick powder (Singh et al., 2020), pumice stone (Yousefi et al., 2019), red soil, 

charcoal, brick, fly ash, serpentine (Sivarajasekar, 2017), seed extracts of Moringa 

oleifera (Kalavathy, 2017) granular ceramics (Chao et al., 2019) chitin, chitosan and 

alginate (Nasrollahzadeh et al., 2021), modified ferric oxide/hydroxide (Gogoi et al., 

2018), hydroxyapatite (HAP) (Nayak et al., 2017), zirconium and cerium modified 

materials (He et al., 2019), titanium-derived adsorbent (Al-Itawi, 2019), 

schwertmannite (Zhu et al., 2020), modified cellulose (Gopakumar et al., 2017), clays 

(Uddin et al., 2019),  zeolite (Aloulou et al., 2021) and magnesium-modified sorbent 

(Al-Itawi, 2019). Different metal hydroxides and oxides, particularly ones produced in 

nano-form, offer the greatest performance and greater adsorption capabilities among the 

above-mentioned adsorbents. 

 

Moreover, as fluoride concentrations fall, many adsorbents start losing their removal 

efficiency; the minimum significant limit for fluoride decrease by a number of 

adsorbents is 2 mg/L; as a result, they aren't really appropriate for use in drinking water, 

especially since many of them can just work at exceptional pH values, such as activated 

carbon, which only removes fluorides at a of pH of less than 3.0 (Fito, 2019). 

 

Recently, Liu and co-workers have outlined the conceptual features of fluoride removal 

on by solid particles in three stages: diffusion and/or transport of F- anions to the 
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adsorbent's surface, and interchange of adsorbed fluoride anions with structural 

elements within the adsorbate molecules (Zhang et al., 2018; Liu et al., 2020). 

 

In adsorption method, use of activated alumina (AA) has been a method of choice in 

developed countries. Activated alumina is an aluminum oxide that is highly porous and 

exhibits high surface area. It can be produced through different methods from aluminum 

salts. The main activated alumina (Millar et al., 2017) phase used as an adsorbent is 

gamma alumina (γ-Al2O3). AA adsorption is a physicochemical process by which ions 

in water are removed by the available adsorption sites. AA is usually prepared through 

dehydration of precipitated Al(OH)3 at high temperatures (300 – 600 °C) which consists 

of amorphous and gamma alumina oxide. This method is generally used as packed beds 

to remove fluoride, arsenic, selenium, silica and natural organic matter (NOM). The 

process involves simply passing the water continuously through one or more AA beds 

(Kumari et al., 2020). 

 

When the available adsorption sites are exhausted, the AA media may be regenerated 

with a strong base, NaOH, or simply disposed. Removal efficiency (Ahamad et al., 

2018) is noted to be more than 90% with the optimum adsorbent dosage of 1.6 g/L, for 

water having initial fluoride concentration of 20 mg F/L and has a wide range of 

working pH of 4–9. The fluoride adsorption capacity of untreated hydrated alumina (7 

mg/g) and thermally treated hydrated alumina (23 mg/g) (Dessalegne et al., 2018) were 

tested and observed that adsorption capacity is significantly higher compared to AA 

(1.8–1.9 mg/g). The crystal structure of alumina contains cation lattice with 

discontinuities giving rise to localized areas of positive charge and therefore alumina 

attracts various anionic species. As polymeric anion exchange resins, AA exhibits high 
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preference for fluoride ions compared to other anionic species according to series of 

selectivity (Millar et al., 2017). 

 

2.2  Adsorbents for Fluoride Removal 

2.2.1 Oxides and Hydroxides 

Many studies have documented defluoridation by use of various metal hydroxides and 

oxides with a large surface area. However, a number of these have applied Fe2O3 as an 

adsorbent to remove heavy metals, anions, and dangerous substances in wastewater (He 

et al., 2019).  

 

The use of hydrous titanium dioxide (TiO2) nanoparticles as a specific adsorbent for 

fluoride anions, halogens and compounds of arsenic has been reported by researcher. 

(Bhattacharya, 2017; Patel et al., 2021). These materials have shown the ability to 

selectively adsorb fluoride anions as well as the properties of the adsorption-desorption 

cycle with titanium tetrahydroxide, Ti(OH)4.The jelly titanium oxysulfate TiO(SO4) 

particles were produced to use titanium hydroxide in an efficient equipment by filling 

the column with mesoporous particles to bind to fluoride anions. The jelly adsorbent has 

the same sorption power as Ti(OH)4 particles. The adsorbent showed strong fluoride ion 

adsorption abilities even at low fluoride concentrations, as well as selectivity for 

fluoride anions with intervening anions like chloride, sulfate and nitrate. The adsorbent 

was able to reduce fluoride anions in wastewater to less than 0.8 mg/L (Chen et al., 

2012).  

 

Adsorbents formed from Ti(OH)4 displayed strong adsorption capability of more than  

98% for fluoride anions, with remarkable selectivity even amidst  competing ions like 



37 

 

 

 

chloride, nitrate, and sulfate. It was reported that with an average fluoride dose of 50 

mg/L, the adsorbent effectively absorbed fluoride anions lower than 0.8 mg/L from the 

given solution (He et al., 2019). 

 

In 2017, Mukhopadhyay studied the capacity of abimetallic oxide nanopaticles 

adsorbent for the removal of F
-
 by use of NH3 titration at rt by co-precipitation of Ti(IV) 

and Fe(II) sulfate solutions. The Implications of washing and drying techniques, 

calcination, variation in temperature, Fe/Ti molar ratio, crystallization, material 

composition, and interactive components were also studied. The Langmuir model 

revealed the potential of Fe–Ti bimetallic oxide adsorbent as 47.0 mg/g. This indeed 

was much greater than the adsorption capabilities recorded by separate Fe/Ti oxide 

adsorbents (Mukhopadhyay, 2017). 

 

This resulted from synergistic relationship involving Fe–O–Ti bonds on the fluoride 

ions adsorbent surfaces and OH groups, which supplied binding sites for the bond 

formation in the Fe–O–Ti–F straucture. This provides a cost-effective fluoride removal 

mechanism from domestic/drinking water. Mukhopadhyay also investigated the 

effectiveness of fluoride and Arsenate (AsO₄³
-
)  ions removal by Fe and Al binary oxide 

(FeAlOxHy), aluminum oxyhydroxide (AlOxH
y
), and iron oxyhydroxide (FeOxHy) , as 

well as the effects of pH and Fe to Al ratios  (Mukhopadhyay, 2017). 

 

In a batch adsorption test carried out at 25 °C with AsO₄³
-
 and F- solutions with starting 

quantities of 0.2 mM and a pH level ranging from 4 to 9, it has been demonstrated that 

FeOxHy has a strong removal capacity for AsO₄³
-
 but limited effectiveness for F

-
 

removal. When AsO4
-3

 and F
-
 were concurrently eliminated at a pH range of between 4 
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and 11, AlOxHy exhibited high effectiveness, and thus the greatest effect was observed 

at a weakly acidic pH of 6 due to the impact of electrostatic force at a different pH 

conditions (Mukhopadhyay, 2017). In general, arsenic is better removed by up to 94.8 

% by adsorbents. However, FeOxHy could only remove a maximum of 18.4 % of the 

original fluoride concentration while adding AlOxHy to FeOxHy raised the efficiency 

to 64.5 % (Kazi et al., 2018). 

 

A study on the application of magnesium nano-ferrihydrate in defluoridation evaluated 

the synthesised Magnesium-Doped Nano-ferrihydrite in the range of 0.4% to 1% 

derived from altering Mg concentration. The preliminary test revealed that the 0.4% to 

1% rise in Magnesium concentration in nanoferrihydrate lead to a rise in defluoridation 

from 66% to 91%. Measurements on batch adsorption when done by various times 

ranging from 30 minutes to 8hours, with a starting pH of between 1.0 and 10 in a 

fluoride concentration of between 10 mg/L and 150 mg/L while the adsorbent 

concentration  set at between 0.5 g/L and 4 g/L, temperature range of  between 20 °C 

and  45 °C). The investigators also studied the effects of competing Cl
-
 and SO4

-2
 anions 

up to 50 mg/L in this research (Mohapatra et al., 2012).  

 

When the Manesiumg-doped ferrihydrite is applied and time data are well-fitted to the 

pseudo rate equation of the 2
nd

 order, the maximum fluorides absorption potential is 

above 60 mg/g. Characterization of the Magnesium-doped ferrihydrate by X-ray 

diffraction (XRD), Thermo-gravimetric (TG) Electron transmission microscopy (ETM), 

Differential thermal analysis (DTA) and Electron diffraction (ED) showed a higher 

degree of dispersion of particles after fluoride adsorption with improved crystalline 

phase and the fluoride existence of the loaded adsorbent was also verified. A desorption 
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test for fluoride anions indicated that almost 90% of all the fluorides may be desorbed 

under varied pHs as well as the incubation time. Recently, Dhilleswara and co-workers 

in 2021 studied the removal of fluoride in a fixed bed reactor employing customized 

aluminum iron oxides. Column experiments were carried out to assess the impact on 

breakthrough curves of varying substrate masses (Dhilleswara et al., 2021).   

 

A fixed bed study with the initial fluoride dose of 4 mg/l at a pH of about 6.0 as well as 

drinking water solution at a pH of about 7.0 was conducted with a flow rate of 1 

mL/min, 2, 4 and 6 g Al-modified FexOy with bed depths correspondingly 3.5, 7.0 and 

10.5 cm (Pillai et al., 2020). The conclusions drawn demonstrate that, when more 

locations are available, the amount of F- or drinking water increases owing to a rise in 

the overall surface area of the adsorbent. Measurements reported indicate the eluted F
-
 

solution mean pH of 7.2 for the model solution and 7.3 for the domestic/drinking water 

(Habuda-Stanić, et al., 2014). Subsequently, earlier research reported that the optimum 

fluoride detection limits at the breakthroughs had been around 0.51 mg/g  in a bed depth 

of 0.035 m and bed weight of 0.002 kg after 4 hours and 14 minutes as the fluoride 

solution was alloed to go through the column, and 0.296 mg/g in the same bed depth 

and bed weight as before but after 2 hours and 28 minutes when fluoridereach water 

was allowed to pass through the column (Saliu & Oladoja, 2020). 

 

In 2019, Luo and colleagues examined the effectiveness and technique of heated Mg-Fe 

stacked double hydroxides for synchronous AsO₄
-
³ and F

-
 absorption from aqueous 

solution. They conducted adsorption tests to see how several parameters including 

material preparation, Mg/Fe molar ratio, and calcination temperature affected 

defluoridation effectiveness. He used adsorption isotherms to anticipate mechanisms of 
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adsorption and to find the best parameters for heated Mg-Fe stacked double hydroxides 

to remove the most F
-
 and AsO₄³

-
. The highest defluoridation rate was recorded when 

Mg-Fe stacked double hydroxides were heated to about 400 °C, whereas optimum 

fluoride adsorption capacity was about 50 mg/g related to the adoption of the Langmuir 

isotherm model (Luo et al., 2019).  

 

Earlier research has also highlighted the importance of ion exchange interactions, 

surface adsorption and the rebuilding of the original stratified double hydroxide 

framework by intercalation of F
-
 and AsO₄³

-
 ions into the interlayer area for F

-
 

adsorption (Wu et al., 2017). 

 

Bulk tests utilizing 10 mL of fluoride solution with an initial fluoride dose of 10 mg/L 

and varied quantities of adsorbent of between a minimum of 3 mg and a maximum of 

500 mg revealed that the employed adsorbent had a good specificity for fluoride 

extraction. Up to 92% of fluoride was adsorbed from a solution with 10 mg/L under 

optimal conditions of 20 minutes contact time, pH = 5.5, and an adsorbent mass of 100 

mg. Studies on adsorbent effectiveness in the existence of interdependent anions 

notably SO4
2-

, NO3
-
, NO2

-
, Br

-
, and Cl

-
 in variable concentrations ranging from 1:1 to 

around 1:100 revealed that the percentage removal of F
-
 dd not change but remained 

well within the tolerance limit throughout the existence of a 10-fold dose of Br
-
, and Cl

-
, 

50-fold of SO4
2-

 anions and finally 100-fold of NO2
- 
(Bhattacharya, 2017).    

 

Water contaminated with fluoride average content of about 35 mg/L was also 

investigated an adsorption test. It was reported that this removed more than 90% of the 

residual fluoride content of about 3 mg/L. The advantages of generated zirconium (IV)-
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metalloporphyrin-Fe3O4 nanoparticles were highlighted (Poursaberi et al., 2012). The 

simplicity with which it can be separated by a magnetization, the ease with which it can 

be recovered after washing with a basic aqueous solution, and the fact that it may be 

reused for up to 5 times (Ahamad et al., 2018). 

 

A granulated zirconium-iron oxide (Dou, 2012) consisting of non-crystaline and nano-

scale oxide was produced use of an extrusion method, and its adsorption profile owing 

to defluoridation was investigated. defluoridation  was assessed using both F
-
 solution 

and actual F
-
 containing water specimens via batch and column procedures under a 

variety of operating conditions, including starting fluoride content of between 10 mg/L 

to 150 mg/L, pH value ofbetween 3.0 and 11.0, reaction time, and existance of other 

chemical species. The toxicity profile leaching technique was performed to assess the 

leaching potential of the employed particulate zirconium-iron oxide (Wu et al., 2011).  

 

With the exception of bicarbonate, co-existing chemicals such as Cl
-
, SO4

2-
, NO3

-
, [PO 

₄]³⁻, humic acids, and others seemed not to impede defluoridation in natural 

groundwater, demonstrating the excellent selectivity of the employed adsorbent for 

fluoride. In 2012, Dou used batch adsorption experiments to evaluate the efficiency of 

produced hydrous zirconium oxide, whereas surface titration, electrophoretic 

measurement, spectroscopic methods and surface complexation modelling were used to 

explore the defluoridation process.  Batch isotherm tests were conducted with solutions 

with starting fluoride doses ranging from 2 mg/L to 120 mg/L, an adsorbent dosage of 

0.3 g/L, and pH maintained between 7 and 4 at 25 °C for 24 hours. At pH = 7, kinetics 

studies were carried out at room temperature with aqueous samples containing starting 



42 

 

 

 

fluoride doses ranging from 20 mg/L  to 100 mg/L, and an adsorbent dosage of 0.00003 

kg/L (Dou, 2012). 

 

In 2020, Singh and co-workers verified that aqueous ZrO2 had fluoride adsorption 

capacities of between 124 mg/g and 68 mg/g at a pH range of betwee 4 and 7, 

respectively, after studying the impact of pH and co-existing anions on fluoride removal 

(Gan, 2019). Fluoride adsorption followed a pseudo-second-order rate curve, according 

to kinetic investigations. Fluoridation by aqueous zirconium oxides was discovered to 

be caused by the interchange between F
-
 and the OH groups as well as the electrostatic 

interaction seen between the charging surface and F
-
, using spectroscopic techniques, 

surface complexation models, surface titration, and electrophoretic measurement. At the 

surface of aqueous zirconium oxide, neither surface deposition of NaF nor 

crystallization of ZrF4 was detected (Buckley et al., 2018). 

 

It has often been observed that when the pH rises, the capacity of synthetic adsorbent 

decreases owing to variations mostly in pH-dependent electrostatic force between the 

sorbent surface and fluoride. At all levels, Cl
-
, SO4

2-
 and NO3

-
 had a little influence on 

defluoridation, but [PO ₄]³⁻, AsO₄³
-
, and HCO3

-
 had a substantial inhibitory effect  when 

present at a concentration of about 0.1 g/L (Sandoval  et al., 2021). 

 

Zirconium or chromiun double hydroxide layered nitrate may be used for water 

defluoridation. The batch investigations of Fluoride absorption were performed using 1 

g/L adsorbent when magnetically agitated continuously for a period of three hours at 

600 rpm, with various starting fluoride concentration of between zero amd 100 mg/L. 

The maximum absorption of fluoride was recorded to be 31 mg/g, these acquired 
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findings showed an increase in the Zr/Cr double layered hydroxide load for synthesis of 

the adsorbent. The preference of specific monovalent anions and divalent anions in 

fluoride absorption tests was used to evaluate the effects of competing anions  including 

sulfate SO4
2-

, phosphate (PO4
3-

), carbonate (CO3 
2-

) and nitrate (NO3
-
) on defluoridation 

by absorption (Kanrar, 2020).   

 

Column experiments employing polysulfone/zirconium-chromium layered double 

hydroxides with different doses of multilayer double hydroxides were used to 

investigate the possible use of adsorbents. The findings indicate that by using a 

composite material implied superior aqueous permeability than using charged 

multilayered double hydroxides, implying that polysulfone might be a good column 

composition. For composite materials known to contain 9 percent, 17 percent, and 38 

percent of multilayer double hydroxides, the absorbtion abilities determined depending 

on the time, mass flow, as well as quantities up to the breakthrough points were 1.0, 1.7, 

and 6.9 mg/g, respectively, whereas the complete absorption powers were 1.8, 4.9, and 

12.5 mg/g. A column investigation of fluoride absorption from actual water with 

fluoride content of about 12.6 mg/L indicated that almost all the anions were absorbed 

by the selected adsorbent at the early stage of about 20 minutes, suggesting poor 

specificity when natural environmental water samples were processed (Bhattacharya, 

2017). 

 

When 0.1 g of zirconium(IV)ethylenediamine hybrid sorbent was used with 100 ml of 

fluoride solution starting with  fluoride level of 10 mg/L at a level of pH = 7.0 for one 

hour of adsorption, fluoride was eliminated up to 99%. The adsorption procedure was 

carried out and followed by pseudo 2
nd

 order kinetics, with the actual and theoretical 
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adsorption capacities being quite near. Kirkendall phenomenon was used to determine 

the defluoridation effectiveness of CeO2-ZrO2 nanoparticle, as well as a structural 

analysis (Wu et al., 2011).  

 

The maximal potential of the permeable CeO2-ZrO2 nanoparticles was determined to be 

175 mg/g at pH = 4.0 based on the findings of a batch adsorption investigation, and the 

Langmuir model accurately characterized the isotherm. When co-existing ions were 

tested, it was shown that large quantities of Cl
-
 and AsO4

3-
 inhibit fluoride adsorption, 

whereas sulfate had no impact. The attention has been placed on the adsorption process 

of the F
-
 adsorbent which might entail anion exchange and electrostatic forces, 

depending on electrophoretic determination, spectroscopic techniques, as well as 

surface complexation simulations. By applying a 0.4 g/L adsorbent dosage, the 

effectiveness of synthetized CeO2-ZrO2 nanocages was tested with a groundwater 

sample naturally possessing high fluoride content (2.820 mg/L). After one hour of 

treatment, the residual fluoride concentration was 1.39 mg/L (Dou, 2012). 

 

The adsorption of fluoride anions by powdered crystalline TiO2 (metastable mineral 

form of TiO2-Anatase) from water mainly with a contact area of 56 m
2
/g, was 

investigated. The goal of the adsorption tests was to figure out the best adsorbent dose, 

as well as the influence of starting F
-
 concentration, co-existing competeing anions, 

contact time, ionic strength, and pH on fluoride absorption. As a result, aqueous fluoride 

solutions with beginning pH values ranging from 2.0 to 11.0 were employed, together 

with a variety of adsorbent doses ranging from 0.01 g to 2 g and initial F
-
 concentrations 

ranging from 5 mg/L to 20 mg/L (Mikrut et al., 2019).  
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For water defluoridation, a Fe–Al–Ce trimetal hydroxide adsorbent was created by 

coating a Fe–Al–Ce nanoarticle dispersion over glass beads using acrylic–styrene 

copolymer latex binding. On particle strength properties and adsorption ability, the 

impacts of coat temperature, latex/Fe–Al–Ce ratios, as well as coat quantity were 

studied. Higher latex/Fe–Al–Ce ratio and greater coating temperatures following 

adsorbent production were also linked to a rise in bead strength and decreased 

adsorption ability. When the nanoparticles are encased at a temperature of 65 °C with a 

latex/Fe–Al–Ce ratio of 1:2, the maximum performance and maximal defluoridation of 

2.77 mg/g of utilized Fe–Al–Ce trimetal hydroxide adsorbent was achieved. The 

specific fluoride adsorption efficiency was recorded when the starting fluoride content 

was 0.001 M and the initial pH at 7.0 (Bhattacharya, 2017). 

 

In 2018, Zao and co-workers looked into granulated Fe-Al-Ce hydroxide made by 

ejection with a cross-linked polyvinyl alcohol binding. Fluoridated water solutions of 

various concentration level ranging from 10 mg/L to 250 mg/L at a pH level of 7.0, a 

column test with fluoridated tap water with an average average fluoride concentrations 

of 5.0 m/L at an average pH = of 7.9, and groundwater with naturally high F
-
 levels at 

an average fluoride concentration of 3.7 mg/L and an average pH of about 8.0 were 

used to examine the effectiveness of the derived trimetal absorbent. NaAlO2 solution 

was also used in the rejuvenation trials (Zhao et al., 2018). 

 

At pH of 7.0, the Langmuir maximum adsorption potential of granular Fe–Al–Ce 

hydroxide was 51.3 mg/g residual F
-
 doses at the 1.0 mg/L. When fluoridated tap water 

was purified, column studies revealed an F
-
 anions adsorption capability of 5.7 mg/g 

and 3.2 mg/g when natural water with elevated F
-
 concentration was utilized. F

-
 anions 
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were spread equally in the bridge of the Fe–Al–Ce hydroxide utilized in the produced 

adsorbent, indicating that the majority of active sites inside the adsorbent were 

accessible for defluoridation. After four adsorption-regeneration cycles, regenerating 

experiments with NaAlO2 revealed strong adsorbent efficiency and F
-
 anions retention 

of over 60% (Zhao et al., 2018). 

 

2.2.2 Biosorbents 

Biosorption is a relatively new water-treatment technology that makes use of readily 

accessible natural resources. For fluoride elimination, a variety of natural biosorbents 

have been created including Chitin and chitosan which are  appealing natural adsorbents 

due to their exceptional features, such as biocompatibility, low cost and 

biodegradability as well as their unique physicochemical properties, which are a 

consequence of chemically moieties  in polymer chains (George, 2020). 

 

Chitosan is commonly employed in the absorption process in terms of powders, which 

are less stable and produce a large drop in pressure, affecting filtering in potential 

application. The potential of unaltered chitosan to defluoridate was determined to be 

limited. These drawbacks exceed the benefits of biodegradability and nativeness. If 

chitosan could be changed in a way that might overcome the problems outlined above, 

defluoridation effectiveness would undoubtedly increase (Korde, 2020).  

 

Chitosan particles with low fluoride absorbing ability when chemically changed by 

carboxylation and protonation to introduce versatile groups, namely -NH2 and -COOH 

entities, in order to use both  hydroxyl and amine moeities for defluoridation. The 

highest defluoridation capability of protonated carboxylated chitosan particles was 1664 



47 

 

 

 

mg/kg, while raw chitosan particles had a considerably lower adsorption capability of 

52 mg/kg. The adsorption mechanism was shown to be pH-independent, with the 

existence of other existing anions having a little impact (Dehghani et al., 2018). 

 

By optimizing different synthesis parameters, lanthanum integrated chitosan beads are 

produced for defluoridation application. These beads had a fluoride removal rate of 97 

percent at pH = 5 and were able to overcome the disadvantages of traditional 

adsorbents. Lanthanum-incorporated chitosan particles may lower fluoride levels in 

water below the WHO permitted limit of 1.5 mg/L, making them an efficient adsorbent 

for defluoridation of drinking water (Srivastava et al., 2020).  

 

There have been defluoridation experiments utilizing chitin (Nehra et al., 2019), 

chitosan, and chitosan with 20% lanthanum integrated chitosan. Lanthanum-chitosan 

adsorbents perform far superior than to chitosan and chitin in water defluoridation. The 

concentration and type of coexisting-anions, as well as the pH of the solution, all 

influence F
-
 adsorption on the surface of the adsorbent. It was discovered that anions, 

particularly CO₃²⁻ and HCO3
-
 anions, had a negative impact on fluoride adsorption. The 

process of fluoride ion sorption on the chitosan nanoparticles from a batch water 

solution has been investigated. The maximum levels of adsorbed fluoride found were 

20.96–23.98 mg/g, according to the findings. Chitosan's metal-binding ability is utilized 

to integrate titanium metal into an adsorbent for fluoride removal (Bhatnagar & 

Sillanpää, 2011).  

 

In comparison to chitosan, titanium macro-particles have a relatively high 

defluoridation capability. Fluoride adsorption on titanium macroparticles is primarily 
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influenced by the solution acidity and the presence of coexisting anions. The absorption 

is relatively modest at alkaline pH above 7.0. Fluoride absorption is hampered by the 

presence of other coexisting anions in water, notably carbonate and bicarbonate. One of 

the most important parts of ecological engineering to meet biological, household as well 

as environmental circumstances is the biosorbent generated from shellfish waste 

materials (Habuda-Stanić et al., 2014). 

 

The use of Nd-modified chitosan as adsorbent materials for water defluoridation has 

recently been studied by Jiang and co-workers. The influence of several physico-

chemical factors (adsorbent dosage, particle size, and the presence of co-anions) was 

investigated. The pH value was set to 7.0, wat a temperature of 50° C, and the crystallite 

size of 0.10 mm. Sorption process on fluoridated water containing 20 mg/L fluoride 

ions was 98.15 % at a dose of 2.0 g/L, 50 mg/L nitrate, 500 mg/L chloride and 500 

mg/L sulphate in water, had no significant effect on defluoridation (Kusrini et al., 2019; 

Sen et al., 2020; Jiang et al., 2021).  

 

There is also a study on water defluoridation utilizing a hybrid material of Fe/Zr 

nanoparticles. In batch adsorption tests with 50 mL of fluoride solution, several 

physico-chemical parameters were investigated. The initial fluoride doses ranged from 2 

mg/L to 50 mg/L, the pH was 2.0 to 12.0, and the adsorption period of not more than 

five hours. The desorption profile of the hybrid material revealed that at pH = 12, 

approximately 89 percent of fluoride could also be drained out, whereas at pH = 6.0, the 

maximal defluoridation took more than three hours. According to the results, the highest 

sorption potential for Fe/Zr nanoparticles was 0.981 mg/g (Wu et al., 2017). 
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2.2.3 Carbon-based particles 

For defluoridation investigations, a variety of carbon-based nanoparticles from various 

sources can be employed as adsorbents. The basic ingredients required to make carbon 

are commonly accessible. Any carbon-based substance with high carbon content may 

easily be chemically converted into activated carbon (Côrtes et al., 2019).  

 

Since charcoal made from softwoods is highly unstable, activated carbon made from 

hardwood is preferred for adsorption. Physicochemical activation is the most prevalent 

mechanism of making activated carbons. The activation technique used is also 

determined by the feedstock and the density of the required carbon product. Anaerobic 

calcination under 600 °C generates activated carbons produced by a slow rate substrate 

introduction. This eliminates volatiles, which is followed by physico-chemical 

activation. The activation processis completed by using either steaming water,O2 gas or 

CO2 gas as oxidizing agentst  increased temperatures or chemical activating agents like 

Zinc chloride, phosphoric acid, sulphuric acid, potassium hydroxide, potassium sulphide 

and potassium thiocyanate (Côrtes et al., 2019; Minami, 2021). 

 

2.2.4  Industrial Products and By-Products 

Studies of the factors that influence the rate of defluoridation, particularly the types of 

aluminum salt, the sample F
-
 anion concentration of between 2 mg/L and 20 mg/L, the 

adsorbent mass ranging from zero to 14 g/L as well as the time for adsorption ranging 

from zero to 72 h, revealed that the synthesized adsorbent recorded a relatively fast 

kinetics. when the fluoride io s inad a 10 mg/L and measurement done at a pH valueo of 

about 7.25, 10 g/L customized charred bone removed upto 97% of the fluoride. 

Customized bone char therefore has a promising future in real world applications for 
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defluoridation of fluoride rich drinking water (Delgadillo-Velasco, 2017; Alemayehu, 

2020; Kikuchi et al., 2020). 

 

2.2.5  Structural materials as fluoride sorbents  

A research by Yadav et al., reported effectiveness of brick powder on groundwater 

fluoride removal. When the defluoridation efficacy of brick powder was compared to 

the commercially available activated charcoal laboratory reagent grade. The maximum 

fluoride adsorption by brick powder was reported to be around 50% in the pH range of 

between 6.0 and 8.0. However, it was noted that fluoride adsorption reduced with 

increasing pH in the case of commercially available activated charcoal. Under optimum 

pH conditions, brick powder‘s deflouridation capability was observed owing to the 

ionic interactions of fluoride with metal oxides. Other ions had no effect on the 

deflouridation efficiency of brick powder. When the contact duration was prolonged 

from 15 to 120 minutes, the percent defluoridation from synthetic sample improved 

from 29.8 to 54.4 and 47.6 to 80.4 percent for brick powder and commercially available 

activated carbon respectively (Yadav et al., 2018). 

 

2.2.6 Nano-sorbents for defluoridation of water 

Nanotechnology is a promising technology in a variety of sectors (Priestly et al., 2007). 

Similarly, the use of nanoparticles as sorbents for water purification (Plotnikov et al., 

2015) for example carbon nanotubes (CNTs) has received a lot of interest in recent 

years. They have sparked a great deal of curiosity. Because of their tiny size, vast 

surface area, great mechanical strength, and exceptional electrical conductivities, they 

are prospective substances for a broad spectrum of potential applications (Barathi et al., 

2019). 
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Alligned Carbon Nanotubes (ACNTs) created by the catalytic breakdown of xylene 

with ferrocene as a catalyst, was tested for defluoridation efficacy. The surface and 

interior cavities of ACNTs were discovered to be fluoride sorption optimal at a pH 

range of between 3 and 9. At a pH of 7.0 and a F- anion content of 15 mg/L, ACNTs 

had a optimum sorption capacity of 4.5 mg/g (Li et al., 2003). 

 

2.3 Mechanisms of Fluorescent Fluoride sensing 

2.3.1  Photoinduced electron transfer (PET) 

A PET process as illustrated in figure 2.1 is indeed a messaging expression used to 

describe the quenching or stimulation of radiation. Fluorescent sensors that depend on 

PET are typically composed of a fluorophore, receptor and spacer. The receptor 

comprises of interacting atoms that possess comparatively high energy non-bonding 

electrons that can pass an electron to the HOMO including its activated fluorophore, 

resulting in quenching (Tang et al., 2020).  

 

As the electron pair is active throughout the interaction of metal ions, the receptor's 

reduction potential becomes boosted, causing the fluorophore to be higher in energy the 

associated HOMO; as a result, the PET mechanism from the receptor to the fluorophore 

is disallowed, resulting in increased emission spectra. Furthermore, depending on the 

surrounding orbitals added, an interaction between the receptor and analytes causes PET 

from the fluorophore's excited LUMO to the receptor's HOMO, culminating into 

quenching. As a result, it is commonly seen in sensors for fluorescent detection of 

charged or neural samples. Covalently connected fluorescent sensors are usually made 

up of a receptor and a fluorophore that seem to be electrically separated (Magri, 2021).  
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Figure 2.1: PET mechanisms for fluorescent fluoride sensors 

2.3.2 Intramolecular charge transfer (ICT) 

Intramolecular charge transfer (ICT) probes involve the conjugation of electron 

donating groups (EDGs) and electron withdrawing groups (EWGs) groups into a single 

atom. This results into a ‗push-pull' on pi-electron system in its activated form. As the 

fluorophore is excited, electron density redistribution occurs, leading to the formation of 

a significant dipole and ICT from donor to acceptor. The attachment of active site to the 

basic group slows the ICT process due to reduced electron-donating power, resulting in 

a shift towards shorter wavelengths in absorbance. As samples bind to the acidic group, 

an obvious shift to the longer wavelengths on absorbance is detected owing to enhanced 

ICT activity (Kodlady, et al., 2021).  

 

2.3.3 Fluorescence/ Förster resonance energy transfer (FRET) 

FRET is a non-radiative emission process in which an activated donor loses energy to a 

ground-state acceptor via long-dipole correlations. The FRET output refers to the 

likelihood of transfer of the emitted energy. This is heavily comparative to the space 

between the two fluorophores, the similarity between emitter and absorber, as well as 
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the comparative dipole orientation of the donor and acceptor. In FRET schemes, the 

donor output must have effective spectral similarity mostly with acceptor absorption 

wavelength (Mizuta et al., 2021). 

 

PET fluorescent fluoride sensors consist of a set-up of fluorophore-spacer-receptor. The 

fluorophore and receptor are completely distinguished by a short aliphatic spacer. Even 

so, the receptors need a non-bonded fairly excited electron pair. Once an electron in the 

Highest Occupied Molecular Orbital (HOMO) is activated, it transits to the Lowest 

Unccupied Molecular Orbital (LUMO). A swift intramolecular transfer of electrons 

occurs in the unbound state between the HOMO (receptor) and the LUMO (excited 

fluorophore). In "off" state B (Figure 2.1), the probe is quenched. The linked receptor, 

on the other hand, allows the electron pair to coordinate to F
-
. As a result, the HOMO of 

the receptor shrinks in comparison to the fluorophore. The attached receptor, on the 

other hand, enables the electron pair to coordinate to F
-
. As a result, the receptor's 

HOMO gets smaller as compared to the fluorophore. The PET process can be slowed or 

even turned off by reducing the redox at the receptor.  This causes fluorescence ―turned 

on‖ (Jiao et al., 2015). 

 

Before binding with fluoride, the energy level of the receptor‘s HOMO is lower than the 

reporter. One electron is promoted to the LUMO upon excitation and can freely transit 

back to the ground state and release energy in the form of fluorescence. However, the 

HOMO energy level of the receptor becomes higher when fluoride binds at the receptor. 

Similarly, one electron on the receptor‘s HOMO upon excitation transfers to the empty 

position of the reporter‘s HOMO before the LUMO electron of the reporter relaxes back 

to the ground state. This significantly quenches fluorescence. The degree of 
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fluorescence quenching can be monitored by instruments and correlated to the amount 

of fluoride in solution (Ashokkumar, et al., 2014). 

 

In 2020, Yang et al., recorded a photo-induced and excited state Intramolecular Proton 

Transfer (ESIPT) mechanism for a novel 2-(3,5-dichloro-2,6-dihydroxy-phenyl)-

benzoxazole-5-carboxylic acid (DICH) compound. They managed to monitor and 

regulate ESIPT behaviour in the DICH system in varried solvent polarities. The 

deprotonation reaction from fluoride anion, which inhibits the primary ESIPT process 

of DICH, is the justification for the hypothesis on fluoride sensing mechanism for 

DICH system. As a result, new UV-Vis spectra occur, which play a role in fluorescence 

activity. Upon binding with fluoride, the fluorescence of these sensors is significantly 

quenched due to PET. The selectivity of this type of sensor arises from its hydrogen 

donating property. Due to the PET process, these types of fluoride sensors are usually 

―turn-off‖ sensors and hence the sensitivity is usually limited (Yang, et al., 2020). 

 

2.3.4 Hydrogen-Bond Interaction Based Fluoride Sensors.  

A hydrogen bond is predominantly an electrostatic interaction between hydrogen (H) 

and a more electronegative atom like oxygen (X), nitrogen, fluorine, or and possibly 

another neighboring atom with a lone pair of electrons. Hydrogen bonds are essential in 

many biochemical pathways. They are characterized by the H-X framework. Associated 

liquids are liquids that exhibit hydrogen bond character. O-H bond is amongst the most 

potent hydrogen bond donors. Intramolecular hydrogen bonds exist more often than the 

intermolecular ones. Fluoride is perhaps the most common substrate for anion 

identification in various receptors as a hydrogen bond acceptor. In the orders of CF3 < 
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CHF2<CH2F2, the strength of hydrogen bond formation for fluorinated substituents 

applied to a certain molecular system reduces (Yang et al., 2020).  

 

Since hydrogen bonds remain lateral, it is possible to create sensors with complex 

shapes that are able to discern among anionic species of various geometrical setups. 

There have been two elements of hydrogen-bonding that work together. The first 

involves entities with several bonds. These are commonly referred to as a resonance 

enabled hydrogen bonds; secondly, there is one associated with recurrent strings or 

loops of hydrogen-bonded organic compounds possessing the donor as well as acceptor 

moeties. These electrostatic interactions may be combined to create an appropriate 

anion receptor (Yang et al., 2020). 

 

Fluoride forms stronger hydrogen bonds compared to oxygen and nitrogen. In the past, 

designing these fluoride sensors depended on fluoride receptors like urea (Xia et al., 

2021), thiourea (Li & Zhongzhen-Tian, 2020), sulphonamide (Zimmerman et al., 2018), 

amide (Patel et al., 2020), Schiff base (Saini et al., 2018) and many more. The sensors 

have a reporter that consists of a chromophore/fluorophore, a fluoride receptor which is 

the hydrogen donor and a spacer or linker to connect the reporter and fluoride receptor. 

Binding of fluoride to these receptors will cause a change in the electron density 

surrounding the reporter, known as the photoinduced electron transfer (PET) process 

(Figure 2.1) and hence the absorption and emission spectrum of the reporter will change 

accordingly (Ashokkumar et al., 2014).  

 

Lewis bases, like F
-
, would hydrogen bond with Hydrogen-bond donors such hydroxyl 

and amine groups by deprotonation that generally follows their coordination. Because 
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of the existence of coordinated amines, hydroxyl groups, or even (thio)ureas, such 

compounds end up detecting fluoride ions. In the year 2013, Mahapatra and research 

team reported a deprotonation of the hydroxyl group in ACN allows the 

Bis(coumarin)methylene chemosensor to detect fluoride ions (Mahapatra et al., 2013). 

 

Mahapatra and co-workers further observed that the inclusion of fluoride resulted in a 

distinct colorimetric as well as fluorescent shifts. The process was considered to occur 

by forming a hydrogen-bonded contact when one equivalent of fluoride ions was added 

followed by the deprotonating the phenolic group when the next equivalent is added. 

This second phase was shown to be crucial to the observable chromogenic effect 

(Mahapatra et al., 2013). 

 

In 2016, Li and co-workers reported that coumarin dimer can recognize fluoride ions in 

DMF. The nonfluorescent molecule dramatically changed to a strongly fluorescenceing 

chemosensor by the introduction of fluoride ions coming from an initial fluoride 

coordination, accompanied by deprotonation. The molecule, meanwhile, was not just 

selective to fluoride ions alone as it fluoresced brightly in the presence of Mg
2+

 ions and  

Zn
2+

, coordinating the dimer both through the phenol and imine heteroatoms (Li et al., 

2016). 

 

In the same year 2016, Tian and co-workers reported a diarylethene-coumarin 

derivative fluoride sensor whore detection mechanism was based on deprotonating the 

phenol in ACN in an identical way. The PET effect with the closed diarylethene 

resulted in either an open state (fluorescencing) or a closed state (non-fluorescencing) 

molecule when the state of the diarylethene photoswitch was modulated. It was also 
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reported that the presence of Zn
2+

, the identical detector exhibited its fluorescence 

amplification (Tian et al., 2016). In 2017, a fluoride ion chemosensor built on a 

coumarin-pyrazole-pyridine framework was reported by Alkış and co-workers. 

Introducing fluoride ions to the chemosensor was noticed to cause an ON-OFF shift in 

DMSO, which could also be reverted by introducing trifluoroacetic acid (TFA) (Alkış et 

al., 2017). 

 

In another separate work, fluorescence quenching in the presence of fluoride ions has 

been recorded to be affected by the breakdown of the pyrazole hydrogen bridge. A 

related molecule, which lacked the pyridine unit but rather included a phenyl group, 

responded in such a comparable pattern; thet is through deprotonation and hydrogen-

bridge disturbance. This molecule did, however, exhibit significant fluorescent decrease 

in the presence of AcO
-
 (Babür et al., 2015) 

 

In theyear 2017, Yeap and a team of researchers designed a fluoride ion chemosensor 

based on chalconea and equipped with coumarin and naphthol for the selective 

detection of fluoride ions. Due to the extreme deprotonation of the hydroxyl group, the 

probe could identify fluoride ions with a fluorescence amplification reaction thereby 

increasing an intermolecular charge transfer (ICT) activity (Yeap et al., 2017). 

 

Fluoride ion detection can indeed be accomplished not just by deprotonation and 

coordination of phenol protons, but as well as through the deprotonation and 

coordination of many Nitrogen-based electron deficient protons. Park and co-workers 

designed a chromogenic chemosensor capable of detecting both F
-
 and Al

3+ 
through 

nitrogen ligand coordination and deprotonation. It changed colour from yellow to pink 
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as a result of the dye's enhanced push and pull nature following chemical deprotonation 

(Park et al., 2014). 

 

Incidentally, when different concentrations of fluoride ios are added to 

acetonitrile/dimethyl sulfoxide (CH3CN/DMSO), coumarincarbohydrazone and 

coumarin-carbohydrazone display an ONOFFON fluorescence. First, a complex 

with a 1:1 stoichiometry between the compounds and fluoride is produced; resulting in a 

reduction in fluorescence, whereas adding additional equivalents resulted in a partial 

restoration of blue-shifted fluorescence (Biswas et al., 2016). 

 

Lastly, the Ma and the research team presented a fluoride ion fluorescence probe that 

applies a PET quenching method. In the presence of an excess of fluoride ions, the 

initial strong fluorescence in THF solvent was reorded to be completely quenched, 

owing to a PET effect seen between the coumarin moiety and deprotonated group (Ma 

et al., 2017). 

 

2.3.5 π-electron delocalization induced by hydrogen bond  

The delocalization of pi-electrons and, as a result, the electron motion inside the formed 

loop results in the synchronization of suitable bonds. The transfer of electron density in 

resonance-aided hydrogen bond structures appears to be crucial for the photochemical 

characteristics of these groups. The migration of electrons from its Lewis base entity to 

the Lewis acid end is quite well documented for intermolecular H-bonds. The varying 

types and strengths of H-bonds influence pi-electron migration in the remaining 

structure. These can include not only the pi-electron spacer but also conjugated systems 

within the structure. Especially with regard to the relationships seen between aromatic 



59 

 

 

 

component of the system's pi-electron migration as well as the form including its H-

bond, aromaticity indicators could be used for every reason, which will define pi-

electron delocalization as well as compare respective intensities to quantities for well-

known aromatic structures (Liu et al., 2021). 

 

2.3.6 Lewis acid-base interactions 

Lewis philosophy employed transfer of electrons rather than just proton movement and 

claimed explicitly how an acid embraces an electron pair using its empty orbital while a 

base make a contribution of its non-bonding electron pairs, culminating in a coordinate 

bond. Soft acids tend to associate more with soft bases while the hard acids prefer to 

connect to hard bases. Lewis acid cores with fewer electrons will connect to anions 

through orbital overlapping. This results in an interaction between bonds. As a result, 

several novel anion hosts from various transition metals have been synthesized (Chen et 

al., 2021). 

 

2.3.7 Displacement Assays 

Displacement assessments are already extensively used in the development of anions' 

visual probes. The attachment of the specific anion to recognition pocket of the 

molecular group not only leads in the relocation of the triggering receptor but also a 

major visual shift in the relocation strategy. The binding of the specific anion to the 

active sites results in the relocation of the sensing subunit and a dramatic visual shift in 

this technique. The identification of the resulting anion is caused by the difference in 

optical properties between the independent receiver as well as the coordinated sensor. 

One intriguing assumption of this approach has been that the majority of synthesized 
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structures exhibit signalling functionality in aqueous or organic/aqueous mixtures, 

leading to the establishment of practical sensing schemes (Sedgwick et al., 2021).  

 

2.3.8 Metal Ion Displacement Mechanism.  

The metal ion displacement method can also identify fluoride ions. Mg
2+

, Gd
3+

, Cu
2+

, 

and Al
3+

 are some of the the metal complexes that have been widely described thus far. 

The intense blue fluorescence, which is structurally identical to the presence of cyanide 

ion (CN
-
), is reportedly substantially suppressed by Cu

2+
 in acetonitrile (ACN), but 

when fluoride ions was added, the fluorophore was liberated and the vivid blue 

fluorescence was restored (Razi et al., 2015; Sarkar et al., 2017; Wang et al., 2017). 

Interestingly, the complex primarily demonstrated a significant sensitivity to fluoride 

ions, notwithstanding the high affinity of S
2-

 and CN
-
 for Cu

2+
. Repeated cycles of 

sequentially adding copper (II) ions and fluoride ions to a solution, totally quenched the 

solution, followed by a restoration of  the fluorescence verified the process 

decomplexation preceeded by a complexation reaction. In an aqueous solution 

containing DMSO (approximately 17%), the coumarin hydrazine derivative was 

recorded to display an inverted fluorescence response; exhibiting a very considerable 

rise in fluorescence following complexation with Al
3+

 ions alone. The fluorescence was 

noted to be suppressed in the presence of fluoride ions owing to the increase affinity of 

fluoride ions for Al
3+ 

cations (Wang et al., 2017). 

 

The initial strong fluorescence of gadolinium(III)-coumarin complex (Figure 2.2) 

(Sarkar et al., 2017) is dramatically quenched, however the presence of fluoride ions in 

an aqueous solution containing  ACN (approximately 30%) was reported to restore the 

fluorescence attributed to the creation of a gadolinium-fluoride complex as a 
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consequence of the suppression of the PET mechanism in the non-complexed 

fluorophore. A magnesium complex (Figure 2.3) has been reported to produce intense 

red fluorescence, but the introduction of fluoride ions causes the magnesium complex to 

undergo decomplexion reaction, thereby suppressing the fluorescence owing to the 

revival of the PET mechanism in the liberated fluorophore. 

O

NH

O

N

O
-

Et2N

O

O
-

Gd
3+

N

N
OH

O

OO
H

OH

O

O
-

O

OH2

F-

O

NH

O

N

OH
Et2N

O

OH

Fluorescence

H

O
H

H O

H

FH

FH

Gd
3+

N

N
OH

O

OO
H

OH

O

O
-

O

OH2

MRI signal

EDTA-Gd (III)

EDTA-Gd(III)-coumarin based compound

 

Figure 2.2: Proposed binding mode of fluoride ions on EDTA-Gd(III)-Coumarin 

based compound 
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Figure 2.3: Proposed reaction mechanism of magnesium complex fluoride sensor 
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2.3.9 Use of Chemodosimeter  

The chemodosimeter method makes use of permanent chemical change brought about 

by an anion. This results in variations in emission or change in colour. Relevant 

chemical processes arise in these methods that necessarily contain the shattering as well 

as establishment of many covalent bonds. Chemodosimeters (Figure 2.4) may react 

rather selectively towards specific anions in aqueous or mixed organic-aqueous 

mixtures. Chemodosimeters primarily use the nucleophilic attack on the target 

electrophilic species, resulting in a reconfiguration of electric field throughout the 

whole structure accompanied by colour enhancement. Furthermore, some metal 

complexes that, on coordination with another ligand or anion, modify the metal 

complex's fluorescence signal that in turn favours detection and identification (Padghan 

et al., 2021). 
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Figure 2.4: Cyanide selective chemodosimeters (Padghan et al., 2021). 

 

2.3.10 Fluoride-Boronic Acid Moieties Interaction Sensors 

Boronic acid-based sensors have been designed as fluoride ion sensors attributed to the 

reason that trivalent boron forms strong covalent bonds fluoride ions. Because the 

Boron–Oxygen bond in aromatic boronic acids is labile under protic circumstances, the 

introduction of fluoride causes a series of equilibria in which boron participates in an 
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OH
-
/F

-
 exchange mechanism. Tetrahedral boronate anions generally quench the 

fluorescence of fluorophores attached to them by way of an ICT process. This 

mechanism operates in emitting probes that like boron–fluoride complexes (Avinash et 

al., 2020).  

 

The boronic acid group‘s affinity to hard bases, such as fluoride has been used to 

develop fluoride sensors based on the relationship between the fluorescence or 

absorbance and the electronic properties of the boron centre upon fluoride binding (Guo 

et al., 2012). Triarylboranes are strong Lewis acids. This property enables them to be 

used as nucleophilic anions sensors. The fluorescent character of triarylboranes 

promotes their use as visual sensors (Avinash et al., 2020). 

 

Fluoroborate anions are usually formed when fluoride ions are added to triarylboranes. 

The reaction between fluoride ions and boron cluster depends on the changes in the 

electronic structure of the substituent. This property (Figure 2.5) has been exploited in 

the development of visual fluoride sensors (Zhou et al., 2014).  This is an off-on sensor 

in which the fluorescein derivative is initially put out through a PET process. However, 

upon reacting with fluoride, the sensitivity of this sensor is greatly improved and the 

fluorescence is turned on (Figure 2.6). In this type of sensor, the boron centre has to 

compete with water to react with fluoride and the concentration of the sensors used for 

the assay is usually in the low micromolar range, making competition with water (55 M) 

difficult, (Guo et al., 2012). Boron-containing chemosensors are at the forefront but 

despite significant development, there have been no reports of fluoride-specific boron 

based fluoride detectors that can be efficiently applied in aqueous systems. 
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Figure 2.5: Mechanism for fluoride binding with boronic acids 

 

 

Figure 2.6: An example of fluoride binding with boronic acids (Guo et al., 2012). 

 

2.3.11 Fluoride Promoted Desilylation Sensors 

The affinity of fluoride to silicon is one other attribute that make it stand out from other 

anions. The fluoride-silicon bond is much more stable as shown by its bond dissociation 

energy (BDE) at 141 kcal/mol which is higher than the bond dissociation energy (BDE) 

of carbon-silicon at 69 kcal/mol and oxygen-silicon bond dissociation energy (BDE) at 

103 kcal/mol.  Several oxygen-silicon bond and carbon-silicon based F
-
 sensors have 

been reported (Zhou et al., 2014).  

 

These sensors have an electron acceptor: (fluorophore/chromophore) that contains an 

electron withdrawing group) in addition to a fluoride receptor that contains one/more 

oxygen-silicon or carbon-silicon moieties. However, unlike the PET process, the 

receptor and reporter are usually linked through a conjugated linker or directly attached 
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to each other. The sensors by themselves are normally non-fluorescent or weakly 

fluorescent because of the free bond rotation of the silicon moieties (Zhou et al., 2014).  

 

Upon fluoride reacting with the sensor, the silicon moieties leave and the receptor 

becomes a strong electron donating group. The charge can be transferred into the 

fluorophore, thereby greatly enhancing the ―push-pull‖ effect of the fluorophore and in 

turn lowering the HOMO-LUMO energy gap, making the excitation and emission 

wavelength red-shifted and improving the quantum yield. This process is known as the 

ICT process (Figure 2.7).  

 

Figure 2.7: ICT mechanism in designing fluorogenic probes (Akumu et al., 2021). 

 

With tert-butyldiphenylsilyl (Hossein et al., 2020), ether (Ghate et al., 2005) or 

triisopropylsilyl ether (Grimm et al., 2013) as the reactive group, these compounds are 

reported to be extremely sensitive fluoride sensors, with fluorescence increasing upto 

more than 700-times when the F
-
 anion is added.  

 

Si-O bonds can be permanently broken by fluoride ion due to the higher bond strength 

of a Si-F bond over a Si-O bond. Due to the extreme reactivity of 2-(trimethylsilyl)ethyl 

ether group as reported by Mahoney and coworkers, fluoride ion may easily activate 

aryl phthalate esters (Figure 2.8). When the silyl coupler is deprotected, the phthalate 

monoester that results cyclizes, freeing the coumarin and increasing fluorescence 

intensity. When the Silyl Bridge is deprotected, the phthalate monoester that results 
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cyclizes, releasing the coumarin and increasing fluorescence intensity (Mahoney et al., 

2013). 
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Figure 2.8: Molecular structure of an aryl phthalate ester and proposed binding 

mode to fluoride ion. 

 

To detect fluoride ions, Huang and co-workers employed an innovative self 

amplifcation method. The activation of the sensor, followed by the 1,6-elimination of 

the 4-hydroxybenzyl alcohol binder, resulted in the generation of two more equivalents 

of fluoride ions (Figure 2.9). 
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Figure 2.9: Sensor self inducing signal amplifcation process the presence of 

fluoride ions. 

 

When these compounds are investigated in the presence of acetonitrile-pyridine-water 

(94/1/1) (v/v/v) solution, to establish an extremely wide range in LOD of between 0.5-

238 pM among analogues, with the ones that lack self-amplification process rcording 
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higher LODs. This clearly illustrates the advantage of the self amplification (Mahoney 

et al., 2013; Feng et al., 2019). 

 

Figure 2.10: shows an example of a fluoride chemosensor relying on the substitution of 

tert-butyldiphenylsilyl, which activates Förster resonance energy-transfer (FRET). As a 

reulst, this leads to abathochromic shift in fluorescence from 464 nm (blue) to 523 nm 

(green). Breaking the Si-O bond lowers the potency of the ICT process; as a result such 

compounds undergo a ratiometric reaction to fluoride ions (Shen et al., 2018). 
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Figure 2.10: An example of a fluoride chemosensor relying on the substitution of 

tert-butyldiphenylsilyl. 

 

These types of sensors usually undergo an off-on process upon reacting with fluoride. 

The success of this type of sensors depends on the rate of fluoride breaking the Oxygen-

Silicon or Carbon-Silicon bond and the quantum yield and molar extinction coefficient 

of the reporter. These factors determine the sensors‘ detection limit. Since these types of 

sensors are reaction based, their selectivity to fluoride is usually very good. Also, they 

usually exhibit a turn-on process upon reacting with fluoride increasing the sensitivity 

compared with other types of sensors. By taking advantage of these two main 
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superiorities, many research groups have designed this type of sensor to detect fluoride 

in living cells (Zhou et al., 2015). 

 

2.4 Synthetic Approaches to Fluoride Sensors 

Synthetic chemical sensors have attracted a lot of research interest (Gale & Caltagirone, 

2018). By and large, most common receptors for anions include -OH,-NH2, -COX, 

imidazole, benzimidazole, urea, pyrrole and thiourea, among others. A number of 

reports are available where fluorogenic and chromogenic responses to fluorides have 

been studied. The reported fluorescent fluoride sensors are famous either for quenching 

or fluorescence intensity enhancement after binding to specific receptors (Han et al., 

2019). Different synthetic strategies have been used to obtain sensitive and selective 

novel fluoride (Udhayakumari, 2020).  

 

Some fundamental photophysical mechanisms that might be beneficial in the creation of 

novel chemosensors remain undiscovered (Wu et al., 2011). These include: 

 

2.4.1 Interference of triplet excited states 

Triplet photosensitizers (PSs) are chemicals with an ability to be effectively excited to 

the triplet excited state and then serve as photochemical catalysts. The term was PSs 

obtained from chemicals that were utilized to transmit triplet energy to other 

compounds with a low inherent triplet state output.  Triplet PSs are utilized for photo - 

catalytic biochemical systems, photodynamic treatment (PDT), photoinduced hydrogen 

generation from water, and triplet-triplet attrition (TTA) upconversion, in addition to 

triplet energy transfer.  A good PS should have highly excited uponabsorbing light 

absorptio coupled with high intersystem crossing (ISC) yield for rapid triplet state 
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generation, and a long triplet lifespan to allow for interaction with a reactant molecule 

(Zhao et al., 2013).  

 

Many metal complexes exhibit rapid ISC but have low molar absorption coefficients 

within the visible spectral range and temporary triplet excited states, making them 

inappropriate for use as triplet PSs. The challenge in forecasting the ISC of 

chromophores, particularly organic compounds lacking heavy atoms, is one barrier to 

the creation of novel triplet PSs. Some photophysical mechanisms, including triplet–

triplet transfer of energy and phosphorescence, can benefit from the influence of triplet 

excited states (Zhao et al., 2013). 

 

2.4.2 Triplet–triplet (TT) transfer of energy.  

An effective gap of about 10 Å for energy transfer between triplet states indeed is 

substantially lower than the Forster radius which stands at 100 Å in the case of FRET as 

compared to the traditional singlet–singlet (SS) energy transfer. The TT energy transfer 

rate constant is anticipated to drop gradually as the space in between the high energy 

donor and the unexcited (lowr energy) acceptor grows, according to the Dexter 

mechanism (Wu et al., 2011). 

 

The benefit of TT transition is that even little intervention involving the donor and 

acceptor leads to a large shift in photophysical propeties. As a result, TT energy transfer 

based chemosensors have a significant distance dependency on analytes. The restricted 

contact mehanisms are critical in a wide range of compound electronic components as 

well as biochemical pathways, including DNA analysis and photosynthesis. 

Intermolecular TT transfer of energy is routinely used in organic light-emitting diodes 
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(OLEDs); nevertheless, its applicability in chemical probes is limited furthermore, it 

warrants more investigation (Wu et al., 2011). 

 

2.4.3 Delayed fluorescence.  

The modification of organic molecules' triplet excited state has been applied in 

designing time-modulated chemosensors. Due to minimal energy gap involving the first 

excited singlet (S1) and the first excited triplet (T1) coupled with a long lifespan, reverse 

ISC from T1 to S1 can occur. This produces energy release reflecting the spectrum 

structure just like conventional fluorescence even though with a significantly more time 

for decay (Wu et al., 2011).  

 

2.4.4 Up-conversion fluorescence 

Up-conversion Fluorescence is described as excitation upon absorption of photons with 

low energy, mostly in the nesr infra-red range, followed by an emission at a higher 

energy typically in the visible range of the spectrum. This is a rate and very unique 

mechanism in which long wavelengths are 'transformed' to shorter wavelengths. An up-

conversion fluorescence method therefore is ideal for studying photoinduced 

intramolecular interactions such as proton transfer, charge transfer and intermolecular 

processes (Wu et al., 2011). 

 

Photoactive yellow protein and blue fluorescent protein have been reported as being 

used in the research of light-driven biological processes. Furthermore, up-conversion 

fluorescence microscopy with absorbance in the near-infrared range is utilized to 

biological cells and tissues imaging. This method offers many benefits, along with no 

photodamage to live organisms, much less autofluorescence, excellent recognition, as 
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well as a significant high spatial contrast in deep tissues. This mechanism is applicable 

both inside and outside living organism epifluorescence studies.  Yet, fluorescence-

based probes relying on sequential uptake of photons leading to higher energy emission 

process remain uncommon; however, two photon absorption (TPA), has lately received 

a lot of interest.  Several organic compounds have indeed been targeted on the basis of 

TPA. However, TPA sensors are still in the process since a number of TPA probes have 

tiny 2-photon active intersections, which limit their application in TPA. Any 

prospective studies in this field should indeed be centered on this (Shen, 2016).  

 

2.4.5 Proximity effect 

The closeness of the n–pi* and pi–pi* singlet states, speeds up the IC to the lowest 

energy state. This phenomenon, also known as the proximity effect, occurs from n–pi* 

and pi–pi* nonadiabatic coupling. The mutual effect may be used to detect polarity 

micropolarity in cells (Wu et al., 2011). 

 

2.4.6 Fluorescence polarization 

This mechanism provides information on compound's orientation as well as its 

movement. It is particularly handy in the investigation of receptor–ligand bond 

relations, protein– deoxyribonucleic acid interrelationships, peptide bonds hydrolysis 

reactions, lipid bilayer viscosity and contraction of the muscle. Furthermore, 

polarization fluorescence-based chemosensors may be a superior alternative for chiral 

sensing (Zhou et al., 2018). 
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2.4.7 Exciplex formation 

Collisional intermolecular interactions between excited states generate unstable dimers 

and complexes, resulting in lower energy excimer/exciplex emission, that can only be 

distinguished from photoluminescence (PL) caused by monomeric molecules (Garci et 

al., 2020). 

 

Even though excimer creation is extensively used in the development of chemosensors, 

just a few models are based on electronic excitation of a complex of known 

stoichiometry. Since excimer/exciplex production follows identical non-chemical 

photoexcitation propeties, and numerous natural esources have been recorded as having 

an ability to produce an exciplex, it is expected that additional exciplex-based 

fluorescent chemosensors (Figure 2.11) will emerge in the near future. Photophysical 

processes may be used to create sensors that use novel indicator methods for specific 

chemical structures held by intermoleculat forces and conditions for sensitivity to fulfill 

specific needs in various uses. Further to this, novel sensing methods are likely to be 

introduced in the future (Zhou et al., 2018).  
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Figure 2.11: Molecular structure of an exciplex-based fluorescent chemosensor 
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2.4.8 Conventional signal mechanisms 

On the basis of several fundamental photophysical interactions, conventional signal 

mechanisms were increasingly recognized. Only a basic categorization of these 

mechanisms has been provided here.  Among these traditional methods, Electron 

transfer (ET), primarily by photo-induced electron transfer (PET), has been the most 

frequently used in fluorescent chemosensors. The emission of a fluorophore is usually 

reduced through a PET mechanism, but it can be restored by inhibiting this operation 

using molecular recptors. Secondly, charge transfer (CT) mechanisms include twisted 

intramolecular charge transfer (TICT), metal–ligand charge transfer (MLCT) ans 

intramolecular charge transfer (ICT) (Zhou et al., 2018). 

 

Enhancing or suppressing any ICT mechanism can result in a bathochromic or 

hypsochromic effects in the emission spectrum of an ICT-based chemosensor. This 

results in a ratiometric signal that can eradicate most discrepancies by self-calibration of 

two emission bands and allow quantitation in more complex applications, such as 

imaging in living cells. Alternatively, MLCT is often found in transition metal 

complexes. It may also be utilized to construct chemosensors based on analytes' effect 

on the MLCT energy level (Zhou et al., 2018). 

 

TICT is a powerful intramolecular CT that occurs in the excited state and includes 

relaxation due to the surrounding molecule, resulting in a continuous rotation of the 

electron donor/acceptor. The intramolecular rotation aswell as the charge separation in 

the TICT state does not require organic solvent relaxation. Fluorescence characteristics 

are extremely responsive to very low polarity and/or steric bulk for structure rotations 

(Zhou et al., 2018). TICT inhibition may greatly boost the luminance of fluorophores. 
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Accurate TICT estimation is thus essential for the quantitative development of efficient 

fluorophores (Wang et al., 2020). 

 

Depending on the contact distance between the energy donor and energy acceptor, 

energy transfer (ET) can be categorized as electronic energy transfer (EET) or 

fluorescence resonance energy transfer (FRET). In order to be effective, EET, also 

known as Dexter electron transfer, requires a distance of less than 10 Å between the 

acceptor and the donor, whereas. FRET needs a specific level in overlap involving the 

emission and absorption spectra of the donor and acceptor respectively. For effective 

FRET, the desirable space between the acceptor and donor is expected to range between 

10 Å and 100 Å. As a result, chemical probes that operate on the processes involving 

energy transfer are highly gap sensitive. When a fluorophore in the excited state differs 

from its ground state, the resulting complex is an excimer/exciplex (Mukherjee et al., 

2020).  

 

When compared to the monomer, the emission spectra of an excimer/exciplex that has 

undergone bathochromic shift, and dual emission from the monomer is frequently 

detected. As a result sensing may be accomplished simply by monitoring the 

excimer/exciplex band from its production or deformation during contact with an 

acceptor. However, this remains an area of much research interest as very few 

chemosensors functioning exciplex have been developed (Şenkuytu, 2018). 

 

2.5 Promising signaling methods 

Because of the fast growth of chemical probes made up of a distinct number of 

structures, several basic photoemissive processes are drawing interest for the 
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development of novel sensing systems. A stiff fluorophore promotes radiative relaxation 

whereas a flexible design promotes relaxation to lower energy states with very little or 

no emission; sp
2
 carbon isomerization absorbs energy while increasing non-radiative 

relaxation; in the excited state, the rate of proton transfer is significantly larger than that 

of electron transport (Wu et al., 2011). Furthermore, the most basic nonradiative decay 

mechanism that causes emission and fluorescence quenching is intramolecular rotation 

in certain components leading to emission (Abebe et al., 2018). 

 

A noticeable fluorescence fluctuation is therefore predicted if such an intramolecular 

rotation is partially or fully blocked (Wu et al., 2011). Because molecular rotation 

reduces emission if form of fluorescence, it is therefore realistic that a limitation on 

molecular rotations decreases the non-radiative mechanism character and results in to a 

higher fluorescence intensity. Several novel designs based on photophysical mechanism 

are in use as fluorescent chemosensors (Khan & Kumar, 2021). Even though the 

knowledge on these novel processes is currently limited in comparison to traditional 

mechanisms, they do offer some recommendations for developing new supramolecular 

systems for detecting analytes (Asiri et al., 2019). 

 

2.5.1 Aggregation-induced emission (AIE) 

This mechanism is commonly recognised in organofluorophores whose emissions are 

frequently reduced when they are gathered together; this results into an aggregation-

caused quenching (ACQ). Due to the extreme ACQ effect, several organic fluorophores 

have been seriously restricted in their usage in organic light-emitting diodes (OLEDs) 

and as chemosensing materials (Zhang et al., 2019). To counteract the ACQ effect, 

branching chains and ring species are covalently bonded to the fluorophores to prevent 
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aggregation formation. However, certain organic compounds that are nearly non-

fluorescent in have demonstrated ability to be converted into highly fluorescencing 

materials following the unusual characteristin in aggregation (Wang et al., 2020). The 

aggregation-induced emission (AIE) process greatly multiplies the quantum yield of 

fluorophores, transforming it from virtually non-fluorescent to highly fluorescent 

species. It was later reported that AIE phenomena is also seen in a range of 

tetraphenylethene, diphenyl dibenzofulvenes, substituted olefins, and pyran derivatives 

(Chen et al., 2019). 

 

2.6  Mechanisms for anion sensing 

The following anion sensing mechanisms may be used during synthesis to be applied in 

sensing studies for anions including fluorides through bond donation ability (Kaur et al., 

2017). 

 

2.6.1 π-electron delocalization induced by hydrogen bond  

The delocalization of pi- electrons and, as a result, the electron motion inside the 

formed loop results in the synchronization of suitable bonds. The transfer of electron 

density in resonance-aided hydrogen bond structures appears to be crucial for the 

photochemical characteristics of these groups. The migration of electrons from its 

Lewis base entity to the lewis acid end is quite well documented for intermolecular H-

bonds (Ma et al., 2017). The varying types and strengths of hydrogen bonds influence 

pi-electron migration in the remaining structure. These can include not only the pi-

electron spacer but also conjugated systems within the structure. Especially with regard 

to the relationships seen between aromatic component of the system's pi-electron 

migration as well as the form including its H-bond, aromaticity indicators could be used 
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for every reason, that will define pi-electron delocalization as well as enable compare 

respective intensities to quantities for well-known aromatic structures (Liu et al., 2021). 

 

2.6.2 Lewis acid-base interactions 

Lewis philosophy employed transfer of electrons rather than just proton movement and 

claimed explicitly how an acid embraces an electron pair using its empty orbital while a 

base make a contribution of its non-bonding electron pairs, culminating in a coordinate 

bond. Soft acids tend to associate more with soft bases while the hard acids prefer to 

connect to hard bases. Lewis acid cores with fewer electrons will connect to anions 

through orbital overlapping. This results in an interaction between bonds. As a result, 

several novel anion hosts from several transition metals have been synthesized (Chen et 

al., 2021). 

 

2.6.3 Photoinduced electron transfer (PET) 

Photoinduced electron transfer (PET) is indeed a messaging expression used to describe 

the quenching or stimulation of radiation. Fluorescent sensors that depend on PET are 

typically composed of a fluorophore, receptor and spacer. The receptor comprises of 

interacting atoms that possess comparatively high energy non-bonding electrons that 

can pass an electron to the HOMO including its activated fluorophore, resulting in 

quenching (Tang et al., 2020).  

 

As the electron pair is active throughout the interaction of metal ions, the receptor's 

reduction potential becomes boosted, causing the fluorophore to be higher in energy the 

associated HOMO; as a result, the PET mechanism from the receptor to the fluorophore 

is disallowed, resulting in increased emission spectra. Furthermore, depending on the 
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surrounding orbitals added, an interaction between the receptor and analytes causes PET 

from the fluorophore's excited LUMO to the receptor's HOMO, culminating into 

quenching. As a result, it is commonly seen in sensors for fluorescent detection of 

charged or neural samples. Covalently connected fluorescent sensors are usually made 

up of a receptor and a fluorophore that seem to be electrically separated (Magri, 2021).  

 

2.6.4 Intramolecular charge transfer (ICT) 

Intramolecular charge transfer (ICT) probes involve the conjugation of electron 

donating groups (EDGs) and electron withdrawing groups (EWGs) into a single atom. 

This results into a ‗push-pull' on pi-electron system in its activated form. As the 

fluorophore is excited, electron density redistribution occurs, leading to the formation of 

a significant dipole and ICT from donor to acceptor. The attachment of active site to the 

basic group group slows the ICT process due to reduced electron-donating power, 

resulting in a shift towards shorter wavelengths in absorbance. As samples bind to the 

acidic group, an obvious shift to the longer wavelengths on absorbance is detected 

owing to enhanced ICT activity (Kodlady et al., 2021).  

 

2.6.5 Excited-state intramolecular proton transfer (ESIPT)  

High enegy protons are absorbed or emitted by a molecule at higher rates than the low 

energy states in ESIPT systems. When compared to electron transfer, ESIPT is a rapid 

process, with reported values ranging from fractions of picoseconds to tens of 

picoseconds (Dong et al., 2018). The pace of proton transfer is affected by the 

environment, and it becomes considerably slower in the nanocavities of cyclodextrin or 

in an emulsion, taking nanoseconds to occur. In steady-state spectra, the ESIPT process 
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is easily identified: the absorbance is typically comparable to the original chromophore, 

but the emission is substantially altered (Dhanunjayarao et al., 2014). 

 

Because ESIPT dyes have a strong absorption shift, they're ideal for deployment as 

fluorescence markers since they don't interact with other fluorescent elements in the 

sample. Due to the extreme large Stokes shift, ESIPT dyes have almost little spectrum 

overlap across absorption and emission, making them ideal for use in fluorescence 

sensors (Chen et al., 2014; Sedgwick et al., 2018). 

 

Jun-Sheng Chen's research on the sensing mechanism of the fluoride chemosensor N-(3-

(benzo[d]thiazol-2-yl)-4-(tert-butyldiphenylsilyloxy)phenyl)-benzamide (BTTPB) in 

water using DFT/TDDFT methods revealed a desilylation reaction accompanied by a 

reasonable transition activation energy of 17.6 kcal/mol as well as the ESIPT of the 

desilylation reaction product (3-BTHPB) that concurrently work in the fluorescence 

emission. The built potential energy curves between the optimized 3-BTHPB and 3-

BTHPB-e geometries on the S0 and S1 states revealed that the ESIPT is a low barrier 

process (0.1 kcal/mol), and the optimized geometries' energies revealed that the ESIPT 

process is exothermic (Chen et al., 2014). 

 

2.6.6 Fluorescence/ Förster Resonance Energy Transfer (FRET) 

FRET is a non-radiative emission process in which an activated donor loses energy to a 

ground-state acceptor via long-dipole correlations. The FRET output refers to the 

likelihood of transfer of the emitted energy. This is heavily comparative to the space 

between the two fluorophores, the similarity between emitter and absorber, as well as 

the comparative dipole orientation of the donor and acceptor (Venkataraj et al., 2018); 
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(Xiong et al., 2019). In FRET schemes, the donor output must have effective spectral 

similarity mostly with acceptor absorption wavelength (Mizuta et al., 2021). 

 

Bo Qiu and colleagues proposed and synthesized Cou-FITC-Si, a Förster resonance 

energy-transfer (FRET)-based ratiometric fluorescent indicator toward fluoride ion by 

combining coumarin unit and fluorescein derivative as energy donor and acceptor, 

respectively. TBDPCl-Si was used to cap the fluorescein unit. The indicator emits 

emission responses depending on the activation of the FRET mechanism, which is 

activated by desilylation mediated by the fluoride ion. After the addition of fluoride ion, 

the fluorescence emission spectra of Cou-FITC-Si exhibit a substantial bathochromic 

shift of 59 nm, with up to a 180-fold increase in the fluorescence intensity ratio. The 

Cou-FITC-Si indicator system's LOD for fluoride ion was calculated to be 3300 ppm. 

Additionally, this indicator has already been used effectively to measure the fluoride ion 

concentrations in commercially products like toothpaste (Qiu et al., 2018). 

 

2.6.7 Displacement Assays 

Displacement assessments are already extensively used in the development of anions' 

visual probes. The attachment of the specific anion to recognition pocket of the 

molecular group not only leads in the relocation of the triggering receptor but also a 

major visual shift in the relocation strategy. The binding of the specific anion to the 

active sites results in the relocation of the sensing subunit and a dramatic visual shift in 

this technique. The identification of the resulting anion is caused by the difference in 

optical properties between the independent receiver as well as the coordinated sensor. 

One intriguing assumption of this approach has been that the majority of synthesized 
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structures exhibit signalling functionality in aqueous or organic/aqueous mixtures, 

leading to the establishment of practical sensing schemes (Sedgwick et al., 2021).  

 

Indicator displacement assays (IDAs) are a novel and cutting-edge technique in 

structural sensing. IDAs identify a variety of physiologically and ecologically 

significant species, as well as providing a mechanism for detecting complex analytes 

and determining and discriminating unknown mixed sample. These characteristics are 

frequently inaccessible to typical molecular sensors, such as reaction-based probes. The 

pioneers of IDA; Inouye, Shinkai, and Anslyn encouraged scholars all over the world to 

create numerous expansions of this concept. The field of indication displacement assays 

has grown since their early work. Allosteric indicator displacement assays (AIDAs), 

Reaction-based indicator displacement assays (RIAs), Enantioselective indicator 

displacement assays (eIDAs), intramolecular indicator displacement assays (IIDAs), 

quencher displacement assays (QDAs), Fluorescent indicator displacement assays 

(FIDAs), DimerDye disassembly assays (DDAs), and mechanically controlled indicator 

displacement assays (MC-IDAs) are examples of current research in this field. The ease 

of use of these IDAs, combined with their affordability, high sensitivity, andhigh 

performance on automation analysis, has resulted in their widespread use in molecular 

sensing, together with other popular strategies such as responsive sensors and 

chemosensors (Sedgwick et al., 2021). 

 

2.6.8 Use of Chemodosimeter  

The chemodosimeter method makes use of permanent chemical change brought about 

by an anion. This results in variations in emission or change in colour. Relevant 

chemical processes arise in these methods that necessarily contain the shattering as well 
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as establishment of many covalent bonds. Chemodosimeters may react rather selectively 

towards specific anions in aqueous or mixed organic-aqueous mixtures. 

Chemodosimeters primarily use the nucleophilic attack on the target electrophilic 

species (Martínez-Máñez & Sancenón, 2006; Wu et al., 2018), resulting in a 

reconfiguration of electric field throughout the whole structure accompanied by colour 

enhancement. Furthermore, some metal complexes that, on coordination with another 

ligand or anion, modify the metal complex's fluorescence signal that favours detection 

and identification (Padghan et al., 2021). 

 

Yang together with his research team designed and synthesised a new merocyanine-

based chemodosimeter capable of detecting aqueous F
-
 anions. The discovery of this 

highly selective and sensitive colorimetric fluorescent fluoride sensing chemodosimeter, 

with a rapid reaction to fluoride within a few minutes, has led to a novel and extremely 

promising sensor for quick detection of aqueous F
-
 anions (Yang et al., 2013). 

 

Changyao and co-workers reported a self-assembly of fluorescent chemodosimeter 

compounds on a graphene oxide (GO) layer that overcome these sensing difficulties by 

utilizing GO's outstanding chemical catalysis and nanocarrier functionalities. A novel 

fluoride specific fluorescent chemodosimeter compound, FC-A, and the GO self-

assembly framework of GO/FC-A were produced. The reported reaction rate constant of 

GO/FC-A for fluoride ion was about five times more than that of FC-A, thus the 

response time was reduced from four hours to around 30 minutes, but the response 

sensitivity of GO/FC-A for fluorideion was more than twice higher than that of FC-A. 

Furthermore, because of the nanocarrier role of GO for cells, GO/FC-A demonstrated 

higher bioimaging performance for fluoride ion than FC-A (Changyao et al., 2014). 
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Kai and colleagues efficiently developed a new chemo-dosimeter for fluoride ions 

relying on Fluoride ion-triggered double Si–O bond breakage of distyrylbenzene 

compounds with excellent selectivity and sensitivity against fluoride anions via ‗turn-

on'chromogenic and fluorogenic double modes. For the detection of fluoride ion a 

simple and affordable test strip utilizing a chemodosimeter can easily bedesigned and 

developed (Kai et al., 2016). 

 

Cao and colleagues developed a new fluorescent chemosensor array for multi-anion 

detection using pyrenylboronic acid-based probes. Fluorescence quenching or 

enhancement was seen in pyrenylboronic acid derivatives owing to PET caused by 

anion binding. Fluorescence titrations and electrospray ionization mass spectrometry 

were used to evaluate the recognition abilities. Fluorescence titrations and electrospray 

ionization mass spectrometry were used to evaluate the recognition abilities. Because 

the array is made up of cross-reactive probes, the combination of differential binding 

affinities for anions and pattern recognition techniques such as linear discriminant 

analysis resulted in successful simultaneous anion detection with a classification rate of 

100%. Moreover, utilizing a support vector machine, the chemosensor array enabled 

quantitative prediction of oxalate, malonate, and citrate in mixes. Furthermore, as 

probes, the array technology makes use of cheap, commercially accessible chemicals 

(Cao et al., 2020). 

 

2.7 Coumarins 

The evolution of coumarin science may be traced to approximately over 200 years back. 

Vogel and Guibourt separately discovered this intriguing oxygen-containing 
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heterocyclic compound from tonka beans and the flowers of sweet clover in the year 

1820. In 1868, Perkin who also pioneered the Perkin reaction became the first synthetic 

chemist to synthesize coumarin by heating the sodium salt of salicyaldehyde with acetic 

acid. Since 1872, the structure of coumarin proposed by Fittig, Strecker, and Tiemann 

as 1-benzopyran-2-one is widely regarded as accurate (Cao et al., 2019). 

 

In 1941, Rama was the first to study the crystal structure of coumarin, while the initial 

entry in the Cambridge structural database (CSD) was done in 1973 by Myasnikova and 

co-workers. Today more than one thousand structures of coumarin derivatives have 

already been deposited in the CSD (Cao et al., 2019).  

 

2.7.1 Coumarins Structural Features and Chemistry  

Coumarin is a two-ring system with a phenyl group joined to a pyrone ring having six 

exterior C-H sites, as well as a C=O and a stiff C=C subunit from the position of 

molecular architecture. The C=C bond adopts s cis-conformation, which aids in 

preventing the trans-cis transition of typical C=C bonds in vinylic molecules and leads 

to coumarins' high fluorescence emissivity and resistance to photochemical degradation. 

Coumarins are organic heterocycles represented by benzopyrone (2H-1-benzopiran-2-

one). The nomenclature is based on the International Union of Pure and Applied 

Chemistry (IUPAC) (El-Sawy et al., 2021). The general structure of coumarin is given 

in figure 2.12. 
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Figure 2.12: Basic coumarin structure. 
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The synthesis of coumarin compounds has received much interest from organic and 

medicinal chemists since many natural compounds include the coumarin heterocycle. 

While post functionalization is possible at all six C-H sites and the C=C unit, the 6th 

and 7
th

 positions of the phenyl group and the 3
rd

 and 4
th

 the vinyl group are more 

appealing and chemically accessible to derivatization. Incidentally, virtually all natural 

coumarins have oxygen substituents at the 7
th

 position, however the most significant 

fluorescent coumarins, have an amino or hydroxyl substituent at the 7
th

 position. The 

Pechmann reaction (Monga et al., 2020), Knoevenagel condensation (Lončarić et al., 

2020), and the Perkin condensation (Salem et al., 2018) are the most common synthetic 

methods for coumarin derivatives, However, the searchfornew coumarin based 

compounds has also spurred the identification of totally novel approaches, like metal-

catalyzed cyclization reactions (Bhatia et al., 2018). 

 

As a result, new methods including use of microwave (Mamidala et al., 2021) and 

ultrasonic waves (Ghomi & Akbarzadeh, 2018), novel catalysts (Farahi et al., 2017), 

and enviromentally safe solvents (Molnar et al., 2020) have emerged in recent years to 

synthesize coumarins in a more efficient and environmentally friendly manner. Because 

coumarin is not a common hypothetical starting material in organic synthesis, its direct 

chemical functionalization has been explored frequently for specific synthetic purposes. 

In other words, rather than postfunctionalizing the coumarin skeleton, most coumarins 

have been synthesized or developed from start. In certain 7-amino or 7-hydroxyl 

coumarins, the direct electrophilic bromination (Gouda et al., 2020) and Vilsmeier 

formylation (Jain et al., 2020) reactions have been noticed to selectively occur. 
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However, direct addition of alcohols, ketones, and carboxylic acids, on the other hand, 

has not always been effective (Cao et al., 2019).  

 

The synthetic modification of coumarins into different heterocyclic compounds 

containing a coumarin backbone has also been produced. Furthermore, the coumarin 

ring system's benzene subunit is less reactive than a typical benzene derivative, but the 

C=C bonding between C-3 and C-4 is extremely reactive. Furthermore, the addition of 

one or more electrons to a photoexcited species or the photochemical hydrogenation of 

coumarins, which always occurs at this C=C bond, have been successfully determined 

(Cao et al., 2019). 

 

2.7.2 Classification of Coumarins 

Coumarins are classified according to their chemical variety as well as complexity. 

Simple coumarins, biscoumarins, pyranocoumarins (both angular and linear), 

furanocoumarins, isocoumarins and phenylcoumarins are examples of this class of 

compounds (Table 2.4) (Zhu & Jiang, 2018). These compounds do have many 

appealing properties, including lower molecular weight, simplicity in structure, 

significant bio-availability, good solubility across most organic solvents, and excellent 

biocompatibility, which, combined with their multidimensional biological functions, 

ensures that they play an essential part as lead molecules in therapeutic applications 

(Zhu & Jiang, 2018) and fluorescence related studies (Carneiro et al.,  2021).  

 

Besides their bioactivity, coumarins have yet another essential property that is being 

studied by the industry: potential luminous qualities. The inherent charge transfer 

characteristics cause the luminescence of certain analogues by electron-rich conjugated 
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pi-systems (Pereira et al., 2018). These compounds have a wide range of uses, such as 

photo-cleavable protecting moieties and fluorescent detectors (Tasior et al., 2015). 

 

2.7.3 Natural Coumarins and their Application  

Coumarin derivatives play an important role in a number of biochemical processes. 

Coumarins are a large family of phytochemicals that are naturally occurring 

polyphenolics and are found throughout the plant kingdom. Coumarin derivatives play 

an important role in a number of biochemical processes (Harborne, 1982). 

 

Since their first discovery, coumarins have attracted a large number of organic and 

medicinal chemistry researchers over a long period of time, and their separation from 

natural sources, chemical synthesis, and assessment of their uses has remained a fast 

expanding field in research. Coumarins have long served as a key structural component 

in a wide range of biologically active compounds, including antibacterial (Sahoo, 2021), 

antifungal (Ali, 2021), antiviral (Shan, 2021), anti-HIV (Srivastav, 2017; Wadhwa, 

2018), anti-inflammatory (Emam, 2021), antioxidant (Khalil, 2020), anticancer (Al-

Warhi, 2020), Antiproliferative (Erşatır, 2020), anticoagulant (Kraimi, 2021), 

antineurodegenerative (Chen, 2018; Erşatır, 2020), and photosensitization (Guerrero, 

2021). In recent years, these various pharmacological characteristics have sparked a lot 

of attention. A few classes of coumarins have emerged as preferred scaffolds in drug 

development (Alshibl et al., 2020). 
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Table 2.4: Natural coumarins classification 

Coumarin class General structure Reference  

Simple coumarins 

O O  

(Önder, 2020) 

Furanocoumarins 

O OO  

O OO  

O O

O  

(Sumorek-Wiadro et al.,  

2020) 

Pyranocoumarins 

O O O  

OO O

 

(Joshi, 2021) 

Biscoumarins 

O O
O O  

(Asgari et al., 2019) 

 

 

In the hunt for novel research candidates, this structure serves as a key foundation for 

the construction of chemical libraries. In addition, an overview of the most prevalent 

synthetic pathways used to create basic coumarins is offered, along with a discussion of 

alternative, creative, and green synthesis approaches.  
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2.7.4 Pi-Expanded coumarins  

Coumarins have always piqued the interest of people. We are surrounded by them, from 

the fragrance of newly cut grass to laser dyes and fluorescent probes. More than that, we 

wear them like dyes along. Coumarins have captivated mankind since the dawn of time. 

Coumaris are everywhere ranging from the fragrance of newly cut grass to laser dyes 

and fluorescent detectors. Moreover, we commonly use them as optical brighteners. 

Coumarins in the company of additional aromatic or heterocyclic rings combined with 

chromen-2-one, were produced for the first time by Pechmann in 1842, they certainly 

didn't make their way to conventional photonic-oriented use until very recent times 

(Mirosanloo et al., 2018). 

 

Because of their distinctive photophysical and biological characteristics, 

benzocoumarins and heterocycle-fused coumarin derivatives have indeed been 

exploited in a variety of study areas.They have been utilized to create fluorescent probes 

and markers, photo-labile substances, and biologically active compounds (Jung et al., 

2018).  

 

2.7.5 Coumarins as Photocleavable Protecting Groups (PPGs) 

The creation of an appropriate design is a critical stage in the development of novel 

functional medicines. The development of innovative tactics aiming at selectively 

releasing the bioactive in a specific area at a precise moment to enhance efficacy while 

minimizing off-target undesirable effects constitutes a very active research lead. Several 

stimuli-responsive devices, comprising endogenous triggers; that is pH, enzymes, redox 

processes among others and exogenous stimuli, have also been studied in treatment 

modalities to govern the delivery of therapeutic content (Hennig et al., 2020).   
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Because of their remarkable non-invasiveness and spatiotemporal pinpoint accuracy 

when a specificelective light-irradiationfrequency is used, light-mediated therapeutic 

approaches have displayed superior performance and achieve on-demand new 

treatments and optical techniques for investigating and detailed review of biochemical 

mechanisms in specific areas. The employment of photolabile ―protecting‖ groups at 

crucial spots is one approach for controlling chemical activities with light.  Ideally, this 

alteration fully inhibits any molecule's activity and only recovers it with light (Bardhan 

& Deiters, 2019). 

 

Coumarins, specifically 4-hydroxymethyl analogues, have been shown to photolyze 

(Lin et al., 2018). Coumarins, specifically 4-hydroxymethyl analogues (Figure 2.13), 

have been shown to photolyze (Lin et al., 2018).Many biomolecules of importance have 

indeed been connected to the coumarin core, primarily as acyl equivalents. The 

biomolecules can be unleashed into the biosystems after being exposed to UV light. 

Various aspects such as the mechanism of fusion, the chemical composition of extra 

rings, and the availability of electron-donating and electron-withdrawing functional 

group all influence the photophysical characteristics of the produced analogues (Hu et 

al., 2018). 

 

O O

OH

 

Figure 2.13: 4-hydroxymethyl coumarin  
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Fournier and colleagues presented a family of methyl-coumarins with bathochromic 

shift in absorption in 2013. Three compounds (Figure 2.14),  in particular were easily 

synthesized and displayed a substantial reaction broad swath for uncaging with blue-

cyan light, however their uncaging capability in the UV frequency domain was 

minimally maintained in order to prevent photo-activation when correctly tailored UV 

lighting was used (Fournier et al., 2013). 

 

O SEt2N

OH

SEt2N

CN

OH

OEt2N

OH

CN

CN

 

Figure 2.14: Structure of a few coumarin photoclavable protecting groups  

 

Fournier and colleagues demonstrated that same year that a molecule containing a 

thiocarbonyl group was indeed a suitable blue-absorbing caging group due to its highly 

donating conjugated group. Furthermore, the researchers proved that this caging set 

could be employed in zebrafish embryos for developmental biology to execute 

chromatic orthogonal photo-activation of two bioactive species (Fournier et al., 2013). 

 

Gandioso and coworkers in 2017 reported the creation of green/red-absorbing 

fluorescent dyes based on coumarin scaffolds which could be used as photocleavable 

protective groups (Gandioso et al., 2017). 
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2.7.6 Coumarins Photoproperties 

The uses and characteristics of coumarin scaffold are quite diverse. Coumarin-based 

compounds have been used as active pharmaceutical, agrochemical components, beauty 

and colors for a variety of applications ranging from laser technology to organic 

photoredox catalysis, epifluorescence and photocleavable protecting groups (Passos et 

al., 2021). 

 

2.7.7 Fluorescent Coumarin Probes 

Coumarins are electron-rich and highly conjugated systems with charge transfer (CT) 

properties, coumarin-based fluorophores are therefore extensively applied in assessing a 

wide range biochemical processes (Annunziata et al., 2020). Many coumarin 

compounds have been suggested and studied for ion detection in a variety of 

applications, ranging from cellular imaging to environmental studies (Annunziata et al., 

2020). 

 

Long and his team of researchers developed a coumarin-based fluorescent probe that 

was previously efficient in detecting glutathione in Cu
2+

 ionic solution. They extended 

its capability to detect hypochlorite ions with excellent selectivity and sensitivity. In 

reaction to hypochlorite, this sensor displayed stunning fluorescence intensity in 

detection of ClO
-
 in living cells through intracellular fluorescence imaging (Long et al., 

2018).  

 

Due to the relevance of hypochlorite ions in both living systems (as one of the 

biologically most significant reactive oxygen species) and the environment (due to its 

usage as a disinfectant), Shangguan and his rearch team suggested a new sensor (Figure 
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2.15) based on coumarin dye and malononitrile for hypochlorite ion (Shangguan et al., 

2019).   

OOH O

CN

CN

 

Figure 2.15: Hypochlorite ion coumarin based fluorescent sensor 

 

The probe's fluorescence response at 459 nm to ClO
-
 ions steadily increased with 

increasing ClO- concs, leading to a 45-fold fluorescence amplification. In addition, the 

sensor demonstrated great accuracy for quantification of hypochlorite ions in aqueous 

samples with a potential to be utilized as a chemosensor for the detection of ClO
-
 in 

various aqueous systems (Shangguan et al., 2019).    

 

Tang and colleagues also worked on a coumarin-based fluorescent probe capable of 

swiftly distinguishing ClO
-
 and Cu

2+
 ions in various aqueous systems. It was observed 

that the reaction with ClO
-
 caused a significant blue shift in the fluorescence 

wavelength, as well as observable changes in loss of colour from from a yellowish to 

colorless. Furthermore, it demonstrated a clear fluorescence quenching response to Cu
2+

 

ions with chromogenic measurement ranging from dull yellow to brilliant yellow (Tang 

et al., 2019).  

 

Starzak and colleagues conducted an important study on the interaction between 

coumarin-based ionic detectors and hypochlorite ions. The studies determined a linear 

drop in fluorescence with a rise in ClO
-
 quantities in distinct coumarin compounds, 
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which were chosen due to the presence of the 7-diethylamino group and the 3-

substituted lactone ring, which are well-known structural patterns responsible for 

fluorescence properties. A varied reactivity pattern was found to depend on the pH 

levels, most likely owing to the variable reactivity of hypochlorite ions due to the 

change of the salt's dissociation at different pH values. Later, the possibility of the 

production of chlorinated derivatives was investigated: The presence of chlorinated 

derivatives was shown by HPLC-PDA-ESI-MS studies, proving that the chlorination 

process was responsible for the linear fluorescence deterioration. The findings imply 

that these coumarin ionic detectors can be used to detect and quantify hypochlorite 

species in aqueous systems (Starzak et al., 2019). 

 

Bekhradnia and coworkers described a coumarin fluorescent probe based on a nitro-3-

carboxamide derivative for selective Cu
2+

 ions detection. At a wavelength of 320 nm, 

the compound displayed the greatest emission intensity in Cu
2+

 ions compared to a 

range of hazardous and heavy metal ions (Bekhradnia et al., 2016).  

 

In 2018, He and coworkers explored another technique for the specific detection of 

copper (II) ions, basing the fluorescent sensor on a coumarin-Schiff base derivative. In 

the presence of numerous other ions, this probe proved to be especially selective for 

Cu
2+

 ions (He et al., 2019). 

 

Saravana together with his research team developed BENZEPYR, a coumarin 

hydrazine-based fluorescent probe for the detection of Cu
2+

 ions based on a 

condensation process. This chemosensor recognizes Cu
2+

 among other bothersome 

metal ions, leading in a strong response and a noticeable colorimetric shift. 
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Furthermore, the limit of detection (LOD) was determined to be 40 nM (Annunziata et 

al., 2020). 

 

2.7.8 Photophysical properties of Coumarins 

Despite the fact that the basic coumarin has no or very weak fluorescence, a large 

number of appropriately substituted coumarin derivatives have sufficient fluorescence 

in the visible range. Since the 1980s, researchers have been working on coumarin 

sensors in order to achieve ahigh fluoresence efficiency at the desired frequency. The 

photophysical characteristics of coumarin-based dyes have been widely studied in order 

to better understand and improve them. Due to their high fluorescent quantum yields 

(Chen et al., 2017), adjustable emission frequencies (Avhad et al., 2018), and 

responsiveness to the polarity effects (Islam et al., 2021) in their microsurroundings, 

several coumarin dyes have been synthesized as active components in optical 

brighteners (Ingalagondi et al., 2019), dispersed fluorescence dyes (Atta-Eyison, 2020) 

and laserdyes (Abdel-Mottaleb et al., 2018).  

 

Hundreds of coumarins classified as laser dyes still are commercially available, despite 

the fact that most of the dye lasers documented have never been utilized. The 

photophysical characteristics of fluorescent coumarins have been studied extensively in 

the past, revealing key structure-property correlations that have aided in the 

development of fluorescent chemosensors. The coumarin group was substituted, 

resulting in hypsochromic or bathochromic shift in fluorescence. Red shifted emission 

is caused by EDGs in the 6
th

 or 7
th

 positions (Godugu et al., 2020) or EWGs in the 3
rd

 or 

4
th

 position (Pajk et al., 2020). The substitution sequence of the amine group has a 
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significant impact on the fluorescence quantum yield of 7-aminocoumarins (Kitamura et 

al., 2007).  

 

The development of a model for these coumarins' non-radiative decay was made 

possible by measuring their fluorescence quantum yield and lifetimes in solvents with a 

wide range of polarity. It was suggested that a planar emissive ICT excited state 

corresponds to a nonfluorescent TICT state (Senthilkumar, 2004), resonance develops 

for the two geometries, and consequently avoiding this twisting mechanism enhances 

the fluorescence quantum yield by a significant amount. A push-pull effect occurs via a 

rigid planar arrangement with charge-separated excited configurations, resulting in 

outstanding fluorescence emission characteristics (Zhu et al., 2015). As a result, 

structural limitation boosts fluorescence quantum yields significantly. After the ICT-

TICT interconversion, the activity of these polar excited-state compounds has drawn a 

lot of interest and is widely recognized (Nad et al., 2003).  

 

2.8 Coumarin Fluorescent probes and dyes 

Fluorescent dyes are critical for studying molecular interactions and are extensively 

utilized as investigative probes in biomedical aswell as environmental sciences. The 

highest absorption wavelength of typical coumarin dyes is in the UV-Vis range. 

Absorption of the high energy range can induce autofluorescence as well as photo-

damage in tissue imaging. As a result of their pi-extended characteristic, 

benzocoumarins are predicted to alleviate the difficulties associated with tissue 

fuorescence imaging. Benzocoumarins with favorable characteristics would be more 

photostable than π-extended coumarins extended by sp
2
 hybridised carbon systems. 
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Coumarins act as dipolar dyes when they have electron-donating groups in the proper 

substitution point (Cao et al., 2019).  

 

The coumarin moiety can be combined with other functional receptors to create 

coumarin-derived fluorescent chemosensors. Because of the increased charge transfer 

character arising from this substitution pattern, an amino group or hydroxyl at the 7
th

 

position and acetyl moiety at the 3
rd

 position is frequently used as the desirable 

fluorophore scaffold. Because of quenching effects like the photoinduced electron 

transfer (PET) process, isomerization, as well as other factors, certain chemosensors are 

weaker fluorophores. Such quenching effects are reduced upon interactions with a range 

of different analytes and a bright fluorescence is later restored. Different chemosensors 

in the chemodosimeter category associated with chemical bond breakage, which 

releases a highly fluorescent molecule, or the formation of new chemical bonds, which 

causes wavelength shifts (Cao et al., 2019).. 

 

2.8.1 Two-photon (TP) probes based on benzocoumarins and their analogues.  

When compared to coumarins, the molecular architectures of π-extended 

benzocoumarins are predicted to give greater two-photon absorption capacity with a red 

shift in both excitation and emission. As two photon dyes, benzo-coumarins are of 

special relevance due to the predicted photochemical stability, in addition to the other 

benefits stated above. Moreover, some few instances show that benzocoumarin dyes 

have the ability to be two-photon absorbent materials for applications in bio-imaging 

(Cao et al., 2019). 
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2.8.2 Photo-caging benzocoumarins 

One of the intriguing uses of benzocoumarin compounds is as a photocaging device. A 

compound of biological relevance is "caged" by covalently attaching a photo-labile 

caging group to a reactive group of the compound. This caged compound remains inert 

until exposed to light, in a biological environment (Cao et al., 2019). 

 

Coumarins, especially 4-hydroxymethyl derivatives, have been shown to photolyze. A 

number of biomolecules of importance have been presented as a result of this finding; 

most notably as acyl derivatives that can be liberated in biological systems when 

exposed to UV light (Cao et al., 2019). 

 

2.8.3 Electron and energy transfer 

A wide range of coumarins have been employed in the fabrication of artificial light 

capturing devices. Gryko and colleagues coated corrole, a carbon short equivalent of 

porphyrin, with ethynyl-biscoumarins. The corrole-coumarin dyads were created via 

condensation of dipyrromethane and an aldehyde having protective acetylene 

functionality, accompanied by oxidation by DDQ. Ultra-violet light excitation of the 

dyad resulted in total quenching of the coumarin fluorescence, but the corrole 

luminescence was still equal to that of an optical corrole solution ussed as a reference. 

This demonstrated an excellent (almost 100 percent) energy transfer from coumarin to 

the corrole subunit, which was confirmed by time-dependent fluorescence experiments 

(Gryko, 2002). 
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2.9 Synthetic Fluoride Sensors 

2.9.1 Anthracene Floride sensors 

Anthracene is a class of aromatic hydrocarbons made up of three merged rings of 

benzene whose derivatives are well-known fluorophores due to their luminescence 

properties and stability. Anthracene is a basic and easy-to-make chromogenic fluoride 

sensor based on thiourea substituents that performs both as a linking and a signalling 

component (Udhayakumari et al., 2015). These sensors have a strong selectivity and an 

excellent limit of detection (LOD) of about 8μM. An example of Anthracene fluoride 

sensor and its limit of detection is shown in table 2.5. 

 

Table 2.5: Structure of Anthracene fluoride sensor based on hydrogen bonding 

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

S

N N N

H H

F
-

 

Hydrogen 

bonding 

8μM (Udhayakumari et 

al., 2015) 

 

Deprotonation of –NH bonds results in the presence of fluoride ions forming hydrogen-

fluoride composite associated with the visible color alteration (Udhayakumari, 2020). 
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2.9.2 Azo Floride ion sensor 

Azo as a functional group is a chromophore. The alkyl groups in azo compounds may 

either be aromatic or aliphatic. The alkyls often stabilize the azo group as an extended 

delocalized system. Azo compounds show intense ICT in the visible region. This makes 

them ideal for colorimetric chemosensors (Sivamani & Siva, 2017).  The acidic 

hydrogen in carboxylic acid group interacts with fluorides through hydrogen bonding. 

The limit of detection of these sensors range between 0.1 μM to 10 μM [F
-
] 

(Balamurugan & Lee, 2015; Sivamani & Siva, 2017; Arabahmadi, 2019). The structures 

of Azo fluoride sensors and their limits of detection is shown in table 2.6. 

 

Table 2.6: Structure of Azo fluoride sensor based on hydrogen bonding 

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

N

OH

OH

N

N

H

N

O

H

F
-

 

Hydrogen 

bonding 

0.1 μM (Balamurug

an &  Lee, 

2015) 

N N

N

NH

N

NH

O

OH13C6C6H13

O

O  

Hydrogen 

bonding 

3.95 μM (Sivamani & 

Siva, 2017) 
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2.9.3 Benzothiazole Fluoride sensors 

Benzothiazoles are thiazole containing fused heterocyclic rings. Benzothiazole 

derivatives are fluorophores widely used in photoelectrical materials (Guan et al., 

2019).  

 

These types of fluorophores demonstrate intense fluorescence with a large molar 

extinction coefficient and excellent stability. Benzothiazole receptor is a selective 

reversible fluoride sensor over other anions. Sensitivity of benzothiazole based fluoride 

sensors depends on the aromatic π-π* electronic transitions and the azomethine(C=N) n-

π* electronic transitions. The addition of F
-
 to these probes, leads to a shift in the 

absorption band to a new intense band at lower frequencies. The strong hydrogen 

bonding interaction deprotonates the amidic proton leading to enhanced π 

delocalization, which reduces the frequency in the π - π* electronic transition. The 

variation in the limit of detection of these sensors is large (Wu et al., 2016). The 

structures of Benzothiazole fluoride sensors and their limits of detection are shown in 

table 2.7. 
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Table 2.7: Structure of Benzothiazole fluoride sensor based on hydrogen bonding 

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

N

H
NN

F
-

H

R NO2

 

Hydrogen 

bonding 

0.86 μM ( Wu et al., 

2016) 

S

N

N

H

O

OCH3 

Hydrogen 

bonding 

87μM (Dhaka et al., 

2016) 

 

2.9.4 Boron dipyrromethenes (BODIPY) Fluoride sensors 

BODIPYs fluorophores have wavelength constricted but relatively intense fluorescence 

in addition to high quantum yields and stability. This is because of their low chemical 

reactivity. When linked with a urea group, BODIPY receptor can sense fluoride ions 

even in the presence of other anions at very low F
-
concentrations through a 

bathochromic shifted band. The addition of fluoride ions into the receptor induces ICT 

(Dixit & Agarwal, 2017). Table 2.8 presents structure of selected BODIPY fluoride 

sensors based on hydrogen bonding. 
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Table 2.8: Structure of BODIPY fluoride sensor based on hydrogen bonding 

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) (F
-
) 

Reference 

F
-

CH3

N
+

BF2

N

N

N

CH2

CH3

H

H

 

Hydrogen 

bonding 

0.74 μM (Liu et al., 

2015) 

F
-

N
B

-N

O
CH3

N

N

O

OHF F

 

Hydrogen 

bonding 

4.39 μM (Dixit & 

Agarwal, 

2017) 

 

2.9.5 Arene Fluoride sensors 

Supramolecular networks founded on arenes (Calixarenes/thiacalixarenes) are 

appropriate for the development of molecular receptors. When different receptors 

capable of sensing F
-
 are added into the substrates, the arene structure takes on an 

advanced layout of electronic systems. A calixarene receptor linked with coumarin and 

thiourea in the presence of F
- 

shows a detection limit of about 3.5 μM both as 

colorimetric and fluorescent probes. The colorless receptor red shifts in the presence of 

visible light but quenches under the ultra-violet frequencies (Wang et al., 2017). Table 

2.9 presents structure of selected arene-based fluoride sensor and the modes of action. 



104 

 

 

 

Table 2.9: Structure of Arenes fluoride sensor based on hydrogen bonding 

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

F
-

OF3C

O

CH3

O

N

CF3O

N

S

H

H

O

CH3

O

CH3

O

CH3

S

H

H

 

Hydrogen 

bonding 

3.5 μM (Li et al., 

2018) 

 

 

2.9.6 Complex based Fluoride probes  

Coordination compounds based on Schiff bases are effective fluoride probes. The 

receptor is set free from the M-complex in the presence of fluorides. This leads to 

colour change based upon metal-centred transitions (Christianson & Gabbaï, 2017). 

Table 2.10 presents a sample of Complex fluoride sensor and its mode of action.  
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Table 2.10: Structure of Complex fluoride sensor  

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

N

Ru
2+

N

N

N

N

Sb
+

CH3

CH3
CH3

N

 

Lewis Acid-

base 

interraction 

7.28 μM (Christianson & 

Gabbaï, 2017) 

Pt
2-

O

O

H
H

+

 

Hydrogen 

bonding 

5.75  μM (Yeung et al., 

2014) 

 

2.9.7 Coumarin fluoride sensors 

Coumarin receptors are useful in the development of an array of optical and fluorescent 

sensors. This is due to the fact that they are biologically compatible and have beneficial 

photoexcitation properties such as massive change in stoke shift (Singhal & Jha, 2019). 

These sensors apply different mechanisms for sensing fluorides; ICT (Shen et al., 2018) 

and PET (Gonçalves et al., 2016) among others. Table 2.11 presents structures of 

selected Coumarin fluoride sensors.  
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Table 2.11: Structure of Coumarin fluoride sensors  

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

Br
-

O

N
+

Si

N O

 

ICT 12 nM (Shen et al., 

2018) 

OO N

H

O

NHBoc

Si

 

PET 33 μM (Gonçalves 

et al., 2016) 

 

There are a few types of chemosensors for F
- 

ion based on coumarin derivatives: 

hydrogen bond reactions, Metal ion displacement processes, silicon-oxygen bond 

breaking, and F
- 
ion

 
intitiated silicon-oxygen bond breaking. 
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2.9.8 Schiff base fluoride sensors 

Schiff bases (azomethines or imine) are reasonably stable sensors with intense colour 

emissions. They are easy to synthesize as per the requisite as selective anion sensors 

(Ghosh, et al., 2016). These sensors use different mechanisms to detect fluoride ions 

such as ESIPT (Alam et al., 2016) and hydrogen bonding (Sen et al., 2017). Table 2.12 

present structures of selected Schiff base fluoride sensors. 

Table 2.12: Structure of Schiff base fluoride sensors 

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

F
-

N

H

O N

 

ESIPT 14.0 pM (Alam et al., 2016) 

F
-

N

N

O

O
H

H

F
-

 

Hydrogen 

bonding & 

ESIPT 

0.5 μM (Sen et al., 2017) 

N

N
N

O

N

O H

F
-

 

Hydrogen 

bonding 

12 μM (Na et al., 2015) 
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2.9.9 Imidazole based Fluoride sensor 

Imidazole fluorescence properties make its derivatives easy to be applied in 

fluorescence detection as it easily forms bonds with other anions capable of hydrogen 

bonding. The nitrogen atoms in the ring exhibit high quantum efficiency as well as 

outstanding electronic transitions (Udhayakumari, 2020). As an optical sensor, 

imidazole determines the presence of fluoride anions by ESIPT (Jayasudha et al., 2016) 

and ICT (Beneto & Siva, 2017) mechanisms among others. The structures of Imidazole 

fluoride sensors and their limits of detection are shown in table 2.13. 

 

Table 2.13: Structure of Imidazole fluoride sensors 

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

N

N
H O

Si

 

ESIPT 1.2 μM (Jayasudha et 

al., 2016) 

N

N

H

N

N
N

H

 

ICT 2.8 μM (Beneto & Siva, 

2017) 
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2.9.10 Naphthalene fluoride sensors 

Naphthalene receptors have already been synthesized and they usually display 

outstanding fluorescence and robust chemical and heat stability. Their derivatives sense 

fluorides through a variety of mechanisms notable desilylation (Li et al., 2017) and 

excited state proton transfer (Basheer et al., 2017). Table 2.14 shows two of the already 

synthesized Naphthalene fluoride sensors with their limits of detection and mechanism 

of detection. 

 

Table 2.14: Structure of Naphthalene fluoride sensors  

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

N N

O

Si

O

 

Desilylation 

reaction 

3.2 nM ( Li et al., 2017) 

H H

O

F
-

 

ESIPT 12.8 μM (Basheer et al.,2017) 
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2.9.11 Naphthalimide based F- ion sensor 

As synthetic fluoride probes, derivatives of naphthalimide are excellent and extremely 

flexible. This is due to their chemical stability, complemented by a significant stokes 

shift and a high quantum yield. These compounds, considered as macrocycles with two 

donor groups detect F
-
 even in the presence of other anions and at very low 

concentrations (Chen et al., 2017). Table 2.15 shows two of the already synthesized 

Naphthalimide fluoride sensors with their limits of detection and mechanism of 

detection. 

 

Table 2.15: Structure of Naphthalimide fluoride sensors  

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

F
-

N

O

O

S
N

N
N

O

O
H

 

PET 0.55 μM  (Fu et al., 

2017) 

Si O N

O

O

N

 

Desilylation 

reaction 

5.27 μM (Yuan et al., 

2017) 
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2.9.12 Diketopyrrolopyrrole fluoride sensors 

Diketopyrrolopyrrole pigments are good electron-deficient groups. They can be used to 

synthesize receptors for molecular recognition. In the presence of fluorides, 

diketopyrrolopyrrole derivatives undergo a colour change as a result of the ICT channel.  

 

Table 2.16: Structure of diketopyrrolopyrrole fluoride sensors  

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

O
N

N
O

O

O

B
O

OF
-

 

ICT 0.15 μM (Tao et al., 2019) 

NH
N

N

O

O
NH

OO

O

N
NH

O

O

O

NO2

O2N

 

Hydrogen 

bonding  

and 

PET 

10 nM (Zhang et al., 

2018) 

 

Their fluorescence off-on mechanism involves ICT and PET process among other 

mechanisms between Sp
2 

and Sp
3
 hybrid systems in boron (Tao et al., 2019). Table 16 

shows two of the already synthesized diketopyrrolopyrrole fluoride sensors with their 
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limits of detection and mechanism of detection. Table 2.16 shows the structure of 

selected diketopyrrolopyrrole fluoride sensors and their limits of detection and 

mechanism of detection. 

 

2.9.13 Urea based Fluoride sensors 

Table 2.17 shows two of the already synthesized Urea fluoride sensors and their limits 

of detection and mechanism of detection.  

 

Table 2.17: Structure of Urea fluoride sensors  

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

N
H

NX
H

O2N

N

H

X

H

F
-

F
-

 

Hydrogen 

bonding 

3.1 μM (Saikia et al., 2016) 

F
-

NO2

N

N

S
H

H

N

H
O

OC12H25

OC12H25H25C12O

 

Hydrogen 

bonding 

5.09 μM (Cao et al., 2018) 

 

The presence of nitrogen in Urea/thiourea makes them excellent hydrogen bond donors. 

This makes them excellent candidates for synthesis of receptors for the discriminatory 

detection of a number of anions. A fluoride acts as a go-between in breaking the Si-O 
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bonds upon addition. This culminates in the creation of a new compound signalled by 

colour change (Udhayakumari, 2020).  

 

2.9.14 Hydrazone based Fluoride sensors  

Hydrazones, a subclass of imines, are widely used in the synthesis of fluoride sensors 

capable of distinguishing fluorides even in the existence of many other anions. 

Hydrazone-based receptors are synthesized through a basic condensation technique 

(Nikolaeva et al., 2016). Table 2.18 shows two of the already synthesized Hydrazone 

fluoride sensors and their limits of detection and mechanism of detection. 

 

Table 2.18: Structure of Hydrazone fluoride sensors  

Sensor structure Mechanism 

 

Limit of 

Detection 

(LOD) 

(F
-
) 

Reference 

F
-

N

N
N

R

R'

O

H

H H

 

Hydrogen 

bonding 

1.42 μM (Saini et al., 2018) 

N

N
H N

O

OO

OH

 

Hydrogen 

bonding 

0.023 μM (Dhanunjayarao et al., 

2016) 
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2.10 Novel approaches to anion sensing  

There are several instances of anion binding proteins that are inspirational in terms of 

anion recognition. Kubik and colleagues have analyzed several of these intriguing 

biological systems from the perspective of organic chemistry principles (Kubik et al., 

2005). A comprehensive structural study of the Protein Data Bank (PDB) and the 

Cambridge Structural Database (CSD) databases, focusing on phosphate recognition in 

biological systems, was also recently completed. According to the findings of this latter 

investigation, binding sites consisting of uncharged amino acids are most of the time 

embedded within the protein structure rather than being exposed to the solvent. These 

results suggest that placing the binding site in a protected site has great importance in 

establishing water binding, particularly in the case of weak H-bonding interactions. This 

might be one of the explanations why relatively few neutral abiotic sensors have been 

identified to far that succeed in binding with anions only through H-bonding 

interactions (Hirsch et al., 2007).  

 

The enthalpic contribution to the binding is unavoidably reduced when the two 

interacting partners, the receptor with its binding site and the anion, are strongly 

solvated. Despite a developing knowledge of how biological systems execute their 

tasks, which began with Fisher's explanation of the "lock and key" idea in the late 

nineteenth century. The synthesis of artificial protein-like specific receptors continues to 

be a problem. As a result, new techniques must be investigated. In accordance with the 

ahallenge above, it may be prudent to discover a way to design the receptor's molecular 

structure in such a manner that the receptor site is, relatively protected from the majority 

of water molecules (Hirsch et al., 2007).  
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Li and co-workers examined the thiourea derivative (Figure 2.16), which in MeCN is 

compatible with everything aforementioned about urea and thiourea derivatives in 

organic media. The affinity for acetate by the receptor when studied in various H2O–

MeCN mixtures, and based on the  available thermodynamic data on anion transfer  to 

acetonitrile from water, it was discovered that the theoretical optimum threshold of one 

hundred and sixty times decrease in the association constant was only a ten times 

decrease in practical terms (Li et al., 2010).  

 

N

N

O

H

NH

N

S H  

Figure 2.16: MeCN compatible Thiourea derivative  

 

In highly aqueous solutions, the receptor is likely to assume a contractive conformation, 

creating a hydrophobic microenvironment around the binding site.The greater affinity 

for acetate is due to the highly guarded microenvironment, while van der Waals 

interactions seen between –CH3 from RCOO
-
 and the aromatic systems may also play a 

role. Jeong's group created the nicely crafted indolocarbazole-based receptor (Figure 

2.17), which works on the same basis. In water, the receptor acquires a twisted helical 

conformation that creates a pocket that is protected from the solvent and has all of the 

NH binding sites directed inwards (Suk & Jeong, 2008).  
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Figure 2.17: Indolocarbazole-based anion receptor (Suk & Jeong, 2008).  

 

The Cl
-
, F

-
, and Br

-
 anions are coupled, with constants ranging from 65 M

-1
 for Cl

-
 to 19 

M
-1

 for Br
- 
ion. Considering the low affinities (K = 46 M

-1
) and lack of F

- 
selectivity, the 

fact that unfoldable do not bind under the same circumstances suggested that the 

formation of a guarded microenvironment may lead to F
-
 ion attachment to water by a 

neutral hydrogen bonding receptor. In addition to their relevance in structural 

mimicking of natural systems, foldable oligomers can be used to create foldameric 

receptors with enhanced binding capacities (Gillies et al., 2007). 

 

In heterogeneous environments, similar anion recognition may be accomplished, 

leading to the world of functional materials.This category includes high-resolution 

sensor array for anions in water. This team of researchers presented a system made up 

of a variety of sensor molecules, all of which include pyrrolic hydrogen bond donor 

atoms and are mixed in a polyurethane crosslinked water insoluble hydrophilic polymer. 

This method has been demonstrated to be capable of distinguishing fluoride content 

amongst different common fluoride containing toothpastes. This amazing method, 

which allows for the actual use of synthetic anion receptors, is made feasible when a 

fluoride anion penetrating the hydrogel encounters a different environment than the 
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bulk, resulting in a change in its hydration that makes it even more accessible to 

bonding (Palacios et al., 2007). 

 

A previously disclosed microporous material produced by the combination of Tb(III) 

and benzene-1,3,5-tricarboxylate as building block units is another exciting example of 

a functional material utilized for anion identification. This material has 1D channels 

through which ligand molecules may be coordinated to Tb(III) metal centers. The 

introduction of F
-
 to CH3OH enhances the photoluminescence intensity. The authors 

explain this by assuming that the F and Tb(III)-CH3OH molecules interact. As a result, 

the system functions as a binding site that accepts F
-
 in methanol exclusively through 

hydrogen bonding interactions. This may look odd, but the reason is probably in the 

specific context in which the attachment occurs. The microporous tunnels provide a safe 

environment in which a metal-bound ligand (methanol) may compete for a fluoride F
-
 

anion through hydrogen bonding with the far more bulky components. Mesoporous 

silica, which has nanometer-scale pores of 7.5 nm in diameter, may be appropriately 

derivatized to produce comparable effects. Chemical processes can sequester the 

anthraquinone derivative (Figure 2.18), which in acetonitrile does not display any 

appreciable fluorescence wavelength shift when halides and sulfate are added as TBA 

salts) (Kim et al., 2008). 

O

O NH

O

NH Si

OEt

OEt
OEt

 

Figure 2.18: Anthraquinone anion sensor  
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It can detect water soluble anions under these parameters, and it even has considerable 

selectivity for fluoride anion. The coupling of a receptor component and a shielded 

environment allows hydrogen bonding interactions to be used to bind fluoride from 

water. In the past, there has been a lot of interest in low-molecular-weight of any 

substance capable of forming a gel (gelator) and that can produce stimuli sensitive gel-

phase systems. The receptor might be included inside the gel phase, or the gelator 

molecule can function as the receptor. In DMSO solution and the ethanolic gel phase, 

the anthraquinone oxalamide organic gelator (Figure 2.19) may preferentially bind 

fluoride ions (Maeda, 2008).  
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Figure 2.19: Anthraquinone oxalamide organic gelator  

 

The preceding examples demonstrate that, despite their inherent weakness and solvent 

competition, hydrogen bonding interactions may be successful in polar protic media and 

in water, if the binding site is located in closed systems. Nothing prevents using this 

technique when the binding contact is not the same, such as a Lewis acid–base 

interaction. The uranyl (UO2
2+)

 center has already been demonstrated to have a 

significant attraction for Lewis bases as fluoride ions (Cametti et al., 2008).  
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Nevertheless, the association constant K of about 106 M
-1

 observed in DMSO is 

significantly decreased in protic solvents such as methanol, where it has been reported 

to be as low as approximately 300 M
-1

. If the uranyl complex (Figure 2.20) was water-

soluble, it is logical to anticipate it to be of the same order of magnitude if not less) in 

aqueous solutions. The authors found that the UO2-complex dissolves in CTABr 

micelles and that the resulting UO2-complex-CTABr system attaches itself to fluoride in 

water with a remarkably high affinity of K ca. 104 M
-1

. As a result, an aggregate may 

also be seen as a protective shell that protects around the binding site. 

 

UO2

N

O

N

O

 

Figure 2.20: Uranyl complex 

 

The UO2 complex may be thought of as a supramolecular system that fully integrates 

two different components, the micelle and the receptor. While they do not operate as 

independent units, their assembly has the greatest fluoride affinity for a neutral receptor 

in aqueous systems. PRE (paramagnetic relaxation enhancement) and NOESY NMR 

experiments reveal that Uranyl complex has a preferred geometry inside the micelle, 

proving that the protected salophen–UO2 complex is more efficient. This approach may 

be extended to any other receptors that are insoluble in water but have a high affinity for 

fluoride in non-aqueous solutions (Cametti et al., 2009).  
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While these examples come from different fields of study, such as material science, 

organic and inorganic chemistry, they all show that successful fluoride binding in 

hypercompetitive media is dependent on the presence of a binding site engrained in a 

protected micro - environment, which is similar to what happens with biological binding 

systems, such as proteins. F
-
 ion is very soluble in water, having a hydration free energy 

of around 100–110 kcal mol
-1

. A number of research groups have offered a highly 

complicated view of fluoride hydration, and it indicates that over least fifteen water 

molecules in rapid exchange are required to create an inwardly solvated fluoride. The 

situation can be significantly less complex in the solid form An investigation in the 

CSD yields valuable information on the solid-state hydration zone of the fluoride anion. 

There are two X-ray structures of simple tetraalkylammonium fluoride salts with 

distinct cation–anion pairs and completely hydrated fluoride anion (Cametti et al., 

2009).  

 

In both cases, the systemic study indicates a tetrahydrated fluoride anion with very low 

hydroxyl-fluoride contact distances. The shortest contact, 1.738 Å, equates to a 35% 

reduction in the sum of the Van der Waals (vdW) radii of the F and H atoms. In one 

example, the coordination sphere is slightly distorted square planar, whereas in the 

other, it is deformed tetrahedral (Borah et al., 2016).  

 

The fluoride anion and water have strong interactions, thus it's possible that a receptor 

that can bind the aqueous fluoride ions while holding onto one or more water molecules 

in the anion's hydration sphere saves energy. Furthermore, dealing with a hydrated 

species eliminates the need and associated difficulties for numerous binding sites to 

concentrate around the tiny bare fluoride. This might also offer you access to novel 
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structural ideas that haven't been considered before. However, because each water 

molecule not discharged upon connection may have an entropic effect, an ideal balance 

should be achieved. A review of the literature on receptor–fluoride complexes in the 

solid state finds several intriguing cases in which the species actively bonded is 

hydrated fluoride ions rather than fluoride. A multicharged cryptand, bonds two fluoride 

ions in the solid state by strong N
+
H-F

-
 electrostatic hydrogen bonding interactions. The 

two fluorides share a water molecule, allowing them to remain hydrated. The 

discovered species F
-
—H2O—F

-
 is an adduct in which the water molecule serves as a 

structural unit in the binding process. According to a distance analysis, the NH—F
-
 and 

OH—F
-
 contact distances are short, 1.695 Å and 1.891 Å, respectively, equivalent to a 

35 and 30% decrease in total vdW radii. A monohydrated fluoride H2O—F
-
 unit is 

bound by a smaller cryptand counterpart. The anion becomes tetrahedrally coordinated 

and firmly bound by hydrogen bonding to three NH2
+
 groups and water inside the 

cavity. Chloride, Sulfate, and acetate ions are further instances of hydrated anion 

interactions in which a receptor molecule interacts directly with the water molecule (s) 

(Borah et al., 2016).  

 

Some of these complexes could have been used as examples of how to design water 

molecules into bond formation. A number of metallic and non-metallic components like 

the molecular analogues of zeolite act as fluoride cages that fit properly. Although these 

structures have not been explored for anion identification and their application as such 

is still speculative, they provide a perfect architectural environment for fluoride 

encapsulation. Crystal engineering has fast become a key field for the development of 

functional materials, and it will have an influence on anion identification as well 

(Rissanen, 2008). 
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In the presence of an anion, competitive crystallization of single or multiple molecular 

tectons results in the selective encapsulation of an anion into crystalline material based 

on its design. Metal organic frameworks (MOFs), which are made up of organized 

metal–ligand networks, have been proposed as potential possibilities for developing 

selective anion isolation via straightforward crystallization (Custelcean & Moyer,2007).  

 

The ultimate objective is to counteract the inherent solvation of the selected anion and 

isolate it selectively into the crystalline solid phase, in a clear liquid/liquid anion 

partition thermodynamics, which may be qualitatively represented by the empirical 

lyotropic series. In order to build a system that can bind the desired anion into its 

created solid-state assembly, the structure, size, and all other unique features of the 

desired anion must be factored in. Although several cases of MOFs and other non-

metallated compounds which prefer a specific anion from a solution by competitive 

crystallization, no reports of fluoride bonding have been identified, and a bias for 

lipophilic anions is frequently seen. Interestingly, certain evidences of anti-Hofmeister 

behavior for the efficient capture of SO4
-2

 anion have been demonstrated, making this 

method highly promising (Kim et al., 2010).  

 

The most effective examples of fluoride binding compounds are charged species, such 

as polyprotonated cryptands, however the low pH required and sluggish exchange 

dynamics limit their actual use.   
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CHAPTER THREE 

MATERIALS AND METHODS 

 

The techniques of analysis for testing the study's research questions have been 

explained in this chapter. Every reagent has been described in terms of its source and 

purity. The analytical procedure and instrumentation has been specified and described. 

Each compound's design and synthesis method, as well as the reaction mechanisms, 

have also been illustrated. 

 

3.1 Equipment and Reagents 

Magnetic stirrer and magnetic stir bar 

Bk-F93 F2000 Fluorospectrophotometer (FS) 

MRC-UV-Vis Spectrophotometer-UV-(11S/N; UEB1011006) 

GC micromass spectrometer (Micromass, Wythenshawe, Waters, Inc. UK)  

Bruker Avance NEO 500 MHz (TXO cryogenic probe) NMR spectrometers 

Agilent 400 MHz -DD2 NMR spectrometer 

 MestreNova (v14.0.0) software. 

UV-lamp (UV303D) 

3-cyano-4-methylcoumarin (Sigma-Aldrich 97%) 

Imidazole (Sigma-Aldrich 99.5%) 

Dichloromethane (DCM) - Sigma-Aldrich 99.8% 

Tetrahydrofuran (THF) - Sigma-Aldrich 99.9% 

Tert-butyldimethylsilylchloride (TBDMSCl) - Sigma-Aldrich 97% 

Tert-butyldimethylsilylchloride (TBDPSCl) - Sigma-Aldrich 97% 

Tetra-n-butylammonium fluoride (TBAF) - Sigma-Aldrich 97% 
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Tetra-n-butylammonium chloride (TBAC) - Sigma-Aldrich 97% 

Tetra-n-butylammonium bromide (TBAB) - Sigma-Aldrich 97% 

Hydroxylamine hydrochloride (NH2OH.HCl) – AR/ACS 99%  

Sodium hydroxide (NaOH) - Sigma-Aldrich Analytical, Puriss 

TBAF 1.0 M in THF 

HEPES 1 M in H2O 

Cetyltrimethylammonium bromide, (CTAB) - Sigma-Aldrich Calbiochem
® 

98% 

TLC Silica gel 60 F254 (Merck, Darmstadt, Germany) on pre-coated Aluminium sheets 

Silica gel 60 (230-400 mesh) and G-HR for TLC 

 

3.2 Rational design 

Among the three sensing mechanisms described in chapter one, the fluoride induced 

cleavage of oxygen-silicon bonds stands out as a selective approach for fluoride 

detection. To increase the response of this system even more, a fluorophore with 

reasonable quantum yield is needed and more importantly, higher affinity for fluoride. 

Since fluoride has the highest electronegativity of the halogens, 3-Cyano-7-hydroxy-4-

methylcoumarin scaffold was employed as electron deficient conjugated systems with 

higher quantum yield than quinine sulphate (0.54) towards fluoride sensing.  

 

Based on the ICT mechanism, the synthesis of a 3-Cyano-7-hydroxy-4-methylcoumarin 

protected by TBDPS/TBDMS was considered. This research anticipated that the 

cleavage of the TBDPS/TBDMS groups by fluoride would to lead to a swift formation 

of a fluorescent species. 3-Cyano-7-hydroxy-4-methylcoumarin fluorophore was 

included as a moiety to promote fluorescence via an ICT mechanism. The response of 

these compounds in 1 millimole of aqueous tetra-n-butylammonium fluoride (TBAF) 
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solution in dioxane was investigated. Energy changes in excitation and emissions were 

observed as TBAF was added to the solutions. This produced a desilylated fluorescent 

product. With this the relation between the quantities of substances that take part in the 

reaction between each compound and F
-  

was
  

determined, further demonstrating a 

recognition method as F
-
 reacts with each of these compounds to generate non-

fluorescent TBDPSF/TBDMSF and fluorescent specie(s) O
-
-Aryl. Figure 31 shows athe 

structures of the sensors designed. 
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Figure 3.1: structures of the designed compounds (fluoride sensors) 
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3.3 General Experimental Procedures for Synthesis of fluoride sensors 

3.3.1 Synthesis of compound 2: 7-O-tert-butyldimethylsylyl-3-cyano-4-

methylcoumarin 

3-cyano-4-methylcoumarin (30 g, 0.15 moles) also referred to here as compound 1 and 

imidazole (20.4g, 0.3 moles) was dissolved in a 600 mL mixture (3:1) of dry 

dichloromethane (DCM)-Tetrahydrofuran (THF) solvent. This solution was then 

continuously stirred in an inert atmosphere of N2 gas until the solution became clear. 

Tert-butyldimethylsilylchloride (TBDMS, 22.6 g, 0.15 moles) in 60 mL of 

dichloromethane was slowly added dropwise for three continuous hours. This process 

was allowed to take place for an extra 2 hours at room temperature with agitation and in 

an inert environment. 

 

This was followed by filtration through a short bed celite and washed three times with 

600 mL of purified and deionized water, supplemented by 200 mL of aqueous NaCl. 

The non-polar fraction was then dried by exposure to anhydrous sodium sulphate, 

filtered and concentrated using a Buchi rotavapour under reduced temperature of below 

40°C and below atmospheric pressure to get an unpurified product. Further purification 

was done by means of column chromatography using DCM:THF as a mobile phase in 

varying concentrations. The result obtained at this stage was a bright yellow crystalline 

solid. These crystals were again subjected to further purification through another 

column using DCM:THF solvent system. This second column purification was done 

more cautiously, and only the central portions of the three fractions were selected and 

concentrated following analysis by TLC. Upon concentration and drying under 

decreased pressure and high vacuum of 5 mbar per 3 minutes at a pressure of 10 mbar 

for an extended period of time, the product was collected as a bright and shiny yellow 
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solid, 24.67 g (82.24% yield).  A scheme of how compound 2 was synthesized is as 

shown in figure 3.2. 
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Figure 3.2: Proposed reaction mechanism for the synthesis of compound 2. 

 

3.3.2 Synthesis of compound 3: 7-O-tert-butyldiphenylsylyl-3-cyano-4-

methylcoumarin 

3-cyano-4-methylcoumarin (30 g, 0.15 moles) also referred to here as compound 1 and 

imidazole (20.14 g, 0.3 moles) were dissolved in a 600 mL mixture (3:1) of dry 

dichloromethane (DCM)-Tetrahydrofuran (THF) solvent. This solution was then 

continuously stirred in an inert atmosphere of N2 gas until the solution became clear. 

Tert-butyldimethylsilylchloride (TBDPS, 41.3g, 0.15 moles) solution in 100 mL of 

dichloromethane was slowly added dropwise over a period of one hour.  

 

The reation process was allowed to take place for an extra 2 hours at room temperature 

with agitation and in an inert environment. This followed by filtration through a short 

celite bed and washed three times with 600 mL of purified and de-ionized water, 

supplemented by 200 mL of aqueous NaCl. The non-polar fraction was then dried by 
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exposure to anhydrous sodium sulphate, filtered and concentrated using a Buchi 

rotavapour under reduced temperature and pressure to get an impure product. Further 

purification was done by means of column chromatography using DCM:THF as a 

mobile phase in varying concentrations starting from 100 % DCM and slowly varying 

the polarity by adding 5 mL of THF while serially reducing the volume of DCM by 5 

mL upto 100% THF. The result obtained at this stage was a bright yellow crystalline 

solid. These crystals were again subjected to further purification through another 

column using DCM : THF solvent system. This second column purification was done 

more cautiously, and only the central portions of the three fractions were selected and 

concentrated following analysis by TLC. Upon concentration and drying under 

decreased pressure and high vacuum for an extended period of time, the product was 

collected as a bright yellow solid, 52.47 g (79.57% yield).  A scheme of how compound 

3 was synthesized is as shown in figure 3.3: 
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Figure 3.3: Schematic for the synthesis of compounds 3. 
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3.3.3 Synthesis of compound 4: 7-O-tert-butyldimethylsylyl-2-(hydroxyimino)-4-

methyl-2H-chromene-3-carbonitrile 

6.3 g (0.02 moles) of compound 2 was introduced into a reagent bottle containing 100 

mL mixture (3:1) of dry dichloromethane (DCM)-Tetrahydrofuran (THF) solvent, filled 

with nitrogen gas and closed. A separate solution was made by dissolving 1.4 g (0.02 

moles) of hydroxylamine hydrochloride (NH2OH.HCl) in 100 ml distilled and de-

ionized water. The solution was stirred with a glass rod until it became clear. 0.8 g (0.02 

moles) NaOH in 100 mL of distilled and de-ionized water was then added to this 

solution and stirred until it became clear. The two solutions were mixed in a reagent 

bottle and placed on a shaker for 12 hours. The mixture was further filtered using a 

Whatman filter paper. The non-polar fraction was then dried by exposure to anhydrous 

sodium sulphate, filtered and concentrated using a Buchi rotavapour under reduced 

temperature and pressure to get an impure product. Further purification was done by 

means of impure product.  

 

The compound obtained was a bright yellow crystalline solid. These crystals were again 

subjected to further purification through another column chromatogarphy using DCM : 

THF solvent system starting from 100 % DCM and slowly varying the polarity by 

adding 5 mL of THF while serially reducing the volume of DCM by 5 mL upto 100% 

THF. This second column purification was done more cautiously, and only the middle 

portions of the three fractions were selected and concentrated following analysis by 

TLC.  

 

Upon concentration and drying under decreased pressure and high vacuum for an 

extended period of time, the product was collected as a bright yellow thread-like solid. 
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This product was subjected to a further purification by pTLC in a 1:3 DCM:THF 

solvent mixture. The collected mass was (2.59 g) with a 41.1 % yield. A scheme of how 

compound 4 was synthesized is as in figure 3.4. 
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Figure 3.4: Proposed reaction mechanism for the synthesis of compounds 4. 

 

  



131 

 

 

 

3.4 Physical measurements  

3.4.1 Spectroscopic studies 

NMR spectra of the synthesized sensors were acquired using a Bruker Avance NEO 

(TXO cryogenic probe) spectrometer 500 MHz for compounds 1and 2 while the 

400MHz was used for compounds 3 and 4. The acquired spectra were subjected to 

processing via the MestreNova software (version 14.0.0).  Referencing of both the
 13

C 

NMR and 
1
H NMR chemical shifts was done with internal standard as deuterated 

solvents; methanol-d4 with peaks expected at δH 3.32 and δC 49.00 while the CDCl3 

peaks were set at δH 7.26 and δC 77.16). Assignments were based on proton, carbon-13, 

spin-spin coupling between neighbouring protons (COSY), an extension of COSY 

(TOCSY), direct attachment of hydrogen atoms to carbon atoms by analyzing the 

Heteronuclear Single Quantum Coherence Spectroscopy (HSQC), Heteronuclear 

Multiple Bond Correlation; correlations between hydrogen atoms and carbon atoms and 

that are separated by 2, 3...and, sometimes in conjugated systems (HMBC), and cross-

correlation between atoms (NOESY) NMR spectra. Chemical shifts were recorded in 

ppm (δ) downfield from TMS. The J-Couplings were recorded in frequencies (Hz). The 

single diode array and Mass spectra were obtained by means of LC-MS in an ESI.  This 

was linked to an Agilent gradient pump system (1100 series) and a C18 Atlantis T3 

column (3.0 × 50 mm, 5 μm), using Milli-Q water-acetonitrile  at the ratio of 5:95 to 

95:5, with 1 % formic acid and a flow rate of 0.75 mL/min for 7 minutes. Fluorescence 

measurements were conducted using Biobase-BKF93 Model F2000 fluorospectrometer 

at room temperature. UV spectra were acquired by UV-(11S/N; UEB1011006) MRC – 

UV-Vis spectrophotometer. To track the purification processes, thin layer 

chromatography (TLC) was performed on silica gel 60 F254 on aluminium pre-coated 

plates. TLC plates were developed using suitable processing solvent systems and 
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visualized under UV light (below 365 nm) and by charring with 5 % H2SO4/H2O 

solution. pTLC was done by means of silica Gel G-HR. 

 

3.4.2 Fluoride Testing. 

The interaction between the synthesized compound, (2, 3, and 4) and fluoride ions were 

investigated in dioxane solution through fluorescent analysis. A set of test samples of 

each of the synthesized compounds were formulated with differing fluoride 

concentrations ranging from 0.1 to 100 mg/L by dissolving 22.1 mg of TBAF in 1 L of 

de-ionized (DI) water and diluting to the desired concentration. 1 mL of a 4 percent 

solution of each of the synthesized compounds contained in dioxane was then added to 

40 mL of test samples. These solutions were incubated for 20 minutes at room 

temperature in 1:1 (v/v) 10 mM HEPES-dioxane mixture maintained at a pH of 7.4.  

Fluorescence studies in terms of excitation and emission frequencies were done for each 

of these solutions with three replicates being tested for each compound. Figures 3.5-3.7 

show the interaction between the synthesized compound, (2, 3 and 4) and fluoride ions 

in dioxane. 
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Figure 3.5: ICT initiated by of desilylation of compound 2 by fluoride ions. 
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Figure 3.6: ICT initiated by of desilylation of compound 3 by fluoride ions. 
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Figure 3.7: ICT initiated by desilylation of compound 4 by fluoride ions. 

 

3.4.3 Selectivity studies 

Selectivity studies were done according to a method by (Zhou et al., 2015). Solutions of 

a number of selected anions; chloride, bromide, iodide, nitrate and sulphate at a 

concentration of 200 μM were prepared as well as TBAF and NaF (200 μM). The 

studies were done in a solution of a pH maintained at 7.4 by 1:1 (v/v) 10 mM HEPES : 

dioxane mixture. A series of test samples of each of the synthesized fluoride sensors (2, 

3, and 4) with [F
-
] ranging from 0.1 to 100 mg/L were made by dissolving 22.1mg 

(TBAF) in 1 L of distilled and de-ionized water and diluted as per the selected 

concentrations. 1 mL of a 4 percent solution of each of the synthesized compounds 

contained in dioxane was then added to 40 mL of test samples. These solutions were 

incubated for 20 minutes at room temperature in 1:1 (v/v) 10 mM HEPES-dioxane 

mixture maintained at a pH of 7.4.  Fluorescence studies in terms of excitation and 
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emission frequencies were done for each of these solutions with three replicates of each 

of the synthesized compounds 2, 3 and 4 being tested. 

  

3.4.4 Molar Extinction Coefficients Determination (MEC).  

The Molar Extinction Coefficients were determined according to a method by (Zhou et 

al., 2015). Solutions of compounds 2, 3 and 4 with varied concentrations (0, 10, 20, 40, 

80 and 160 μM) were made by serial dilution. The absorbance of each of these solutions 

was measured after being allowed to react for 5 minutes. A plot of linear correlation 

between the absorbance and the concentrations was used to resolve the MEC.  

 

3.4.5 Quantum Yield Measurements.  

Quantum Yield Measurements were done according to the method described by 

(Nawara & Waluk, 2019). A series of concentrations (0.02, 0.04, 0.06, 0.08 and 0.10 

mg/L) of each of the synthesized sensors and standard were separately made. Both 

absorbance and emission spectra for each sensor and standard were recorded. 

Compounds 2, 3 and 4 and standard intensity fluorescence was integrated (that is, the 

area under the fluorescence spectrum). Linear plots of integrated intensity of 

fluorescence and absorbance for each of the compounds 2, 3 and 4 were made. This 

resulted into a linear graph with intercept = 0 and whose gradients m, were equated to 

the quantum yield for each compounds 2, 3 and 4.  

 

The fluorescence quantum yields (Φ2, 3, 4) of the synthesized fluoride sensors (2, 3 and 

4) + F- were determined using equation 3.1. 

Φ𝑋 = Φ𝑆𝑇  
𝐺𝑟𝑎𝑑 𝑥

𝐺𝑟𝑎𝑑 𝑆𝑇
  

𝜂𝑥
2

𝜂𝑆𝑇
2  ……………………equation (3.1) 

Where Φ = quantum yield  
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  η = refractive index of the solvent.  

GradX = compound gradient. 

GradST = standard gradient. 

 

The low concentrations with Absorbance ≤0.05 were used throughout the fluorescence 

emission studies. This was to prevent self-quenching.  The emission intensities for each 

of the compounds 2, 3 and 4 were recorded at their excitation wavelengths. The 

standard used for this study was Quinine sulphate dihydrate in 0.1M perchloric acid 

(Nawara & Waluk, 2019).  The Φ of this standard was 0.54 at an excitation and 

emission of 310 nm and 455 nm respectively. The Φ was calculated by measuring the 

absorbance at 455 nm as described by Nawara and Waluk, 2019. A plot of absorbance 

against the area for each of the test compounds 2, 3 and 4 was evaluated against that of 

the standard quinine sulphate. This data was used to calculate the quantum yield. 

 

3.4.6 Rate Constant Determination 

 A method described by Zhou et al., 2015 was used to determine the rate constants. 20 

μM of each of the compounds 2, 3 and 4 (fluoride sensors) in a 1:1 (v/v) of 10 mM 

HEPES as a buffer maintaining the pH at 7.4) and dioxane as a solvent was introduced 

into 200, 400, 600, 800, 1000 μM of NaF solutions. A plot of fluorescence intensity 

with increase in time was made. The rates of reactions for each of the compounds 2, 3 

and 4 were obtained for each concentration above by using equation (3.2). 

Fluorescence = 1 – exp(– kobst) .................................equation (3.2) 

Where; t = time in minutes.  

kobs, = pseudo-first-order rate constant 
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A plot of kobs against fluoride concentration was used to calculate the second-order rate 

constant equation (3.3). 

kobs = k2[NaF] .........................................................equation (3.3) 

Where; k2 = second-order rate constant. 

 

3.4.7 Paper disc Tests. 

Paper discs were made by cutting Whatman filter paper (20 μm) into discs using a paper 

punch. The discs were immersed into a 1:3 mixture of dichloromethane (DCM): 

Tetrahydrofuran (THF) solution containing varied concentrations (100 µM, 80 µM, 60 

µM, 40 µM and 20 µM of each of the synthesized fluoride sensors (2, 3 and 4) and 

dried in air. A blank was also prepared and taken through the same process. The pre-

treated discs were immersed into an un-buffered distilled and de-ionised aqueous 

solution containing two millimolar cetyltrimethylammoniumbromide, (CTAB) for ten 

seconds and exposed to dry for five minutes.  Images of emission intensity from the 

treated discs were taken as the discs were illuminated by a handheld UV-lamp 

(UV303D) below 365 nm.  

  



137 

 

 

 

CHAPTER FOUR 

RESULTS 

In this chapter the findings of this study has been described. Where appropriate use 

chemical structures tables, graphs and charts have been used to support the presentation 

of these results. 

 

4.1 Rational Design 

The fluoride induced oxygen-silicon bond cleavage was selected as most selective 

approach for aqueous fluoride detection based on ICT mechanism. Figure 3.1 show the 

structures of the sensors designed. 

 

4.2 Structural elucidation 

4.2.1 Compound 1 

The spectral analysis on compound 1 was done by acquiring the following; Proton 

Nuclear Magnetic Resonance (
1
H NMR) - Appendix I, C-13 Nuclear Magnetic 

Resonance
 
(
13

C NMR) - Appendix II, Correlation spectroscopy (COSY) - Appendix III, 

Heteronuclear Single Quantum Coherence Spectroscopy (HSQC) - Appendix IV, 

Heteronuclear Multiple Bond Correlation (HMBC) - Appendix V, Total Correlation 

Spectroscopy (TOCSY) - Appendix VI, Nuclear Overhauser Effect Spectroscopy 

(NOESY) - Appendix VII, Diode Array chromatograph - Appendix VIII and Mass 

spectrum- Appendix IX. 

 

4.2.2 Compound 2 

The spectral analysis on compound 2 was done by acquiring the following; Proton 

Nuclear Magnetic Resonance (
1
H NMR) - Appendix X, C-13 Nuclear Magnetic 
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Resonance
 
(
13

C NMR) - Appendix XI, Correlation spectroscopy (COSY) - Appendix 

XII, Heteronuclear Single Quantum Coherence Spectroscopy (HSQC) - Appendix XIII, 

Heteronuclear Multiple Bond Correlation (HMBC) - Appendix XIV, Total Correlation 

Spectroscopy (TOCSY) - Appendix XV, Nuclear Overhauser Effect Spectroscopy 

(NOESY) - Appendix XVI, Diode Array chromatograph - Appendix XVII and Mass 

spectrum- Appendix -XVIII. 

 

4.2.3 Compound 3 

The spectral analysis on compound 3 was done by acquiring the following; Proton 

Nuclear Magnetic Resonance (
1
H NMR) - Appendix XIX, C-13 Nuclear Magnetic 

Resonance
 
(
13

C NMR) - Appendix XX, Correlation spectroscopy (COSY) - Appendix 

XXI, Heteronuclear Single Quantum Coherence Spectroscopy (HSQC) - Appendix 

XIII, Heteronuclear Multiple Bond Correlation (HMBC) - Appendix XXII, Diode Array 

chromatograph - Appendix XXIII and Mass spectrum- Appendix -XXIV. 

 

4.2.4 Compound 4 

The spectral analysis on compound 4 was done by acquiring the following; Proton 

Nuclear Magnetic Resonance (
1
H NMR) - Appendix XXV, C-13 Nuclear Magnetic 

Resonance
 

(
13

C NMR) - Appendix XXVI, Correlation spectroscopy (COSY) - 

Appendix XXVII, Heteronuclear Single Quantum Coherence Spectroscopy (HSQC) - 

Appendix XXVIII, Heteronuclear Multiple Bond Correlation (HMBC) - Appendix 

XXIX, Diode Array chromatograph - Appendix XXX and Mass spectrum- Appendix -

XXXI. 
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4.3 Excitation and Emission 

4.3.1 Compound 2 

The absorption and emission spectra of compound 2 (200 μM) in fluoride free solution 

is given in figure 4.1. 

 
Figure 4.1. Absorption and Emission spectra of compound 2 (200 μM) in F

-
 free 

solution. 

 

4.3.2 Compound 3 

The absorption and emission spectra of compound 3 (200 μM) in fluoride free solution 

is given in figure 4.2. 

 

Figure 4.2: Absorption and Emission spectra of compound 3 (200 μM) in F
-
 free 

solution.  
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4.3.3 Compound 4 

The absorption and emission spectra of compound 4 (200 μM) in fluoride free solution 

is given in figure 4.3. 

 

Figure 4.3: Absorption and Emission spectra of compound 4 (200 μM) in F
-
 free 

solution.  
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4.4 Time-dependent fluorescence intensity of the synthesized compounds 

(sensors) in fluoridated solution. 

4.4.1 Compound 2 

The variation of fluorescence intensity (AFU) of compound 2 with time (seconds) in the 

presence of fluoride ions is given in figure 4.4. 

 

Figure 4.4: Time-dependent fluorescence intensity of compound 2 in fluoridated 

solutions 

4.4.2 Compound 3 

The variation of fluorescence intensity (AFU) of compound 3 with time (seconds) in the 

presence of fluoride ions is given in figure 4.5. 

 

Figure 4.5: Time-dependent fluorescence intensity of compound 3 fluoridated 

solutions 
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4.4.3 Compound 4 

The variation of fluorescence intensity (AFU) of compound 4 with time (seconds) in the 

presence of fluoride ions is given in figure 4.6. 

 

 

Figure 4.6: Time-dependent fluorescence intensity of compound 4 fluoridated 

solutions  
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4.5 Sensors fluorescence response in the presence of other anions   

4.5.1 Compound 2 

The fluorescence response of compound 2 (20 μM) in the presence of fluoride ions and 

other anions is given in figure 4.7. 

 

 

Figure 4.7: Selectivity of compound 2 (20 μM) for fluoride in the existence of other 

anions 
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4.5.2 Compound 3 

The fluorescence response of compound 3 (20 μM) in the presence of fluoride ions and 

other anions is given in figure 4.8. 

 

 

Figure 4.8. Selectivity of compound 3 (20 μM) for fluoride in the existence of other 

anions 
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4.5.3 Compound 4 

 

The fluorescence response of compound 2 (20 μM) in the presence of fluoride ions and 

other anions is given in figure 4.9. 

 

 

Figure 4.9: Selectivity of compound 4 (20 μM) for fluoride in the existence of other 

anions 
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4.6 Effects of fluorophore concentration on intensity of fluorescence  

 

4.6.1 Compound 2 

Figure 4.10 shows the variation of fluorescence intensity of sensor 2 (20 µM) with 

increase in concentrations of NaF (200 μM to 1000 μM) over time in HEPES buffer 

solution (10 mM, pH = 7): dioxane (1:1 v/v).  

 

 

Figure 4.10: The variation of fluorescence intensity of sensor 2 (20 µM) with 

increase in concentrations of NaF (200 μM to 1000 μM) over time in 

HEPES buffer solution (10 mM, pH = 7): dioxane (1:1 v/v).  
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4.6.2 Compound 3 

Figure 4.11 shows the variation of fluorescence intensity of sensor 3 (20 µM) with 

increase in concentrations of NaF (200 μM to 1000 μM) over time in HEPES buffer 

solution (10 mM, pH = 7): dioxane (1:1 v/v).  

 

 

Figure 4.11: The variation of fluorescence intensity of sensor 3 (20 µM) with 

increase in concentrations of NaF (200 μM to 1000 μM) over time in 

HEPES buffer solution (10 mM, pH = 7): dioxane (1:1 v/v).  
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4.6.3 Compound 4 

Figure 4.12 shows the variation of fluorescence intensity of sensor 4 (20 µM) with 

increase in concentrations of NaF (200 μM to 1000 μM) over time in HEPES buffer 

solution (10 mM, pH = 7): dioxane (1:1 v/v).  

 

 

Figure 4.12: The variation of fluorescence intensity of sensor 4 (20 µM) with 

increase in concentrations of NaF (200 μM to 1000 μM) over time in 

HEPES buffer solution (10 mM, pH = 7): dioxane (1:1 v/v).  
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4.7 Rate constants 

A pseudo-first-order rate constant plot for the synthesized fluoride sensors as a function 

of [NaF] is shown in figures 4.13-4.15 while the second rate constants (extracted from 

figures 4.13-4.15) are as shown in table 4.1.  

 

Table 4.1: Second order rate constants   

Fluoride sensor Linear fit equation R² value 2
nd

 order rate constants 

2 y = 0.0019x - 0.294 R² = 0.9881 1.9x10 M
-1

min
-1

. 

3 y = 0.0018x - 0.174 R² = 0.9748 1.8 x10 M
-1

min
-1

. 

4 y = 0.0014x - 0.1275 R² = 0.9722 1.4 x10 M
-1

min
-1

. 

 

 

4.7.1 Compound 2 

A plot pseudo-first-order rate constant as a function of [NaF] for compound 2 is given 

in figure 4.13. 

  

Figure 4.13: A pseudo-first-order rate constant plot for compound 2 as a function 

of [NaF].  
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4.7.2 Compound 3 

A plot pseudo-first-order rate constant as a function of [NaF] for compound 3 is given 

in figure 4.14. 

 

Figure 4.14: A pseudo-first-order rate constant plot for compound 3 as a function 

of [NaF]. 

4.7.3 Compound 4 

A plot pseudo-first-order rate constant as a function of [NaF] for compound 4 is given 

in figure 4.15. 

  

Figure 4.15: A plot of the pseudo-first-order rate constant for sensor 4 as a 

function of [NaF]. 
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4.8 Selectivity studies.  

The emission of the synthesized fluoride sensors (2, 3 and 4) as a response for fluoride 

detection in NaF is shown in figures 4.17-4.19. 

 

4.8.1 Selectivity studies on Compound 2 in various concentrations of NaF 

The emission of compound 2 (20 μM) in various [NaF] in a solution maintained at a pH 

of 7 by 1:1 (v/v) 10 mM HEPES:dioxane is given in figure 4.16 

 

 

Figure 4.16: Emission of 20 μM of compound 2 in various [NaF] in a solution 

maintained at a pH of 7 by 1:1 (v/v) 10 mM HEPES:dioxane  
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4.8.2 Selectivity studies on Compound 3 in various concentrations of NaF 

The emission of compound  3 (20 μM)  in various [NaF] in a solution maintained at a 

pH of  7 by 1:1 (v/v) 10 mM HEPES:dioxane is given in figure 4.17 

 

Figure 4.17: Emission of 20 μM  of compound 3 in various [NaF] in a solution 

maintained at a pH of  7 by 1:1 (v/v) 10 mM HEPES:dioxane 

4.8.3 Selectivity studies Compound 4 in various concentrations of NaF 

The emission of compound 4 (20 μM) in various [NaF] in a solution maintained at a pH 

of  7 by 1:1 (v/v) 10 mM HEPES:dioxane is given in figure 4.18. 

 

Figure 4.18: Emission of 20 μM of compound 3 in various [NaF] in a solution 

maintained at a pH of 7 by 1:1 (v/v) 10 mM HEPES:dioxane 
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The emission of the synthesized fluoride sensors (2, 3 and 4) as a response for fluoride 

detection in TBAF is as shown in figures 4.19 and 4.21. 

 

4.8.4 Selectivity studies Compound 2 in various concentrations of TBAF 

The emission of 20 μM of compound 2 (Log AFU) in various [TBAF] in a solution 

maintained at a pH of 7 by 1:1 (v/v) 10 mM HEPES:dioxane in given in figure 4.19. 

 

  

Figure 4.19: Emission of 20 μM of compound 2 in various [TBAF] in a solution 

maintained at a pH of 7 by 1:1 (v/v) 10 mM HEPES:dioxane. 
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Figure 4.20: Emission of 20 μM of compound 3 in various [TBAF] in a solution 

maintained at a pH of 7 by 1:1 (v/v) 10 mM HEPES:dioxane. 

 

4.8.6 Selectivity studies Compound 4 in various concentrations of TBAF 

The emission of 20 μM of compound 4 (Log AFU) in various [TBAF] in a solution 

maintained at a pH of 7 by 1:1 (v/v) 10 mM HEPES:dioxane in given in figure 4.21. 

 

 

Figure 4.21: Emission of 20 μM of compound 4 in various [TBAF] in a solution 

maintained at a pH of 7 by 1:1 (v/v) 10 mM HEPES:dioxane 
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4.9 Quantum yield 

Table 4.2: Calculated sensors 2-4 quantum yields using standard (quinine 

sulfphate in 0.1M perchloric acid). 

Sample Standard 

(quinine) 

refractive 

index 

Sample 

Ref index 

Standard 

quantum 

yield 

Standard 

gradient 

Sample 

gradient 

Sample 

quantum 

yield 

Sensor 2 1.33 1.38 0.54 28.81 32.44 0.6546 

Sensor 3 1.33 1.39 0.54 28.81 35.28 0.7228 

Sensor 4 1.33 1.42 0.54 28.81 33.9 0.7243 

 

 

4.9.1 Integrated fluorescence intensity of Compound/sensor 2 compared to 

standard quinine (350 nm)  

A plot of integrated Fluorescence intensity of sensor 2 at 360 nm against the 

corresponding absorbance for the standard (quinine sulphate) at 350 nm is given in 

figure 4.22. 
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Figure 4.22: Plot of integrated Fluorescence intensity of sensor 2 at 360 nm versus 

the corresponding absorbance for the standard (quinine sulphate) at 

350 nm. 

4.9.2 Integrated fluorescence intensity of Compound/sensor 3 compared to 

standard quinine (350 nm)  

A plot of integrated Fluorescence intensity of sensor 3 at 361 nm against the 

corresponding absorbance for the standard (quinine sulphate) at 350 nm is given in 

figure 4.23. 

 

Figure  4.23: Plot of integrated Fluorescence intensity of sensor 3 at 361 nm versus 

the corresponding absorbance for the standard (quinine sulphate) at 

350 nm. 
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4.9.3 Integrated fluorescence intensity of Compound/sensor 4 compared to 

standard quinine (350 nm)  

A plot of integrated Fluorescence intensity of sensor 4 at 362 nm against the 

corresponding absorbance for the standard (quinine sulphate) at 350 nm is given in 

figure 4.24. 

 

 

Figure. 4.24: Plot of integrated Fluorescence intensity of sensor 4 at 362 nm versus 

the corresponding absorbance for the standard (quinine sulphate) at 

350 nm. 
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4.10 Paper disc test 

The variation of fluorescence intensity of compounds 2, 3 and 4 on paper discs with a 

decrease in the concentration of fluoride ions is shown in figure 4.25.  

SENSOR STRIP TEST FLUORESCENCE FLUORESCENCE OF 

SENSORS IN TBAF 

SOLUTION 

Blank 

 
 

Sensor 2 

 
 

Sensor 3 

  

Sensor 4 

  

Figure 4.25: Fluorescence of test-trips containing the synthesised sensors 2, 3 and 4 

in the presence of decreasing aqueous [TBAF].  
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CHAPTER FIVE 

DISCUSSION 

In this chapter the findings of this study have been discussed. A detailed explanation on 

spectral analysis has been covered and where necessary, the explanations have been 

accopannied by relevant figures and tables. An explanation on relevance of all findings 

on this research work has been presented. The contribution and implications of the 

findings on previous studies have been outlined as a conclusion. Finally, and 

recommendations for future research have been presented. 

 

5.1 Rational Design 

Out of the sensing mechanisms described in chapter two, the fluoride induced oxygen-

silicon bond cleavage stands out as most selective approach for aqueous fluoride 

detection. To promote the sensitivity of this approach, a fluorophore with a high 

quantum yield is necessary. Since fluoride has the highest electronegativity, a 

conjugated fluorophore with several electrophilic centres was used to induce resonance 

once the oxygen-silicon bond is cleaved upon reaction with fluoride. 3-cyano-7-

hydroxy-4-methylcoumarin scaffold distinguished itself as an electron deficient 

conjugated system and could give reasonably high quantum yield. Therefore the ability 

of some 3-cyano-7-hydroxy-4-methylcoumarin derivatives as fluoride sensors was 

investigated. Based on the ICT mechanism, the synthesis of a TBDMS and TBDPS 

protected 3-cyano-7-hydroxy-4-methylcoumarin and its derivatives (see figure 6) were 

envisioned. The breaking away of TBDMS/TBDPS by fluoride as well as the 

conversion of the coumarin carbonyl into hydroxyimino functional group would induce 

faster resonance into the fluorophore resulting into fluorescence. 
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5.2 Structural elucidation 

5.2.1 Compound 1 

A single diode array chromatograph peak at 2.93 retention time (see appendix VIII) on 

this compound confirms its purity. The Mass spectrum (see appendix IX) revealed an 

M
+ 

+ 1 at 202.2. The molecular mass of compound (1) matches with 3-cyano-4-

methylcoumarin which was used as the starting reagent for the synthesis. The 
1
H NMR 

(500 MHz, MeOD) spectrum (Appendix I) showed different multiplicities.  The 

aliphatic protons resonate at δ 2.73 (s, 3H), while the aromatic protons at 7.80 (d, J = 

8.9 Hz, 1H), 6.75 (d, J = 2.3 Hz, 1H). 6.92 (dd, J = 8.9, 2.3 Hz, 1H) as assigned in table 

5.1.  

 

The 
1
H–

1
H coupling is observed between δ 7.8 and δ 6.75 (J = 8.9Hz) while two-bond 

coupling (
1
H–C–

1
H) is between δ 6.75 and δ 6.92 (J = 2.3 Hz). The multiplicity 

provided in figure 5.1 indicates the aromatic proton at δ 6.92 is coupled to the two other 

protons at δ 7.8 and δ 6.75, thus the signal at δ 6.92 is a double duplet. The aromatic 

proton at δ 7.8 only shows coupling with another at 6.75 hence is a duplet. 

                

Figure 5.1: Proton chemical shifts and expanded 
1
H NMR Signal multiplicities of 

the aromatic protons    
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The 
13

C NMR: (500 MHz, MeOD) spectrum (Appendix II) signals were observed at δ 

15.75, 101.29, 109.84, 112.89, 113.23, 127.17, 154.71, 157.32, 162.55 and 163.82. 

Mohamed and co-workers in a study synthesized a related 4-methyl-7-hydroxycoumarin 

(coumarin–OH). 
1
H and 

13
C nuclear magnetic resonance spectroscopy confirmed the 

structure of the synthesised compound 4-methyl-7-hydroxycoumarinas follows; 
1
H 

NMR (500 MHz, DMSOd6, δ, ppm): 2.40 (s, 3H, CH3), 3.70 (s, 1H, OH), 6.08 (s, 
1
H, 

CH), 6.87 (d, 2H, CH), 7.45 (s, 1H, CH) while the 
13

C NMR (125 MHz, CDCl3, δ ppm): 

18.3 (CH3), 163.1 (C=O) (Mohamed et al.,  2015). Comparing this data with spectra 

(Appendix I and II), the methyl at carbon-4 and the OH at carbon-7 on compound 1 can 

be confirmed as their chemical shift match with the ones indicated by Mohammed and 

his team. 

 

The off-diagonal correlations in the 
1
H-

1
H COSY (COrrelated SpectroscopY) indicate 

that the aromatic protons 13, 14 and 12, 13 are J-coupled (Fig. 5.2 and Appendix III). 

All atom positions in the structure are as assigned by the MestreNova (v14.0.0) 

software. 

 

Figure 5.2: COSY correlation of compound 1 
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The correlations between a carbon and its attached protons are shown in the HSQC 

(Heteronuclear Single Quantum Coherence Spectroscopy) spectrum (Figure 5.3 and 

appendix IV).  The HSQC spectrum clearly shows that proton 12 is directly bonded to 

carbon 4, proton 13 is directly bonded to carbon 5, proton 14 is directly bonded to 

carbon 3 and finally the protons at position 15 are bonded to carbon 15. The long range 

correlations between carbons and protons that are separated by multiple bonds are as 

shown in figure 5.3 and table 5.1. All atom positions in the structure are as assigned by 

the MestreNova (v14.0.0) software. 

 

Figure 5.3: HSQC correlation of compound 1 
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Figure 5.4: HMBC correlation of compound 1 

The NOESY (Nuclear Overhauser Effect Spectroscopy) revealed through-space 

interactions leading to cross-relaxations between the aromatic protons 13, 14 and 12, 13 

as shown in appendix III and VII. The cross peaks observed in the NOESY spectrum 

(appendix VII) shows a strong NOESY correlation of the signal at 6.92 ppm and the 

proton at 7.80ppm. The rest of the protons from this structure are as assigned in table 

5.1. 
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Table 5.1: NMR Spectral data for compound 1 

Position 

 

Atom 

 type 

δH (ppm), H, 

m 

(J, Hz) 

δC(ppm) COSY HSQC 

(C-H direct 

connectivity) 

HMBC(long 

range C-H 

connectivity) 

1 C - 112.86 - - 12,13,15 

2 C - 154.71 - - 14 

3 CH - 127.17 - 14 - 

4 CH - 109.84 - 12 13 

5 CH - 112.89 - 13 - 

6 C - 157.32 - - 14 

7 C - 101.29 - - 15 

8 C - 162.55 - - - 

9 C - 163.82 - - 14 

10 O - - - - - 

11 O - - - - - 

12 H 6.92,dd, 1H, 

(8.9, 2.3)  

- 13 - - 

13 H 6.75, d, 1H, 

(2.3) 

- 12, 14 - - 

14 H 7.80,d, 1H (8.9 

) 

- 13 - - 

15 CH3 2.73, s, 3H 15.75 - 15 - 

16 O - - - - - 

17 C - 113.23 - - - 

18 N - - - - - 
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5.2.2 Compound 2 

A single diode array chromatograph peak at 2.92 retention time (appendix XVII) on this 

compound confirms its purity.  The Mass spectrum revealed an M
+ 

+ 1 at 315.4 

(Appendix XVIII). The molecular mass of compound (2) matches with the expected 

mass of the synthesised compound 7-O-tert-butyldimethylsylyl-3-cyano-4-

methylcoumarin as shown in appendix XVIII. The 
1
H NMR (500 MHz, MeOD) 

spectrum (Appendix X) showed different multiplicities.  The aliphatic protons resonate 

at δH 1.38 (6H, s), 2.16 (9H, s) and 2.73 (3H, m), while the aromatic protons at 6.92 

(1H, dd, J = 7.7, 1.5 Hz), 6.76 (1H, d, J = 1.5, 0.5 Hz), 7.79 (1H, d, J = 7.7, 0.5 Hz) as 

assigned in table 5.2. 

 

The 
1
H–

1
H coupling is observed between δ 7.79 and δ 6.92 while two-bond coupling 

(
1
H–C–

1
H) is between δ 6.76 and δ 6.92. The multiplicity provided in figure 5.5 below 

indicates the aromatic proton at δ 6.92 is coupled to the two other protons at δ 7.79 and 

δ 6.76, thus the signal at δ 6.92 is a double duplet. The aromatic proton at δ 7.79 only 

shows coupling with another at 6.76 hence is a duplet. Figure 5.5 shows that all the non-

aromatic protons at δ 1.38, δ 2.16 and δ 2.73 show no coupling and appear as singlets. 
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  Figure 5.5: Expanded 
1
HNMR Signal multiplicities of compound 2 protons    

These signals correspond to 
13

C NMR: (500 MHz, MeOD) spectrum (Appendix XI) 

signals at δ 1.66, 15.36, 15.76, 28.51, 101.28, 110.01, 112.88, 113.22, 127.18, 154.70, 

157.33, 162.57 and 163.78 as assigned in table 5.2. 

 

The off-diagonal correlations in the 
1
H-

1
H COSY (COrrelated SpectroscopY) indicate 

that the aromatic protons 13, 14 and 12, 13 are J-coupled. The off-diagonal correlations 

in the 
1
H-

1
H COSY (COrrelated SpectroscopY) indicate that the aromatic protons 16 

and 17 are J-coupled (Figure 5.6 and appendix XII). All atom positions in the structure 

are as assigned by the MestreNova (v14.0.0) software. 

 

 

Figure 5.6: COSY correlation of compound 2 
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NOESY NMR spectrum (appendix XVI) at 500 MHz, MeOD indicate that the aromatic 

protons 16 and 17 are J
2
-coupled. The chemical shifts of carbon atoms to which the 

protons are directly bonded are as shown in the HSQC spectrum (appendix XIII). The 

cross peaks observed in the NOESY spectrum (appendix XVI) shows a strong NOESY 

correlation of the signal at δH 6.92 ppm and the proton at δH 7.79ppm. The assignment 

H-17 is in accordance with the multiplicity of this signal due to one vicinal coupling 

with H-16 (J=7.7Hz) and one long-range coupling with H-18(J=0.5). HMBC 

correlations are as shown in figure 5.7. The rest of the protons from this structure are as 

assigned by their mutual NOESY correlations as shown in table 5.2. All atom positions 

in the structure are as assigned by the MestreNova (v14.0.0) software. 
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Figure 5.7: HMBC correlation of compound 2 
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Table 5.2: NMR Spectral data for compound 2 

Position Atom δH (ppm),H, m(J, Hz) δC(ppm) COSY HSQC HMBC 

1 C - 112.88 - - 17,18 

2 C - 154.68 - - 16 

3 CH - 127.18 - 16 - 

4 CH - 101.28 - 18 17 

5 CH - 123.46 - 17 18 

6 C - 157.31 - - - 

7 C - 110.01 - - 11 

8 C - 162.56 - - - 

9 C - 163.77 - - 16 

10 O - - - - - 

11 CH3 2.73, 3H, m 15.76 - 11 - 

12 C - 113.22 - - - 

13 N - - - - - 

14 O - - - - - 

15 O - - - - - 

16 H 7.79,H, d (7.7, 0.5) - 17 - - 

17 H 6.92, H, dd (7.7, 1.5) - 16 - - 

18 H 6.76, H, s,(1.5, 0.5) - 17 - - 

19 Si - - - - - 

20 C - 15.36 - - - 

21,22,23 CH3 2.16, 9H, s 28.51 - 21,22,23 24,25 

24,25 CH3 1.38, 6H, s -1.66 - 24,25 21,22,23 
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5.2.3 Compound 3 

A single diode array chromatograph peak (appendix XXIII) at 2.92 retention time on 

this compound confirms its purity. The Mass spectrum revealed an M
+ 

+ 1 at 439.5 

(appendix XXIV). The molecular mass of compound (3) matches with the expected 

mass of the synthesised compound 7-O-tert-butyldiphenylsylyl-3-cyano-4-

methylcoumarin (Appendix XXIV). The 
1
HNMR (400 MHz, DMSO-d6) spectrum 

(Appendix XIX) showed different multiplicities with aliphatic protons resonating at 

2.62 (s, 3H) while the aromatic protons resonate at δH 7. 93 (dd, J = 8.8 Hz, 1H), 7.77(d, 

J = 8.8 Hz, 1H), 7.76 (d, J = 7.3 Hz, 1H), 7.14 (s, 1H), 6.87 (dd, J = 8.9, 2.3 Hz, 1H), 

6.71 (d, J = 2.3 Hz, 1H).  

 

The 
1
H–

1
H coupling is observed between δH 7.91 and δH 6.85 while two-bond coupling 

(
1
H–C–

1
H) is between δH 6.87 and δH 6.71. The multiplicity provided in figure 5.8 

indicates the aromatic proton at δH 6.87 is coupled to the two other protons at δH 7.93 

and δH 6.71, thus the signal at δH 6.87 is a double duplet. The aromatic proton at δH 7.93 

only shows coupling with another at δH 6.87 hence is a duplet. All the non-aromatic 

protons at δH 2.62 show no coupling and appear as singlet. Other aromatic protons at δ 

7.14 appear as abroad singlet while δH 7.77 and δH 7.76 are duplets as shown in figure 

5.8. All atom positions in the structure are as assigned by the MestreNova (v14.0.0) 

software. 
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Figure 5.8: Expanded 
1
H NMR Signal multiplicities of compound 3 protons    

 

The 
13

C NMR (400 MHz, DMSO-d6) (Appendix XX) δC 165.14, 163.85, 157.92, 

155.59, 135.48, 129.29, 121.69, 115.24, 114.84, 110.98, 102.84, 96.43, 18.37 as 

assigned in table 5.3). The chemical shifts of carbon atoms to which the protons are 

directly bonded are as shown in the HSQC spectrum (Figure 5.9 and appendix XXI) 

while the correlations between protons and carbons that are separated by multiple bonds 

(HMBC) are as shown in figure 5.10. The rest of the protons from this structure are as 

assigned in table 5.3. All atom positions in the structure are as assigned by the 

MestreNova (v14.0.0) software. 
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Figure 5.9: HSQC correlation of compound 3 
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Figure 5.10. HMBC correlation of compound 3 
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Table 5.3: NMR Spectral data for compound 3 

No Atom  δ H, (ppm), m δ C HSQC HMBC 

1 C - 110.9 - 33, 37, 38 

2 C - 155.6 - 36 

3 CH - 121.7 36 - 

4 CH - 115.2 38 37 

5 CH - 121.7 37 38 

7 C - 96.4 - 33 

9 C - 165.1 - 36 

12 CH3 - 18.4 33, 34, 35 - 

18 CH3 2.60 (s) 18.4 18 19, 20 

19 CH3 2.60 (s) 18.4 19 18, 20 

20 CH3 2.60 (s) 18.4 20 19. 19 

21 C - 129.3 - 40, 43 

22 CH - 114.8 42 39, 41 

23 CH - 114.8 41 39, 42 

24 CH - 102.8 43 40 

25 CH - 102.8 40 43 

26 CH - 129.3 39 41, 42 

27 C - 129.3 - 46 

28 CH - 114.8 45 48 

29 CH - 114.8 44 44 

30 CH - 102.8 46 47 

31 CH - 102.8 47 46 

32 CH - 129.3 48 44,  45 
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5.2.4 Compound 4 

A single diode array chromatograph peak (appendix XXX) at 2.92 retention time on this 

compound confirms its purity. The Mass spectrum revealed an M
+ 

+ 1 at 330.4 

(Appendix XXXI). The molecular mass of compound (3) matches with the expected 

mass of the synthesised compound 7-O-tert-butyldimethylsylyl-2-(hydroxyimino)-4-

methyl-2H-chromene-3-carbonitrile. The 
1
H NMR (500 MHz, DMSO-d6) spectrum 

(Appendix XXV) showed different multiplicities with aliphatic protons resonating 7.79 

(s, 1H), 2.56 (s, 9H), 1.84 (s, 6H). While the aromatic protons at δ 7.72 (s, 1H), 6.89 (d, 

J = 8.9 Hz, 1H), 6.83 (dd, J = 8.9, 2.3 Hz, 1H) (Figure 5.11). All atom positions in the 

structure are as assigned by the MestreNova (v14.0.0) software. 

 

 

Figure 5.11: Expanded 1HNMR Signal multiplicities of compound 3 protons    
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The 
13

C NMR (500 MHz, DMSO-d6) (Appendix XXVI)chemical shifts (δC) for 

compound 4 was found to be located at 165.02 , 163.92 , 157.94 , 155.58 , 135.38 , 

129.32 , 121.68 , 118.42 , 115.24 , 114.78 , 111.02 , 102.83 , 96.45 , 30.70 , 28.24 , 

18.36 . The off-diagonal correlations in the 
1
H-

1
H COSY (500 MHz, DMSO-d6) 

indicate that the aromatic protons 13, 14 (Figure 5.12 and appendix XXVII) are J-

coupled. 

 

 The chemical shifts of carbon atoms to which the protons are directly bonded are as 

shown in the HSQC spectrum (Figure 5.13 and appendix XXVIII) while the correlations 

between protons and carbons that are separated by multiple bonds (HMBC) are as 

shown in figure 5.14 and appendix XXIX. The rest of the protons from this structure are 

as assigned by their mutual correlations as shown in table 5.4. All atom positions in the 

structure are as assigned by the MestreNova (v14.0.0) software. 
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Figure 5.12: COSY correlation of compound 4 
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Figure 5.13: HSQC correlation of compound 4 
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Figure 5.14: HMBC correlation of compound 4 
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Table 5.4: NMR Spectral data for compound 4 

Position 

 

δH (ppm), H,  

(J, Hz) 

δC(ppm) COSY HSQC 

 

HMB 

1 - 114.78 - - 12, 13 

2 - 157.94 - - 14 

3 - 129.32 - 13 - 

4 - 102.83 - 12 13 

5 - 121.68 - 13 12 

6 - 165.02 - - - 

7 - 96.45 - - 15 

8 - 163.92 - - - 

9 - 155.58 - - - 

12 6.83, dd (8.86, 2.35) - 13 - - 

13 6.83, dd (8.86, 2.35) - 12, 14 - - 

14 7.73, d (8.85) - 13 - - 

15 - 18.36 - 15 - 

17 - 111.02 - - - 

21 - 18.36 - - - 

22 1.84, s 0.74 - 22 - 

23 1.84, s 0.74 - 23 - 

24 2.56, s 28.24 - 24 - 

25 2.56, s 28.24 - 25 - 

26 2.56, s 28.24 - 26 - 
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5.3 Excitation and Emission  

Fluorophores are known to possess distinct and distinguishing spectra for absorption 

/excitation and emission, owing to due to their original electronic systems. These 

absorption and emission spectra show relative Intensity of fluorescence against the 

wavelength. The wavelength(s) of maximum, also called the excitation maximum were 

determined by recording intensity of absorbance over a range of wavelengths as shown 

in figures 4.1-4.3. The λmax for both the excitation and emission for compounds 2, 3 and 

4 are presented in figures 4.1-4.3. 

 

Compound 2 registered the lowest stokes shift of 28 nm while compounds 3 and 4 

registered stokes shift of 34 nm and 33 nm respectively. This implies that the change in 

electronic property (dipole moment) in ground and excited state of compound 2 is 

smaller as compared to that of compounds 3 and 4. These large Stokes shifts (28-34 nm) 

indicate the presence of excited state reactions, especially the excited state proton 

transfer while purely vibrational shifts that arise from displacement of the potential 

energy curve in the excited state with respect to the ground state, are small. The large 

stokes shift may also indicate a fast relaxation from the initial state to the emissive state 

due to ICT leading to a significant red shift. Comparing both excitation and emission 

spectra for the samples 2, 3 and 4, it can be observed that the spectra appear to obey 

Kasha‘s Rule (Deng  et al., 2019) as these spectra appear to be identical (Figures 4.1-

4.3).  

 

5.4 Time-dependent fluorescence study 

Time-dependent fluorescence measurements were used as a quantitative method for 

determining dissociation constants to study receptor–ligand interactions. The ability and 
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extent of fluoresence or phosphorescence depends on intrinsic structure of a molecule 

and the nature of substituent group both electrn donating groups (EDG‘s) and electron 

withdrawing groups (EWG‘s). Rigid structures show no fluorescence as the lone pair of 

electrons enter triplet state (S1T1) by intersystem crossing. The fluorescence intensity 

at 200 seconds for compounds 2, 3 and 4 were calculated by substituting time in 

seconds into the linear equations in figures 4.4-4.6. Compound 4 recorded the highest 

fluorescence intensity of 1.52 AFU followed by compound 2 with 1.13 AFU and finaly 

compound 3 recorded the least fluorescence intensity of 0.19 AFU at 200 seconds 

(Table 5.5). This confirms that the conversion of the lactone carbonyl to hydroxyimino 

group reduces the rigidity of the fluorophore. An induction of resonance from the 

hydroxyimino group reduces the ability of the O-Si bond cleavage. This explains why 

the initial fluorescence intensity at t=0 sec is lowest in compound 3. 
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Table 5.5: Fluorescence Intensity cof compounds 2, 3 and 4 in AFU at 200 seconds 

Compound Equation Time(sec) Y-value 

(Intensity in AFU  

at 200 sec) 

2 y = -0.0202x + 5.1725 200 1.13 

3 y = -0.0157x + 3.3254 200 0.19 

4 y = -0.0106x + 3.6443 200 1.52 

 

 

5.5 Sensors fluorescence response in the presence of other anions   

The ability of compounds 2, 3 and 4 to detect fluorides by fluorescence was studied by 

exploring the influence of other anionic analytes on its detection: NO3
−
 (from potassium 

nitrate), SO4
2−

 (from sodium sulfate), I
−
 (from potassium iodide), Br

−
 (from 

tetrabutylammonium bromide), and Cl
−
 (from tetrabutylammonium chloride). An 

investigation on the response of compounds 2, 3 and 4 to environmentally and 

biologically relevant anions revealed lower levels of background of fluorescence in the 

range of 2.1 AFU to 3.9 AFU. However, the fluorescence response of compounds 2, 3 

and 4 were not considerably affected due to direct competition with the tested anions 

apart from fluoride ions (Figures 4.7-4.9). The results undoubtedly show that 

environmentally relevant anions present in groundwater have negligible interference to 

fluoride sensing using compounds 2, 3 and 4.  

 

5.6 Effects of fluorophore concentration on intensity of fluorescence  

Figures 4.10-4.12 confirm the effects of concentration of a fluorophore on fluorescence 

intensity. Fluorescence decreases with increase in fluorophore concentration due to 
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inner filler effects. Enhanced increase in concentration of the sensors bring about an 

adjustment in the fluorescence spectrum  profile as shorter wavelength emissions is 

absorbed by other neighbouring species of the same electronic systems. 

 

5.7 Rate constants  

The second order rate constants for compounds 2, 3 and 4 were calculated from the 

linear fit equations 𝑦 = 𝑚𝑥 + 𝑐 (Figures 4.13-4.15), where m is the 2
nd

 order rate 

constant. These were established to range from 1.4 x10 M
-1

min
-1

 to 1.9 x10 M
-1

min
-1

. 

These rate constant (Figures 4.13-4.15) demonstrate the ability of compounds 2, 3 and 4 

to rapidly detect the presence of aqueous fluorides in portable water as compared to a 

range of 0.54 M
-1

min
-1

  to 116 M
-1

min
-1

 for most fluoride sensors (Zheng et al., 2016).  

 

The fluorescence intensity changes were studies to understand the progress of the reaction 

over time. The effects of concentration on pseudo first order rate constants, and 

subsequently the second order rate constants were studied and recorded. From the results, it 

is evident that the polar groups have a significant effect on the reaction rate with fluoride in 

water. This is expected if water solubility is a key factor on sensitivity of the fluoride 

sensors. The results indicate that the water solubility difference introduced by the polar 

groups seems to be directly correlated to the probe reactivity toward fluoride detection in 

potable water. 
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5.8 Selectivity studies.  

The limit detection was calculated from the linear fit equations y = mx + c from figures 

4.16-4.18 where x is the detection limit and y=0 is as summarised in table 5.6.  

 

Table 5.6: Detection limits of the synthesized Fluoride Sensors 

Compound Linear fit equations Limit detection 

 NaF TBAF NaF TBAF 

Sensor 2 y = 0.0117x - 0.0527 y = 0.0074x - 0.0013 4.5 µM 0.18 µM 

Sensor 3 y = 0.0141x - 0.0907 y = 0.002x + 0.0007 6.4 µM 0.35 µM 

Sensor 4 y = 0.0177x - 0.15 y = 0.0074x + 0.014 8.5 µM 1.9 µM 

 

The response of sensors 2-4 to diminishing aqueous concentrations of NaF in a 1:1 (v/v) 

solution of H2O : dioxane resulted into detection limits of 4.5 µM, 6.4 µM, 
 
and  8.5 µM 

in aqueous NaF solutions (Figures 4.16-4.18). This study demonstrated the capability of 

these sensors to resolve fluorides in TBAF at lower concentrations of 0.18 µM, 0.35 µM 

and 1.9 µM
 
for sensors 2, 3 and 4 respectively (Figures 4.19-4.21). This is without a 

doubt lower than present WHO guidelines for fluoride concentration for water intake of 

1.5 mgL
-1

 equivalent to 789.4 µM. 

 

5.9 Quantum yield 

The quantum yield of sensors 2, 3 and 4 (Table 5.7) were all higher than that of the 

standard (quinine sulfphate). These were worked out by integrating Fluorescence 

intensity of each sample in dioxane (refractive index η = 1.42) against quinine sulphate 

in 0.1M perchloric acid (refractive index η = 1.33) as standard. The gradients of the 
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standard (quinine sulfate in 0.1M perchloric acid) and the synthesised samples/sensors 

(Figures 4.12-4.14) were substituted into equation (4.1); 

𝑄𝑆 = 𝑄𝑅[ 
𝑚𝑠

𝑚𝑅
 𝑋  

𝑛𝑠

𝑛𝑅
 
2

].............................................(4.1) (Nawara & Waluk, 2019). 

Where; 

QR: quantum yield of the standard/reference fluorophore (quinine sulphate). 

QS: quantum yield of the sample. 

mR: The slope of a plot of integrated fluorescence intensity against the 

absorbance of the reference fluorophore (quinine sulphate). 

mS: The slope of a plot of integrated fluorescence intensity against the 

absorbance of the sample. 

nR: Refractive Index of the reference fluorophore (quinine sulphate) 

nS: Refractive Index of the sample 

 

The quantum yields obtained were 0.6546, 0.7228 and 0.7243 for sensors 2, 3 and 4 

respectively as shown in table 5.7. This indicates that all the synthesized sensors had 

higher efficiency of photon emission than Quinine sulphate. 

 

Table 5.7: Calculated sensor 2, 3 and 4 quantum yields using standard (quinine 

sulfphate in 0.1 M perchloric acid). 

Sample Standard 

(quinine) 

 refractive index  

Sample Ref 

index  

Standard  

quantum 

yield  

Standard  

gradient 

Sample  

gradient 

Sample 

quantum 

yield 

Sensor 2 1.33 1.38 0.54 28.81 32.44 0.6546 

Sensor 3 1.33 1.39 0.54 28.81 35.28 0.7228 

Sensor 4 1.33 1.42 0.54 28.81 33.9 0.7243 
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5.10 Paper disc test  

Since this study targeted portable water, it applied test strips as fluoride probes because 

of low cost and easy accessibility. This was done by monitoring the fluorescence 

changes in the probe. The addition of TBAF to a solution containing sensors 2, 3 and 4 

resulted in vivid changes in fluorescence intensity with increase in fluoride (TBAF) 

concentrations of 20 μM, 40 μM, 60 μM, 80 μM, 90 μM and 100 μM as shown in figure 

4.15.  

 

The paper disc based assay was capable of selectively detecting fluoride in the existence 

of other anions (Cl
-
, Br

-
, I

-
, NO3

-
, and SO4

2-
). These results are an indication of the 

potential of compounds 2-4 scaffolds as versatile fluoride sensing probes. In the long 

term, the paper disc-based assay as illustrated above can be attached to the agile, cheap 

and portable fluorescence probes to facilitate the swift and affordable fluoride detection. 
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CHAPTER SIX 

RECOMMENDATIONS AND CONCLUSION 

6.1 CONCLUSION 

Three novel fluoride sensors (2, 3 and 4) were successfully designed, synthesized and 

structures determined by MS and NMR spectroscopic technique. The sensitivity, 

selectivity and quantum yields of each of the synthesized compounds were also 

determined.  An investigation on the response of the synthesized sensors 2, 3 and 4 to 

environmentally and biologically relevant anions revealed lower levels of background 

of fluorescence in the range of 2.1 to 3.9. However, their fluorescence responses were 

not considerably affected due to direct competition with the tested anions apart from 

fluoride. These results undoubtedly show that environmentally relevant groundwater 

anions do not impede the fluoride sensing by sensors 2, 3 and 4. The detection limits of 

sensors 2, 3 and 4 were established to be 4.5 µM (8.5 mg/L), 6.4 µM (1.2x10
-1 

mg/L) 

and 8.5 µM (1.6x10
-1 

mg/L) respectively
 
in aqueous NaF solutions. However, they 

confirmed the capacity to determine TBAF at lower concentrations of 0.18 µM (3.4x10
-

3 
mg/L),

 
0.35 µM (6.6x10

-3 
mg/L) and 1.9 µM (3.6x10

-2 
mg/L) respectively. This is 

lower than the present WHO advice for fluoride concentration in domestic water for 

consumption of 789.4 µM equivalent to 1.5 mgL
-1

.  The second order rate constants for 

sensors 2, 3 and 4 were 1.9 x10 M
-1

min
-1

, 1.8 x10 M
-1

min
-1

 and 1.4 x10 M
-1

min
-1

 

demonstrating their ability to rapidly detect the existence of aqueous fluorides in 

potable water. The quantum yields of sensors 2, 3 and 4 compared against quinine 

sulphate (standard) were established to be 0.65, 0.72 and 0.72 respectively. This 

indicates that all the synthesized sensors had higher efficiency of photon emission than 

Quinine sulphate. 
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6.2 RECOMMENDATIONS 

Although sensors 2, 3 and 4 have shown remarkable sensitivity and selectivity for 

fluoride testing in portable water, there is need to carry out toxicity studies on them 

before being developed into commercial products. Since sensors 2, 3 and 4 are new 

compounds, there is need for repurposing into a variety of applications especially 

bioactivity against selected pathogens, epifluorescence and many more.  
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