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Abstract 

 

The continuous growth of mankind has not been considerate to the environment. The release 

of millions of tonnes of toxic heavy metal cations and anionic species through industrial, 

mining, agricultural, and electronic dumping has led to disease and, in many instances, death. 

This is usually suffered by low-income informal populations residing in third world countries. 

Moreover, many unnecessary deaths of children are becoming more prevalent because of 

consumption and contact with contaminated water, agricultural, and animal sources. 

Bioaccumulation of these toxic species in fish, plants, and animals, inevitably make their way 

back to the unaware general population. As growth by mining, agriculture, and electronics 

are indeed vital aspects of human development, the negative side effects of these activities 

usually continue unregulated. Therefore, as these processes are set to continue until more 

stringent regulatory processes are put into legislature; low-cost, sensitive, selective organic-

based sensors are a step in the right direction towards highlighting the need for 

environmental restoration and remediation; whilst also aiming to preventing unnecessary 

disease and death in the process. 

Herein, coumarin derived small-molecule fluorescent and colorimetric sensors for the 

quantitative and qualitative assessment of cationic and anionic species in aqueous and organic 

media are described. 

Ten fluorescent sensors supporting 1,4-disubstituted triazolyl moieties were synthesized 

according to Cu(I)-catalyzed azide-alkyne cycloaddition “click” reactions. These sensors were 

screened for their cationic and anionic affinities in a variety of solvent systems. Majority of 

the sensors responded well towards Fe3+, characterized by a strong fluorescent quenching 

response with a good degree of sensitivity and selectivity. Selected sensors were further 

investigated for their affinities towards anionic species; however, they did not display the 

same degree of selectivity or sensitivity towards these chosen anions. 

Titration studies of selected sensors with Fe3+ were able to be used towards determining the 

modes of fluorescent quenching; the photophysical mechanisms by which quenching occurs; 

stoichiometric binding ratios, association constants, and the number of coordination sites 

present between the sensors and Fe3+. Reversibility studies of the sensor-metal complex was 

investigated with EDTA. Partial reversibility was achieved for the chosen sensors with Fe3+. 

Hydrogen potential studies further described the application of these sensors over a good pH 

range. The binding site between the sensors and Fe3+ was investigated by NMR studies and 



iii 
 

supported by molecular modelling analysis. Complexation was shown to involve the triazole 

N-atoms as the main contributors towards complexation and supported/stabilized by 

neighbouring electron-donor groups and solvent molecules. 

Four colorimetric sensors supporting imine and azo functionalities were synthesized 

according to well-known organic methods. Initial absorbance screening studies of these 

sensors in a variety of solvent systems highlighted an imine and azo sensor as the most 

favourable candidates towards further sensing studies. These sensors were screened for their 

cationic and anionic affinities in a variety of solvent systems, however, anionic screening 

studies displayed little affinity towards any of the selected anions. The coumarin-imine sensor 

displayed excellent affinity towards Hg2+ in water, characterized by changes in the intensity 

of the absorbance peak associated with the imine functionality; whilst the coumarin-azo 

derivative also displayed excellent affinity towards Hg2+ in acetonitrile, characterized by a 

strong bathochromic shift in wavelength and visible colour change from yellow to red. The 

electronic mechanisms by which complexation occurred was determined to arise via a dual 

ICT-ESIPT-ESICT and ICT process for the imine and azo sensors respectively. Competition 

studies of both sensors in their chosen solvents displayed excellent selectivity towards Hg2+. 

Titration studies confirmed excellent sensitivity of both sensors towards Hg2+, with titration 

data allowing for further determination of the stoichiometric binding ratio, and association 

constants. Hydrogen potential studies further described the application of these sensors over 

a wide pH range. Reversibility studies of the sensor-metal complex in EDTA displayed the 

complete reversibility of the azo-sensor with Hg2+. Thus, this complete reversibility allowed 

for the additional construction of a molecular mimicking device and molecular keypad lock. 

Furthermore, both sensors displayed extended applications towards Hg2+ determination in 

real-world water samples; with further applications of the azo sensor extending towards on-

site assay methods. The complexation site of each sensor was proposed by NMR and FT-IR 

analysis and supported by molecular modelling studies. Complexation between the imine and 

Hg2+
 was shown to occur between the imine-nitrogen and neighbouring phenol group; whilst 

complexation with the azo sensor occurred between the coumarin- and neighbouring ester-

carbonyl functionalities. Both complexation scenarios were shown to occur in a pseudo-6-

membered ring conformation, highlighting the stability of the sensor-metal complexes. 

Lastly, a single Cu(I)-catalyzed “click” derived polymeric sensor was attempted via two 

different synthetic routes, however, both synthetic strategies failed.  
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Abstract 

 

Pollution caused by the release of toxic heavy metals into the environment by industrial and 

farming processes has been regarded as a major problem worldwide. This has attracted a 

great deal of attention into restoration and remediation. Mercury is classified as a toxic heavy 

metal which has posed significant challenges to public and environmental health. To date, 

conventional methods for mercury detection rely on expensive, destructive, complex, and 

highly specialized methods. Evidently, there is a need to develop systems capable of easily 

identifying and quantifying mercury within the environment. In this way, organic-based 

colorimetric chemosensors are gaining increasing popularity due to their high sensitivity, 

selectivity, cost-effectiveness, ease of design, naked-eye, and on-site detection ability. The 

formation of coumarin-azo derivative AD1 was carried out by a conventional diazotization 

reaction with coumarin-amine 1c and N,N-dimethylaniline. Sensor AD1 displayed 

remarkable visual colour change upon mercury addition with appreciable selectivity and 

sensitivity. The detection limit was calculated as 0.24 µM. Additionally, the reversible nature 

of AD1 allowed for the construction of an IMPLICATION type logic gate and Molecular 

Keypad Lock. Chemosensor AD1 displayed further sensing applications in real-world water 

samples and towards on-site assay methods. Herein, we describe a coumarin-derived 

chemosensor bearing an azo (N=N) functionality for the colorimetric and quantitative 

determination of Hg2+ in organic and aqueous media. 
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1. Introduction 

 

1.1 Definition of molecular sensors  

 

“A chemosensor is molecule of abiotic origin that signals the presence of matter or energy”, 

as defined by one of the founders of molecular sensing, A.W. Czarnick.1 Fluorescent sensors 

were defined as “compounds incorporating a binding site, fluorophore, and a mechanism for 

communication between the two sites”. However, if the fluorescent sensor participates in an 

irreversible chemical reaction with a specific analyte, then it is generally referred to as a 

fluorescent chemodosimeter.2 In the last few decades, both the terms fluorescent sensors and 

fluorescent chemodosimeters have been used interchangeably and fluorescent probes are now 

more commonly referred to by either name. From this point forward, a more generalized 

description of chemical sensors will be outlined. A molecular sensor is a chemical structure 

(both organic or inorganic complexes) that are used for sensing of an analyte to produce a 

detectable change or a signal.3 This signal is produced by the disruption of the electronic 

environment between the receptor unit and fluorophore (reporter) brought about by 

interactions with analytes.4 These signals or changes in the electronic environment result in 

either spectral (1H NMR, electronic, optical and fluorescent) or redox behavioural changes of 

the system.5,6 Among the various types of chromogenic sensors that have been developed, 

those based on analyte-induced fluorescence have advantages over other methods owing to 

its sensitivity, selectivity, ability to detect the desired analyte in trace quantities, easy 

operation methods and instantaneous response.7,8 Traditional methods of analyte sensing 

including spectrophotometry, atomic absorption spectrometry, stripping voltammetry, 

potentiometry, X-ray fluorescence spectrometry and inductively coupled plasma atomic 

emission spectrometry have been used for the detection of various analytes.9,10 However, these 

methods are associated with many drawbacks including labour-intensive procedures, high 

cost of equipment, complex processes, and the need for highly qualified personnel.11 A great 

number of sensors that are developed for various analytes, such as heavy metal ions, are based 

on the conventional fluorescence emission technique by quenching (turn off) of the 

fluorescence intensity.12 Fluorescence quenching can occur via different molecular 

interactions such as molecular rearrangements, energy transfer, ground-state complex 
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formations and collisional quenching. Furthermore, the polarity of the different solvent media 

and type of the quencher can influence the quenching process.13 

Analyte detection by a fluorescent and/or colorimetric sensor is usually achieved through one 

or more common photophysical mechanisms, including Chelation Induced 

Enhanced/Quenched Fluorescence (CHEF/CHQF), Intramolecular Charge Transfer (ICT), 

Photoinduced Electron Transfer (PET), Aggregation Induced Emission (AIE), 

Förster/Fluorescence Resonance Energy Transfer (FRET), C=N isomerization, and 

Excited-State Intramolecular Proton Transfer (ESIPT), with the number of approaches still 

expanding. These mechanisms have been extensively outlined in the literature.14–16 These 

mechanisms will be discussed where relevant in Chapters 2-5. 

Several types of fluorescent probes have bridging units between the fluorophore and binding 

unit known as spacers. If the receptor is attached directly to the fluorophore it is referred to 

as an integrated probe. It is important to note that not all sensors require a spacer unit to 

effectively sense a target analyte, however, the receptor and active units are imperative to 

overall function. A diagram depicting the generalized structure and function of a fluorescent 

probe is shown in Figure 1. 

 

 

 

 

 

 

 

 

Figure 1:  Simplified representation of an observable spectral response upon analyte binding 
to a fluorescent probe. 
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The receptor unit controls the binding of the target analyte with high selectivity and 

efficiency. Recognition is produced via the formation of weak interactions such as reversible 

covalent and non-covalent interactions between the receptor and the target analyte. These 

types of interactions includes noncovalent interactions such as hydrogen bonding, co-

ordinate bonds, hydrophobic forces, π-π interactions, CH-π, cation-π, charge-transfer (CT) 

van der Waals forces and electrostatic effects.17–19  It is the transducer or signalling unit which 

converts the binding event into a measurable physical response. These sensors must be 

designed in a manner that measuring this change and converting it to useful information is 

achievable. Therefore, an ideal fluorescent/colorimetric sensor must meet two basic 

requirements. Firstly, the receptor must have the strongest affinity with the relevant target 

analyte (binding-selectivity). Secondly, based on good binding-selectivity, the produced 

signal should not be susceptible to environmental interference. This includes interferences 

such as photobleaching, sensor molecule concentration, the environment around the sensor 

molecule (pH, polarity, temperature etc), and stability under illumination (signal-

selectivity).20    

 

1.2 A brief history of molecular sensors  

 

Whilst the term “chemosensor” was only coined in the 1980’s, the first reported use of a 

chemical sensor was by Friedrich Goppelsröder in 1868.21 He developed a method that was 

used to determine the presence of Al3+ ions via the formation of fluorescent morin chelates. 

This subsequently led to the development of various other fluorescent sensors for the 

determination of metal ions, introducing the era of analytical chemistry as it is known today. 

During the late 1970’s and 1980’s, there was an explosive growth in the development of 

fluorescent chemical sensors by the forefathers of modern day sensing; , Sousa22, Bousa-

Laurent23, de Silva24, Tsien25 and Czarnik.26 Sensors focusing on crown and aza-crown ethers 

(or other ligands) linked to fluorophores were able to recognize metal ions in a selective 

manner through changes in the emission signals. Methylene bridges were incorporated 

between the ligands and fluorophores and the fluorescence was monitored by the presence or 

absence of photoinduced electron-transfer (PET) quenching process involving lone-pair 

electrons on amine-nitrogen or ether-oxygen atom(s). Typically, fluorescent enhancement 

upon binding of the metal ion was produced due to the blocking of PET, this was referred to 

as chelation-enhanced fluorescence. 
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 As a result, in its early stages, the development of sensors was benefitted greatly by advances 

made in host−guest, macrocyclic, and supramolecular chemistry.27 Since then, fluorescent 

sensors have been extensively developed for numerous analytes. Fluorescent sensors for 

biologically and/or environmentally important cations, anions, small neutral molecules as 

well as biomacromolecules (such as proteins and DNA) have been developed. This has been 

coupled with the rapid advancement in microscopic imaging technologies.28,29 

 

1.3 Human activities, heavy metals, and the need for sensors 

 

It is no surprise that mankind’s insatiable appetite for growth and profit has negatively 

impacted his own health and the well-being of the environment he occupies. Humanity 

releases millions of tonnes of toxic compounds into the environment each day. Environmental 

contamination due to waste disposal mismanagement is an ongoing global issue. Open 

dumping and open burning are the main forms of waste treatment and disposal systems which 

are prominent in low-income countries.30 In Africa alone, the World Health Organization 

(WHO) has estimated that 33% of disease is attributable to environmental risk factors with 

hazardous waste being included amongst the first three main factors. The domestic and 

hazardous waste management is of particular concern.31 In most African cities, less than 20% 

of urban waste is disposed of in landfills. The remaining waste tends to end up in illegal 

dumping sites.  

With the development of the electronic industry, vast quantities of electronic wastes also 

referred to as “e-wastes” are released into the environment at the rate of 20–50 million tons 

per year.32 E-wastes are chemically and physically distinct from other municipal or industrial 

wastes. Their chemical compositions vary depending on the age and type of the discarded 

items, mostly composed of a mixture of heavy metals attached to, covered with, or mixed with 

various types of plastics and ceramics.33 

Wealthy countries will either landfill or export their e-waste to developing countries instead 

of recycling locally due to lack of facilities, high labour cost and strong environmental 

regulations.34 Consequently, some developing countries in Asia and Africa are becoming 

popular destinations for the illegal export of e-waste due to cheap labour and inadequate 

governmental regulations.35 In these developing countries, workers often perform informal 

/backyard recycling, utilizing techniques that involve cutting, acid bathing, heating/smelting 
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and open burning where adequate protective gear is not worn and they are exposed to these 

harmful chemicals and elements. The workers that are performing these dangerous tasks are 

predominantly women and children.36 In addition, e-wastes are illegally recycled in these 

developing countries to recover economically valuable resources such as gold, silica, plastic, 

iron, and aluminium from electronic parts and base materials.37 Therefore, the inadequate 

legislation combined with the economic value of the recovered materials is encouraging an 

emerging market of illegal recycling of discarded e-waste products by informal recyclers in 

developing countries.  

The most concerning and detrimental effects of the illegal dumping and processing of e-

wastes are the heavy/toxic metals which are release into the air, soil, and eventually into the 

water systems.38 Some of the harmful metals resulting from this waste include Pb, As, Be, Cr, 

Co, In, Th, Sb, Hg, Ag, Ni and Cd, but valuable platinum group metals and Cu have also been 

identified.39 Heavy metals have high toxicity, mobility, and non-biodegradability and have 

found to be persistent in soils leading to a serious problems in the ecosystem; causing risks to 

human health through bioaccumulation in plants and animals or bioconcentration in the food-

chain.40,41 These heavy metals can easily find their way into water systems. For example, 

heavy metals present in soil can be washed away by rainfall and end up in various types of 

water bodies in the environment; they can contaminate groundwater through leaching, 

especially under acidic conditions.42 

Inhabitants of rural areas rely heavily upon surface water and groundwater for irrigation, 

drinking, and watering of livestock. Ecological risk assessments of heavy metals in and 

around the vicinity of e-waste dumping sites is greatly warranted. In humans, the 

accumulation of metals and metalloids can cause physical damage: copper can cause liver 

damage; lead can cause behavioural and learning disabilities in children35; mercury can cause 

severe and irreversible neurological disorders43; and cadmium can increase the risk of lung 

cancer and kidney damage, to name a few.44 

The harmful effects of some of the most common heavy metals towards human health and the 

associated acceptable limits in drinking water are shown in Table 1. The acceptable limits of 

these various metals in drinking water has been extracted from “Current Drinking Water 

Standards”, U.S.E.P.A. Office of Water and the World Health Organization (WHO) drinking 

water standards.45 
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Table 1: Effects of common heavy metals on human health and acceptable limits in drinking 
water. 

Heavy 

Metal 
Effect on human health/physiology 

Acceptable 

limit in 

drinking 

water (mg/L) 

Mercury 

• Acute mercury poisoning and long-term 

neurological effects that arise from chronic 

exposure to mercury vapour.46 

• Targets the brain, causing difficulty in 

locomotion, reduced vision, tact, general 

weakness, tremors, loss of consciousness, and 

ultimately death. Methylmercury (MeHg) can 

also cause mental retardation in children whose 

mothers were pre-exposed.47 

• Problems with digestive system, nervous 

system, immune systems and cause lungs, 

kidneys, skin and eye disorders.48 

0.002-0.01 

Cadmium 

• Cadmium is broadly toxic and can cause damage 

to the kidneys, liver, testes, cardiovascular, and 

endocrine systems. It has been classified as a 

known human carcinogen by the International 

Agency for Research on Cancer since 1993. It has 

been reported that exposure to Cd affects the 

skeletal system, potentially increasing the risk of 

osteoporosis and bone fractures.49 

0.003-0.005 
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Lead 

• Lead toxicity is a particularly insidious hazard 

with the potential of causing irreversible health 

effects. These effects include damage to the 

nervous, renal, cardiovascular, hematopoietic, 

reproductive, and endocrine systems.50 

0.01-0.015 

Chromium 

• High dosage can promote the restraint of 

erythrocyte glutathione reductase, which affects 

the ability to diminish methaemoglobin to 

haemoglobin. The results from various studies 

show that chromate can lead to DNA 

dysfunction in many ways and can prompt the 

arrangement of DNA adducts, can cause 

chromosomal variations, modifications in 

replication, and interpretation of DNA.51 

0.02-0.1 

Silver 

• Research findings indicate that nano-silver 

exposure via one of several routes (e.g. oral, 

intravenous) can lead to genotoxicity and DNA 

damage, inflammatory response in the liver and 

kidneys, and can cause adverse functional effects 

in the lungs, heart, intestines, and spleen.52 

0.1 

Arsenic 

• Associated with bladder and lung cancers, 

reproductive outcomes, declined cognitive 

performances, kidney injury, carotid intima-

media thickness, and various pulmonary defects 

in children. Other childhood effects such as low 

birth weight, low gestational age, anaemia, 

increased apoptosis, and decreased cognitive 

function have been reported.53 

0.005-0.01 
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In a recent South African case study conducted by Elumalai and co-workers 54 titled “Human 

Exposure Risk Assessment Due to Heavy Metals in Groundwater”, aimed to determine the 

heavy metal contamination in water and assess the impact of human activities on groundwater 

in and around two major South African towns, namely Empangeni and Richards Bay. The 

order of dominance of heavy metals in the drinking water sources was found to be silicon > 

manganese > silver > lithium > iron > lead > aluminium > copper > nickel > boron > zinc 

> cobalt > cadmium, whilst chromium, titanium and zirconium were below the detection 

limits in water. Contamination due to aluminium, lead and nickel was prevalent in both areas 

whilst boron, cadmium, iron, and manganese all exceeded the acceptable limits at a few of the 

locations. The HPI (Heavy metal Pollution Index) varied from 17 to 330 indicating high 

contamination in the two zones within the study areas. Examination of the sources of these 

heavy metals in the groundwater found that cobalt, manganese, nickel, zinc, and boron were 

indicative of industrial activities. Lithium, iron, and silver in the groundwater was related to 

mining operations and associated processes. Application of fertilizers were shown to be the 

likely contributors to the presence of cadmium and copper in the groundwater. Multiple 

sources including geogenic industries and seawater intrusion have contributed to lead, silver, 

and boron contaminations. The study concluded that the major pollution zones identified 

were the industrial sites near the coastal regions and the landfill sites near the central region 

of the study area.  

This study serves to indicate how various human and industrial activities have greatly 

affected the quality of the surrounding soil and water supplies, and inevitably the health and 

well-being of the environment and the humans who inhabit it. The heavy metal contamination 

by these various sources is mostly due to the poor implementation of industrial waste 

regulations and illegal dumping of hazardous waste in and around rural/impoverished 

residential areas. Therefore, there is a great need and demand for the specific and sensitive 

identification of harmful species within the scope of human health and environmental 

restoration and remediation.  

The predominant methods that have been applied for these sensing purposes include flame 

atomic absorption spectroscopy, inductively coupled plasma optical emission spectroscopy, 

stripping voltammetry, X-ray fluorescence spectrometry, and inductively coupled plasma 

mass spectrometry. However, most of these methods are costly, time consuming (especially 

during sample preparation), complex, and often require skilled personnel. This can make the 

option of real-time evaluations problematic. To overcome the drawbacks of conventional 

sensing methods, efficient and low-cost optical sensors that can detect and calculate metal 
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ions in real-time with very little effort, expertise, and time-consuming procedures is needed 

now more than ever before. Fluorescent and colorimetric sensors have become the preferred 

method of analyte detection due to their high sensitivity and selectivity and low detection 

limits of cations and anions. Fluorescent sensors have shown to be advantageous for the 

purpose of intercellular analyte detection.55,56 

Some recent fluorescent small-molecule coumarin based sensors for the detection of 

mercury57,58, cadmium59 and lead60 are shown in Figure 2. The experimental detection limits 

of these sensors are also given. It is evident that these small-molecule fluorescent sensors 

display the desired sensitivity required for an effective sensor. An extensive review by 

Rasheed et.al and Kim et.al highlight colorimetric and fluorescent sensors for these three 

heavy metal cations.61,62 Rasheed and co-workers further highlight the adverse health effects 

of these three metals and the modes by which these toxic cations are released into the 

environment. 

 

 

 

 

 

 

  

 

 

Figure 2: Small-molecule fluorescent sensors for mercury (a & b), cadmium (c) and lead (d). 
LOD- Limit of Detection. 

a) b) 

LOD: 146 nM LOD: 0.81 nM 

c) 

LOD: 116 nM LOD: 15 nM 

d) 
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1.4 Optical sensors and sensor design 

 

Among the various types of sensors for analyte detection, optical sensors based on fluorescent 

or colorimetric signal transduction exhibit superior properties with respect to the simplicity 

of system operations and non-destructive analyte detection with high sensitivity and 

selectivity.63 The photophysical performances of optical sensors rely on rational design of 

molecular fluorophore or chromophore structures. The most important factors needing to be 

considered during the design of optical sensors include stability against photobleaching; 

photoluminescence quantum yield; and visible-light absorption, as well as the structural 

flexibility for the accommodation of side groups that can bind analytes with sufficient affinity 

and selectivity.64 As previously stated, this specific binding is driven by relatively weak 

interactions namely hydrogen bonding, metal coordination, van der Waals forces, 

electrostatic forces, or other noncovalent interactions.  

 

1.4.1 Fluorescent and colorimetric sensors 

 

Simply stated, fluorescent sensors are molecules that characterize sensing events via changes 

to their emission spectra, whilst colorimetric sensors signal events through the changes in 

visible colour. Fluorescent sensors have shown to be advantageous tools due to their high 

selectivity, excellent sensitivity, manoeuvrability, low cost of synthesis, low detection limits, 

ease of quantification, as well as rapid in-situ and real-time monitoring.65–67 Recently, 

colorimetric sensors have also received a great deal of attention due to their “naked eye” signal 

detection, fast response time, sensitivity, simplistic operating procedure and are suitable for 

on-site assay and analysis.68–70 Although there are many examples of colorimetric and 

fluorescent based sensors in the literature, an excerpt of some of the most recent examples 

are shown in Table 2.69,71–73 
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Table 2: Structures and properties of recent optical sensors. 

 

Sensor structure 

Type of 

optical 

sensor 

Sensing 

response 

Responsive 

analyte 

Sensing 

Detection 

limit 

(uM) 

 

Colorimetric 

Clear to 

yellow 

solution 

Co2+ 7.09 

 

Fluorescent 

Fluoresc. 

Enhancement 

“turn-on” 

Hg2+ 1.08 

 

Fluorescent 

Fluoresc. 

Quenching 

“turn-off” 

Fe3+ 0.0873 

 

Fluorescent “turn-off” Cu2+ 0.0245 
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Owing to the advantageous properties that both fluorescent and colorimetric sensors offer 

individually, recent literature has witnessed the explosion of dual recognition sensors for 

analyte detection. Dual fluorescence and colorimetric sensors are increasingly popular due to 

their great sensitivities, selectivity, mutual calibration, rapid response time, simple operation, 

and significantly low costs.74,75 In essence, they combine the best of both worlds. Due to the 

advantages of versatile optical properties and ligand functionalities, organic dual-channel 

based sensors have prompted researchers to develop new sensors as tools for heavy metal ion 

determination and an all-around tool in chemistry, cell imaging, and biochemistry.76 A 2019 

study conducted by Gu and colleagues have developed a thiocoumarin-based probe for the 

dual fluorescent and colorimetric detection of Hg2+ and F- ions in organic and aqueous media 

over a wide pH range.77 Upon the addition of Hg2+ and F- the sensor was subjected to 

desulfurization and desilylation respectively. Addition of Hg2+ increased the fluorescence 

intensity and sharp colour change from light yellow to dark purple occurred. Interaction with 

F- ions also lead to fluorescent enhancement and caused a visible colour to change from light 

yellow to light brown (Figure 3). 

 

Figure 3: Fluorescent and colour changes to thiocoumarin derivative (a). The quantum yields 

(Φ) of (b) and (c) were reported as 0.19 and 0.12, respectively. 

 

In addition, for sensing of cations and anions in aqueous and organic media, dual-optical 

sensors have been applied in the field of cellular imaging. A recent study by Fu and co-

workers exhibit two coumarin derived fluorescent-colorimetric sensors (CHP and CHS) for 

the dual determination of Zn2+
 and phosphate ions in living cells.78 Upon the addition of zinc 

to either coumarin-based sensor, a pronounced fluorescent enhancement accompanied by 

visible colour changes in natural and UV light was observed. The fluorescent mechanism that 

occurred through the binding processes was determined to be Photoinduced Electronic 
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Transfer (PET). Cell imaging experiments further determined the applicability of both 

coumarin-derived probes towards Zn2+ and phosphate anion sensing within in vitro cells. 

Figure 4 exhibits the proposed binding and sensing mechanisms of CHP and CHS with Zn2+ 

and phosphate anions respectively. The detection limits of CHP and CHS toward Zn2+ were  

determined as 0.103 and 0.187 µM respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4: a) proposed binding and sensing mechanism of Zn2+ and Phosphate (PA) with 
coumarin-based sensor CHP and b) proposed binding and sensing mechanism of Zn2+ and 
Phosphate (PA) with coumarin-based sensor CHS. 

 

 

In addition to these sensors, several other novel coumarin-based sensors for dual fluorescent-

colorimetric sensing for metals and/or anions have been recently employed.79–82 It is apparent 

that the coumarin functionality plays an important role towards sensing strategies. 

 

 

 

a) 

b) 
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1.5 Coumarin and its contribution towards sensor design 

 

1.5.1 A brief history 

 

Coumarin and its derivatives belong to a large family of compounds containing the 2H-

chromen-2-one motif. Coumarin is a naturally occurring compound found in a wide variety 

of plants; but found in higher concentrations in the tonka bean (Dipteryx oderata) which was 

first isolated over 200 years ago in 1820 by A. Vogel.83 Thereafter, W. H. Perkin described 

the first chemical synthesis by heating acetic acid with the sodium salt of salicylaldehyde, 

initiating the work leading to the named ‘Perkin reaction’.84 Since then, other methods for the 

synthesis of coumarin and its derivatives have been described including Pechmann 

condensation, Knoevenagel condensation, and Wittig condensation, which have been 

extensively described in literature. These various synthetic procedures have been well-

outlined in a recent publication by Sakinah and Jumal.85 The structure and universally 

accepted atomic labelling of the coumarin motif is sown in Figure 5. 

 

 

 

 

 

Figure 5: Chemical structure and atomic labelling of coumarin. 

 

1.5.2 Applications of coumarin and the era of facile sensor design 

 

It is well-known that coumarin serves many advantageous biological and pharmacological 

properties. A simple Google search into these applications of coumarin will return hundreds 

of articles stating the many health benefits and biological applications of this versatile 

molecule. This is as a result of its low toxicity.86 However, at high doses they are reported to 

be hepatotoxic.87 Applications including anti-inflammatory, antiproliferative, antibacterial, 

antifungal, anticoagulant, antioxidant, antineurodegenerative, antiviral (including anti-HIV 
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activities), photosensitization, and cholinesterase (ChE) and monoamine oxidase (MAO) 

inhibitory properties have been extensively reported.88 Moreover, coumarins exhibited 

significant anticancer activity through diverse mechanisms of action, including inhibition of 

carbonic anhydrase, inhibition of microtubule polymerization, inhibition of tumour 

angiogenesis, and regulating the reactive oxygen species, among others.89–91 

Besides, the coumarin motif has been widely adopted in the design of small-molecule 

fluorescent and colorimetric sensors for cationic and anionic detection strategies owing to its 

excellent solubility, large Stokes shifts, high fluorescent quantum yields, comparatively high 

molar absorption, good light stability, tunable emission wavelengths, reduced toxicity, 

excellent functionality and addressing to their microenvironments.92–94 Furthermore, 

fluorescent and colorimetric small-molecule coumarin based sensors have the added 

advantages of  low cost, high sensitivity and selectivity, non-destructive analytical techniques, 

“naked-eye” on-site visualization, and experimental convenience, thus setting them apart from 

conventional laboratory evaluation methods.95 The fluorescence emission properties of the 

coumarin motif are due to the push-pull effect through attaining planar rigid structures of 

charge separated excited geometries and the conformational restrictions which can 

significantly increase the fluorescence quantum yields96; with push-pull chromophore systems 

containing strong electron acceptor and donor moieties connected by a π-conjugated spacer.97 

An insightful, in-depth, and extensive review of coumarin based small-molecule fluorescent 

sensors for the recognition of cationic and anionic species, among others, has been outlined 

by Cao and co-workers.98 Additionally, a more recent review by Sun and co-workers have 

compiled a substantial review on the synthesis and application of coumarin-based fluorescent 

probes.99  

Sensor design is based on the appropriate choice of the ion chelating group as well as the 

fluorophore/chromophore moiety. The sensor of choice should be able to fulfil a series of 

requirements including a large extinction coefficient (high absorbance), significant 

fluorescence Stokes-shift (to avoid the overlap of excitation and emission peaks), a large 

fluorescence quantum yield, an excitation and/or shift in the emission wavelength upon 

coordination of the probe with its target analyte and an excitation wavelength above 400 nm 

to minimise "background" fluorescence.100  
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Coumarin is a favourable candidate as a fluorophore as well as an analyte chelating site in 

fluorescent/colorimetric probes and dyes. This is due to its excellent biocompatibility and 

appreciable photophysical properties such as its high molar absorptivity, high quantum yield, 

high photostability and large Stokes-shifts, variable size, hydrophobicity, chelation abilities 

and easy scaffold modification.101 The spectral properties (both visible/colour and 

fluorescent) of coumarin can be modified by introducing an electron donating group at 

position -7- or an electron withdrawing group at position -3-.102,103 As a result, this compound 

has found wide applications for fluorescent and colorimetric sensors in the field of molecular 

recognition, pharmaceuticals, molecular imaging, bioorganic chemistry, analytical chemistry, 

materials chemistry, laser dyes, fluorescent whiteners, as well as in environmental and 

medical sciences.104–106  

With respect to environmental protection, heavy metal ion pollution has become increasingly 

problematic in recent years. It has become pertinent to be able to detect the concentration 

and content of heavy metal ions in the environment effectively and rapidly. Therefore, the 

development fluorescent and colorimetric probes for the detection of environmental pollution 

has great research value.107–109 Figure 6 illustrates some coumarin-based sensors and their 

specific application within their field of use. 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

b) 
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Figure 6: Coumarin-based sensors for applications towards a) cyanide anions in aqueous 
systems110, b) for Hg2+ cations in Bio-imaging71, c) Bio-imaging of H2S in living cells111, d) 
dual sensing of Fe3+ and Ca2+.5 

 

 

Coumarin based small-molecule sensors bearing 1,2,3-triazole, azomethine/imine, and azo 

functionalities are herein reported, thus, related synthesis, photophysical properties, 

coordination scenarios, and relevant examples from literature will be briefly outlined. 

 

 

c) 

d) 
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1.6 1,2,3-Triazole  

 

The 1,2,3-triazole heterocycle has been reported since the end of the 19th century.112 Fully 

substituted triazole complexes have found use in chemical, biological, and pharmaceuticals, 

with their uses being widely applied in medicine and materials science.113,114 The synthesis of 

substituted 1,2,3-triazole moieties can be traced back to the 1960’s whereby Huisgen 

developed a simple and useful approach to synthesize 1,4- and 1,5-disubstituted 1,2,3-triazole 

mixtures via the 1,3-dipolar cycloaddition of terminal azides and alkynes.115 However, it 

wasn’t until the early 2000’s whereby Sharpless’ group introduced the concept of Cu(I)-

catalyzed “click” chemistry of azides and alkynes (CuAAC) leading to the efficient and 

regioselective formation of 1,4-disubstituted 1,2,3-triazoles.116 The “click” reaction protocol 

describes chemistry that is tailored to efficiently generate novel compounds by linking small 

units together under “green” conditions.117 This has proven to be a facile and powerful 

concept which has permitted the assembly of novel molecular frameworks. In general, click-

chemistry describes a class of chemical transformations with a variety of attractive features 

including excellent functional group tolerance, strong selectivity and performance under 

ambient experimental conditions.118 Indeed, the most popular reaction representing the 

“click” chemistry concept is the Cu(I)-catalyzed alkyne–azide (CuAAC) cycloaddition with the 

exclusive regioselective formation of 1,4-disubstituted 1,2,3-triazoles. Moreover, Ru-

catalyzed azide-alkyne (RuAAC) reactions was later disclosed to regioselectively form 1,5-

disubstituted 1,2,3-triazoles. The conventional Huisgen and more modern metal-catalyzed 

“click” reaction protocols to form 1,4- and 1,5-disubstituted 1,2,3-triazole derivatives have 

been outlined in recent literature.119 The typical representation of metal-catalyzed and 

uncatalyzed 1,3-dipolar cycloaddition reactions is shown in Scheme 1, whilst the proposed 

mechanism for CuAAC 1,3-dipolar cycloaddition as described by Fokin and co-workers is 

shown in Scheme 2.120 
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Scheme 1: Heat and metal-catalyzed formation of 1,4- and 1,5-disubstituted 1,2,3-triazole 
heterocycles. 

 

 

 

 

 

 

 

 

 

 

Scheme 2: The initial mechanism of CuAAC proposed by Fokin and co-workers.  
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In addition to the synthetic simplicity, high-yield methods, and modular nature of the click-

reaction, the resulting triazoles can perform a variety of important roles towards sensing 

strategies. They have been reported to contribute to the binding of a target analyte, act as a 

linker between the binding site and the reporter, and/or contribute to the reporter usually as 

part of a conjugated fluorophore.121 Additionally, reports indicate the incorporation of 1,2,3-

triazole moieties at either the -3- or -7- position of the coumarin scaffold has shown to increase 

the quantum yield and fluorescent emission of the resulting sensors.122 Owing to these 

favourable sensing and photophysical properties, this heterocyclic chemistry now appears as 

a new area with potential applications towards metal and anionic sensing strategies.  

 

1.6.1 The role of 1,4-disubstituted 1,2,3-triazole heterocycles towards 

metal and anion sensing strategies 

 

Triazole-based sensors have attracted great attention due to their remarkable sensing 

characteristics and ability to form non-bonding interactions with both anions and cations 

alike. This is owing to their ease of synthesis and abilities to exhibit various noncovalent 

interactions such as hydrogen bonding, π-π stacking and C-H-π interactions with guest 

molecules.123 1,2,3-Triazoles exhibit a high dipole moment which permits hydrogen bonding 

with guest entities. The proton of triazole ring further displays weak hydrogen bond donating 

capability with anions. Hence, sensors incorporating this heterocycle have been widely 

accepted and studied for environmental and biological sensing systems due to their high 

sensitivity, selectivity, specificity, and cost-effectiveness.124,125 

1,2,3-Triazoles support several donor sites which have been used towards metal coordination. 

Generally, there are three modes by which triazole heterocycles have been reported to 

coordinate with transition metals. The first mode is through nitrogen coordination of neutral 

simple triazoles and chelating triazoles. DFT calculations have shown that the triazole-N3 is 

a more effective donor compared to the N2 site.126 Therefore, the triazole can coordinate to a 

metal through the N3 nitrogen atom, either as a monodentate ligand (Type A) or as part of a 

bi- or poly-dentate chelator (Type B), when there are other donor sites nearby.127 When the 

additional donor site is adjacent to the N1 atom, coordination through N2 is possible to form 

a bi- or polydentate chelator (Type C).128 Thus, for the metal chelators, five- or six-membered 

cycles are usually formed (Figure 7).  
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Figure 7: Coordination modes of 1,4-disubstituted 1,2,3-triazole to metal cations. 

 

From recent literature, anions capable of interacting through N–H and C–H hydrogen 

bonding have been the fundamental sensing strategy compared to other noncovalent 

interactions.129  Heteroaromatic 1,2,3-triazole rings with the more polar C–H group have 

been used for anionic sensing strategies, as the ring exhibits greatly enhanced polarization of 

the C–H bond in the system due to the three nitrogen atoms.130 In this sense, the more 

polarized form of the C–H bond can be useful for the sensing of anions via hydrogen 

bonding.131 Two examples of fluorescent coumarin-triazole based sensors for Pb2+ and F- are 

shown in Figure 8.132,133 Other coumarin-triazole based sensors for cationic and anionic 

recognition strategies have been reported.134–136 

 

 

 

 

 

 

 

 

 

 

Figure 8: Coumarin-triazole based fluorescent sensors for Pb2+ and F- recognition and 
determination. 

A 
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1.7 Schiff bases and azo dyes 

 

The term Schiff base (SB) is derived from the name of Hugo Schiff who synthesized the first 

so-called Schiff base in 1864.137 Azomethines, imines, and anils fall under the description of 

Schiff bases. SB’s containing the imine group (R–CH=N–R’) are typically synthesized by 

condensation reactions of an active carbonyl compound (aldehydes/ketones) with a primary 

amine.138 They are promising candidates towards a variety of applications related to biological 

activities, such as antiapoptotic, antituberculosis, antineoplastic, antimalarial, anticancer, 

antifungal, antibacterial, anti-inflammatory and antiviral activities, catalytic activities, 

electroluminescent properties, fluorescence properties, nonlinear optical (NLO) properties, 

applications in electrochemical sensing, and organic photovoltaic materials.139–142  

 

1.7.1 The role of Schiff base ligands towards cationic and anionic sensing 

strategies 

 

Owing to the ease of preparation and tunability of their stereo-electronic structures, most SBs 

are attractive ligands for sensing purposes, as they readily form stable complexes with most 

heavy and transition metal cations with high selectivity and sensitivity.143 Additionally, they 

are able to coordinate with various metal ions in different oxidation states, therefore they are 

among the most important ligands used in current coordination chemistry; as well as in 

fluorescent and colorimetric sensors.144,145  SBs are an important type of colorimetric sensor 

as their interaction with cations, anions, and toxic pollutants can be rapidly detected by 

naked-eye colour changes, without the use of expensive equipment and at a relatively low-

cost.146 Furthermore, they boast simple synthetic methods, rapid detection, and high 

sensitivity towards the interacting analyte.147 When the metal ion coordinates to the sensor, 

significant colorimetric and spectroscopic changes can occur. These spectroscopic changes 

may present themselves by certain mechanisms including metal-ligand charge transfer 

(MLCT), ligand-metal charge transfer (LMCT), PET, and ICT.148 It is well known that for 

colorimetric sensors, the shifts observed in the UV-Vis spectra are affected by the respective 

increase or decrease in electron density on the chromophore moiety. Furthermore, the colour 

changes are more prominent when the interacting species includes electrostatic charges 

(cation-anion) than for neutral molecules.149 
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Specifically, the imine nitrogen is basic and exhibits π-receptive properties.144,150 Coordination 

is achieved via the imine nitrogen, and supported by neighbouring groups attached to the 

SB.151 It is known that these ligands form σ-bonds by donating a lone pair to the metal cation 

from the nitrogen and forming a π-bond by abstracting electrons from the metal centre to the 

C=N π* molecular orbital. Deprotonation of a hydroxyl group (or other hydrogen-bonded 

functionalities) can assist in metal coordination. Generally, the functionality closest to the 

imine group is an OH moiety.152  

Schiff bases can exist as bi-, tri-, tetra-, or polydentate ligands.153–157 They can form stable 

five or six-membered chelate complexes with a wide range of metal cations. Monodentate SBs 

are not reported to form stable complexes. Bidentate or tridentate ligands can coordinate with 

many different metal ions through both imine and OH/SH groups.158 

A coumarin moiety with hydroxy and imine groups possess nitrogen and oxygen atoms able 

to coordinate with metal ions.159 The excellent optical and physical properties of coumarin 

coupled with the selective, sensitive, and easily detectable metal coordination abilities of the 

imine, make coumarin-imine based fluorescent and colorimetric sensors a promising tool 

towards metal sensing strategies. Examples of fluorescent and colorimetric coumarin-imine-

metal coordination complexes are shown in Figure 9160,161, with other examples 

reported.159,162–170  

 

 

 

 

 

 

 

 

Figure 9: a) Fluorescent and b) colorimetric coumarin-imine based sensors for various cation 
sensing strategies. 

a) 

b) 
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Sensors bearing the imine functionality as well as OH/NH binding sites have been used for 

the fluorescent and colorimetric detection of anions through hydrogen bonding and/or 

deprotonation.171 For instance, F- ion detection by Schiff bases conventionally deals with 

adjustments of optical properties via interactions with acidic hydrogen atom(s) bearing 

portion(s) of a C=N bonded molecule. Deprotonation of active hydrogen atom(s) by fluoride, 

or the formation of hydrogen bond with fluoride ion, changes the electron-delocalization 

resulting in changes to the optical properties from the parent Schiff base. Therefore, any 

incremental change in the charge delocalization or charge-transfer can trigger a notable 

change in the absorption or emission spectra of a sensor.172 

 

Azo dyes are a class of chemical compounds bearing an -N=N- functionality, joining two 

symmetrical and/or asymmetrical identical or non-azo alkyl or aryl radicals.173 Historically, 

they have been used for the dying of textiles and fabrics. These coloured compounds were 

initially derived from vegetable extracts and animal products, but it wasn’t until the mid-

1870’s whereby Caro and Witt conducted the first diazotization and azo coupling reaction in 

modern industry.174 The majority of azo dyes are synthesized by diazotization of an aromatic 

primary amine, followed by coupling with one or more electron-rich nucleophiles such as 

amino and hydroxyl functionalities.175 Other methods for the synthesis of azo-compounds 

include reduction of nitroaromatic derivatives in alkaline medium, reduction of nitroso 

compounds by LiAlH4, oxidation of primary amines by potassium permanganate or lead 

tetraacetate, condensation of hydrazines and quinones, and the condensation of primary 

amines with nitroso derivatives.176,177  

 

1.7.2 The role of azo dyes towards metal ion sensing 

 

More recently, most azo compounds have found widespread commercial use in dyes, 

pigments, optical information storage devices, heat transfer printing, textiles, switching 

technology, photo-refractive polymer industry, pharmaceuticals, non-linear optics, dye-

sensitized solar cells, photoswitching devices and metal sensing strategies due to structural 

adaptability that offers multiple proficient coordination sites.178–182 They exhibit favourable 

characteristics such as excellent absorption and emission properties, good molar absorption 

coefficient, solvatochromism, and can undergo photochemical and thermal isomerization.183  
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It is well known that the introduction of an azo-chromophore to the sensor’s design increases 

the total chromogenic capability.184 Therefore, azo dyes containing aromatic conjugated 

heterocyclic moieties serve to increase and alter the chromophoric strength and resulting 

colour of the sensor respectively. These molecules containing extended conjugation and 

greater number of electron releasing substituents on the diazo group can enhance the electron 

density of the molecule which in turn results in more intense optical absorption and related 

optical properties.185 

For this reason, azo dyes and related compounds have become increasingly important 

colorimetric-based sensors for the visible “naked-eye” detection of cationic species. Metal 

chelated azo dyes are more light stable, allow for easier control of the wavelength by selection 

of the appropriate substituent groups, and have good thermal stability.186 Furthermore, 

complexes of transition metals with azo ligands have interesting physical, chemical, 

photophysical, photochemical, catalytic and material properties.187 The metal-complexes can 

coordinate via the nitrogen atom(s) of azo group or through other donor functionalities on 

the sensor, sometimes supported by water and/or solvent molecules. The number of donor 

atoms in the ligand further enhances the coordination sites providing more options towards 

complexation. The electronic delocalization is enhanced after coordination to a metal cation. 

Generally, azo dyes possess different numbers of possible donor atoms, and depending upon 

the donor atoms, the ligand behaves as either monodentate, bidentate or tridentate in 

nature.188 

Coumarin-based azo compounds bearing this N=N functionality form a segment of ligands 

with donor atoms (N and O) capable of coordinating with various metal ions which can be 

used for the fabrication of colorimetric probes.188 The incorporation of the azo-functionality 

to the coumarin heterocycle is responsible for the colour production in the visible region 

forming the coumarin-azo chromophore.173,189  

Although colorimetric based azo dyes for metal sensing strategies have been recently 

reported 190–192, very few sensors incorporate the coumarin moiety into their design. A 

coumarin-based azo dye for Cu2+ and Mn2+
 detection has been recently described, however, 

the function and binding activity has only been computationally/theoretically investigated.193 

Most coumarin-based azo dyes have been reported for pharmaceutical and biological 

activities194,195, as well as for optical materials and devices. 196 Therefore, novel coumarin-azo 

colorimetric sensors for cationic and anionic sensing and recognition strategies are a 

promising field of research going forward. 
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2. Aim of the study 

 

Fluorescent molecular sensors containing both the triazole and coumarin moieties form the 

basis of this project. These novel compounds with complexation capabilities will be used for 

the detection of cationic and anionic species in aqueous and organic media. The interactions 

between the sensor and the analyte can be observed and measured from their changes in 

absorption and emission properties. The role of the assisting groups from the coumarin 

scaffold towards selectivity and sensitivity will be investigated. 

Hence, the aims of the study were to synthesize and characterized fluorescent triazolyl 

functionalized coumarin based sensors using Cu(I)-catalyzed 1,3-dipolar cycloaddition 

reactions of azide and alkyne groups.  The structures of these sensors were designed such 

that they possess various substituents (units) that could potentially contribute towards 

complexation with an analyte. 

The photophysical properties of these novel compounds were investigated and compared in 

different solvent systems. Their sensing potential for metal ions and anions were investigated 

using absorption and emission studies, whilst the complexation site was investigated by NMR 

spectral analysis and were further confirmed by molecular modelling studies. 

In addition, coumarin based Schiff bases and an azo dye were synthesised in multiple steps 

from the starting aldehydes and amines. Their sensing potentials were investigated by 

absorbance analysis, with the different sites of complexation suggested by FT-IR, and NMR 

spectral analysis. The complexation site of these sensors with their chosen analytes were 

confirmed by molecular modelling studies. Application of these novel compounds as 

colorimetric sensors were investigated in water and organic solvents. Additionally, the azo 

dye was observed to function further as a molecular mimicking device and keypad lock owing 

to its reversible nature. 

Finally, real-life application of these developed sensors for the detection of selected metal ions 

was tested using environmental water samples from a local river system near industrial and 

residential areas.    
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Chapter 2: 

Application of 7-functionalized 3-triazolyl coumarin-derived 

sensors towards ionic sensing strategies 

 

Summary 

 

Two coumarin-triazolyl derived fluorescent sensors containing supporting methoxy and 

hydroxyl functionalities at position -7- have been synthesized, characterized, and investigated 

for their potential as cationic and anionic sensors in aqueous and organic solutions. These 

compounds displayed a strong preference for Fe3+ ions with complexation resulting in 

fluorescent quenching. The 7-methoxy derivative displayed advanced selectivity towards 

Fe3+ in the presence of competing metal cations. The detection limit of the preferred sensor 

was determined to be 1.4 µM. Binding stoichiometry between this triazole-coumarin 

derivative and Fe3+ was conducted by means of Job’s plot analysis and was shown to occur in 

a 1:1 ratio. The binding site of Fe3+ to the coumarin-triazole derivative was determined using 

1H NMR, 13C NMR and Molecular Modelling studies. Complexation was shown to involve 

the coumarin-carbonyl and triazole moiety. Hydrogen potential studies of the emissive effects 

of Fe3+ towards A1 in different pH solutions indicated usability over an acceptable pH range. 

Reversibility studies with EDTA displayed that Fe3+ complexation was not reversible. This 

derivative was further tested towards anionic analyte sensing studies. Anionic screening 

studies were conducted in a variety of solvents, yet an aqueous solution displayed the most 

reasonable preference of the same chosen sensor towards CN-. Although the selectivity of the 

chosen sensor towards CN- was poor, making it unfavourable for real-world sensing purposes, 

the spectroscopic and complexation studies were conducted to investigate the characteristics 

of anionic sensing. The detection limit was calculated to be 6.7 µM. Binding stoichiometry 

between the sensor and CN- was shown to occur in a 1:1 ratio. The binding sites of CN- 

towards the coumarin-triazole sensor was determined using 1H NMR titration analysis, 

herniarin titration, and molecular modelling studies and was shown to involve the triazolyl 

and neighbouring phenyl ring protons. Reversibility studies utilizing TFA, TCA (trifluoro- 

and trichloro- acetic acid) and perchloric acid indicated that CN- complexation was only 

partially reversible in the presence of TFA. The quenching of A1 with Fe3+ and CN- was 

shown to occur via a PET “on-off” mechanism by Molecular Orbital Energy calculations. 
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2.1 Results and Discussion 

 

2.1.1 Synthesis and characterization of 7-functionalized coumarin-triazolyl sensors A1, 

A2 and A3 

 

The synthesis of the three prospective coumarin-triazolyl derivatives A1-3 was performed as 

outlined in Scheme 1. Initially, 7-hydroxy coumarin-derivative containing an azide 

functionality (1a) was prepared according to literature procedure1, and modified by well-

known organic reactions to produce methoxy- and ester-azide derivatives 1b and 1c. The 

final step to produce the triazole functionality was achieved via Cu(I)-catalyzed 1,3-dipolar 

cycloaddition “click” reaction between azide and alkyne (2) functionalities in THF to afford 

coumarin-triazolyl derivatives A1 and A2 in yields of 80 and 65 % respectively. It was 

discovered that prospective ester-coumarin-triazole derivative A3 no longer supported an 

ester functionality at position -7-. It was determined that the ester group had hydrolysed to 

its original hydroxy functionality during the “click” reaction protocol. This will be discussed 

later. 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Synthetic route of coumarin-triazolyl derivatives A1, A2 and A3. “click” reaction 
conditions: CuSO4.5H2O, NaAsc and PMDETA. Inset: single crystal X-Ray structure of 7-
ester-3-amide coumarin intermediate. Inset: Proposed structure of attempted 7-ester 
coumarin-triazole derivative A3. 
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The 1H NMR analysis of coumarin-azide derivatives 1a, 1b, and 1c are shown in Figures 1-

3. Compounds 1b and 1c were synthesized by modification of 1a by etherification and 

esterification reactions (for 13C NMR analysis of 1b and 1c see Figures 1 and 2 in Appendix 

A). The 1H NMR and 13C NMR spectra of phenol-alkyne derivative 2 are shown in Figures 

4 and 5 (for the FT-IR spectra of alkyne-derivative 2 please see Figure 3 in Appendix A). 

 

 

 

 

 

 

 

 

Figure 1: 1H NMR of hydroxy coumarin-azide derivative 1a in d6-DMSO. 

 

 

 

 

 

 

 

 

 

 

Figure 2: 1H NMR of methoxy coumarin-azide derivative 1b in d6-DMSO. 
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Figure 3: 1H NMR of ester coumarin-azide derivative 1c in d6-DMSO. 

 

Figure 4:  1H NMR spectra of phenol-alkyne derivative 2 in CDCl3. 

 

Figure 5: 13C NMR spectra of phenol-alkyne derivative 2 in CDCl3. 
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The formation of the triazole functionality via the “click” synthetic procedure had no effect 

on the methoxy nor the hydroxy functionalities at position -7- on the coumarin molecule (For 

1H NMR and 13C NMR analysis of coumarin-triazole derivatives A1 and A2 see Figures 4-7 

in Appendix A). However, the ester group from the ester-azide derivative 1c disappeared 

during the attempted formation of A3 as seen in the 1H NMR spectra (Figure 6). The 

conditions under which the triazole forming cycloaddition reaction occurs appeared to cause 

the cleavage of the ester group to the original hydroxy functionality (A2). This cleavage was 

verified by FT-IR spectral overlay whereby the spectra of A2 and A3 are in close agreement 

(for the FT-IR spectral overlay of A2 and A3 see Figure 8 in Appendix A). It has been 

reported that an ester functionality may react with amines to form amide groups via the 

process of aminolysis. In an article published by Alessandro Mandoli, the author explains how 

the aminolysis of the ester group with N,N-dimethylethylenediamine under ”click” reaction 

conditions afforded the formation of different chelating groups.2 In this study, N,N,N′,N′′,N′′-

Pentamethyldiethylenetriamine (PMDETA) was employed as the transporting ligand. This 

amine, together with ester-azide derivative 1c, was postulated to undergo an aminolysis 

reaction to form the original hydroxy functionality, thereby resulting in the same structure 

as hydroxy coumarin-triazole derivative A2. 

 

Figure 6: 1H NMR spectra of attempted synthesis of coumarin-triazole derivative A3 in d6-
DMSO. 
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a) Ether-azide derivative 1a. b) Ether-triazole derivative A1. 
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 disappears 

Triazole C-N vibrational region 

The single crystal XRD of both A1 and A2 confirms the reported structures which shows the 

presence of the coumarin ring system with the triazole functionality situated at position -3-. 

The nitrogen atoms of the triazole ring are orientated away from the coumarin carbonyl in 

both A1 and A2 whilst the carbon double-bond of the triazole ring is situated closest to the 

coumarin-carbonyl functionality (Figure 7). Crystals were produced by dissolving both A1 

and A2 in minimal amounts of solvent and left to slowly evaporate.  

 

 

 

 

 

 

 

 

 

Figure 7: Single crystal XRD analysis of a) A1 and b) A2. 

 

The success of the azide-alkyne cycloaddition reaction was further supported by the 

disappearance of the azide signal in the coumarin-triazole product as seen from the FT-IR 

spectra (Figure 8). The infrared spectroscopy is significant in the characterization efforts of 

triazole compounds. The signals at 1570-1550 cm-1 are due to N=N vibrations, and signals 

in the region of 1600-1411 cm-1 are due to C-N vibrations.3,4 

 

 

 

 

 

 

 

 

 

a) b) 
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c) Hydroxy-azide derivative 1b. d) Hydroxy-triazole derivative A2. 
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Triazole C-N vibrational region 
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Figure 8: FT-IR spectra of coumarin-azide and corresponding coumarin-triazole derivatives. 

 

2.1.2 Absorption and emission studies of triazolyl-coumarin derivatives A1 & A2  

 

The absorbance and emission behaviors of coumarin-triazolyl derivatives A1 and A2 were 

investigated in acetonitrile and water respectively. Acetonitrile and water were chosen for 

the studies due to their environmentally favourable characteristics. The excitation 

wavelength for both compounds was determined by UV-Vis analysis. The sensors displayed 

the same excitation wavelength of 340 nm with the absorption intensity of A1 being 

appreciably greater than that of A2. The emission properties of both sensors were further 

investigated at the same excitation wavelength of 340 nm (Figure 9). Again, A1 displayed 

stronger emission properties at 420 nm than that of A2, which showed to emit at a longer 

wavelength of 480 nm. This contrast in the emission wavelength could arise as a result of the 

different functionalities situated at position -7- on the coumarin molecule. 

It is well documented that electron donating groups at position -7- in combination with 

electron withdrawing groups at position -3- induce a push-pull effect which concentrates 

electron density into the conjugated π-system of the coumarin moiety, thereby enhancing the 

emissive output (Figure 10). This method has been widely used to improve the fluorescence 

efficiency and intensity of coumarin compounds.5,6 This difference between the emissive 

intensities of A1 and A2 may be rationalized when the theoretical calculated electron density 

around the methoxyl and hydroxyl functionalities, coumarin carbonyl, and triazole moiety 

are considered. Figure 11 displays the calculated electron density around the 7-substituted 

functionalities, within the coumarin π-conjugated system, and surrounding the triazole ring. 

It is evident from the larger area of electron deficiency surrounding the three methoxy 

hydrogen atoms, and greater area of increased electron density surrounding the triazole 
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moiety of A1, that electron density has been drawn into the conjugated system via the push-

pull electronic effect. It is known that the triazole moiety may enhance fluorescence when 

attached to a suitable fluorophore at the pre-described -3- substituted site. The increased 

electron density surrounding the triazole moiety of A1 may facilitate the greater initial 

fluorescent intensity observed. In this way, the emission intensity of A1 is notably greater 

than that of A2. 

 

 

 

 

 

 

Figure 9: a) Absorbance and b) Emission of coumarin-triazole derivatives A1 and A2. 

 

 

 

 

 

Figure 10: Push-pull effect of substituted coumarin scaffolds. 

 

 

 

 

 

Figure 11: Calculated electronic densities of a) A1 and b) A2 at MMFF calculation level.  

 

a) b) 

a) b)
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Cationic sensing studies 

 

2.1.3 The sensing responses of sensors A1 and A2 towards various metal ions  

 

The application of compounds A1 and A2 were studied for their potential as metal sensors 

using fluorescence spectral analysis at room temperature. A range of metal cations were 

investigated. These cationic solutions were prepared in deionized water from their nitrate 

salts. Stock solutions of A1 and A2 were prepared in acetonitrile. The experiments were 

conducted by adding aliquots of the selected metal ions (Fe2+, Fe3+
, Cd2+, Pb2+, Ag+, Na+, K+, 

Ca2+, Cr3+, Al3+, Ba2+, Cu2+, Co2+, Hg2+, Zn2+and Ni2+) to solutions containing compounds 

A1 and A2 in water as the medium. Water was chosen as the sensing medium as aqueous 

sensing is environmentally friendly and greatly preferred. 

The strongest quenching responses of both compounds were observed for Fe3+ compared to 

other cations. This indicates a stronger interaction between compounds A1 and A2 with Fe3+ 

(Figure 12). Selectivity studies of both compounds towards Fe3+, in the presence of 

competing metal cations, was conducted in water. Notably, A1 displayed excellent selectivity 

towards Fe3+ in the presence of other competing metal cations (Figure 13). Furthermore, 

when all competing metal cations were present in solution, A1 continued to display excellent 

selectivity towards Fe3+. This same selectivity trend towards Fe3+ was not observed for A2 

with all other competing metals (Figure 14). For this reason, including the enhanced 

absorption and emission properties of A1, it was chosen for further investigations as a 

potential sensor for quantitative and qualitative sensing of Fe3+ ions in aqueous media. The 

observed quenching response upon Fe3+ addition can be ascribed to the photo-induced 

electron transfer (PET) from the sensor to the d-orbitals of the Fe3+ cation. The electron 

deficiency of half-filled d-orbitals increases the electrostatic attraction of the binding site to 

form stable coordination with Fe3+ ions, leading to more quenching of the fluorescence and 

better selectivity. This proposed PET quenching mechanism was verified by UV-Vis titration 

studies. 
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Figure 12: Fluorescent responses of a) A1 and b) A2 with selected metal cations in water. 
Excitation: 340 nm. Screening studies were conducted in triplicate. 

 

 

 

Figure 13: Selectivity of A1 towards Fe3+ with competing metal cations in water. 
Competition studies were performed in triplicate. Excitation: 340 nm. 

 

 

 

 

Figure 14: Competition of a) A1 and b) A2 towards Fe3+ in the presence of all other 
competing metal cations in aqueous solution. Excitation of 340 nm. 

a) b) 



68 
 

2.1.4 Emission titration studies of A1 with Fe3+ in water and acetonitrile 

 

To gain greater insight into the fluorescent properties of A1 in the presence of Fe3+, the 

fluorescence response was investigated with Fe3+ in both water and acetonitrile. From this 

investigation, it is evident how the solvent system used can affect the outcome of the emission 

response, including other properties such as detection limit and binding/association 

constants inter alia. Figure 15 illustrates the variations in the fluorescent intensities of A1 

upon continuous addition of Fe3+ aliquots in water and acetonitrile. The titration experiment 

of A1 with Fe3+ in acetonitrile yielded three new shoulder peaks at longer wavelengths of 

445, 487 and 531 nm. The titration of A1 with Fe3+ in water evolved one small new shoulder 

peak at 487nm at higher concentrations of Fe3+. The shifts in peak maxima and minima of A1 

with Fe3+ in water and acetonitrile were calculated to be 1 and 8 nm respectively. To ensure 

that the quenching response of A1 towards Fe3+ is dependent on successive analyte addition, 

and that progressive self-quenching from single analyte addition does not occur, time-delay 

studies of A1 with one aliquot of Fe3+ were conducted. Results show that between the initial 

quenching response of A1 with a single aliquot of Fe3+, and after the 20th scan (1-minute 

intervals), no additional fluorescent quenching was observed. This supports the rapid, and 

strong sensing response of A1 towards Fe3+. Hence, it can be concluded that the quenching 

response is dependent on analyte addition which is vital for titration analysis (Figure 16).  

 

 

 

 

 

 

 

 

Figure 15: Changes in the fluorescence spectrum of A1 in a) water and b) acetonitrile upon 
addition of Fe3+ ions. Excitation: 340nm. Titration conducted in triplicate. 

 

 

a) b) 
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Figure 16: Time delay studies of A1 with a single aliquot of Fe3+. Excitation of 340 nm. 

 

When the polarity of the solvents is taken into consideration, the observations of the new 

shoulder peaks upon Fe3+ titration may be explained. It is known that the fluorescent emission 

spectra of many fluorophores are sensitive to the polarity of their surrounding environment. 

Water has a greater polarity than acetonitrile and will therefore have a different effect on 

cation binding and stability. This may be attributed to the difference in the dipole moments 

in the ground state and the excited state. If electrically neutral molecules have a larger dipole 

moment in the excited state than in the ground state, the excited state becomes more 

stabilized with increasing solvent polarity.7 The excited states of the compounds are mainly 

affected by the polarity, refractive index as well as dielectric constants of solvents and also, 

by the solvation effect of solvents towards compounds.8 The differences observed between 

acetonitrile and water could be attributed to factors such as hydrogen bonding. Possible 

intermolecular hydrogen bonding interactions between water molecules and coumarin 

carbonyl inhibit the formation of intramolecular hydrogen bonds which can alter the dipole 

moments of the ground and excited states. This plausible larger dipole moment in the excited 

state is stabilized in water. Compared to water, acetonitrile is less polar and may not have as 

great an ability to stabilize this excited state complex. Possible intramolecular hydrogen 

bonding may result in the formation of new excited state complexes or vibrational energy 

levels with increasing Fe3+ amounts, resulting in the formation of the three new shoulder 

peaks at longer wavelengths. The appearance of these new shoulder peaks in acetonitrile gives 

further justification towards the use of water as the medium of choice for further studies. 

Closer consideration of the titration of A1 in water shows a clear iso-emissive point at 387 

nm between the titration amounts of 4-19 µM additions of Fe3+. At higher concentrations of 

Fe3+ the titration no longer displays this phenomenon (Figure 17). 
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Figure 17: a) titration of A1 with 4-19 µM additions of Fe3+. A clear iso-emissive point is 
observed at 387 nm; b) titration of A1 with 23 to 106 µM Fe3+, the iso-emissive point is no 
longer visible.  

 

The appearance of iso-emissive points in a fluorescent spectrum may be attributed to several 

reasons. This includes ground state binding between A1 and Fe3+ in solution9, the presence 

of two absorbing and emitting species in the system10, two or more emitting species in the 

excited state11, and neutral and ionic forms of the complexes existing in equilibrium in the 

photo-excited state12. Whilst ground state binding between A1 and Fe3+ and greater than 

one emitting species could be a plausible explanations, studies conducted by dos Santos and 

co-workers describe how complexation induced twisting reduces the effect of the PET 

quenching by ‘blocking’ the pathway of the electron transfer, thus leading to the appearance 

of the iso-emissive point.13 Interestingly, a minor yet similar conformational change was 

observed between the X-ray crystallographic structures of A1 alone and the A1-Fe3+ complex 

(Figure 18). Although the complex of A1 with Fe3+ did not crystallize, it did appear to change 

the crystal system from triclinic to monoclinic and induced this same twisting of the molecule 

as described by dos Santos et al. This initial twisting of the molecule at lower concentrations 

of Fe3+, complexation of A1 and Fe3+ in the ground state, and two emitting species at lower 

concentrations, could explain the appearance of the iso-emissive point.  

This plausible “twisting” was further verified by computational analysis whereby the triazole 

ring twists upon metal complexation thereby situating the triazole N-atoms syn to the 

coumarin carbonyl functionality. 

 

 

 

a) b) 
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Figure 18: Singe-crystal X-Ray diffraction (XRD) of A1 a) before complexation; b) after 
complexation with Fe3+ at lower concentrations. 

  

2.1.5 UV/Vis titration of A1 with Fe3+ 

 

The UV-Vis titration of A1 with Fe3+ was conducted in acetonitrile. The titration of A1 with 

Fe3+ in acetonitrile is shown in Figure 19. Evidently, titration led to increased absorption 

upon Fe3+ additions. No visible hypsochromic (blue) or bathochromic (red) shift in 

wavelength was noted, indicating that CHQF (Chelating Quenched Fluorescence) via PET 

(Photoinduced Electron Transfer) was the most likely mechanisms of fluorescent quenching 

and not that of ICT (Intramolecular Charge Transfer) which is generally associated with 

spectral shift upon analyte addition.14 CHQF is the quenching of fluorescence upon metal 

binding or coordination and can occur via PET, ICT, ISC or isomerization.15 The notable 

“opposite effect” of increasing amounts of Fe3+ on the absorption and emission spectra has 

also been reported for a dual coumarin-triazole based PET type sensor reported by 

Puthiyedath and Bahulayan for Fe3+ and Ca2+.16 The titration of Fe3+ with the dual coumarin-

triazole sensor displayed fluorescent quenching with an opposite increase in absorption 

(Figure 19). Furthermore, the titration displayed a total enhancement of the spectral curve 

over the entirety of the wavelength range and not only in the range of the main absorption 

peak.  

 

 

 

 

a) b) 
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Figure 19: a) UV-Vis titration of A1 with Fe3+ in acetonitrile; b) Comparative emission and 
absorption spectra of dual coumarin-triazole sensor titrated with Fe3+.  

 

2.1.6 PET fluorescent mechanism and changes upon Fe3+ complexation 

 

The highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbital diagrams 

for the optimized structure of sensor A1 was calculated by Molecular Orbital Energy 

calculations. The HOMO is shown to be situated on the substituted triazole ether-phenyl 

derivative. The LUMO is situated around the triazole moiety and coumarin fluorophore. 

Upon excitation (hν) photo electronic transfer (PET) occurs from the HOMO to LUMO 

orbital(s). This excitation promotes an electron from the HOMO to the LUMO of the 

fluorophore, forming the excited state species. The excited electron falls to the original 

orbital, emitting radiation as fluorescence. This results in the “turn-on” fluorescent response 

of the system. At this stage, the HOMO of the excited state fluorophore is higher in energy 

than that of the resulting A1-Fe3+
 complex. Upon analyte complexation, the electron transfer 

is disrupted, preventing the necessary electronic transition, resulting in the “turn-off” state, 

and quenching the emission intensity. In terms of molecular orbitals, upon analyte 

complexation the HOMO of the excited state fluorophore is lower in energy than the HOMO 

of the sensor-analyte complex. As a results, an electron transfers from the HOMO of the 

a) 

b) 
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bound receptor to the HOMO of the excited fluorophore and energy is released via a non-

radiative relaxation pathway. Figure 20 shows the calculated HOMO and LUMO of A1, the 

molecular orbital energy diagram of sensor A1 and A1-Fe3+ complexation17, and the proposed 

PET “on-off” quenching mechanism of A1-Fe3+ complexation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: a) Calculated HOMO (-6.088 eV) and LUMO (-2.610 eV) of A1 in the absence of 
Fe3+ b) molecular orbital energy diagram of the electronic transitions for the PET “on-off” 

a) 

b) 

c) 
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fluorescent mechanism upon Fe3+ complexation, and c) diagrammatic representation of the 
PET “on-off” quenching mechanism upon A1-Fe3+ complex formation. 

2.1.7 Determination of fluorescence quenching process, association constant and 

detection limit. 

 

To understand the quenching process of A1 by Fe3+ in both water and acetonitrile, the 

observed decrease in fluorescence was followed using the linear Stern-Volmer equation (1) 

𝐹0

𝐹
= 1 +  𝐾𝑆𝑉[𝑄] 

 

where F is the fluorescence intensity in the presence of the quencher, F0 is the intensity in the 

absence of the quencher, [Q] is the quencher concentration, and KSV is the Stern–Volmer 

quenching constant. Figure 21 shows the results for the plot of the titration of A1 with Fe3+ 

in water following the Stern-Volmer equation. The constant KSV is a general term that may 

refer to either dynamic or static quenching processes. Although the value for the regression 

line indicates correlation over the entire concentration range, the slight sigmoidal shape to 

the curve may indicate that different modes of quenching could be occurring. The detection 

limit in water and acetonitrile was calculated to be 3.6 & 5 µM respectively, whilst the value 

for the Stern-Volmer constant (KSV) was 1.32 x 104 M-1 and 1.28 x 104 M-1 respectively. 

 

 

 

 

 

 

 

 

Figure 21: Plot of A1 and Fe3+ in water following the linear Stern Volmer equation. 

 

 

(1) 

 



75 
 

2.1.7.1 Benesi-Hildebrand calculations for A1 with Fe3+ 

 

The Benesi-Hildebrand (BH) method for evaluation of the association constant and binding 

ratio was used for the titration of A1 with increasing amounts of Fe3+ in water and 

acetonitrile. The plot of 1/F0-F vs 1/[Fe3+] resulted in a positive slope with a good 

regression coefficient of R2= 0.9962 and 0.9993 in water and acetonitrile respectively (Figure 

22). The association coefficient, Ka, was calculated from the ratio of the intercept to the slope 

of the graph.18 The values for the association constants and theoretical binding ratios for A1 

in water and acetonitrile are shown in Table 1. Based on the observed straight line of the 

plot, it could be concluded that the binding between the sensor and metal occurs in a 1:1 

ratio.19 This binding stoichiometry was later verified by Jobs Plot analysis. 

 

 

 

 

 

 

 

Figure 22: Benesi-Hildebrand plot of A1 with Fe3+ in (a) water and (b) acetonitrile. 

 

Table 1: Association constants and binding stoichiometry of A1 with Fe3+ in water and 
acetonitrile. 

 

A1 

Ka values  

(x104) M-1 

R2 value 

Suggested 

binding 

stoichiometry 

Water 3.3 0.9962 1:1 

Acetonitrile 4.9 0.9993 1:1 

 

a) b) 
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The association/binding coefficient gives an indication of the strength of the sensor-analyte 

bond. Evidently, A1 displayed a larger association constant in acetonitrile than in water. This 

appreciable value for Ka in both water and acetonitrile could explain the selectivity of A1 

towards Fe3+ in the presence of all other competing metal cations. In addition, the reported 

value of Ka is appreciable and thus indicates a strong complexation between A1 and Fe3+ 

which may contribute to the CHQF (chelation quenched fluorescent) effect in addition to the 

PET mechanism.20 The strength of this sensor-metal bond could clarify why A1-Fe3+ binding 

was not reversible in the presence of EDTA. This will be discussed later together with 

computational data.  

 

2.1.7.2 Explanation of quenching process by Perrin sphere of action model 

 

The linear Stern-Volmer equation for dynamic/collisional quenching is applicable if the 

experimental results show linear variation over the entire concentration range. The slight 

deviance from linearity (sigmoidal shape) in Figure 21 suggested that the quenching 

mechanism may not be purely collisional/dynamic or static, and thus may be attributed either 

to the ground state complex formation, a combined collisional and static quenching system 

or to the Perrin and modified sphere of action static quenching models.21 

For a combined collisional and static quenching model, a plot of [
𝐹𝑜

𝐹
− 1]

1

[𝑄]
  vs [Q] should 

yield a straight line. The experimental data did not fit the equation as shown by a poor 

regression coefficient. This indicates that the quenching behaviour cannot be explained by 

the combined dynamic and static quenching mechanism alone. 

The slight upward curvature of the plot at lower concentrations indicates that some static 

quenching may be taking place, or something that is called "the quenching sphere of action" 

(SOA), indicating that the analyte is capable of quenching the system within a specific radius 

of the receptor motif.22 The downward curvature at the higher quencher concentrations can 

be interpreted as two populations. One population of fluorophores is accessible to quenchers 

and the other being inaccessible to the quenchers.23 For quenching within rigid solutions, 

Perrin introduced the concept of an “active sphere”;  a volume of interaction around a 

quencher molecule such that a fluorophore excited within this volume is instantaneously 

quenched.24 The values for Kp (Perrin constant), Perrin radius (Å) and detection limits (µM) 
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were determined over the linear quencher-concentration range of 4 – 20 µM of 0.001 M Fe3+ 

solution. The calculated values are shown in Table 2. 

Table 2: Values for constants and detection limits by the Perrin and Sphere of Action 
methods. The detection limit calculated from the linear Stern-Volmer method is also included 
for comparison. 

 

Evidently, the value for the detection limit from the Perrin sphere of action method is more 

than half of that determined by the linear Stern-Volmer method. This shows the importance 

of determining the correct mode of quenching as it can have a drastic effect on the reported 

outcome. In addition, the size of A1 from the methoxy derivative to the end of the phenyl 

functionality was determined by computational analysis (Spartan ’10 V1.10.). The length of 

the molecule was calculated to be 18.037 Å. The diameter of the quenching sphere (9.2 Å) 

resides within this calculated distance. 

 

2.1.8 Quantum Yield studies  

 

The fluorescence quantum yield (ɸ) of A1 was evaluated using anthracene as a standard 

fluorophore with a known ɸS = 0.27 in ethanol. A1, in acetonitrile as the solvent, and the 

standard were excited using the same excitation wavelength (340 nm) and their absorbance 

were tuned to ca. 0.05 nm at this excitation wavelength. The integrated areas under the 

emission spectra were obtained using fl. Winlab software and the fluorescence quantum yields 

(ɸ) were calculated in accordance with the equation (2) below: 

 

ɸ𝑿

ɸ𝑺
=  [

𝑨𝑿

𝑨𝑺
] [

𝑨𝒃𝒔𝑺

𝑨𝒃𝒔𝑿
] [

ŋ𝑿

ŋ𝑺
]

𝟐

 

A1 

Kp 

(x104 M-1) 

LOD 

Linear Stern Volmer 

µM 

LOD Perrin method µM 
Perrin Radius 

(Å) 

Water 1.42 3.64 1.41 4.62 

Acetonitrile 1.47 5.05 2.63 4.67 

(2) 
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Where ɸX and ɸS are the respective fluorescence quantum yield of the samples and standard, 

AX and AS are the integrated areas under the emission spectra of the samples and standard, 

AbsX and AbsS are the optical densities at the excitation wavelength of both samples and 

standards whilst ŋx and ŋs are the respective refractive indices of the solvents used for the 

sample and standard. The quantum yield (ɸ) of A1 was determined to be 0.71. This value 

indicates a high proportion/number of excited state species that can emit after excitation.  

 

2.1.9 Reversibility studies of A1 for sensing Fe3+ 

 

The reversibility of A1 was investigated using the hexadentate chelating ligand 

ethylenediaminetetraacetic acid (EDTA). A quenched solution of A1 with Fe3+ was titrated 

with a 0.01 M solution of EDTA. After the addition of up to 100 ul of the EDTA solution, no 

drastic enhancement in the emission spectra of the complex was observed, suggesting a 

stronger interaction between A1 and Fe3+ than that of Fe3+
 and EDTA (Figure 23). This 

stronger interaction between A1 and Fe3+ was later verified by computational analysis. 

 

 

 

 

 

 

 

 

 

Figure 23: Titration of quenched A1-Fe3+ system after the titration of up to 100 μL aliquot 
of 0.01 M solution EDTA. 
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2.1.10 Determination of the binding stoichiometry using Job plots analysis 

 

Stock solutions of equal concentrations (0.01 M) of A1 and Fe3+ were prepared. The molar 

fraction of A1 and Fe3+ was varied whilst keeping the total concentration constant for each 

run. The emission spectra for increasing and decreasing amounts of Fe3+ were recorded in 

both acetonitrile and water. Jobs plots were constructed by plotting the maximum emission 

vs molar fraction of Fe3+ (Figure 24). These plots indicated that both the acetonitrile and 

water experiments facilitated a 1:1 sensor-metal binding ratio 

 

 

 

 

 

 

 

 

Figure 24: Job’s plot of A1 and Fe3+ in a) water and b) acetonitrile. Excitation of 340 nm.  

 

 

2.1.11 pH studies 

 

To analyze the effect of varying pH on sensing capabilities, titration studies in different pH 

solutions were conducted. Different arrays of store-bought solutions with pH values of 10, 5, 

and 4 were utilized for the study. Addition of A1 and Fe3+ into deionized water was compared 

to that of A1 and Fe3+ in a buffered solution. The pH range of the solutions were chosen as 

they reflect the range of common wastewater from industrial processes and acid mine 

drainage.25–27 Results show that the sensing response upon Fe3+ additions is constant in acidic 

and alkaline solutions. (Figure 25). 

 

 

a) b) 
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Figure 25: Effect of pH on emission properties of A1 with Fe3+ in a) the original pH of the 
solution (pH 6.89), b) pH 4, c) pH 5, and d) pH 10.  

 

2.1.12 Proposed binding site between A1 and Fe3+  

 

Literature has reported the ability of the N2 nitrogen atom of the triazole ring to coordinate 

with metal ions to form stable complexes when neighboring assisting groups are available.28–

30 Triazole moieties have become popular for metal analyte sensing as a result of their ability 

to interact with metal cations via the nitrogen atoms on the ring.31,32 It is proposed that the 

interaction between the sensor A1 and Fe3+ involves the coumarin carbonyl and triazole 

nitrogen in a stable pseudo six-membered ring as shown in Figure 26.  The complexation 

affinity was attributed to the N2 nitrogen lone electron pair donation from the triazole ring 

to the metal ion, assisted by a lone pair of electrons from the coumarin-carbonyl group.  

 

 

 

 

Figure 26: Proposed stable six-membered ring formation between A1 with a Fe3+ ion. 

a) b) 

c) d) 
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In addition to the triazole and coumarin-carbonyl moiety, complexation may also occur via 

different functional groups attached to the coumarin scaffold, in this case, the ether group at 

position -7- may also contribute to analyte binding. To identify whether the oxygen atom of 

the ether group is involved in complexation, 7-methoxycoumarin (Herniarin) H1 was 

synthesized and titrated with a Fe3+ solution and the emission response observed (for the 

synthetic pathway of Herniarin see Scheme 1 in Appendix A). The titration of Herniarin 

with Fe3+ in water resulted in a quenching response which decreased as more iron was 

introduced (Figure 27). As previously shown, the binding stoichiometry of A1 towards Fe3+ 

occurred in a 1:1 ratio. Therefore, two possible binding scenarios are applicable. Binding was 

postulated to occur either via the oxygen atom of the ether group, or via the combined 

nitrogen/carbonyl binding scenario. However, both are unable to occur simultaneously as 

seen from the 1:1 binding ratio (for the 1H NMR of Herniarin H1 see Figure 9 in Appendix 

A). 

 

 

 

 

 

 

Figure 27: a) The quenching response of H1 towards Fe3+ titration, and b) the possible 
binding scenario of H1 towards Fe3+ cations via the lone electron pair on the oxygen atom. 

 

The proposed binding site of A1 towards Fe3+ was investigated by 1H NMR and 13C NMR 

spectral analysis. Initial titrations of A1 with aliquots of Fe(NO3)3
 displayed no shift in the 

proton signals. Additionally, the peaks became less resolved as more Fe3+ was added (Figure 

28). This indicated that the complexation of A1 with Fe3+ did not occur via hydrogen 

bonding. This was later confirmed by computational studies of theoretical hydrogen bonding 

 

 

 

a) b) 
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Figure 28: 1H NMR titration of A1 with Fe(NO3)3 in d6-DMSO. 

 

In addition to 1H NMR studies, 13C NMR analysis was used to investigate the possible 

involvement of the triazole carbon double bond in metal complexation. It is known that alkene 

and alkyne ligands can be involved in binding modes via σ- and π-electrons in organometallic 

complexes.33 Furthermore, it has been reported that the C-5 atom in the triazole ring can be 

involved in metal coordination.34  The carbon spectrum of A1 was compared to that of A1 

with  200 µl of Fe3+. Notably, two peaks displayed pronounced shifts. These peaks were 

identified as the two double-bonded carbon atoms of the triazole ring. A single carbon signal 

has shown to have shifted upfield, whilst the other has shifted downfield. During this possible 

complexation, triazole-carbon labeled A has become more nucleophilic, resulting in an upfield 

shift, whilst carbon B has become slightly electrophilic, leading to a shift downfield. This 

electron-density shift from B towards A may facilitate an interaction with the Fe3+ ion. In 

addition, the coumarin carbonyl C displayed no noticeable shift in the spectrum of the sensor-

metal complex. It is therefore proposed that the lone pair of electrons from the oxygen atom 

could be taking part in the complexation rather than π-electrons from the carbon-oxygen 

double bond, forming a stable pseudo-6-membered ring between the C=O lone pair, Fe3+, and 

triazole-carbon A (Figure 29).  
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Figure 29:  13C NMR spectra of a) A1-Fe3+ complex and b) A1. Inset structure: Possible 
positioning of the triazole functionality relative to the coumarin carbonyl to facilitate Fe3+ 
coordination. Spectra recorded in d6-DMSO. 

 

From the postulated N2 triazole and coumarin-carbonyl lone-pair involvement in metal 

coordination, the possible involvement of the ether oxygen at position -7-, and the observed 

triazole carbon shift in Figure 29, three possible coordination conformations (a-c) are 

proposed (Figure 30).  

 

 

 

 

Figure 30: Three possible binding scenarios of A1 with Fe3+. 

 

 

 

 

 

b)  

a)  

(a) (b) (c) 
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2.1.13 Computational analysis 

 

2.1.13.1 Comparison of most stable conformation of A1 to XRD results 

 

Molecular modelling studies were used to determine the lowest energy conformer of A1 at 

the density-functional theory (DFT) level. This conformation was compared to that of the 

single crystal XRD data. Results from these computational calculations are in close 

agreement with the observed crystal structures (Figure 31). The calculated energy of A1 in 

this specific conformation was -3145754.12 kJ/mol, indicating the appreciable stability of A1. 

Although the calculated and observed conformations are not completely identical, the 

differences can be reconciled when the medium and interactions between other molecules are 

considered. These differences could arise as the calculations are carried out on one compound 

(in vacuum) whereas the crystal structure determination takes multiple factors into 

consideration, such as multiple compounds close to each other (proximity), solvents present 

(medium), forces and the interactions between them, and their packing arrangement.  

 

 

 

 

Figure 31: a) computationally calculated most stable conformation, and b) experimental XRD 
results of A1. 

 

2.1.13.2 Reconciliation of binding site of A1 with Fe3+ 

 

Once the most stable conformer of A1 was established, it was then used to study the binding 

site during complexation with Fe3+. Calculations conducted at Molecular Mechanics level 

(MMFF) displayed a proposed twisting of the triazole nitrogen atoms towards the coumarin 

carbonyl to facilitate the postulated pseudo-6-membered ring between the N2 triazole 

a) b) 
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nitrogen and the lone pair of electrons on the coumarin carbonyl oxygen (Figure 32). This 

agrees with what has been reported previously with respect to the binding properties of the 

triazole nitrogen atoms towards metal complexation in the presence of nearby assisting 

groups. Using their combination of σ-donor (nitrogen lone-pair electrons) and π-receptor 

properties, these N-heterocycles have been considered as very useful ligands towards Fe3+ 

complexation. Furthermore, when the triazole functionality is present on the coumarin 

scaffold, complexation involving the ring nitrogen is more preferred than the lone pair 

oxygen binding from the ether group at position -7-.35  Notably the phenyl ring has twisted 

towards the Fe3+ cation, however, hydrogen bond calculations showed that no hydrogen 

bonding was taking place. This agrees with the 1H NMR titration analysis. Additionally, this 

indicates the unlikelihood of the complexation scenario between the 7-methoxy functionality 

with the Fe3+ cation as seen in the Herniarin titrations. This quenching effect may arise 

because of the NO3
- counterion.  

 

 

 

 

 

 

Figure 32: Computational conformation of the most energetically preferred A1-Fe3+ binding 
scenario. The green sphere represents the calculated position of the Fe3+ cation. 

 

In addition to computational analysis, titration data of A1 with a concentrated Fe3+ solution 

was able to verify the number of binding sites present between the sensor and metal cation. 

According to equation (3), a plot of Log[F0-F/F] vs Log[Q] should yield a straight line with 

the gradient equal to n, where n is the number of binding sites present.36 A straight line occurs 

when the predominant mode of quenching occurs via a static process. This agrees with the 

mode of quenching determined by titration analysis. The regression coefficient indicated an 

appreciable correlation with the number of binding sites shown to equal to 1 (Figure 33). 

This agrees with what has been shown computationally and what has been postulated 

whereby the N2 triazole nitrogen is the main contributor of binding electrons towards Fe3+ 
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complexation and may be partially assisted by the lone electron pair of the coumarin carbonyl 

functionality. 

 

𝐿𝑜𝑔 [
𝐹0 − 𝐹

𝐹
] = 𝐿𝑜𝑔𝐾 + 𝑛𝐿𝑜𝑔[𝑄] 

 

 

 

 

 

 

 

 

 

Figure 33: Double logarithmic plot of the fluorescence quenching response of A1 towards 
Fe3+. 

 

Although the computed binding between A1 and Fe3+ provides promising observations, it 

does not explain the shift observed from the triazole carbon atoms as seen in the 13C NMR 

spectrum. As stated previously, the carbon double bond of the triazole ring can take part in 

binding due to its electron density. The nitrate counterion from Fe(NO3)3 was computed with 

the most stable conformer of A1 in water as the medium. The calculated structure of the 

sensor and anion displayed similar twisting of the triazole ring nitrogen atoms towards the 

coumarin carbonyl (Figure 32), and the placement of the nitrate anion in the region of the 

coumarin triazole carbon double bond (Figure 34). Hydrogen bond calculations indicated no 

hydrogen bonding between the nitrate and A1 were present. Therefore, it is proposed that 

the water molecules, together with the carbon double bond of the triazole moiety, could form 

a stable complex with the nitrate counterion resulting in the observable shifts in the 13C NMR 

spectrum. The strong interaction of A1 with Fe3+ could cause the carbon double bond π-

(3) 
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electrons to become more readily available for bonding due to the shift in electron density 

from the triazole ring towards Fe3+. 

 

 

 

 

 

 

 

Figure 34: Computed conformation of A1 in the presence of nitrate counterions. Computation 
conducted in water as a medium. 

 

2.1.13.3 Verification of selectivity trends of A1 with Fe3+ 

 

The most energetically stable conformer of A1 was used to reconcile the selectivity trend 

observed. As stated, A1 was selective towards Fe3+ despite the presence of other competing 

metal ions. The proposed site of metal binding in the cavity between the triazole nitrogen and 

coumarin-carbonyl was used for these calculations. Water was used as the medium in which 

the energies were calculated. The energy of the A1-Fe3+ complex at this proposed position 

was found to be -846.22 kJ/mol, an acceptably low, and energetically-stable-binding scenario. 

In addition, the calculated energies of A1-Hg2+ and A1-Cu2+ were considerably higher than 

that of A1-Fe3+, thereby, reconciling the selectivity observed between A1 and Fe3+ in the 

presence of competing metal cations. The complex energies between A1 and the three tested 

metal cations is shown in Table 3. 

 

Table 3: Calculated complex energies between A1 and three competing metal ions. 

Metal Cation Fe3+ Cu2+ Hg2+ 

Calculated complex 

energy (kJ/mol) 
-846.22 -372.47 48.55 

 

a) 
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2.1.13.4 Computation of reversibility studies of A1 - Fe3+ with EDTA 

 

The trends observed in the reversibility studies between A1-Fe3+ and the hexadentate ligand 

ethylenediaminetetraacetic acid (EDTA) were computed. Titration analysis of EDTA with 

A1-Fe3+ showed that Fe3+ was not fully released following continuous EDTA additions. 

Calculation of complex energies between EDTA-Fe3+ and A1-Fe3+ were performed. Table 4 

shows the energies of the ligand and ligand-metal complexes calculated using molecular 

mechanics (MMFF).  

Table 4: Energy calculations of EDTA, A1-Fe3+, and the EDTA-Fe3+
 complex. 

 

 

 

 

 

The calculated energy of the A1-Fe3+ complex is considerably lower than that of the EDTA-

Fe3+ binding scenario. This lower energy complex could prevent the abstraction of the metal 

ion from the binding sites on A1 by EDTA. Henceforth, it is evident why Fe3+ was not fully 

reversible in the presence of increasing amounts of EDTA. 

 

 

 

 

 

 

 

 

 

Ligand / Ligand-Metal complex Complex energy (kJ/mol) 

EDTA 467.81 

EDTA-Fe3+ -350.85 

A1-Fe3+ -846.22 
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Anionic sensing studies  

 

2.1.14 Screening studies 

 

Owing to the selectivity and sensitivity displayed by A1 towards Fe3+ cations, this sensor was 

tested for its affinity and sensitivity towards a variety of different anions. These anions 

included CN-, SCN-, SO4
2-, NO3

-, CH3COO-, I-, Br-, Cl-, F- and PF6
-. The anions were all 

prepared in water from their ammonium salts. The sensing properties of A1 was tested in a 

variety of different organic solvents and mixtures, namely ethanol, water, acetonitrile, and a 

50/50 water-acetonitrile mixture. The screening studies were conducted by adding 20 µl 

aliquots of a 0.1 M anion solution to sensor A1 and monitoring the changes in the fluorescent 

emission. The effect that each anion had towards the fluorescent emission of A1 in differing 

solvent/solvent mixtures are shown in Figure 35. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

b) 
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Figure 35: Screening studies of A1 towards selected anions in a) water, b) ethanol, c) 
acetonitrile and d) 50/50 water-acetonitrile. Excitation of 340 nm.  

 

When compared to the previous metal sensing studies, it is evident that A1 does not display 

the same degree of affinity towards anions as it showed towards cations. No single anion 

caused a noticeable or sizeable effect on the fluorescent emission of A1 in either of the four 

solvent mediums/mixture. Although it appears that the anion SO4
2- caused the greatest 

emission response by fluorescent enhancement in ethanol, acetonitrile and 50/50 water-

acetonitrile, it in truth caused a solid to precipitate from solution leading to this observed 

fluorescent enhancement. This is not a favourable trait for fluorescent studies and was 

therefore omitted from further investigations. The solid precipitates were not further 

analysed. 

 

 

 

c) 

d) 
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2.1.15 Selectivity studies of A1 towards cyanide in water and acetonitrile 

 

The effect of cyanide in both water and acetonitrile displayed the greatest quenching and 

enhancing responses respectively. The responses of A1 towards the anions in ethanol and 

water/acetonitrile were too alike to allow for accurate selectivity determination. Owing to 

this, water and acetonitrile were chosen for further studies as cyanide was observed to stand 

partially alone compared to the other anions, although not significantly. Figure 36 shows the 

selectivity studies of A1 towards CN- in both water and acetonitrile. Evidently, A1 does not 

display the same level of selectivity towards CN- as towards Fe3+ in both solvent systems. 

Although the selectivity of A1 towards cyanide makes it an unfavorable candidate for anionic 

sensing, it was still investigated for its fluorescent, absorbance, NMR, and computational 

characteristics to further understand the chemistry of the system.  

 

 

 

 

 

 

 

Figure 36: Selectivity of A1 towards CN- in the presence of competing metal cations in a) 
water and b) acetonitrile. Excitation 340 nm. 

 

2.1.16 Titration studies of A1 with CN- in water  

 

The selectivity of A1 towards cyanide in the presence of competing anions in both water and 

acetonitrile is substantially inferior to that of A1 with Fe3+ amongst competing metal cations. 

Although the selectivity of the sensor towards anions is poor, A1 was titrated with CN- in 

water to determine whether it could be used as a cyanide-specific sensor in real-world 

applications. Water was chosen as the medium for titration studies as cyanide contaminants 

have been identified in various water sources.37,38 

a) b) 
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Although the sensitivity of A1 towards CN- was poor, the titration data was analyzed to 

determine other properties such as the quenching mechanism, binding stoichiometry, 

complexation energies, reversibility, and the detection limit (µM). The titration of A1 with 

CN- in water is shown in Figure 37. Visibly, the increasing addition of CN- to A1 did not 

cause a red or blue shift in peak maxima. This suggests that a PET and not an ICT fluorescent 

mechanism is most likely to be involved duringcomplexation.39 

 

 

 

 

 

 

 

 

Figure 37: Titration of A1 with equal aliquots of CN- in water. Excitation of 340 nm. 

 

 

2.1.17 Determination of the quenching mode of A1 towards CN-  

 

It is pertinent to recognize that the observation of a linear Stem-Volmer plot does not 

distinguish between static or dynamic types of fluorescent quenching. These processes need 

to be evaluated separately. The quenching mechanisms are usually determined by their 

differing dependence on temperature, viscosity, and lifetime measurements. Static quenching 

constant decreases with increasing temperature, while dynamic quenching constant increases 

with increasing temperature.40,41 A graphical representation of the effect of temperature on 

both dynamic and static quenching is shown in Figure 38. Higher temperatures result in 

faster diffusion and hence larger extents of dynamic quenching and will result in the 

dissociation of weakly bound complexes, and hence smaller extents of static quenching. 
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Figure 38: The effect of temperature on Dynamic vs Static fluorescent quenching.  

 

The fitting of the titration data with the linear Stern-Volmer equation is shown in Figure 39. 

Evidently, the plot of F0/F vs [CN] displays a positive deviation from linearity with an 

appreciable regression coefficient. Positive deviations from linearity in Stern-Volmer plots 

suggest that : (1) the quenching process could simultaneously follow two mechanisms, namely 

combined dynamic and static quenching processes or (2) quenching relates to static processes 

either through the formation of non-fluorescent complexes between the fluorophore and 

quencher in the ground state (ground-state complexes) or to the presence of a quenching 

sphere that diminishes the fraction of fluorescing molecules.42–45  

 

 

 

 

 

 

 

 

 

Figure 39: Plot of titration data fitted to the linear Stern-Volmer equation. 
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An exponential equation was used to best fit the data points. From this, results such as the 

detection limit (LOD) and Stern-Volmer quenching constant (KSV) were investigated and 

determined to be 35 µM and 3.01 x104 M-1, respectively. The results from this curve cannot 

be used to explain the system fully due to the positive deviation seen, therefore, a plot for 

combined dynamic and static quenching model was implemented.  

In the case of quenching via simultaneous dynamic and static quenching or static quenching 

through the formation of a ground state complex21,45 , a plot of [
𝐹𝑜

𝐹
− 1]

1

[𝑄]
  vs [Q] should 

yield a straight line with the slope equal to values associated with the Stern-Volmer and 

ground state complex constants KSV and Kg.  However, the experimental data did not fit the 

formula as shown by a poor regression coefficient (see Appendix A Figure 10). This indicates 

that the quenching behaviour cannot be explained by the combined dynamic and static 

quenching mechanism or through the formation of a ground-state complex alone. Therefore, 

the static contribution of the quenching process was investigated by the Perrin and Sphere of 

Action models.  

The Perrin-model is valid for energy transfer between donor–acceptor components unable to 

change spatial position with respect to each other on the time scale of the quenching process.46 

Furthermore, it describes the static quenching between randomly distributed fluorophores 

and quenchers that are located in a certain proximity. In this model, one assumes that there 

is instantaneous quenching of an excited donor by quencher molecule, if the quencher is 

located inside a sphere of volume (Vq) around the fluorophore and there is no quenching when 

the quencher is outside of this quenching sphere. 

The dynamic contribution is measured in terms of fluorescent lifetimes according to the 

equation 𝜏o/𝜏 = 1+ KD[Q]. A plot of 𝜏o/𝜏 vs [Q] should yield a straight line with the value 

of the gradient equal to KD. The larger the value of KD the greater the contribution of 

dynamic/collisional modes towards fluorescent quenching.47  

Dynamic quenching is controlled by diffusion processes. Fluorescent lifetimes are usually 

determined by Time‐correlated single‐photon counting (TCSPC). Calculations of fluorescent 

lifetimes were not able to be determined and as a result the dynamic contribution towards 

quenching was unable to be determined. 
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According to the simplified Perrin equation (3) a plot of ln(Fo/F) vs [CN] should yield a 

straight line with the Perrin quenching constant Kp equal to the gradient of the slope. 

Generally, the higher the value of the quenching constant (Kp, Ksv) the more sensitive the 

system and the lower the concentration of quencher is needed to quench fluorescence.48,49  

 

ln (
𝐹𝑂

𝐹
) =  𝐾𝑝[𝑄] 

 

The fitting of the titration data towards the Perrin quenching model displayed appreciable 

linearity over the entire concentration range of the quenching analyte (Figure 40). 

 

 

 

 

 

 

 

 

Figure 40: Plot of quenching titration data according to the Perrin equation. 

 

A comparison of the detection limits and values for the Perrin constant (Kp) of A1 in the 

presence of Fe3+ and CN- in water is shown in Table 5. 

Table 5: Comparison of detection limits and quenching constants of A1 with Fe3+ and CN- 
following the Perrin quenching model. 

 

Quenching of A1 by: Detection limit µM Kp (x 10 n M-1) 

Fe3+ 1.4 1.42 (n=4) 

CN- 6.7 9.26 (n=3) 

(3) 
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Evidently, the value of Kp in the A1-Fe3+ complex was greater than the A1-CN- complex. As 

mentioned previously, the higher the value of the quenching constant, the greater the 

sensitivity of the system. This is observed as the values of the detection limits differ by 

approximately 5-fold between these two quenching systems. According to the World Health 

Organization (WHO) the acceptable level of cyanide species in drinking water is estimated to 

be 1.9 µM.50,51 The sensing capabilities of A1 towards CN- does not make it a suitable sensor 

for real-world cyanide-sensing applications in aqueous media.  

 

The value of Kp can be used to determine the radius of the quenching zone Vq from equation 

(4). 

𝐾𝑝 = 𝑉𝑞 × 𝑁𝐴 

𝑉𝑞 =
4

3
𝛱𝑅3 

 

The radius (R) of the quenching sphere was determined to be 154 nm, a sphere of which would 

fit comfortably around A1 with length equal to 18.037 Å. Hypothetically, if the length of the 

molecule is taken as the diameter of a potential sphere, the corresponding radius is equal to 

9.02 Å. The volume around A1 of which is calculated as 3.07 x10-27 cm3 whilst the quenching 

sphere according to the titration of A1 with CN- is calculated as 1.54 x 10-23 L. The quenching 

sphere is therefore large enough to envelop the entirety of A1. 

 

The positive deviation from linearity in the Stern-Volmer plots could also arise due to the 

“sphere of action” static quenching model. This model was first described by Frank and 

Waliwow in the early 1930’s.52 It explains the existence of a sphere of active volume around 

a fluorophore (Vq) and quenching occurs when the analyte is near the fluorescent molecule at 

the moment of its excitation but does not result in the formation of a ground-state complex. 

To quench the fluorescence, the analyte must be within this active volume.53  The probability 

of the quencher to be found in the sphere of action depends on the volume of the sphere (Vq) 

and on the quencher concentration. A representation of this quenching process is illustrated 

in Figure 41.  

 

(4) 
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Figure 41: Fluorescent quenching of A1 by the “sphere of action” static quenching model in 
the absence and presence of the analyte in the quenching sphere. The green circle represents 
the active sphere within which quenching by the analyte occurs. 

 

The equation for the sphere of action quenching formula is shown in equations (4 and 5).46  

 

(1 −
𝐹

𝐹𝑜
)

1

[𝑄]
=  𝐾𝑆𝑉

𝐹

𝐹𝑜
+ (1 − 𝑊)

1

[𝑄]
 

 

                                                     𝑊 =  𝑒−𝑉[𝑄]         𝑙𝑛
1

𝑊
= 𝑉[𝑄] 

 

A plot of (1-F/F0)/[Q] vs F/F0 should yield a straight line with gradient equal to Ksv. The 

fitting of the titration data towards this formula displayed linearity only at the higher 

concentrations of the CN quencher. This suggests that the sphere of action model does not 

play the predominant quenching role in this system. It may, however, play a smaller role in 

analyte quenching at higher concentrations where the ratio of quenchers to available 

fluorophores is greater. Figure 42 shows the plot of A1 quenching by CN- according to this 

model. 

 

 

(4) 

(5) 
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Figure 42: Plot of titration of CN with A1 in water according to the sphere of action static 
quenching model. The orange circle denotes the region of linear correlation at higher 
quencher concentrations. 

 

Notably, the fitting of the data displayed a poor regression coefficient over the entire data 

range (R2 = 0.8128). The Perrin model for static quenching displayed linearity over the entire 

data range (R2 = 0.9957) and thus can be suggested as the main contributor towards the static 

quenching process. Values for KSV, V, Vq and W were calculated from where the graph 

displayed linearity at higher concentrations of cyanide. This plot is shown in Figure 43. 

 

   

 

 

 

 

 

 

Figure 43: Linear correlation of data at higher concentrations of quencher species according 
to the SOA quenching model.  

 

The value for KSV
 is obtained directly from the slope and is shown to be 5.3 x103 M-1. This is 

still lower than that of the Perrin constant Kp
 of 9.3 x 103 M-1. The value of the Stern-Volmer 

constant is still comparable with the value of Kp, therefore it could still play a role in 
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fluorescent quenching. The regression coefficient shows a better fit of linear data at higher 

quencher concentrations. 

The values of constant (V), fluorophore fraction (W), active sphere volume (Vq) and radius (r) 

were calculated from this data. Should the quenching sphere of action play some role in the 

fluorescent quenching of A1 by CN-, a plot of ln(1/W) vs [Q] should yield a straight line 

with slope equal to constant (V). The values of W were determined from the intercept at each 

quencher concentration [Q] according to equation (4). The plot of ln(1/W) vs [Q] is shown 

in Figure 44. 

 

 

 

 

 

 

Figure 44: Linear relationship of ln(1/W) vs [CN]. 

 

The graph displayed an acceptable regression over the entire data range. This further 

suggests that the sphere of action quenching process could be occurring at these larger 

quencher concentrations. Since this expected linearity holds, the value of the quenching 

constant (V) can be determined from the slope of the graph. This was found to be 7.8 x 103 

M-1. The value of Vq and quenching radius r was calculated to be 8.8 x 10-24 L and 128 nm, 

respectively. The smaller volume of the quenching sphere by the SOA model suggests why it 

may have only come into effect at higher quencher concentration where the proximity of 

quenching analytes to the quenching sphere is closer and therefore more favourable. 

The combined values for all calculated data following the three different quenching 

mechanisms are shown in Table 6.  
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Table 6: Combined results of tested fluorescent quenching mechanisms of A1 towards CN-. 

 

Plainly, the results confirm that the Perrin static quenching model contributes most of the 

static component in the proposed combined dynamic and static quenching mechanism as seen 

by the positive deviation in the linear Stern-Volmer plot. The value of Kp is larger than the 

value of both KSV and V from the sphere of action quenching mechanism. The magnitude of 

the quenching constant directly correlates to its contribution towards the mechanism of 

fluorescent quenching. 

In addition, the Perrin model displayed linear fit across the entire quencher concentration 

range whilst the sphere of action model only displayed this linearity at higher concentrations 

of analyte. However, the contribution of the SOA model was verified by the plot of ln(1/W) 

vs [Q] at higher concentrations of cyanide. The linear fit with an appreciable regression 

coefficient of R2 = 0.9844 confirms the contribution of the sphere of action quenching model 

at higher concentrations of quencher to the static component of this combined Stern-Vomer 

system. It is understandable that higher quencher concentrations may promote the relevancy 

of the SOA model as a greater number of quenchers will be surrounding A1, and thus the 

probability of analytes present in this calculated sphere increases.  

The Perrin static quenching mechanism was shown to be the preferred mode of quenching 

observed between A1 and Fe3+ in water. A comparison of the value of Kp and the detection 

limit of A1 with Fe3+ and CN- is tabulated below (Table 7). 

 

 

Quenching 

Mechanism 

R2 value over 

concentration 

range 

Quenching 

constant 

KSV, KP 

(M-1) 

Detection 

Limit 

(µM) 

Vq 

(L) 

radius 

(nm) 

V 

(M-1) 

Linear Stern-

Volmer 

0,9921 (entire conc. 

range 
3.01 x 104 35 - - - 

Perrin 
0,9957 (entire 

range) 
9.3 x103 6.7 1.5 x 10-23 154 - 

Sphere of 

Action 

0,9886 (only at 

higher conc. Range) 
5.3 x 103 N/A 8.8 x 10-24 128 7.8 x 103 
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Table 7: Comparison of Perrin quenching data of A1 with both Fe3+ and CN-. 

 

 

 

 

 

 

 

The value of the Perrin quenching constant of the A1-Fe3+ complex is ten times greater than 

that of A1-CN-. As previously stated, the value of the quenching constant is directly related 

to the sensitivity of the system and the lower the concentration of quencher is needed to 

quench fluorescence. The detection limit of A1 towards Fe3+ is nearly five times lower than 

that of A1 towards CN-. This validates the differences observed in the detection limits. 

 

2.1.18 The Benesi-Hildebrand calculations of A1 with CN- 

 

The Benesi-Hildebrand method was applied to the titration data of A1 with CN-. Fitting of 

the data to the equation (shown previously), a linear correlation was observed (R2=0.9961). 

This linearity suggests a 1:1 sensor-ligand binding ratio which was later confirmed by Jobs 

Plot analysis. The value of the binding/association constant indicates the strength of the 

sensor-ligand bond. The value of the association constant (Ka) of the complex was calculated 

to be 1.4 x103 M-1. The same constant reported between A1 and Fe3 was 3.3 x 104 M-1. This 

compares well with the differences seen between the values of the quenching constant Kp. 

Figure 45 shows the Benesi-Hildebrand plot of A1 with CN-. 

 

 

 

 

Perrin 

quenching of 

A1 with: 

KP 

(x 10 n M-1) 

LOD 

(µM) 

Fe3+ 
1.4 x10 

n=4 
1.4 

CN- 
9.3 x10 

n=3 
6.7 
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Figure 45: Benesi-Hildebrand plot of A1 with CN-. 

 

2.1.19 Reversibility studies of A1 with cyanide  

 

Fully quenched A1-CN systems were tested for their reversibility in the presence of anionic-

reversing agents perchloric, trichloroacetic and trifluoroacetic acid. The efficacy of the acid 

may promote the cyanide to abstract a proton and evolve from solution as hydrogen cyanide 

gas. The results of the three reversibility studies as titrated with aliquots of a 0.1 M solution 

of differing acids is shown in Figure 46. 

 

 

 

 

 

 

 

 

 

Figure 46: Reversibility studies of A1 towards CN- complexation in the presence of 
increasing amounts of a) perchloric acid, b) trichloroacetic acid, and c) trifluoroacetic acid. 
Excitation of 340nm. 

a) b) 

c) 
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Visibly, the only acid that induced fluorescent enhancement upon addition was TFA. The 

strength of the acid was able to dissociate the cyanide from the binding site(s) of A1 and 

evolve from the system as hydrogen cyanide. The system was calculated to be 79% reversible 

in the presence of increasing amounts of TFA. Interestingly, the reversibility of the A1-Fe3+ 

complex with EDTA was poor when compared to the cyanide complex. When the values of 

the association constants (Ka) are reconsidered, conclusions can be made. The value of the 

association constant for the Fe3+ complex was greater than that of the CN- complex. This 

indicated that A1 “held tighter” to Fe3+ than with CN-, thus preventing it from being fully 

abstracted by EDTA. 

 

2.1.20 Job’s plot analysis  

 

The Job’s plot relationship between quencher mole fraction and emissive output was plotted 

for ascending and descending amounts of CN- whilst keeping the total molar concentration 

constant. Results show a 1:1 binding ration between A1 and CN-. This confirms what was 

suggested by the linearity of the Benesi-Hildebrand plot. The Jobs plot of A1 with CN- is 

shown in Figure 47. 

 

 

 

 

 

 

 

 

Figure 47: Job’s Plot of A1 with CN- in water.  
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2.1.21 UV/Vis titration data of A1 with CN- 

 

The UV-Vis titration of A1 with CN- in acetonitrile is shown in Figure 48. Visibly, the 

titration yielded the formation of what appears to be two isosbestic points at 313 and 368 nm. 

The formation of these isosbestic points may suggest the fluorescent quenching mechanism 

that A1 follows is that of an ICT, FRET or PET process. Isosbestic points could also be 

indicative of conversion of one species to another species via a chemical equilibrium or that 

complexation between A1 and CN- is occurring.54,55 

 

 

 

 

 

 

 

Figure 48: UV-Vis spectra of A1-CN- titration in acetonitrile. Black circles indicate isosbestic 
points 

 

The appearance of two isosbestic points in absorbance spectra could indicate two chemical 

equilibriums, notably the formation of the A1-CN- complex and that of free A1 and CN- ions 

in solution.56 Upon analyte addition there is no shift in wavelength between peak maxima. A 

shift in absorbance peak maxima indicates the occurrence of a charge transfer process.57 In 

addition, the structure of the sensor A1 does not favour an ICT fluorescent mechanism. 

Structural characteristics of ICT type quenching systems require a fluorophore-spacer-

receptor framework.58 The fluorophore of A1 is linked directly into the triazole unit without 

the presence of a spacer, therefore the appearance of these isosbestic points does not infer an 

ICT quenching mechanism. 
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The involvement of FRET as the main fluorescent quenching mechanism was investigated 

by structural evaluation using the definition of FRET sensors and by spectral overlap studies. 

FRET (Fluorescent Resonance Energy Transfer) involves energy transfer between a pair of 

fluorophores that act as energy donors and acceptors, respectively. This is a distance-

dependent interaction between the electronic excited states of two different fluorophores in 

which electrons are transferred from a donor moiety to an acceptor moiety without 

photoemission. The efficiency of this process is determined by the degree of spectral overlap 

and the distance between the acceptor and donor fluorophores.59,60 Good spectral overlap 

between the absorption and emission bands indicate effective FRET.61 Figure 49 shows the 

normalized emission and absorbance spectra of A1 in the absence of CN-. 

 

 

 

 

 

 

 

 

Figure 49: Normalized absorbance (red) and emission (blue) of free A1 in water. Expanded 
area shows the area of spectral overlap. 

 

A very small region of spectral overlap is identified; therefore, the efficiency of the FRET 

process is unlikely. In addition, the structure of A1 does not support the likelihood of this 

process. As stated previously, FRET mechanisms occur when two fluorophores are connected 

via spacer groups or covalent bonding. The only fluorophore present in sensor A1 is the 

coumarin molecule. The triazole moiety at position -3- is known to enhance fluorescence but 

on its own it does not fluoresce. Therefore, it can be postulated that the appearance of the 

isosbestic points at 313 and 368 nm is due to two chemical equilibria taking place 

simultaneously in solution. The fluorescent quenching mechanism takes place via a PET turn-

off mechanism, not unlike that between A1 and Fe3+. The value of Ka in the A1-CN- complex 

was calculated as 1.4 x 103 M-1. This suggests that the quenching of CN- to A1 is unlikely to 

occur by CHQF, unlike that of A1 with Fe3+. This interaction may occur through weaker 

covalent interactions like hydrogen bonding.  
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2.1.22 Investigation of the binding site of A1 with CN-  

 

Triazole based sensors are popular in analyte sensing due to their ability to form bonds with 

both cations and anions alike,62 and can exhibit versatile coordination modes upon 

complexation.63 Hydrogen bonding has become a key asset in anion recognition. Anionic 

sensing is possible by their ability to interact with N-H and C-H hydrogen bearing groups. 

Hydrogen bonding sensing strategies show greater prevalence than other non-covalent 

interactions.64,65 Hydrogen bonding between sensor and analyte in 1,2,3-triazoles is as a result 

of the high dipole moment which permits them to form hydrogen bonds with the guest entity. 

The proton of triazole ring shows weak hydrogen bond donating ability with anions.66 

To determine whether the presence of the 1,2,3-triazole functionality contributes towards 

complexation, titration of CN- with a stock Herniarin solution (H1) was investigated. Figure 

50 displays this titration study. Clearly, negligible fluorescent quenching occurs in the 

absence of the triazole moiety, therefore, this heterocyclic ring structure is essential for the 

sensing of A1 towards CN-. 

 

  

 

 

 

 

 

Figure 50: Herniarin titration with equal aliquots of a 0.01M solution CN-. Excitation of 
340nm. 

 

1H NMR titration studies were conducted to evaluate the proposed hydrogen-bonding 

between the proton on the triazole ring and the CN- anion. A 1M solution of KCN dissolved 

in water was used for the titration experiment. The analysis was run with water suppression 

to negate the proton signals associated with water. Additionally, it was previously determined 

that K+ had no sizeable effect on the fluorescent emission of A1, therefore, it would not 
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interfere in any NMR analysis. The titration of A1 with aliquots of KCN is shown in Figure 

51. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51: 1H NMR titration of A1 with aliquots of a KCN (aq) solution in d6-DMSO. 

 

The 1H NMR titration results show noticeable shifts of two signals. The signals observed 

were a singlet and a doublet. Furthermore, the addition of KCN has “expanded” the signal 

region between 6.8 and 7.2 ppm. These signals correspond to the protons present on the 

coumarin fluorophore, triazole, and neighbouring phenyl group attached to the 1,2,3-triazole 

functionality. The protons on the coumarin fluorophore are too distant to take part in effective 

coordination, therefore, these two proton signals must arise from the triazole- and phenyl- 

proton interactions with CN-. The singlet is postulated to derive from the triazole ring 

hydrogen, whilst the doublet is thought to arise from a proton on the phenyl substituent. The 

triazole proton was unable to be identified before KCN addition due to the signal overlap in 

the region of 7-8 ppm. Evidently, the shift of the postulated triazole proton is substantially 

greater than that of the phenyl proton. This substantial shift indicates that the proton of 1,2,3-

triazole has a greater contribution towards anionic hydrogen bonding. 

The substantial upfield shift of the triazole proton indicates the good shielding nature of the 

electronic interaction, whilst the downfield shift of the phenyl doublet indicates the 

deshielding nature of this interaction. These interactions can be explained when the binding 

interaction of A1 with CN- is investigated.  
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The cyanide anion is referred to as an ambident nucleophile or anion. This implies that the 

total negative anionic charge resides over both the carbon and nitrogen atoms through 

resonance.67 The electronegative nature of the nitrogen atoms result in an electron shift 

through the triple bond forming a partial negative charge on the nitrogen atom. The carbon 

atom will therefore hold a corresponding partial positive charge. The electron donating 

capability of the nitrogen will contribute towards the shielding of the triazole proton signal, 

whilst the doublet associated with the phenyl hydrogen is deshielded due to the electron 

withdrawing effect of the partial positive charge created on the cyanide carbon atom. 

However, the extent to which these signals are shielded or deshielded is not equal. Evidently, 

the triazole proton is more extensively shielded than that of the deshielded phenyl proton 

signal. This suggests that during this binding scenario, the total negative charge of the CN 

anion shifts in favour of the nitrogen atom and is the predominant contributor towards 

triazole-hydrogen bonding. The interaction of the cyanide carbon and hydrogen of the phenyl 

ring serves to stabilize the complex but is not the predominant contributor towards 

complexation. The total valency of this stabilized complex will be 0 and no longer -1. The 

proposed binding scenario of A1 with cyanide is shown in Figure 52. 

 

 

  

 

 

 

 

 

Figure 52: Proposed binding scenario of A1 with cyanide according to the 1H NMR titration 
data. Electron density resides predominantly on the nitrogen atom of cyanide species. 

 

Additionally, a visible colour change upon CN- titration with A1 in d6-DMSO was observed 

(Figure 53). 
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Figure 53: Changes in colour upon KCN addtion to A1 in d6-DMSO after a) no analyte, b) 4 
µl, c) 8 µl, and d) 8 µl CN- left for 24 hrs. 

 

The number of binding sites as seen from Figures 51 & 52 was confirmed using the double 

logarithm plot of Log[(Fo-F)/F] vs Log[CN]. This equation applies only towards systems 

that undergo static modes of quenching upon analyte addition. The value of the slope gives 

an indication of the number of binding sites (n).68,69 This data was fitted by use of the titration 

results of A1 with CN- in water. The double logarithm plot of the static quenching is shown 

in Figure 54. 

 

  

 

 

 

 

Figure 54: Double logarithm plot of A1 with CN- in water. Excitation of 340nm. 

 

The value of the number of binding sites is shown to equal to 2 (n=2). This confirms what 

was observed in the 1H NMR titration of A1 with KCN. As previously mentioned, the value 

of the association constant (Ka) as determined by the Benesi-Hildebrand plot was ten times 

lower than that of A1 with Fe3+. This supports the involvement of hydrogen bonding as the 

main type of coordination method as weaker bonds are to be expected. 

(a) (b) (c) (d) 
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Molecular modelling studies of the binding scenario of A1 towards CN- was investigated, 

although to a lesser degree to that of A1 with Fe3+. Calculations of most energetically 

preferred conformation was calculated to determine the lowest energy conformer of A1 with 

cyanide at the density-functional theory level. Notably, the most energetically preferred 

conformer agrees well with the postulated binding site scenario from the 1H NMR titration 

analysis. The most preferred conformer indicates the involvement of the triazole proton with 

the nitrogen atom of cyanide, whilst the phenyl proton is calculated to interact with the 

cyanide carbon atom. In addition, hydrogen bond calculations indicated that hydrogen 

bonding should theoretically occur. This agrees well with what has already been shown 

(Figure 55). 

 

 

 

 

 

 

Figure 55: Most energetically preferred conformer of A1 and cyanide according to density-
functional theory level (DFT B3LYP/6-31G). 
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2.2 Conclusion 

 

Herein, two novel coumarin-triazole based sensors for the purpose of cation and anion 

recognition in aqueous and organic solvent systems are reported. These sensors differ by their 

functionalities attached at the -7- position on the coumarin fluorophore. The sensor exhibiting 

the greatest fluorescent response upon cation addition was methoxy-derived sensor A1 with 

Fe3+. In addition, this sensor displayed greater selectivity towards Fe3+ in the presence of 

competing metal cations than that of the hydroxy derivative A2. The calculated quantum 

yield of A1, with anthracene as reference, was determined to be 0.71. With respect to anionic 

sensing studies, A1 did not display the same degree of selectivity towards CN- as it did 

towards Fe3+. However, A1 was titrated with cyanide to determine its possible sensing 

capabilities as a cyanide-specific sensor. 

Results show that both Fe3+ and CN- produced quenching responses upon analyte addition. 

The main modes of fluorescent quenching were shown to occur by static processes, namely, 

the Perrin and Sphere of Action quenching models. The lack of observable shift upon analyte 

titration for both A1-Fe3+ and CN- complexes in both emission and absorbance studies 

indicate the mechanism of quenching occurs via a PET-off type quenching process. The PET 

quenching process of A1 with Fe3+ further occurs via CHQF. This was not noted in the A1-

CN- complexation due to the observable weaker hydrogen bonding. The detection limits of 

A1 towards Fe3+ and CN- were determined to be 1,4 and 6,7 µM respectively. Binding was 

found to occur in a 1:1 ration with complexation occurring predominantly via the triazole 

nitrogen atom in the A1-Fe3+ complex, and the triazole proton in the A1-CN- complex. In 

addition, the sensing of A1 with Fe3+ was determined to be possible in a variety of differing 

pH solutions. 
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2.3 Experimental 

 

2.3.1 Measurements 

 

All starting materials and solvents were purchased from Sigma Aldrich or Merck and used as 

received without further purification unless stated. 1H NMR and 13C NMR spectra were 

recorded on a Bruker Advance DPX 400 (400 MHz) spectrometer. The NMR samples were 

prepared in deuterated solvents (CDCl3 and DMSO-d6). The samples were run at room 

temperature. Coupling constants (J) are given in Hz, whilst chemical shifts are expressed in 

parts per million (ppm) using TMS as internal reference. Infrared FT-IR spectra were 

recorded on a Bruker TENSOR 27 FT-IR spectrometer. Column chromatography was 

performed using silica gel (particle size 0.040-0.063 mm) while thin layer chromatography 

(TLC) analyses was performed on pre-coated silica gel 60 F254 aluminium sheets (0.063‐0.2 

mm/70 ‐ 230 mesh); compounds were detected by observation under UV light and/or 

exposure to iodine vapour. The emission spectra were recorded at room temperature using a 

Perkin Elmer LS 45 fluorescence spectrophotometer and a 1 cm quartz cell. UV-Vis 

absorbance studies were recorded on a Shimadzu UV-3100 spectrophotometer with a 1 cm 

glass cell. Single crystal X-ray diffraction analyses were performed at 200 K using a Bruker 

Kappa Apex II diffractometer with monochromated Mo Kα radiation (λ = 0.71073 Å). 

APEX2 software was used for data collection and SAINT for cell refinement and data 

reduction.70 Data was corrected for absorption effects using the numerical method 

implemented in SADABS.71 The structures were solved using SHELXT–2018/2 using a 

dual-space algorithm and refined by least-squares procedures using SHELXL-2018/3 with 

SHELXLE as a graphical interface.71,72 Stock solutions of the sensors were prepared by 

dissolving the samples in acetonitrile and diluting them to the desired concentrations. 

Computational analysis was utilized as a means of verification between theoretical and 

experimental results. Calculations of the most energetically preferred conformation (DFT 

B3LYP/6-31G), sensor-metal bond energies and EDTA-metal bond energies (Molecular 

Mechanics MMFF) were conducted to verify the trends observed. Computations were 

conducted using Spartan ’10 V1.10 software. Molecular Orbital Energy calculations including 

HOMO and LUMO computations were calculated using Gaussian software (basis set: aug-

cc-pVDZ).  

 



113 
 

2.3.2 Materials 

 

Stock solutions of triazolyl-coumarin derivatives A1 and A2 were prepared by dissolving the 

respective samples in 25 mL of acetonitrile to afford a final stock concentration of 0.001 M. 

Deionized water was used to prepare solutions of metal ions to the concentration of 0.01 M 

which were diluted further to their desired concentrations. All metal ion solutions were 

prepared from their nitrate salts, apart from Fe2+ which was prepared from its corresponding 

sulfate. Anionic solutions were prepared in water from their ammonium salts to the desired 

concentration and diluted as required. The emission and absorbance titration experiments 

were performed in 3 mL quartz and glass cuvettes respectively using diluted solutions of 

compounds A1 and A2. Spectroscopic measurements were performed after each aliquot of 

selected cationic and anionic solutions.  

 

Synthesis of 3-azidocoumarin derivative 1  

 

3-Azidocoumarin derivatives 1a-c were synthesized according to literature procedures.1  

 

Synthesis of 1-(prop-2-ynyloxy)benzene 2 

 

A solution of phenol (5g, 53 mmol) and K2CO3 (14.7g, 106 mmol) in dry acetone (50 mL) was 

refluxed under nitrogen atmosphere for 4 hours to afford sodium alkoxide ions in situ. The 

reaction mixture was cooled to room temperature and propargyl bromide (6.32g, 53 mmol) 

was added dropwise. The resulting mixture was left to stir at room temperature for 24 hours. 

The solvent was removed under reduced pressure and the residue dissolved in water and 

extracted with ethyl acetate (3 x 40 ml). The extracts were combined and dried over 

anhydrous Na2SO4. Ethyl acetate was removed under reduced pressure. The crude product 

was purified by column chromatography using hexane: ethyl acetate (80:20) as eluent to afford 

the pure product as a light-yellow oil (4.23 g, 60%). 1H NMR: (CDCl3, 400MHz) δH: 2.56 (s, 

1H), 4.73 (s, 2H), 7.05 (m, 3H), 7.36 (t, 2H, J 7.6). 13C NMR (CDCl3, 100.6 MHz) δC: (75.52, 

C-1), (78.71, C-2), (55.77, C-3), (157.60, C-4), (114.96, C-5), (129.52, C-6), (121.62, C-7). IR 

νmax (cm-1):  3290 (alkyne C-H), 2116 (alkyne C C), 1212 (C-O-C). 
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Synthesis of triazolyl coumarin sensors A1 & A2 

 

A mixture of coumarin-azide derivatives 1a-c (0.3g, 148 mmol (OH); 0.3g, 138 mmol (OCH3); 

0.3 g, 99 mmol (CO2Et)), 1-(prop-2-ynyloxy)benzene 2 (0.3g, 227 mmol),  CuSO4.5H2O 

(0.01g, 0.05 mmol), sodium ascorbate (0.02g, 0.10 mmol) and N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA) (0.02g, 0.10 mmol)  in THF (20 mL) was stirred 

at room temperature for 48 hrs. The solvent was evaporated under vacuum and the residue 

dissolved in ethyl acetate (30 mL), washed with water (3x30ml) and dried over anhydrous 

Na2SO4. The organic layer was evaporated under vacuum and crude product purified by 

recrystallization from DCM (5 mL) and petroleum ether (40 mL) to yield coumarin-triazolyl 

derivatives A1 (0.297 g, 62%) and A2 (0.119 g, 24%). Compound A1: 1H NMR: (CD3CN, 

400MHz) δH: 3.94 (s,3H), 5.26 (s, 2H), 7.04 (m, 5H), 7.35 (t, 2H, J 7.3), 7.72 (d, 1H, J 8.5), 

8.49 (s, 1H), 8.55 (s,1H). 13C NMR (DMSO-d6, 100.6 MHz) δC: 56.67, 61.11, 101.19, 111.94, 

114.02, 115.17, 120.65, 121.39, 125.97, 130.00, 131.10, 136.46, 143.47, 155.03, 156.69, 158.45, 

163.91. Compound A2: 1H NMR: (DMSO-d6, 400MHz) δH: 5.25 (s, 2H), 6.94 (m, 5H), 7.08 (d, 

2H, J 7.8), 7.32 (t, 2H, J 7.32), 7.75 (d, 1H, J 8.2), 8.61 (s, 1H), 8.68 (s, 1H), 10.91 (s, 1H). 13C 

NMR (DMSO-d6, 100.6 MHz) δC: 61.12, 102.64, 110.79, 114.77, 115.16, 119.75, 121.38, 

125.99, 130.00, 131.45, 136.98, 143.41, 155.15, 156.80, 158.45, 162.96. 
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APPENDIX A 
 

 

 

Figure 1:  13C NMR of ether-azide derivative 1b in d6-DMSO. 

 

Figure 2: 13C NMR of ester-azide derivative 1c in d6-DMSO. 
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Figure 3: FT-IR spectra of phenol-alkyne derivative 2. 

 

 

Figure 4:  1H NMR of coumarin-triazole derivative A1 in d6-DMSO. 
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Figure 5: 13C NMR of coumarin-triazole derivative A1 in d6-DMSO. 

 

 

Figure 6:  1H NMR of coumarin-triazole derivative A2 in d6-DMSO. 
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Figure 7: 13C NMR spectra of coumarin-triazole derivative A2 in d6-DMSO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: FT-IR spectral overlay of coumarin-triazole derivatives A2 (red) and A3 (blue). 
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Scheme 1: General synthetic pathway to produce Herniarin H1 from umbelliferone. 

 

 

Figure 9: 1H NMR of Herniarin H1 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

Figure 10: Plot for the titration of A1 with CN- in water as fitted by the combined dynamic 

and static quenching model. 



128 
 

Chapter 3 
 

Table of Contents 

 

Summary ............................................................................................................................................. 133 

3.1 Results and discussion .............................................................................................................. 134 

3.1.1 Synthesis and characterization of coumarin-triazolyl derivatives B1-4 ............... 134 

3.1.2 The sensing responses of sensors B1-4 towards various metal ions in organic and 

aqueous solution ........................................................................................................................... 139 

3.1.3 Competition studies ........................................................................................................... 141 

3.1.4 Titration studies of sensors B1 and B3 with Fe3+ in ethanol .................................. 142 

3.1.5 UV-Vis titration of B3 with Fe3+ in ethanol ................................................................ 144 

        3.1.6 Determination and comparison of fluorescent quenching processes,  

        association constants, and detection limits of sensors B1 and B3 in ethanol…………146 

        3.1.7 Reversibility studies of B1 and B3-Fe3+ complexes with EDTA………………..151 

        3.1.8 Job’s plot analysis………………………………………………………………...152  

3.1.9 pH studies ............................................................................................................................ 153 

3.1.10 Quantum yield studies .................................................................................................... 154 

3.1.11 Emission intensity (FO) .................................................................................................. 154 

3.1.12 Proposed binding site between B3 and Fe3+ ............................................................. 156 

3.1.13 Calculated number of binding sites between B3 and Fe3+ ..................................... 160 

3.1.14 Computational analysis of B3 ....................................................................................... 161 

3.1.15 Screening studies ............................................................................................................. 163 

3.1.16 Competition studies of B3 with CN- in ethanol ........................................................ 164 

3.1.17 Titration studies of B3 with F- ..................................................................................... 165 

        3.1.18 PET “off-on” fluorescent enhancing mechanism of B3-F- interaction…………166 

3.1.19 Proposed binding site of B3 with F- ............................................................................ 167 



129 
 

3.2 Conclusion ................................................................................................................................... 170 

3.3 Experimental ............................................................................................................................... 171 

3.3.1 Materials .............................................................................................................................. 171 

3.4 References .................................................................................................................................... 174 

APPENDIX B ................................................................................................................................... 178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



130 
 

List of Figures 

 

Figure 1: FT-IR spectra of methyl-, methoxy-, butyl-, and bromo- azide derivatives 1a-d.

 ................................................................................................................................................................... 135 

Figure 2: 1H NMR spectra of propinyloxy coumarin derivative 2 in CDCl3. Inset: single-

crystal XRD structure of derivative 2. ............................................................................................. 136 

Figure 3:  1H NMR of sensor B1 in d6-DMSO.............................................................................. 136 

Figure 4: 1H NMR of sensor B2 in d6-DMSO. .............................................................................. 137 

Figure 5: 1H NMR of sensor B3 in d6-DMSO. .............................................................................. 137 

Figure 6: 1H NMR of sensor B4 in d6-DMSO. .............................................................................. 137 

Figure 7: Single crystal XRD structures of a) B1, b) B2, c) B3, and d) B4. Inset: XRD obtained 

pictures of the physical crystal appearance. .................................................................................... 139 

Figure 8: Screening studies of a) B2 and b) B3 towards selected metal cations in ethanol. 

Excitation: 320 nm. ............................................................................................................................... 140 

Figure 9: Competition studies of a) B1, b) B2, c) B3, and d) B4 towards Fe3+ in the presence 

of competing metal cations. Studies conducted in ethanol at an excitation of 320 nm. ........ 141 

Figure 10: Titration of sensors a) B1 and b) B3 with Fe3+ in ethanol. Excitation: 320nm. 

Titrations completed in triplicate. ..................................................................................................... 142 

Figure 11: a) Calculated HOMO and LUMO molecular orbitals of B3 at PM3 calculation 

level, b) PET “on-off” quenching mechanism of B1 and B3 towards Fe3+. ............................. 144 

Figure 12: UV-Vis titration of B3 with Fe3+
 in ethanol. ............................................................. 145 

Figure 13: Normalized absorbance (blue) and emission (red) spectra of B3 in ethanol....... 145 

Figure 14: Plot of quenching analysis of a) B1 and b) B3 fitted with the linear Stern-Volmer 

equation. .................................................................................................................................................. 146 

Figure 15: Fit of quenching data of B3 by Fe3+ according to the Perrin static quenching 

model. ....................................................................................................................................................... 148 

Figure 16: Plot of quenching titration data of B3 fitted to the sphere of action static 

quenching model. The orange outline denotes the region of linearity used in calculations.

 ................................................................................................................................................................... 149 

Figure 17: Plot of ln(1/W) vs [Q] of B3 at higher [Fe3+] titrations. .................................... 150 

Figure 18: Benesi-Hildebrand plots of a) B1 and b) B3 with Fe3+. .......................................... 150 

Figure 19: Reversibility studies of a) B1 and b) B3 with EDTA. The orange curve represents 

the fully quenched sensor-Fe3+ system. Excitation: 320nm. ....................................................... 152 



131 
 

Figure 20: Jobs Plot analysis of a) B1 and b) B3 with Fe3+. The red arrow denotes the 50/50 

sensor-ligand binding ratio. ................................................................................................................ 152 

Figure 21: Effect of pH of sensor B1 upon Fe3+ addition at pH: a) 4, b) 5, c) 7, and d) 10. 

Excitation of 320 nm. ........................................................................................................................... 153 

Figure 22: Electron donating and withdrawing characteristics by functionalities on a) A1 and 

b) B3. ........................................................................................................................................................ 155 

Figure 23: Calculated electron density of sensor B3 at MMFF level. ..................................... 155 

Figure 24: Proposed binding between sensor B3 and Fe3+
 via the triazole moiety.............. 156 

Figure 25: 1H NMR titration of B3 with Fe3+ in d6-DMSO. ..................................................... 157 

Figure 26: 13C NMR overlay of B3 with Fe3+ in d6-DMSO. ..................................................... 158 

Figure 27: 15N NMR of B3 in d6-DMSO. ....................................................................................... 158 

Figure 28: 15N NMR of B3-Fe3+ complexation in d6-DMSO. ................................................... 159 

Figure 29: Double-logarithm plot of a) B1 and b) B3 with Fe3+. ............................................. 160 

Figure 30: a) Experimental single-crystal XRD results and b) computationally calculated 

most stable conformation of B3. ........................................................................................................ 161 

Figure 31: Calculated most preferred conformer of B3-Fe3+complexation at PM3 calculation 

level........................................................................................................................................................... 162 

Figure 32: Screening studies of B3 with different anions in a) acetonitrile, b) DMF, c) ethanol, 

and d) methanol. Excitation 320 nm. ................................................................................................ 164 

Figure 33: Selectivity of B3 towards CN- in the presence of competing anions in ethanol. 

Excitation of 320nm. ............................................................................................................................ 165 

Figure 34: Titration of B3 with F- in methanol. Excitation of 320nm. ................................... 166 

Figure 35: a) HOMO and LUMO of B3 post-proton abstraction and HF(g) evolution, and b) 

molecular orbital energy diagram of electronic transitions post HF evolution leading to 

fluorescent enhancement. .................................................................................................................... 167 

Figure 36: Proposed complexation of B3 with F-. ........................................................................ 168 

Figure 37: Calculated binding interaction of F- with B3. The green sphere represents the 

fluoride anion.......................................................................................................................................... 168 

Figure 38: a) calculated electrostatic potential of B3 with F- and b) most stable conformation 

of B3-F- interaction for spatial reference. ........................................................................................ 169 

 

 

 



132 
 

List of Tables 

 

Table 1: Comparison of sensors B1- 4 affinities towards Fe3+. ................................................. 142 

Table 2: Association constants (Ka) of sensors B1 and B3. ........................................................ 151 

Table 3: Calculated bond lengths between different atoms involved in complexation. ....... 169 

 

List of Schemes 

 

Scheme 1: Synthetic route towards 7-triazolyl coumarin sensors B1-4. “Click” reaction 

conditions: THF, NaAsc, PMDETA, CuSO4.5H2O. ..................................................................... 134 

 

 

 

 

 

 

 

 

 

 

 

 



133 
 

Chapter 3: 

Application of 7-triazolyl coumarin-derived sensors towards 

ionic sensing strategies  

 

Summary 

 

Four 3-ester-7-triazolyl substituted coumarin derivatives were synthesized, characterized, 

and assessed for their abilities as fluorescent sensors for cationic and anionic analytes in 

organic and aqueous media. All compounds displayed a strong preference towards Fe3+ in 

their chosen solutions. Sensors B1 and B3 displayed the strongest preference towards Fe3+, 

characterized by a fluorescent quenching response, in their respective solvents. Sensor B3 

was chosen for further analysis as it displayed better selectivity towards Fe3+ than B1. 

Additionally, B3 was able to function as a potential sensor in more environmentally 

favourable solvents than that of B1. The detection limit and association constant were 

determined to be 2.7 µM and 4.6 x 103 M-1 respectively from titration experiments, with 

fluorescent quenching occurring via a combined Perrin-SOA (Sphere of action) static 

quenching model with quenching occurring via a CHQF PET “on-off” quenching mechanism. 

Job’s plot analyses determined binding to occur in a 1:1 ratio, which was supported by Benesi-

Hildebrand studies. Reversibility studies of B3-Fe3+ complexation with EDTA indicated a 

total reversibility of 21%. Hydrogen potential studies of B3 with Fe3+ indicated usability over 

an appreciable pH range. 1H NMR, 13C NMR, and Molecular Modelling studies were used to 

determine the most preferred binding scenario between B3 and Fe3+ with complexation 

occurring primarily through the triazole N=N bond and supported by hydrogen bonding of 

coumarin-carbonyl lone electron pair with surrounding water and/or solvent molecules. 

Anionic screening studies of B3 show a sizeable enhancing response towards F-. Titration 

experiments of B3 with F- was shown to occur via a PET “off-on” fluorescent enhancing 

mechanism, through the abstraction of the triazole C-2 proton and evolution of HF gas. 
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3.1 Results and discussion 

 

3.1.1 Synthesis and characterization of coumarin-triazolyl derivatives B1-4 

 

The synthesis of 7-triazolyl-coumarin derivatives B1-4 were prepared according to the 

reaction as outlined in Scheme 1. Initially, four different aniline derivatives were converted 

to their corresponding azides (1a-d) by azidonation reactions.1,2 These azides were reacted 

with 7-substituted coumarin-alkyne derivative 2 via 1,3-Cu(I)-catalyzed azide-alkyne 

cycloaddition to afford coumarin-triazole derivatives B1-4. Coumarin-alkyne derivative 2 was 

synthesized according to literature procedure as shown in Scheme 1.3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Synthetic route towards 7-triazolyl coumarin sensors B1-4. “Click” reaction 
conditions: THF, NaAsc, PMDETA, CuSO4.5H2O. 
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The conversion of the four aniline derivatives containing methyl, butyl, bromo and methoxy 

functionalities were monitored by FT-IR analysis. The appearance of the sharp, strong peaks 

in the region of 2000 cm-1 confirmed the conversion of the amine to the azide group (Figure 

1). 

 

Figure 1: FT-IR spectra of methyl-, methoxy-, butyl-, and bromo- azide derivatives 1a-d. 

 

Single-crystal X-Ray studies and 1H NMR spectral analysis were used to confirm the 

formation of the coumarin-alkyne derivative 2 (Figure 2). In the 1H NMR spectra, the singlet 

associated with the alkyne proton appears at 2.6 ppm whilst the singlet associated with the 

two CH2 (labelled -f-) was observed at 4.7 ppm. For the 13C NMR spectra of propinyloxy 

coumarin derivative 2 see Appendix B Figure 1. 
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Figure 2: 1H NMR spectra of propinyloxy coumarin derivative 2 in CDCl3. Inset: single-
crystal XRD structure of derivative 2.  

 

The success of the Cu(I)-catalyzed “click” reaction was evaluated by 1H NMR, 13C NMR, FT-

IR, and single crystal XRD analysis. Evidently, the disappearance of the peak associated with 

the azide functionality indicated the successful conversion to the triazole moiety. The triazole 

moiety (N=N and C=C) functionalities appear between 1386-1136 cm-1 in the FT-IR 

spectrum and may be partially overlapped4 (for the FT-IR spectra of coumarin triazole 

sensors B1-4 see Figures 2-5 in Appendix B). The 1H NMR spectra of coumarin-triazole 

compounds B1-4 is shown in Figures 3-6. 

 

Figure 3:  1H NMR of sensor B1 in d6-DMSO. 

 

A) 
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Figure 4: 1H NMR of sensor B2 in d6-DMSO. 

 

Figure 5: 1H NMR of sensor B3 in d6-DMSO. 

Figure 6: 1H NMR of sensor B4 in d6-DMSO. 
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The obtained spectra showed all expected peak splitting patterns and integration values for 

the verification of successful conversion. In addition to the 1H and 13C NMR analysis, single-

crystal XRD structures of all four 7-substituted triazolyl-coumarin derivatives were obtained, 

thus confirming desired product formation (Figure 7.) For the 13C NMR spectra of sensors 

B1-4, see Appendix B Figures 6-9.  

a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

c) 
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d) 

 

 

 

 

 

 

 

 

Figure 7: Single crystal XRD structures of a) B1, b) B2, c) B3, and d) B4. Inset: XRD obtained 
pictures of the physical crystal appearance. 

 

 

Cationic sensing studies 

 

3.1.2 The sensing responses of sensors B1-4 towards various metal ions in organic and 

aqueous solution 

 

Coumarin-triazolyl sensors B1-4 were tested for their affinity towards an array of different 

metal cations. These cations include Fe2+, Fe3+, Cd2+, Pb2+, Ag+, Na+, K+, Ca2+, Cr3+, Al3+, 

Ba2+, Cu2+, Co2+, Hg2+, Zn2+and Ni2+. Metal solutions were prepared in deionized water from 

their nitrate salts. Stock solutions of B1-4 were prepared in both methanol and DMF. 

Anisidine and butyl derivatives B2 and B3 were soluble in methanol whilst toluidine and 

bromo derivatives B1 and B4 were soluble in DMF. Based on these reasons, sensors were 

dissolved to methanol and DMF to account for possible solvent interactions on photophysical 

properties. The sensors all displayed the same excitation wavelength of 320 nm. 

 

Single DMSO molecule 

 present in the crystal 

structure 
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Screening studies were performed by adding equal aliquots of the 0.01 M metal solution into 

solutions of sensors B1- 4 in ethanol. Ethanol was chosen due to its low boiling point and low 

environmental impact compared to DMF or DMSO. 

Figure 8 shows the screening studies of sensors B2 and B3 towards the different metal 

cations in ethanol (for the screening studies of B1 and B4 in ethanol, see Appendix B Figures 

10 & 11).  

 

 

 

  

 

 

 

 

 

Figure 8: Screening studies of a) B2 and b) B3 towards selected metal cations in ethanol. 
Excitation: 320 nm. 

 

Butyl derivative B3 displayed four dispersed groupings of emission signals whilst anisidine 

derivative B2 displayed only two. Nevertheless, the cation showing the greatest effect on 

fluorescent emission is Fe3+, by a singularly large quenching emission response towards both 

sensors. Toluidine and bromo derivatives B1 & B4 also displayed the same quenching 

response towards Fe3+
. All four sensors displayed the same excitation and emission 

wavelengths, together with similar observations in sensing responses. It can be concluded 

that the methyl-, methoxy-, butyl-, and bromo- substituents attached to the phenyl ring play 

no significant role in metal binding. 

 

 

b) a) 
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3.1.3 Competition studies 

 

Selectivity studies of sensors B1-4 and Fe3+ in the presence of competing metal cations was 

conducted in ethanol. Notably, all four sensors displayed a strong affinity towards Fe3+ in the 

presence of competing metal cations. This was observed by a large fluorescent quenching 

response at similar/same emission intensities as seen in the response of Fe3+
 alone. 

Competition studies of sensors B1- 4 towards Fe3+ cations in the presence of competing metal 

ions are shown in Figure 9. All four sensors displayed appreciable selectivity towards Fe3+. 

Sensors dissolved in like stock solvent solutions were compared. The most selective sensor 

in each solvent group was used for further investigation. 

 

 

 

 

 

 

 

 

 

 

Figure 9: Competition studies of a) B1, b) B2, c) B3, and d) B4 towards Fe3+ in the presence 
of competing metal cations. Studies conducted in ethanol at an excitation of 320 nm. 

 

The overall selectivity of each sensor was determined by means of averages. The average of 

the values of the sensor with Fe3+ & Mn+ were calculated and compared to that of the sensor 

with Fe3+ alone. The sensor displaying the lowest difference between these two values would 

exhibit greater overall selectivity. Evidently, sensors B1 and B3 displayed the lowest 

difference in these values and were thus chosen for further studies. A comparison of these 

values is shown in Table 1. 

a) b) 

c) d) 



142 
 

Table 1: Comparison of sensors B1- 4 affinities towards Fe3+. 

Sensors Stock solvent 

Emission 

intensity of 

sensor with 

Fe3+ 

Average of all 

Sensor + Fe3+ 

7 Mn+ 

Difference 

(Absolute value) 

 

B1 
DMF 

286.4 319.2 32,8 

B4 287.2 354.3 67,1 

B2 
Methanol 

390.1 345.1 45 

B3 322.7 335.9 13,2 

 

 

3.1.4 Titration studies of sensors B1 and B3 with Fe3+ in ethanol 

 

The emission titration studies of B1 and B3 with Fe3+
 in ethanol is shown in Figure 10.  

 

 

 

 

 

 

 

 

Figure 10: Titration of sensors a) B1 and b) B3 with Fe3+ in ethanol. Excitation: 320nm. 
Titrations completed in triplicate. 

 

Visibly, no iso-emissive points in the titration curves are present. This could indicate that 

only a single fluorescent emitting species is formed during Fe3+ complexation/addition. The 

appearance of an iso-emissive point provides convincing evidence for the existence of two 

different emissive states and consequently assists in determining their fluorescent lifetimes. 

a) b) 
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Although this has been shown to be undoubtedly true, the converse is not always correct. It 

has been shown that the absence of an iso-emissive point does not necessarily indicate that 

there is no direct interconversion between the sensor and complex, in fact, a point can exist 

only if the precursor and product spectra can be addressed as nearly stationary.5  

 

3.1.5 PET fluorescent quenching mechanism of B1 & B3 with Fe3+ 

 

Titration experiments of B1 and B3 with Fe3+ displayed no visible hypso- nor bathochromic 

shift in emissive wavelength upon Fe3+ titration, which could indicate that an ICT-type 

quenching mechanism is occurring. This lack of spectral shift favours the PET “on-off” type 

quenching mechanism by the sensors towards Fe3+. The structure of sensors B1 and B3 also 

contribute towards the PET-type of fluorescent mechanism. ICT-type fluorescent sensors are 

composed of electron-pushing and electron-withdrawing groups connected through a π-

electron system. It exhibits the presence of a polarized structure in the ground state. The 

dipole moment strengthens this polarization characteristic under light excitation which in 

turn induces the ICT process causing a shift in wavelength.6 Conversely, a PET-type sensor 

requires the presence of donor and acceptor molecule/moiety that can be fully separated as 

individual species in solution or connected through an aliphatic (non-conjugated) linker.7 The 

structural characteristics of sensors B1 and B3 fulfil the requirements of a PET-type sensor. 

The molecular orbital diagram and corresponding energies of B3 is shown in Figure 11. The 

HOMO of the sensor resides around the coumarin fluorophore whilst the LUMO resides over 

the triazole moiety and phenyl ring. Thus, similar to the description in Chapter 2, upon 

excitation, electron density is transferred from the coumarin fluorophore to the phenyl ring. 

This overall process produces a fluorescent response. Upon analyte complexation with the 

triazole moiety, the π-conjugation of the system is disrupted, and energy is dispersed via a 

non-radiative relaxation pathway, resulting in a quenching fluorescent response. The changes 

in orbital energies and electronic transitions are in a similar mode to that of Figure 20 in 

Chapter 2. The PET “on-off” fluorescent quenching system proposed for B1-Fe3+ and B3-

Fe3+ complexation is also shown in Figure 11. 
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Figure 11: a) Calculated HOMO and LUMO molecular orbitals of B3 at PM3 calculation 
level, b) PET “on-off” quenching mechanism of B1 and B3 towards Fe3+. 

 

 

3.1.5 UV-Vis titration of B3 with Fe3+ in ethanol 

 

The UV-Vis titration of sensor B3 with Fe3+ is shown in Figure 12. There are no visible 

isosbestic points in the titration analysis which could indicate the presence of more than one 

absorbing species. Additionally, no visible shifts in wavelength upon analyte titration is 

observed which would suggest the involvement of an ICT mechanism. This verifies the 

contribution of the PET mechanism in both the absorbance and emission studies. The 

association constant (Ka) will be later determined by Benesi-Hildebrand analysis. Calculations 

showed a large value for the association constant (Ka) between B3 and Fe3+. This infers the 

fluorescent quenching of B3 by Fe3+ occurs via CHQF PET-type “on-off” mechanism. 

 

a) 

b) 
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The absorbance titration of the sensor with Fe3+ shows an opposite effect compared to the 

emission studies. The addition of Fe3+ to sensor B3 results in an increase in the absorbance, 

but conversely, an emissive quenching. The same effect was observed previously in Chapter 

1 between sensor A1 and Fe3+.  

 

  

 

 

 

 

 

Figure 12: UV-Vis titration of B3 with Fe3+
 in ethanol.  

 

The feasibility of a FRET fluorescent mechanism is unlikely when the structure of the sensor 

and normalized absorbance and emission spectra are considered (Figure 13). The area/degree 

of spectral overlap between the absorbance and emission spectra was minimal. As mentioned 

previously, FRET fluorescent mechanisms require a large degree of spectral overlap between 

the absorbance and emission spectra and the presence of both donor and acceptor 

fluorophores.8–10  

 

 

 

 

 

 

Figure 13: Normalized absorbance (blue) and emission (red) spectra of B3 in ethanol. 
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3.1.6 Determination and comparison of fluorescent quenching processes, association 

constants, and detection limits of sensors B1 and B3 in ethanol 

 

To determine the quenching process of sensors B1 and B3 by Fe3+, the titration data were 

fitted with the linear Stern-Volmer equation (F0/F vs [Fe3+]) where the value of the slope is 

equal to quenching constant KSV. Evidently, the quenching process of B1 and B3 with Fe3+ is 

different (Figure 14). Sensor B1 displays a strong linear correlation whilst sensor B3 shows 

a positive deviation from linearity. A linear SV plot suggests that either static (complex) or 

dynamic (collisional) quenching processes are occurring. The effect of the dynamic 

component can be evaluated by the effect of temperature on the value of KSV. The dynamic 

component for this quenching process was not investigated. It was assumed that the sensor-

metal complexation between the triazole moiety and Fe3+ was the major contributor to 

quenching (as described and determined in Chapter 2).  

The positive deviation from linearity in the quenching experiments of B3 with Fe3+ suggests 

that not only static or dynamic processes are occurring, but rather two distinct situations: the 

presence of a quenching sphere or that the fluorophore can be quenched by both (static and 

dynamic) mechanisms simultaneously with the same quencher via a ground state complex.11,12 

For a combined static and dynamic system (ground-state complex formation) the plot of (( 

F0/F) -1)/[Fe3+]) vs [Fe3+] should yield a straight line with a slope and intercept values 

equal to quenching coefficients KSV and Kg. The value of the regression coefficient was R2 = 

0.9573 (for the plot of the combined dynamic and static plot see Appendix B Figure 12). 

However, the calculated values for KSV and Kg using the least-square fit method13,14
 were 

imaginary. This negated the possibility of the formation of a ground-state complex between 

B3 and Fe3+. 

 

 

 

 

 

Figure 14: Plot of quenching analysis of a) B1 and b) B3 fitted with the linear Stern-Volmer 
equation.  

a) b) 
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The variance in the quenching process observed between sensors B1 and B3 could arise due 

to structural differences and/or by the solvent used for the stock solutions. The effect of the 

structural differences on the quenching mode was deemed unlikely. Both sensors displayed 

the same affinity and selectivity towards Fe3+ despite their structural differences. It can be 

concluded that the methyl- and butyl- functionalities, of B1 and B3 respectively, may serve 

only to influence the photophysical properties, such as quantum yields (discussed later) and 

initial fluorescent intensities (F0), and do not contribute to analyte sensing or binding. This 

was later verified by 1H NMR and 15N NMR spectral analysis whereby both sensors are 

suggested to form a complex with Fe3+ via the triazole nitrogen (with assistance from the 

coumarin carbonyl) as seen previously between A1 and Fe3+ in Chapter 2. Therefore, the 

effect of the stock solution could contribute to the contrasting quenching modes observed. 

Literature reports that deviations from linearity can occur due to differences in molecular 

environments (solvent polarity) as well as chemical association prior to excitation.15 The 

polarity of the solvent used can greatly affect the fluorescent emission behaviour by lowering 

the energy by the stabilization of the excited state of the fluorophore which presents a larger 

dipole moment in this state. The nature of the solvent (π-bonds, polar bonds, molecule size, 

dielectric constant and refractive index) has shown to dictate the mode of interaction between 

ligand and analytes.16 It is known that methanol has a higher relative polarity (0,762 a.u 

relative to water) than DMF (0.386 a.u). The polarity of the solvent and the interaction of the 

stock solvent with the fluorophore and metal cation could influence the mode of fluorescent 

quenching observed between sensors B1 and B3. 

The positive deviation from linearity of B3 with Fe3+ was investigated further by the Perrin 

and Sphere of Action static quenching models. The quenching of B1 with Fe3+
 was suggested 

to be to be purely static/dynamic in nature due to the linear relationship of the SV-plot. The 

poor linear regression coefficient of B1 with Fe3+
 by the Perrin static quenching model 

supported this assumption (see Appendix B Figure 13). The quenching plot of B3 with Fe3+ 

according to the Perrin model is shown in Figure 15. 
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Figure 15: Fit of quenching data of B3 by Fe3+ according to the Perrin static quenching 
model. 

 

An excellent correlation was observed according to this model. The value for the Perrin 

quenching constant (Kp) was obtained from the slope of the graph (Kp = 9.1 x 103 M-1). The 

respective detection limits of B3 and B1 by the Perrin and linear SV methods were determined 

to be 2.7 and 4.3 µM as calculated by: LOD = 3xσ/m. According to the United States 

Environmental Protection Agency (USEPA) the permissible amount of Fe3+ in drinking 

water is between 4.5 and 5.4 µM.17,18 This indicates the applicability of these sensor towards 

Fe3+
 determination. 

The sphere of action (SOA) static quenching model was also investigated for its contribution 

towards fluorescent quenching of B3 by Fe3+. As mentioned in Chapter 2, the contribution 

of the quenching model is determined by the value of the quenching constant. The higher the 

value, the greater the contribution is towards the quenching model. 

The plot of the titration data as fitted by the Sphere of Action static quenching model for B3 

in ethanol is shown in Figure 16. Linearity was only visible at higher quencher concentration 

(lower F/F0 value) and not over the entire range, unlike the case of the Perrin model in Figure 

15. The value of the regression coefficient was shown to be equal to 0.9768, a less linear 

correlation. The value for KSV was calculated to be 4.7 x 103 M-1, almost half the value 

obtained by the Perrin quenching model. 
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Figure 16: Plot of quenching titration data of B3 fitted to the sphere of action static 
quenching model. The orange outline denotes the region of linearity used in calculations. 

 

Although the values of the SOA quenching constant and regression coefficient were lower 

than that of the Perrin model, it still may play a role in fluorescent quenching. To determine 

this, a plot of ln(1/W) vs [Q] should yield a straight line with slope equal to constant (V). 

The values for W were determined from the intercept at each quencher concentration [Q] as 

according to Equation 4 in Chapter 2. 

 

Figure 17 depicts the graph of the data fitted by ln(1/W) vs [Q]. An excellent correlation, 

corresponding to the region of higher quencher concentrations from the SOA plot, suggests 

the strong involvement of this quenching model at higher quencher concentrations. From 

this plot, the value of the quenching constant (V) and the radius of the proposed sphere of 

action can be calculated. The value of the quenching constant and sphere radius was reported 

as 5.0 x 103 M-1 and 126 nm respectively. Although the value of Kp was nearly double that of 

constant V, the amounts are still comparable. Therefore, it should be concluded that the 

Perrin model, together with the spere of action quenching model, constitutes the main static 

component in the proposed combined dynamic and static quenching model of B3 with Fe3+.  
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Figure 17: Plot of ln(1/W) vs [Q] of B3 at higher [Fe3+] titrations. 

 

The value for the association constants (Ka) of both B1 and B3 were determined by the Benesi-

Hildebrand analysis. Titration data was used to plot a graph of 1/F0-F vs 1/[Fe3+]. The plots 

according to this equation for both sensors with Fe3+ is shown in Figure 18. Sensors B1 and 

B3 display a linear relationship with R2 values of 0.9949 and 0.9994 respectively. This 

suggests a 1:1 sensor-ligand binding ratio which was later confirmed by Jobs-Plot analysis. 

The value for the association constants were calculated by the ratio of the intercept to the 

slope. These values are shown in Table 2.  

 

 

 

 

 

 

 

 

Figure 18: Benesi-Hildebrand plots of a) B1 and b) B3 with Fe3+. 

 

 

 

a) b) 
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Table 2: Association constants (Ka) of sensors B1 and B3. 

 

Sensor 
Ka  

x 103 M-1 

B1 7.4 

B3 4.6 

 

 

The strength of the sensor-metal bond between Fe3+ and B1 is greater than that of Fe3+ with 

B3. The difference in association constant may be attributed to the solvent used to prepare 

the samples. Sensor B1 and B3 were prepared in DMF and methanol respectively. As 

mentioned previously, methanol has greater polarity than DMF. This difference in polarity 

may influence the binding between the sensors and Fe3+. Since both experiments were 

conducted in ethanol, and binding is suggested to occur via the triazole ring nitrogen for both 

sensors, the stock solvent could be influencing the strength of this sensor-metal bond. The 

methanol molecules surrounding B3 may pull greater electron density from the triazole ring 

system, thus making it less effective to donate to the vacant Fe3+ d-orbitals. This in turn will 

weaken the bond between the sensor and metal cation as fewer electrons will be available for 

bonding. Nevertheless, the values for the association constants are respectable. Reversibility 

studies with the hexadentate chelating ligand EDTA were conducted to determine whether 

binding towards Fe3+ was reversible. 

 

3.1.7 Reversibility studies of B1 and B3-Fe3+ complexes with EDTA 

 

The reversibility studies of B1 and B3 with hexadentate ligand EDTA are shown in Figure 

19. Both sensors displayed a maximum of 27% reversibility upon EDTA addition from a 

quenched sensor-Fe3+ system. This suggests that the strength of the bond between the sensor 

and Fe3+ outweighs that of EDTA with Fe3+, hence the poor reversibility.  
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Figure 19: Reversibility studies of a) B1 and b) B3 with EDTA. The orange curve represents 
the fully quenched sensor-Fe3+ system. Excitation: 320nm.  

 

3.1.8 Job’s plot analysis  

 

A Job’s plot relationship between Fe3+ mole fraction and emissive output was plotted for 

increasing and decreasing amounts of Fe3+ whilst keeping the total molar concentration of 

the system constant. Results indicate that both sensors display a 1:1 binding stoichiometry 

with Fe3+
 as suggested from the linearity of the Benesi-Hildebrand analysis. The binding ratio 

is determined where the emission intensity of the intersecting plots is greatest. The Job’s 

plots of both B1 and B3 with Fe3+ (in DMF and methanol respectively) is shown in Figure 

20. 

 

 

 

 

 

 

Figure 20: Jobs Plot analysis of a) B1 and b) B3 with Fe3+. The red arrow denotes the 50/50 
sensor-ligand binding ratio. 

 

 

a) b) 

a) b) 

Increasing amounts 

of EDTA 
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3.1.9 pH studies  

 

To determine the effect of pH variations on sensing abilities, titration studies in different 

solutions were conducted. Different arrays of buffer solutions with pH of 10, 7, 5, and 4 were 

utilized for the study. Notably both sensors displayed quenching responses upon Fe3+
 addition 

in all solutions. This indicates that the sensing of B1 and B3 towards Fe3+ is not pH 

dependant. This is a promising application for industrial application as mentioned in Chapter 

2. Figure 21 shows the quenching response of sensor B1 with Fe3+ in different pH solutions 

(for the pH analysis of sensor B3 with Fe3+
 in different buffer solutions see Appendix B 

Figure 14). 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Effect of pH of sensor B1 upon Fe3+ addition at pH: a) 4, b) 5, c) 7, and d) 10. 
Excitation of 320 nm. 

 

 

 

 

a) b) 

c) d) 
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3.1.10 Quantum yield studies  

 

The fluorescence quantum yield (ɸ) of B1 and B3 were evaluated using anthracene as a 

standard fluorophore with a known ɸS of 0.27 in ethanol. The quantum yield of B1 was 

evaluated in DMF whilst B3 was evaluated in methanol. The samples and standard were 

excited with the same excitation wavelength (320 nm) and their absorbances were tuned to 

ca. 0.05 nm at this wavelength. The integrated areas under the emission spectra were obtained 

using fl. Winlab software and the quantum yields (ɸ) were calculated in accordance with 

Equation 1 from Chapter 2. The value of the quantum yields for B1 and B3 were 0.005 and 

0.044 respectively. This indicates that derivative B3 has a greater proportion/fraction of 

excited state species upon excitation than that of B1.  

 

3.1.11 Emission intensity (FO) 

 

As described in Chapter 2, the presence of the extended π-conjugated system with an electron 

donating, at position -7-, and an electron withdrawing group, at position -3-, enhances the 

overall emissive intensity of the fluorophore. In a similar study conducted by Ordonez-

Hernandez and co-workers, the team describes how the electronic push-pull system in 

coumarin fluorophores play a crucial role in the overall device performance. The selection of 

the donor and acceptor units as well as the placement on the coumarin scaffold can either add 

to or detract from the extended π-conjugated system, thus altering the photophysical 

properties of the sensor.19 They conclude that substituted -7- donating and -3- withdrawing 

coumarin-based functionalities best fit the criteria intended for extended spectral range and 

greater emissive intensity.20  

Similarly, Chen and co-workers confirm this specified push-pull notion stating that the 

introduction of electron donating groups at position -7- and electron-withdrawing groups at 

position -3- or -4- on the coumarin scaffold, results in the establishment of highly fluorescent 

compounds ranging in wavelength bands from blue to red.21 This statement has been further 

supported in other studies.22,23 Figure 22 illustrates the difference in the push-pull π-

conjugated electronic character between coumarin sensors A1 and B3. The initial fluorescent 

intensity of A1 and B3 at equimolar concentrations were vastly different. Sensor A1 displayed 

extreme emissive intensity compared to B3 and needed to be diluted further for fluorescent 
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studies. The possible placement of the functionalities on the coumarin fluorophore may 

drastically affect the emissive output observed. The oxygen and triazole functionality at 

position -7- of sensor B3 would pull electron density away from the coumarin conjugated π-

system, thereby inhibiting optimal electron transfer. Additionally, the electronegative 

characteristics of the triazole moiety extract further electron density from the coumarin 

fluorophore. The calculated electronic density map of B3 is shown in Figure 23. The 

predominantly blue colour of the coumarin electron cloud relates to this electron deficiency 

and resulting low emissive intensity.  

 

 

 

 

 

Figure 22: Electron donating and withdrawing characteristics by functionalities on a) A1 
and b) B3.  

 

Figure 23: Calculated electron density of sensor B3 at MMFF level. 

 

 

(a) (b) 
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In terms of the molecular orbital diagrams previously discussed, electronic transfer from the 

coumarin fluorophore (HOMO) towards the phenyl ring (LUMO) may provide reasons as to 

why the initial fluorescent intensity was greatly lower than that of A1 in Chapter 2. In B3, 

electrons are drawn from the coumarin moiety, this consequently lowers the overall electron 

density and “push-pull” efficiency in the fluorophore. As a result, the intensity of the 

fluorescent output is subdued. As Figure 23 shows, an area of concentrated electron density 

around the phenyl ring and triazole moiety, and a general electron deficiency within the 

coumarin scaffold. Conversely, the HOMO-LUMO arrangement of A1 exhibited how 

electrons are transferred from the ether-phenyl derivative towards the coumarin fluorophore. 

This influx in electron density may amplify the emission intensity and alter the electronic 

environment by enhancing this “push-pull” character in the system, resulting in a brighter 

fluorophore. 

 

3.1.12 Proposed binding site between B3 and Fe3+ 

 

As previously mentioned, the triazole nitrogen atoms have been reported as contributors 

towards both metal- and anionic-sensor bonding scenarios. The coordination geometry of 

triazoles may be viewed as a combination of imidazoles and pyrazoles. Therefore, they possess 

the ability to act as a monodentate ligands or bridging agents between metal ions resulting 

in mono-, bi-, and polynuclear complexes.24 A proposed coordination scenario between sensor 

B3 and Fe3+ is shown in Figure 24. Complexation is postulated to involve the double bond 

N=N π-electrons. 

 

 

 

 

 

 

Figure 24: Proposed binding between sensor B3 and Fe3+
 via the triazole moiety. 
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1H NMR, 13C NMR, and 15N NMR titration studies were used to validate the proposed 

binding scenario between B3 and Fe3+. The same binding scenario may be assumed between 

sensor B1 and Fe3+. The methyl functionality on the phenyl ring in B1 would be an unlikely 

contributor towards coordination, therefore, the same complexation scenario can be assumed. 

The 1H NMR titration of B3 with aliquots of Fe(NO3)3 is shown in Figure 25. Evidently, the 

more Fe3+
 is added, the less resolved the signals become. Computational studies predict that 

no hydrogen bonding is involved. This agrees with the experimental data. As sensor B3 has 

shown the same affinity and selectivity towards Fe3+ as A1 displayed in Chapter 2, it is 

assumed that the triazole nitrogen contributes most of the electrons towards coordination 

with Fe3+ with possible assistance from neighbouring functionalities like the coumarin-

carbonyl lone electron pair.  

 

 

 

 

 

 

 

 

 

Figure 25: 1H NMR titration of B3 with Fe3+ in d6-DMSO. 

 

13C NMR titration studies of B3 with Fe3+ are shown in Figure 26. Upon Fe3+ addition, no 

shift of signals was observed. As seen in Chapter 2, the peak associated with the coumarin-

carbonyl functionality displayed no shift in ppm value. Theoretical computations suggest that 

complexation could be assisted by the lone pair of electrons from the carbonyl functionality. 

Since no formal covalent bond is formed, minimal to no shift in ppm value would be expected. 

The involvement of the coumarin-carbonyl was later suggested by computational analysis.  

 

a) 
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Figure 26: 13C NMR overlay of B3 with Fe3+ in d6-DMSO. 

 

The 15N NMR spectral comparison of B3 and the B3-Fe3+ complex suggested the 

involvement of the triazole moiety towards complexation. The 15N NMR of B3 is shown in 

Figure 27. 15N NMR spectroscopy has been used as a method to assign the coordination of 

metals with triazole-bearing structures in solution. The nitrogen atoms in these complexes 

are reported to experience the most dramatic changes upon analyte coordination. 

Additionally, nitrogen chemical shifts are highly sensitive to structural changes, more so than 

13C chemical shifts.25 Evidently, only two of the three expected peaks for the triazole moiety 

were observed. The low abundance and gyromagnetic ratio of 15N could account for the 

difficulties in nitrogen signal observation. An increase in scan time could assist in amplifying 

the third nitrogen signal. 

Figure 27: 15N NMR of B3 in d6-DMSO. 

 

A) 
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Figure 28 shows the 15N NMR of the B3-Fe3+ complex. The two peaks at 212 and 118 ppm 

are no longer visible. A single peak is observed at -1.38 ppm. This could either be the third 

“missing” nitrogen signal of B3; or it could pertain to the shift of one of the two nitrogen 

signals upon coordination. Literature reports the shielding characteristics of 1,2,3-triazoles 

occurring in the order N1>>N3>N2.26 The appearance of the signal at -1.38 ppm could 

account for the N-1 triazole nitrogen atom due to the great “gap” that literature reports 

between N-1 and N-3. Owing to the disappearance/decreased resolution of N-3 and N-2 upon 

complexation, the signal for N-1 could become more pronounced. Therefore, the two signals 

observed in B3 which disappeared upon Fe3+ addition are postulated to be double-bonded 

nitrogen atoms N-2 and N-3. Complexation at this site agrees well with general 

organometallic coordination chemistry of triazole-metal complexes previously discussed. 

Lastly, as the triazole moiety provides the singular source of nitrogen atoms towards 

complexation, the changes in the 15N NMR spectra observed could have only arisen from 

triazole interaction in the B3-Fe3+ coordination scenario.  

 

Figure 28: 15N NMR of B3-Fe3+ complexation in d6-DMSO. 
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3.1.13 Calculated number of binding sites between B3 and Fe3+ 

 

The titration data of B1 and B3 with Fe3+ was used to verify the number of binding sites 

between the sensor and metal cation during complexation. The double-logarithm plot of 

Log[F0-F/F] vs Log[Q] should yield a straight line with the gradient equal to n, where n is 

the number of binding sites between the two species. Notably, both plots show an appreciable 

linear correlation, thus confirming the dominance of the static quenching process. This was 

observed for both B1 and B3 from titration studies. The number of binding sites was shown 

to be 1.14 and 1.39 for B1 and B3 respectively. This further suggests that both the methyl 

and butyl functionalities serve only to differ the emissive intensity and do not contribute 

towards metal complexation. Owing to the calculated number of binding sites between B3 

and Fe3+ being equal to ±1.39, it is proposed that the triazole moiety may be assisted by 

another functionality. In Chapter 2 it was shown how the coumarin carbonyl lone electron 

pair could contribute towards stabilizing coordination. This was strongly suggested by 

molecular modelling studies whereby the coumarin carbonyl appears to bend towards the 

Fe3+
 cation to facilitate complexation. The double-logarithm plots of sensors B1 and B3 with 

Fe3+ is shown in Figure 29. 

 

 

 

 

 

 

 

 

Figure 29: Double-logarithm plot of a) B1 and b) B3 with Fe3+. 

 

 

(a) (b) 
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3.1.14 Computational analysis of B3 

 

3.1.14.1 Most preferred conformer 

 

Molecular modelling studies performed to determine the lowest energy conformer of B3 at 

PM3 calculation level. This conformation was compared to that of the single crystal XRD 

data. Results are in close agreement with the observed crystal structure (Figure 30). The N-

2 and N-3 triazole atoms are orientated in the same direction as the coumarin-carbonyl 

functionality in both the calculated and observed crystal structure of B3. 

 

 

 

 

 

 

 

Figure 30: a) Experimental single-crystal XRD results and b) computationally calculated 
most stable conformation of B3. 

 

3.1.14.2 Metal binding energies and selectivity trends 

 

Once the most energetically preferred conformer of B3 was determined, complexation with 

metal cations were calculated. As previously seen, B3 displayed the strongest affinity to Fe2+
 

and Fe3+ which was characterized by large quenching emission responses. The calculated 

energies of B3-Fe2+ and B3-Fe3+ were -410 and -964 kJ/mol respectively. The complexation 

of B3 with Fe3+
 showed more than two times the energetic stability compared to that of Fe2+. 

This could account for the appreciable selectivity B3 showed towards Fe3+ and strong PET-

CHQF quenching response.  

 

a) 

b) 
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3.1.14.3 Binding scenario and of B3 with Fe3+ 

 

Computations of the most preferred binding site between B3 and Fe3+ was calculated at the 

PM3 calculation level. Computations indicate the proximity of the Fe3+ cation to the triazole 

N=N and coumarin carbonyl functionalities. Complexation was calculated in the presence of 

water and polar solvents. Evidently, surrounding water and solvent molecules assist in the 

coordination and stabilization of the B3-Fe3+ complex. The energy of the complexation was 

calculated to be -1652.13 kJ/mol. The complexation of B3 with Fe3+ is energetically more 

favourable than B3 alone. This stability could explain the reason as to why the B3-

Fe3+complex was minimally reversible in the presence of EDTA. The calculated most stable 

conformation of the B3-Fe3+ complex is shown in Figure 31. Although total confirmation of 

the binding scenario\sites could be elucidated by single-crystal XRD analysis; organometallic 

compounds of these nature (coumarin derivatives) do not readily crystallize with the metal 

cation present. 

 

 

 

 

 

 

 

Figure 31: Calculated most preferred conformer of B3-Fe3+complexation at PM3 calculation 
level. 

 

The resulting conformer correlates well with the experimental data and literature reports. 

The proximity of the cation to the N=N triazole atoms and the bending of the coumarin-

carbonyl functionality towards the Fe3+ strongly suggest their involvement towards 

complexation. Computations were calculated in water for this experiment. The water would 

be introduced together with the Fe3+ from the prepared stock solution. Ethanol (used in 

emission and absorbance studies) is a non-polar protic solvent, therefore, its disruption of the 

stabilizing water molecules towards Fe3+ would be unlikely. The hydrogen bonding between 
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the coumarin carbonyl with the hydrogen atoms of the water molecules stabilizes their 

interaction with the Fe3+
 cation. The weak hydrogen bonding between the coumarin carbonyl 

and water protons elucidate why there were no visible shifts in the 13C NMR studies. High 

electron density resides on the triazole N-2 and N-3 (N=N) atoms, which are favourable sites 

of complexation in organometallic complexes. Therefore, most of the electrons involved in 

complexation are postulated to come from the triazole moiety and are stabilized by water and 

hydrogen bonding with the coumarin-carbonyl functionality. 

 

 

Anionic sensing studies 

 

3.1.15 Screening studies 

 

Sensor B3 was chosen for the investigation for its affinity towards a variety of anions in 

different solvent systems. These anions included: CN-, SCN-, SO4
2-, NO3

-, CH3COO-, I-, Br-, 

Cl-, F- and PF6
-. Solutions of theses anions were prepared in deionized water from their 

ammonium salts. The sensing properties of B3 was tested in four different organic solvents 

namely acetonitrile, DMF, methanol, ethanol, and water. An excitation wavelength of 320 

nm was used. Screening studies were conducted by adding 20 µl aliquots of a 0.1 M solution 

and monitoring the change in fluorescent intensity. The effect of each anion towards B3 in 

differing solvents are shown in Figure 32. Screening studies conducted in water were not 

investigated further due to the irregularity of the emission curve of B3 (see Appendix B 

Figure 15). 
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Figure 32: Screening studies of B3 with different anions in a) acetonitrile, b) DMF, c) ethanol, 
and d) methanol. Excitation 320 nm. 

 

When compared to the metal screening studies, B3 does not display the same affinity or 

preference to any singular anion in all four organic solvents. No sizeable enhancement nor 

quenching effect for any single anion was observed. The screening studies conducted in 

ethanol displayed CN- as the only anion to induce a quenching response, although minimally. 

Competition studies of B3 with CN- in ethanol was conducted to observe whether B3 showed 

any affinity towards CN- in the presence of competing anions. 

 

3.1.16 Competition studies of B3 with CN- in ethanol 

 

The competition study of B3 with CN- in ethanol is shown in Figure 33. Notably, B3 appears 

to show selectivity towards CN- only in the presence of F- and PF6
-.  

 

 

 

 

 

a) b) 

c) d) 
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Figure 33: Selectivity of B3 towards CN- in the presence of competing anions in ethanol. 
Excitation of 320nm. 

 

 

3.1.17 Titration studies of B3 with F-  

 

Titration studies of sensor B3 with CN- in ethanol were conducted despite the poor selectivity 

reported. Although it displayed poor selectivity, the sensitivity it could display towards CN- 

could support its application towards CN- sensing in isolated systems. Addition of a single 

aliquot of a 0.01 M solution CN- showed an initial quenching response. However, upon 

titration, the emission intensity began increasing. Therefore, the titration of B3 with CN- in 

ethanol was no longer a viable titration option. For this reason, F- in methanol was chosen 

for titration and complexation analysis as it displayed the greatest fluorescent enhancement 

(an emission property yet to be investigated) as well as being a detrimental anion to 

environmental and human health.27–30 Additionally, the interaction of CN- with triazole 

bearing complex A1 was investigated experimentally and computationally in Chapter 2. 

Competition studies were not conducted as screening emission curves of F- were too closely 

confined with other competing anions. The enhancing titrations of B3 with F- is illustrated 

in Figure 34. No hypso- nor bathochromic- shifts in wavelength were observed upon analyte 

titration. This suggests a PET-type “off-on” fluorescent system with binding suggested to 

occur via the acidic triazole proton. 

 

 

 

a) 
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Figure 34: Titration of B3 with F- in methanol. Excitation of 320nm. 

 

 

3.1.18 PET “off-on” fluorescent enhancing mechanism of B3-F- interaction 

 

Although the removal of the triazolyl proton can be suggested from the calculated bond 

lengths and electron density map, it cannot explain the enhancing changes in fluorescence 

observed upon F- titration. The calculated HOMO and LUMO orbital arrangement of B3 

post F- interaction is shown in Figure 35. Upon the abstraction of the triazole proton and 

evolution of HF, the HOMO of the resulting structure resides on the triazole moiety. This 

increased electron density amplifies its donor capabilities. The LUMO of the resulting 

complex resides around the coumarin fluorophore, amplifying its acceptor capabilities. Upon 

interaction and abstraction electron density is transferred from the triazole to the coumarin 

fluorophore via a PET “off-on” fluorescent mechanism, leading to an overall enhancement in 

fluorescence. The molecular orbital energy diagram of the PET “off-on” mechanism resulting 

in fluorescent enhancement is also shown in Figure 35.31 The HOMO and LUMO of B3 in 

the presence of F- is shown in Appendix B Figure 16. The configuration of the HOMO and 

LUMO of the complex remains consistent with fluorescent enhancement.  
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Figure 35: a) HOMO and LUMO of B3 post-proton abstraction and HF(g) evolution, and b) 
molecular orbital energy diagram of electronic transitions post HF evolution leading to 
fluorescent enhancement. 

 

 

3.1.19 Proposed binding site of B3 with F- 

 

Literature reports that 1,2,3-triazole supports polar C-H groups which have been used for 

sensing strategies. The ring is shown to have enhanced polarization of the C-H bond in this 

heteroaromatic system because of the three nitrogen atoms. As a result, the more polarized 

form of the C-H bond can be utilized for anion recognition via hydrogen bonding.32 In 

Chapter 2, the binding of A1 with NO3
- was shown to occur via the triazole carbon double 

bond by 13C NMR and molecular modelling studies. A similar binding scenario could be 

a) 

b) 
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assumed for B3 with NO3
-. The binding of CN- with A1 was shown to involve the triazole 

proton. The involvement of the triazole proton with F- was postulated as a preferred 

complexation site due to the acidic nature of the proton and high electronegativity of F-. The 

proposed interaction of F- with B3 is shown in Figure 36. 

 

 

 

Figure 36: Proposed complexation of B3 with F-. 

 

Computational analysis was able to resolve the proposed interaction between B3 and F-. The 

most energetically stable conformer was calculated and then used for coordination with F- at 

PM3 computation level. The theoretical complexation of B3 with F- is illustrated in Figure 

37. This structure agrees well with what is reported and proposed regarding triazole-proton 

interactions with anions. Evidently, an abnormally long bond exists between the triazole C-

2 atom and its proton; and a comparatively shorter bond distance between the fluoride anion 

and the triazole proton. This could infer that the proton has been abstracted by the highly 

electronegative F- anion, thus evolving HF gas into solution.   

 

 

 

 

 

 

Figure 37: Calculated binding interaction of F- with B3. The green sphere represents the 
fluoride anion. 
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The possible abstraction of the acidic triazole proton by F- to form HF gas was investigated 

by calculating the theoretical bond lengths observed for atoms involved in the complex. 

Table 3 shows the theoretical bond lengths of the complex compared to that of HF. 

Table 3: Calculated bond lengths between different atoms involved in complexation.  

Bond specifications Bond length (Å) 

(HF theoretical) 0.938 

(F------H)----C 1.007 

(F------------C) 1.620 

(F------(H----C) 1.093 

 

The calculated bond lengths for the different bonding scenarios point towards the evolution 

of HF gas during complexation. The bond length between F- with the triazole proton is 

comparable to that of HF alone. The bond length between the F- anion and the triazole C-2 

carbon is too long to assume possible coordination. Additionally, the calculated bond length 

between the triazole carbon and proton is longer than that observed between the same proton 

and F-. This abstraction of the singular hydrogen becomes increasingly probable when the 

electrostatic potential map of B3 with F- is considered (Figure 38). 

 

 

 

 

 

 

Figure 38: a) calculated electrostatic potential of B3 with F- and b) most stable conformation 
of B3-F- interaction for spatial reference. 

The result clearly indicates a region of high electron density surrounding the fluoride anion, 

conversely, a region of electron deficiency is located around the triazole C-2 carbon previously 

bearing the proton. The high electronegativity and ionizing capability of F- contributes to the 

total abstraction of the proton, and not the formation of a covalent bond with continued 

connection to the triazole moiety. 

a) b) 
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3.2 Conclusion 

 

Herein, four novel 7-functionalized coumarin-triazole derivatives for investigations towards 

cationic and anionic sensing strategies have been described. These sensors bear a substituted 

triazole moiety at the -7- position on the coumarin scaffold. Sensors B1 and B3 displayed the 

greatest affinity towards Fe3+, with sensor B3 exhibiting greater overall selectivity towards 

Fe3+ in ethanol. Both sensors were investigated for their photophysical properties and 

titration response towards Fe3+
 in ethanol. Both B1 and B3 displayed fluorescent quenching 

responses upon Fe3+
 addition via a linear Stern-Volmer and combined Perrin-SOA static 

quenching models respectively. Additionally, the fluorescence of both sensors was concluded 

to be quench via a CHQF PET “on-off” mechanism. These sensors were shown to complex to 

Fe3+
 in a 1:1 stoichiometric binding ratio, with detection limits and association constants (Ka) 

of 4.3 µM & 7.4 x 103 M-1, and 2.7 µM & 4.6 x 103 M-1 for B1 and B3 respectively. Reversibility 

studies indicates a 21% reversibility for both B1-Fe3+ and B3-Fe3+ in the presence of EDTA. 

Hydrogen potential studies showed good usability over an appreciable pH range for both 

sensors. Complexation was shown to involve the triazole N=N bond, supported by the 

coumarin-carbonyl and surrounding solvent/water molecules. Finally, quantum yield studies 

indicate sensor B3 as a brighter fluorophore with a ɸ of 0.044 as compared to 0.005 of B1. 

 

Screening studies of B3 with a variety of anions did not display the same visible affinity with 

any of the selected analytes; with CN- being the only ion to induce a quenching response in 

ethanol. Titration studies with CN- were inconclusive, thus F- was selected for further 

photophysical investigations owing to its unique fluorescent enhancing response observed 

from the screening studies. Fluorescent enhancement was shown to occur via the abstraction 

of the triazole acidic C-2 proton, with the subsequent evolution of HF gas. This fluorescent 

enhancement was postulated to occur via a PET “off-on” mechanism, supported by the 

calculated molecular orbital arrangement of the triazole-donor and coumarin-acceptor 

moieties.  
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3.3 Experimental 

 

3.3.1 Materials 

 

Stock solutions of coumarin-triazole derivatives B1-4 were prepared by dissolving the 

respective samples in 25 mL of methanol and DMF to afford stock solution concentration of 

0.001 M. Deionized water was used to prepare solutions of metal ions to the concentration of 

0.01 M which were then diluted further for titration studies. All metal ion solutions were 

prepared using nitrate salts; apart from Fe2+ which was prepared from its corresponding 

sulphate salt. The anion stock solutions were prepared in deionized water from their 

ammonium salts to a concentration of 0.1 M. They were then diluted to the desired 

concentrations for titration studies. The emission and absorbance titration experiments were 

performed in 3 mL quartz and glass cuvettes respectively using solutions of compounds B1-

4. Spectroscopic measurements were performed after each addition of an aliquot of selected 

metal and anion solution. 

Generalized synthesis of azide-derivatives 1a-d 

 

Azide derivatives were prepared from their respective anilines. These para functionalized 

aniline derivatives include toluidine, anisidine, butylaniline, and bromoaniline. Hydrolysis of 

the amine to the azide functionality was carried out by reacting the respective aniline (2g) and 

an HCl:EtOH mixture of 1:2 by volume. The refluxed was carried out for 2hr, after which the 

reaction mixture was cooled to 0°C in an ice-bath and distilled water was added to the reaction 

mixture. To this mixture, sodium nitrite (3 molar eq.), and sodium azide (2 molar eq.) were 

added carefully to the reaction vessel and left to stir at 0°C for 2 hrs. The toluidine, anisidine, 

and butyl derivatives were extracted from solution using 3 x 40ml of ethyl acetate and washed 

with equal proportions of water. The extracts were combined, dried over anhydrous sodium 

sulphate (Na2SO4), and the solvent was removed under reduced pressure. This afforded the 

azide derivatives 1a-c as a liquid/oil product in yields of 82, 28 and 91 % respectively. The 

bromo-azide derivative 1d was precipitated, filtered, dried, and collected as an off-white solid 

with a yield of 93 %. For the FT-IR spectra of azide derivatives 1a-d see Figure 1. The azide 

functionality was observed as strong, sharp peak between 2100-2000 cm-1. 
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Synthesis of 7-propinyloxy coumarin derivative 2 

 

7-propinyloxy coumarin was synthesized from umbelliferone following literature procedure.3 

Umbelliferone (7-hydroxycoumarin) was refluxed in proportionate molar quantities of 

propargyl bromide and K2CO3 in acetone. The reaction mixture was separated with ethyl 

acetate and washed with water. The extracts were combined, washed, separated, and dried 

with anhydrous Na2SO4. The solvent was removed under reduced pressure to afford a white 

precipitate which was recrystallized with DCM and ether to afford the product as a white 

solid at a high yield (86%). 1H NMR: (d6-DMSO, 400 MHz) δH: 2.59(s, 1H), 4.78(s, 2H), 

6.29(d, 2H, J 9.44), 6.92(s, 1H), 6.95(d, 1H, J 4.28), 7.41(d, 1H, J 8.44), 7.66(d, 1H, J 9.48). 13C 

NMR (DMSO-d6, 100.6 MHz) δC: 56.21, 102.15, 113.06, 113.19, 113.68, 128.83, 143.26, 

155.65, 160.54, 160.99. 

 

Synthesis of 7-substituted coumarin-triazole sensors B1-B4 

 

Azide derivatives 1a-d (0.3g) and 7-propinyloxy coumarin derivative 2 (1 eq.) were reacted 

in THF (20 ml) in the presence of CuSO4.5H2O (0.01 g, 0.05 mmol), sodium ascorbate (0.02 

g, 0.10 mmol), and N,N,N′,N′′,N′′- pentamethyldiethylenetriamine (PMDETA) (0.02 g, 0.10 

mmol). The reaction mixture was stirred at room temperature for 48 hrs. The solvent was 

evaporated under vacuum and the residue dissolved in ethyl acetate (30 mL), washed with 

water (3x30ml) and dried over anhydrous Na2cxSO4. The solvent was evaporated under 

vacuum and crude product purified by recrystallization from DCM (5 mL) and petroleum 

ether (40 mL) to give the desired triazolyl coumarin derivatives B1-4 as solid products in 

yields of 72, 61, 77, and 72% respectively. Crystals were prepared by dissolving compounds 

B1-3 in acetone and B4 in d6-DMSO and left to slowly evaporate. 

 Sensor B1: 1H NMR: (d6-DMSO, 400 MHz) δH: 2.38(s, 3H), 5.35(s, 2H), 6.31(d, 1H, J 7.2), 

7.06-8.00(aromatic H’s), 8.94(s, 1H, triazole proton). 13C NMR (DMSO-d6, 100.6 MHz) δC: 

21.05, 62.11, 102.01, 113.25, 113.38, 120.57, 123.58, 130.05, 130.74, 138.98, 144.76, 160.73. 

 Sensor B2: 1H NMR: (d6-DMSO, 400 MHz) δH: 2.50(s, 3H), 5.35(s, 2H), 6.32(d, 1H, J 9.48), 

7.06(d, 1H, J 8.44), 7.15(d, 2H, J 8.80), 7.20(s, 1H), 7.66(d, 1H, J 8.64), 7.82(d, 2H, J 8.80), 

8.00(d, 1H, J 9.52), 8.89(s, 1H). 13C NMR (DMSO-d6, 100.6 MHz) δC: 62.13, 102.01, 113.15, 
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113.22, 113.37, 115.37, 122.35, 123.62, 130.02, 130.40, 143.37, 144.74, 155.78, 159.84, 160.71, 

161.54. 

 Sensor B3: 1H NMR: (d6-DMSO, 400 MHz) δH: 0.91(t, 3H, J 7.2), 1.32(m, 2H), 1.59(m, 2H), 

2.66(t, 2H, J 7.56), 5.36(s, 2H), 6.31(d, 1H, J 9.48), 7.06(d, 1H, J 8.52), 7.20(s, 1H), 7.41(d, 2H, 

J 8.16), 7.66(d, 1H, J 8.6), 7.80(d, 1H, J 8.2), 8.00(d, 1H, J 9.48), 8.94(s, 1H). 13C NMR (DMSO-

d6, 100.6 MHz) δC: 14.20, 22.14, 33.39, 37.71, 62.11, 102.10, 113.16, 113.22, 113.37, 120.63, 

123.57, 130.02, 130.08, 134.91, 143.50, 143.76, 144.74, 155.78, 160.71, 161.53. 

 Sensor B4: 1H NMR: (d6-DMSO, 400 MHz) δH: 5.37(s, 2H), 6.31(d, 1H, J 9.3), 7.05(d, 1H, J 

7.8), 7.19(s, 1H), 7.65(d, 1H, J 8.4), 7.80(d, 2H, J 8.2), 7.89(d, 2H, J 8.0), 7.99(d, 1H, J 9.3), 

9.02(s, 1H). 13C NMR (DMSO-d6, 100.6 MHz) δC: 62.03, 102.10, 113.19, 113.25, 113.36, 

121.99, 122.61, 123.73, 130.04, 133.28, 123.73, 130.04, 133.28, 136.18, 143.86, 144.73, 155.77, 

160.70, 161.47. 
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APPENDIX B 

 

 

Figure 1:  13C NMR of propinyloxy coumarin derivative 2 in CDCl3. 

 

 

 

 

 

 

 

 

 

Figure 2: FT-IR spectra of coumarin-triazolyl derivative B1. 
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Figure 3: FT-IR spectra of coumarin-triazolyl derivative B2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: FT-IR spectra of coumarin-triazolyl derivative B3. 
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Figure 5: FT-IR of coumarin-triazolyl derivative B4. 

 

 

 

Figure 6: 13C NMR spectra of sensor B1 in d6-DMSO. 
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Figure 7: 13C NMR spectra of sensor B2 in d6-DMSO. 

 

 

Figure 8: 13C NMR spectra of sensor B3 in d6-DMSO. 
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Figure 9: 13C NMR spectra of sensor B4 in d6-DMSO. 

 

 

 

 

 

 

 

 

Figure 10: Screening studies of sensor B1 in ethanol. Excitation of 320 nm. 
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Figure 11: Screening studies of sensor B4 in ethanol. Excitation of 320 nm. 

 

 

 

 

 

 

 

 

  

Figure 12: Plot of combined static and dynamic quenching process (ground-state complex 

formation) of B3 with Fe3+ in ethanol. Excitation of 320 nm. 
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Figure 13: Fit of quenching data of B1 by Fe3+
 according to the Perrin static quenching 

model 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Effect of pH on sensor B3 upon Fe3+ addition at pH: a) 4, b) 5, c) 7, and d) 10. 

Excitation 320 nm. 
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Figure 15: Screening of B3 with CN- in water. Excitation of 320nm. 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: a) Calculated HOMO and b) LUMO of the interaction between B3 and F-.              
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Chapter 4: 

Application of 3-ester-6-triazolyl coumarin-derived sensors 

towards ionic sensing strategies  

 

Summary 

 

Four 3-ester-6-triazole coumarin derivatives have been synthesized, characterized, and tested 

for their affinity towards a variety of cationic and anionic species in organic and aqueous 

media. Coumarin derivatives C1 and C3 displayed the highest emission intensity in a variety 

of solvents including DMF, water, acetonitrile, and ethanol. These sensors displayed a high 

affinity towards Fe3+ through a sizeable fluorescent quenching response. Competition studies 

between both sensors with Fe3+ in the presence of competing metal cations were conducted. 

Sensor C1 showed greater selectivity towards Fe3+
 than C3 in both ethanol and DMF. 

Additionally, C1 displayed preference towards Fe3+ in the presence of all other competing 

metal cations. The detection limit was determined to be 1.86 and 3.66 µM in ethanol and 

DMF respectively. The stoichiometric binding ratio was found to be 1:1 according to the 

Job’s plot and supported by Benesi-Hildebrand studies. The association constant (Ka) was 1.8 

x 104 M-1. The quenching was determined to occur via a PET “on-off” mechanism. The 

binding site of Fe3+ with C1 occurs via the triazole nitrogen atom. This was confirmed with 

1H and 13C NMR, and double-logarithm analysis. Hydrogen potential analysis showcased the 

sensors good response towards Fe3+ in a desired pH range. Reversibility studies with EDTA 

show that C1-Fe3+ complexation is 51% reversible. Sensor C1 was tested for its anionic 

sensing capabilities in ethanol, water, acetonitrile, and DMF. Cyanide anions displayed a 

fluorescent quenching response in ethanol, acetonitrile, and DMF. Competition studies of C1 

towards CN- in the presence of competing anions highlighted a poor selectivity of C1 towards 

CN-. 
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4.1 Results and Discussion 

 

4.1.1 Synthesis and characterization of 3-ester-6-triazole coumarin derivatives  

 

A coumarin-derived compound 1 containing an ester group at position -3- was synthesized 

by a Knoevenagel reaction according to literature procedure.1 Compound 1 was then nitrated 

by NaNO3 in conc. H2SO4 to yield -6- nitro -3- ester coumarin derivative 1a. The nitrated 

product 1a was reduced to the amine functionality using iron in an acetic acid/water mixture 

to form derivative 1b. The amine group was first converted to diazonium salt and then 

subjected to an azidonation reaction to yield -6- azide -3- ester functionalized coumarin 

derivative 1c. Four different alkyne derivatives were selected for Cu(I)-catalyzed azide-alkyne 

“click” reaction protocol with coumarin-azide derivative 1c to form 3-ester-6-triazole 

coumarin derivatives C1-4. The generalized synthetic route for sensors C1-4 is shown in 

Scheme 1. 

 

 

 

 

   

 

 

 

 

 

 

 

Scheme 1: Generalized synthetic pathway of 3-ester-6-triazole functionalized coumarin-
based compounds C1-4. Green box: generalized structures of triazole derivatives C1-4. 
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Compounds 1a-c and coumarin-triazole derivatives C1-4 were fully characterized by NMR 

and FT-IR spectral analysis. For the 1H NMR of compounds 1a-c see Figures 1-3 (for the 

13C NMR and FT-IR spectra of compounds 1a-c, see Appendix C Figures 1-6). Additionally, 

the single-crystal X-Ray structures of compounds 1 and 1a were determined (Figure 4). 

Figures 5-8 show the 1H NMR spectra of 3-ester-6-triazole coumarin derivatives C1-4. The 

ester groups at position -3- on the coumarin scaffold of derivatives C1-4 did not undergo 

aminolysis with PMDETA to an original hydroxyl group as seen in the Cu(I)-catalyzed 

cycloaddition of 7-ester-3-azide coumarin derivative 1c in Chapter 2. This is due to the fact 

that the ester group is attached to the coumarin moiety directly via the carbonyl carbon rather 

than via the ethoxy-oxygen atom. The disappearance of the azide peak from the FT-IR 

spectra and appearance of the characteristic triazole signals confirms the success of the Cu(I)-

catalyzed “click” reaction (for the 13C NMR and FT-IR spectra of compounds C1-4 see 

Appendix C Figures 7-13). 

 

 

 

 

 

 

 

Figure 1: 1H NMR spectra of 6-nitrated-3-ester coumarin derivative 1a in d6-DMSO. 

 

 

 

 

 

 

 

 

Figure 2: 1H NMR spectra of 3-ester-6-amine coumarin derivative 1b in d6-DMSO. 

 

DMSO 
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Figure 3: 1H NMR of 6-azide-3-ester coumarin derivative 1c in d6-DMSO. 

 

 

 

 

 

 

Figure 4: Single-crystal XRD structures of coumarin derivatives a) 1 and b) 1b. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: 1H NMR spectra of 3-ester-6-triazole coumarin compound C1 in d6-DMSO. 

 

 

 

a) b) 

DMSO 

DMSO 



193 
 

 

 

 

 

 

 

 

 

Figure 6: 1H NMR spectra of 3-ester-6-triazole coumarin compound C2 in d6-DMSO. 

Figure 7: 1H NMR spectra of 3-ester-6-triazole coumarin compound C3 in d6-DMSO. 

 

Figure 8: 1H NMR spectra of 3-ester-6-triazole coumarin compound C4 in d6-DMSO. 

DMSO 



194 
 

According to the spectrum of coumarin-triazole derivative C4, the two protons associated 

with the substituted amine functionality are absent. The singlet at 1.47 ppm, integrated for 

six hydrogen atoms, verifies the presence of the substituted methyl-amine functionality, as 

well as the hydrogen signal at 8.6 ppm which is associated with the triazole moiety. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: FT-IR spectra of coumarin-triazole derivative C4. 

 

Figure 9 shows the FT-IR spectra of coumarin-triazole derivative C4. The amine protons in 

the 1H NMR spectrum were not observed due to possible overlapping with DMSO peaks, 

however, the characteristic broad vibrational signal of the N-H bond was observed in the FT-

IR spectrum. The broad signal from 3048-3369 cm-1 was assigned to the amine group. The 

success of the azide-alkyne cycloaddition was verified by the characteristic triazole vibrational 

signal between 1300-1650 cm-1 associated with N=N and C-N groups, and the disappearance 

of the sharp peak at 2000 cm-1 associated with azide functionality.  
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4.1.2 Absorption and emission studies of derivatives C1-4 

 

The absorbance and emission characteristics of 3-ester-6-triazole coumarin derivatives C1-4 

were investigated in a variety of solvents including water, acetonitrile, ethanol, THF, and 

DMF. Stock solutions of C1-4 were prepared in DMF to a concentration of 0.001 M. The 

excitation wavelengths were determined by UV-Vis analysis in different solvent media. The 

excitation wavelengths were found to be 340 nm for all compounds in different solvents (for 

the UV-Vis comparison of compounds C1-4 in ethanol, see Appendix C Figure 14). Figure 

10 shows the emission response of compounds C1-4 in acetonitrile. Derivative C3 displayed 

the greatest emission intensity, followed by C1, C2, and C4. The two compounds exhibiting 

the greatest emission intensity in each solvent were selected and tested for their affinities 

towards a variety of metal cations in their respective solvents. Table 1 shows the two 

compounds chosen for screening studies in their respective solvents based on their emission 

responses. 

 

 

 

 

 

 

 

Figure 10: Fluorescent intensity comparison of sensors C1-4 in acetonitrile. Excitation of 
340 nm. 
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Table 1: Greatest emission response of compounds C1-4 in different solvents at 340 nm 
excitation. 

Solvent 
Two sensors showing highest emission at 

340 nm excitation 

DMF C3 & C1 

THF C2 & C1 

Water C3 & C1 

Acetonitrile C3 & C1 

Ethanol C3 & C1 

 

 

Cationic Sensing Studies 

 

4.1.3 Sensing responses of 3-ester-6-triazole coumarin derivatives C1 and C3 in 

different organic solvents and aqueous media 

 

Coumarin-triazole sensors C1 and C3 exhibited the greatest emission properties in the tested 

solvents. The screening studies of C1 were conducted by adding equal aliquots of metal 

solutions and monitoring the emission response. Figure 11 shows the screening studies of 

coumarin-triazole derivatives C1 and C3 with selected metal cations in ethanol and DMF. 

Metal cations used for screening studies include Fe2+, Fe3+, Cd2+, Pb2+, Ag+, Na+, K+, Ca2+, 

Cr3+, Al3+, Ba2+, Cu2+, Co2+, Hg2+, Zn2+ and Ni2+. Compounds C1 and C3 showed the greatest 

affinity towards Fe2+ and Fe3+ cations in ethanol and DMF by a comparatively large 

observable quenching response. Screening studies in water showed no notable enhancing or 

quenching response towards C1 or C3 (for the screening studies of C1 and C3 in acetonitrile 

see Appendix C Figures 15). 
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Figure 11: Metal cation screening studies of 3-ester-6-triazole coumarin derivatives C1 and 
C3 in ethanol (a & b) and DMF (c & d) respectively. Excitation of 340 nm. Emission and 
wavelength expressed in arbitrary units (a.u.) and nm respectively. 

 

Screening studies show that sensors C1 and C3 display appreciable quenching responses 

towards Fe3+ in both ethanol and DMF. Sensor C1 displayed a singular large quenching 

response to Fe3+ alone whilst sensor C3 showed quenching responses to both Fe2+ and Fe3+. 

This suggests that the sensing response of C1 towards Fe3+ would produce greater selectivity 

towards Fe3+ than that of C3. Further studies in acetonitrile were omitted as it displayed 

similar quenching characteristics to that of ethanol.  

 

4.1.4 Competition studies of C1 and C3 towards Fe3+ in ethanol and DMF 

 

The competition studies of C1 and C3 towards Fe3+ in ethanol and DMF are shown in Figure 

12. The selectivity of each sensor towards Fe3+ was determined by means of calculating the 

difference between the peak maxima of the sensor with Fe3+ alone and the average peak 

maxima value of the response towards Fe3+ with a competing cation. In both solvent systems, 

sensor C1 displayed the greatest selectivity (lowest difference between these two values) 

a) b) 

c) d) 
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towards Fe3+. Additionally, C1 alone displayed appreciable selectivity towards Fe3+ in the 

presence of all competing cations. Therefore, it was chosen for titration studies in ethanol and 

DMF. 

 

 

 

 

 

 

 

 

 

Figure 12: Competition studies of sensors C1 and C3 towards Fe3+ in the presence of 
competing cations in ethanol (a & c) and DMF (b & d) respectively. Excitation of 340 nm. 
Purple inset: difference in values between sensor with Fe3+

 and the average of the sensor with 
Fe3+ and a competing metal cation. 

 

4.1.5 Emission and absorption titration studies of C1 with Fe3+ in ethanol and DMF 

 

Owing to the favourable selectivity that sensor C1 displayed towards Fe3+, this compound 

was then selected for fluorescent titration studies in ethanol and DMF. Sensor C1 was capable 

of titrating with 2 µl aliquots from a 1 x 10-3 M Fe3+ solution. The titration of C1 with Fe3+ 

in ethanol and DMF are shown in Figure 13. Notably, both titrations displayed no batho- 

nor hypsochromic shift in emission wavelength with peak maxima remaining at 425 nm. This 

suggests an “on-off” PET fluorescent quenching mechanism similar to that previously 

described in both Chapters 2 and 3 is involved. Additionally, the titration did not result in 

any iso-emissive points, indicating the presence of a singular fluorescent species before and 

after complexation in both solvent systems. 

 

 

a) b) 

c) d) 
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Figure 13: Emission titration studies of C1 with Fe3+ in a) ethanol and b) DMF. Excitation 
of 340 nm. Titrations were completed in triplicate. Emission: a.u.; wavelength: nm. 

 

The absorbance titration response of C1 towards Fe3+ was investigated in ethanol (Figure 

14). Titration of C1with Fe3+ resulted in an increase in optical density with no appearance of 

any isosbestic points. Additionally, no hypsochromic nor bathochromic shift in absorption 

wavelength was observed upon the addition of Fe3+. This further supports the PET-type “on-

off” quenching mechanism. 

 

  

 

 

 

 

 

 

 

Figure 14: UV-Vis titration of sensor C1 with Fe3+ in ethanol. Absorbance: a.u.; wavelength: 
nm. 

 

b) a) 
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4.1.6 PET “on-off” fluorescent quenching mechanism of C1 with Fe3+ 

 

The probability of a FRET-type fluorescent quenching mechanism is unlikely based on 

structural and spectral characteristics of these coumarin-triazole based sensors as described 

in Chapters 2 and 3. The normalized absorbance and emission spectra of C1, in the absence 

of Fe3+, showed no sizeable spectral overlap, thereby supporting the proposed PET-type “on-

off” quenching mechanism. Complexation is expected to involve the triazole nitrogen atom(s) 

as seen in both Chapters 2 and 3 (for the normalized absorbance and emission spectra of C1 

see Appendix C Figure 16). Computational analysis was utilized to determine the HOMO 

and LUMO of C1. The HOMO was computed to reside primarily around the phenyl ring and 

adjacent oxygen atom, whilst the LUMO of the sensor resides around the carbon atoms of 

the coumarin scaffold. Thus, upon excitation, electronic density is transferred from the 

phenyl-oxygen derivative towards the coumarin scaffold resulting in an excited state 

fluorophore and a measurable fluorescent response. Upon Fe3+ addition, complexation with 

the triazole moiety disrupts the extended π-conjugation of the system, with energy being 

emitted through a non-radiative relaxation pathway. This, in turn, results in a measurable 

fluorescent quenching response. The changes in orbital energies and electronic transitions 

are proposed to follow the same sequence as that of A1 as shown in Figure 20 Chapter 2. 

The calculated HOMO and LUMO and proposed PET “on-off” fluorescent quenching 

mechanism of C1 with Fe3+ is shown in Figure 15. 

 

 

 

 

 

 

 

 

 

 

a) 
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Figure 15: a) HOMO and LUMO molecular orbital diagram of C1 and b) proposed 
fluorescent quenching mechanism of C1 by addition of Fe3+ according to the PET-type “on-
off” quenching mechanism.  

 

 

4.1.7 Determination of quenching process, association constant, and detection limit of 

C1 with Fe3+ 

 

The fluorescent quenching model was determined in accordance with the methodologies as 

outlined in Chapters 2 and 3. The titration data of C1 with Fe3+ was compared in both 

ethanol and DMF. Titration data of C1 with Fe3+ was plotted according to the linear Stern 

Volmer equation in both solvents (Figure 16). The values for the quenching constants (Ksv) 

and detection limits (LOD) were calculated at the lower concentration region of the titration 

curves where linearity is maintained. The values for Ksv were calculated to be 4.2 and 3.3 x 

104 M-1 and the detection limits were found to be 2.9 and 1.5 µM for C1 with Fe3+
 in ethanol 

and DMF respectively. As previously mentioned, a linear SV plot suggests a singular static 

or dynamic quenching process. Deviations from linearity could infer a combined static and 

dynamic quenching mechanism. 

 

 

 

 

b) 
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Figure 16: Titration of C1 with Fe3+ according to the linear Stern-Volmer equation in a) 
ethanol, and b) DMF. Excitation of 340 nm.  

 

Based on the result of the slight sigmoidal shape of the ethanol-titration (a) and the upwards 

curvature at higher quencher concentrations of DMF-titration (b) from the linear SV plot, it 

was assumed that the process may not be purely static or dynamic, as a fully linear plot would 

suggest. Henceforth, the titration data was fitted in accordance with the combined static and 

dynamic quenching model (see Chapter 2). The regression coefficients for C1 in both ethanol 

and DMF were unfavourable, therefore, the quenching of C1 by Fe3+ cannot be described by 

the combined static and quenching mechanism alone. This may infer that the quenching of 

C1 by Fe3+ occurs either by a static or dynamic process (for the combined dynamic and static 

quenching plots of C1 in ethanol and DMF see Figure 17 in Appendix C). It is worth noting 

that a dynamic factor could be the main contributor towards the fluorescent quenching 

process observed, however, its contribution was unable to be assessed and calculated due to 

equipment constraints.  

 

To determine which model has the greatest contribution towards the static quenching of C1 

with Fe3+, titration data was fitted according to the Perrin and Sphere of Action (SOA) static 

quenching equations. The values for the quenching constants and detection limits were 

compared to that determined by the linear Stern Volmer plot. These values are reported in 

Table 2 (for the graphs of the titration data as plotted according to the Perrin and SOA static 

quenching models in ethanol and DMF, see Appendix C Figures 18 & 19). 

 

 

a) b) 
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Table 2: Comparison of data obtained from the quenching response of C1 to Fe3+ by the three 
stipulated quenching mechanisms. 

 

C1 
Quenching constants  

(x104 M-1)  
Detection limits (µM) R2 

 SV Perrin SOA SV Perrin SOA SV Perrin SOA 

Ethanol 4.2  2.0 2.1 2.9 1.86 NA 0.9885 0.9969 0.9952 

DMF 3.3 2.7 NA 1.5 3.66 NA 0.9948 0.9848 NA 

 

The mechanism by which C1 is quenched by Fe3+ appears to be influenced by the surrounding 

solvent media. This similar property was shown in Chapter 3 between derivatives B1 and B3 

and was concluded not to be due to structural differences, but rather the effect of solvent 

polarity on the quenching process. Ethanol has a higher relative polarity than DMF and thus 

may influence the surrounding electronic environment of the coumarin-triazole derivative 

and/or interact with the analyte.  

 

The primary mode of quenching between C1 and Fe3+ in DMF initially appears to occur via 

the linear Stern Volmer quenching process. The value of the regression coefficient, detection 

limit, and quenching constant are more favourable than that determined by the Perrin static 

quenching mechanism. The SOA method resulted in poor correlation of data and was thus 

omitted from further studies and deemed unlikely as the main contributor towards static 

quenching. 

 

The deviation from linearity in the DMF-titration may arise from restrictions in fluorophore 

accessibility at higher quencher concentrations where most of the sensor species are already 

Fe3+ coordinated. Owing to this deviation, the Perrin quenching mechanism was investigated 

as the possible main static contributor of the quenching process. The value of the regression 

coefficient calculated was close to that determined by the linear SV method, however, this 

linearity was calculated over the entire concentration range, whilst the values determined by 

the linear SV method were only observed at the lower quencher concentrations where 
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linearity was maintained. The value of the detection limit calculated from the Perrin method 

was not as low as that determined by the original SV plot. Additionally, the value for the 

quenching constant (Ksv) was greater than that determined by the Perrin method (Kp). It has 

been determined that Fe3+ chelates to the sensors in a static chemical bond and quenches via 

a chelation quenched fluorescent (CHQF) PET-type mechanism. As the values for the 

quenching constants, detection limits, and regression coefficients between the SV and Perrin 

methods are in close agreement, it was concluded that the Perrin method was the main static 

contributor to fluorescent quenching. The value of the detection limit of C1 with Fe3+ in 

DMF (3.66 µM) is lower than what is deemed acceptable by the Environmental Protection 

Agency (4.5 – 5.4 µM) in drinking water. Although the detection limit is favourable for Fe3+ 

sensing strategies, DMF is an environmentally unfavourable solvent. For this reason, further 

studies of C1 with Fe3+ in DMF were ceased. 

 

The sensing of C1 towards Fe3+ in ethanol is more favourable due to the solvents 

environmental friendliness. The plot of the titration data according to the linear SV method 

shows appreciable linearity, bearing a slight sigmoidal shape, over the entire concentration 

range. This may suggest that either a static or dynamic quenching process is occurring. As 

previously mentioned, the dynamic component was unable to be calculated and compared to 

the static component. Both the Perrin and SOA quenching mechanism were investigated for 

their individual contributions towards the static quenching process. The value of the 

regression coefficient for the Perrin and SOA method are in close agreement (R2 = 0.9969 

and 0.9952 respectively), however, the value of the detection limit calculated by the SOA 

method was substantially higher than that determined by the Perrin method. The plot of the 

titration data as fitted by the Perrin method is shown in Figure 17. 

 

 

 

 

 

 

 

Figure 17: Titration of C1 with Fe3+ in ethanol fitted by the Perrin static quenching model. 
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The detection limit was calculated according to the equation LOD = 3*σ/m and was found 

to be 1.86 µM. This is lower than what was determined from the Perrin titration analysis in 

DMF. This lower detection limit, coupled with the favourable environmental impact of 

ethanol, was then considered as the more favourable solvent for further studies. 

Owing to this evaluated static quenching mechanism, the strength of the sensor-analyte bond 

was investigated by the Benesi-Hildebrand (BH) method. The value of the association 

constant (Ka) of C1 with Fe3+ in ethanol was calculated according to Ka = int/slope and found 

to be 1.8 x 104 M-1, an appreciably strong sensor-analyte coordination. This strong 

coordination value (together with the R2 value of the double-logarithm plot discussed later) 

firmly suggest that the main mode of fluorescent quenching of C1 by Fe3+ occurs via a static 

process whereby a strong coordination bond is achieved. This coordination may also influence 

the reversibility of C1 towards Fe3+ in the presence of a reversing agent. The large value for 

the association constant supports the proposed CHQF-PET type quenching mechanism. 

Furthermore, the linearity (R2 = 0.9979) suggests a 1:1 stoichiometric binding ratio. This 

was later confirmed by Job’s plot analysis. The titration data as fitted to the BH equation is 

shown in Figure 18 (for the BH plot of C1 with Fe3+ in DMF, see Appendix C Figure 20). 

 

   

 

 

 

 

 

 

Figure 18: Benesi-Hildebrand plot of C1 with Fe3+
 in ethanol. 
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4.1.8 Reversibility of C1 towards Fe3+ with EDTA 

 

The reversibility of C1 towards Fe3+ was investigated through titration studies with the 

hexadentate chelating ligand EDTA in ethanol as shown in Figure 19. The sensor-analyte 

complex was found to be 51 % reversible. As mentioned previously, the large value calculated 

for the association constant may prevent full reversibility in EDTA. Sensor C1 displayed 

greater percentage reversibility towards Fe3+ with EDTA than sensors A1 and B3 in 

Chapters 2 and 3 respectively. 

 

 

 

 

 

 

 

 

Figure 19: Reversibility of C1 with Fe3+ in the presence of EDTA. Excitation of 340 nm. 

 

 

4.1.9 Job’s plot analysis of C1 with Fe3+ in ethanol 

 

The stoichiometric binding ratio of C1 with Fe3+ was investigated by Job’s plot analysis in 

ethanol. The results are shown in Figure 20. The stoichiometric binding between C1 and 

Fe3+ was shown to occur in a 1:1 ratio. These observations agree with the linearity of the 

Benesi-Hildebrand plot previously described. The mole fraction is obtained at the intersection 

of the two plots where the emission intensity is greatest.  
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Figure 20: Job’s plot analysis of C1 with Fe3+ in ethanol. Excitation of 340 nm. 

 

4.1.10 pH studies of C1 and Fe3+ 

 

To determine the effect of pH variations on sensing abilities, titration studies in different pH 

solutions were conducted. Different arrays solutions with pH of 10, 7, 5, and 4 were utilized 

for the study. The emission of C1 was monitored before and after Fe3+
 addition at different 

pH values. Notably, C1 exhibits the same quenching response towards Fe3+ in all solutions 

(Figure 21). 

 

 

 

 

 

 

 

 

 

 

Figure 21: Effect of pH of sensor C1 upon Fe3+ addition at pH: a) 4, b) 5, c) 7, and d) 10. 
Excitation of 340 nm. 

a) b) 

c) d) 

a) 
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4.1.11 Quantum yield studies  

 

The fluorescence quantum yield (ɸ) of C1 was evaluated using anthracene as a standard 

fluorophore with a known ɸS of 0.27 in ethanol. The sensor and standard were excited with 

the same excitation wavelength (340 nm) and their absorbances were tuned to ca. 0.05 nm at 

this wavelength. The integrated areas under the emission spectra were obtained using 

fl.Winlab software and the fluorescence quantum yields (ɸ) were calculated in accordance 

with Equation 1 from Chapter 2. From these calculations, the quantum yield of sensor C1 

was calculated as 0.018 a.u. 

 

4.1.12 Emission intensity and fluorescent output 

 

As mentioned in Chapter 3, the lack of the electronic “push-pull” system between a 7-

substituted electron donating group (EDG) and 3-substituted electron withdrawing group 

(EWG) creates an electronic deficit in the coumarin scaffold, thereby effecting the emission 

intensity. As the ester-carbonyl carbon is connected directly to the coumarin scaffold, it will 

pull electron density from the ring structure. The calculated electron density of C1 is shown 

in Figure 22.  

 

 

 

 

 

 

 

Figure 22: Electron density of sensor C1 at PM3 calculation level.  
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Clearly, the coumarin fluorophore is subjected to a large electronic deficiency, illustrated by 

the dark blue colour surrounding the structure. Compared to A1 in Chapter 2, a higher 

concentration and volume of C1 was warranted to produce the same emission intensity. 

Visibly, the greatest electronic density resides on the N=N of the triazole moiety. Therefore, 

it would show the greatest potential for electron donation towards cationic coordination.  

 

4.1.13 Proposed binding site between C1 and Fe3+ 

 

The complexation abilities of both triazole-nitrogen, and carbonyl-oxygen atoms make them 

common candidates for many different organometallic complexes.2–4 Sensor C1 possesses 

both electron donating triazole-nitrogen and carbonyl functionalities for complexation 

towards Fe3+. Two proposed binding scenarios between C1 and Fe3+ are shown in Figure 

23. In Chapters 2 and 3, it was shown how the triazole-nitrogen atom(s) functions as the 

prominent binding site towards Fe3+ complexation. This specific complexation results in a 

pseudo six-membered ring configuration which results in high energetic stability.  

 

 

 

 

 

 

 

Figure 23: Proposed complexation sites between C1 and Fe3+. 

 

The correct complexation site was evaluated by 1H NMR, 13C NMR, and double-logarithm 

plot analysis, and was finally supported by Molecular Modelling studies. The 1H NMR 

titration of C1 with Fe3+
 is shown in Figure 24. Upon Fe3+

 titration, the peaks become less 

resolved but without changes of the ppm values. This indicates that complexation does not 

occur via hydrogen bonding. Furthermore, computational calculations indicate that no 

hydrogen bonding should occur. This agrees with the observations in the 1H NMR spectrum. 
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It could then be assumed that the main site of complexation involves the triazole nitrogen 

atom with possible assistance/stabilization from neighbouring groups and/or solvent 

molecules. 

 

 

 

 

 

 

 

 

 

Figure 24: 1H NMR titration of C1 with Fe3+.  

 

The 13C NMR of C1 with peak assignment is shown in Appendix C Figure 7. The spectral 

overlay of C1 and C1-Fe3+ complex after the addition of 16 µL of the Fe(III)NO3 solution is 

shown in Figure 25. The two peaks assigned to the coumarin- and ester-carbonyl 

functionalities do not display any shift upon Fe3+ addition. In Chapters 2 and 3, it was 

described that minimal to no shift is plausible due to the contribution of the lone electron pair 

towards complexation and not the complete covalent bond from the C=O π-electrons. 

Therefore, double-logarithm and molecular modelling studies were used to verify the possible 

complexation site(s). 

a 
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Figure 25: 13C NMR overlay of C1 and C1 after the addition of 16 µL Fe3+ in d6-DMSO. 

 

The number of theoretical binding sites was calculated using the available titration data by 

means of a double-logarithm plot. The double-logarithm plot from the titration of C1 with 

Fe3+
 is shown in Figure 26. As mentioned in previous chapters, a straight line occurs when 

the predominant mode of fluorescent quenching occurs via a static process. This confirms the 

Perrin static quenching mechanism reported. Additionally, the value of n is equal to 1.2, 

indicating that the triazole-nitrogen binding is the only plausible coordination scenario. 

Triazole coordination is possibly assisted by solvent and water molecules.  

 

 

 

 

 

 

 

Figure 26: Double-logarithm plot of C1 with Fe3+. 
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Finally, molecular modelling studies confirmed the proposed interaction between sensor C1 

and Fe3+
 via the triazole functionality. The area of higher electron density surrounding the 

triazole N=N bond (as seen in Figure 22) facilitates bonding with the Fe3+ cation and is 

further assisted by solvent and/or water molecules. This coordination scenario is supported 

by previous Chapters 2 and 3. The calculated most energetically preferred conformer of the 

C1-Fe3+
 binding scenario is illustrated in Figure 27. 

 

 

 

 

 

 

 

Figure 27: Computed most energetically favourable binding scenario between C1 and Fe3+.  

 

 

 

 

Anionic Sensing studies 

 

4.1.14 Screening studies 

 

Owing to the favourable selectivity that sensor C1 showed towards Fe3+, it was investigated 

for its sensing potential towards a variety of anions in different solvent systems. Solutions of 

anions were prepared in water from their ammonium salts. The anions used for these 

experiments included: CN-, SCN-, SO4
2-, NO3

-, CH3COO-, I-, Br-, Cl-, F- and PF6
-. Screening 

studies were conducted in four different solvents namely ethanol, water, acetonitrile, and 

DMF. The screening studies of C1 towards these listed anions in different solvent systems 

are shown in Figure 28. Visibly, sensor C1 showed a notable affinity towards CN- in all 

solvent systems used, however, the effect on emission was not as strong in water. 

Additionally, the DMF screening studies show the occurrence of a shift in peak maxima upon 

CN- addition. Additionally, a strong enhancing effect upon Cl- addition was observed. To 

a 
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determine whether C1 could be applied towards selective and sensitive CN- sensing 

strategies, competition studies with CN- in the presence of competing anions were conducted 

in ethanol, acetonitrile and DMF. The competition studies of C1 towards CN- in the three 

solvent systems are shown in Figure 29. 

 

 

 

 

 

 

 

 

 

Figure 28: Screening studies of C1 with listed anions in a) ethanol, b) water, c) acetonitrile, 
and d) DMF. Excitation of 340 nm. 

 

 

 

 

 

 

 

 

 

 

Figure 29: Competition studies of C1 towards CN- in the presence of competing anions in a) 
ethanol, b) acetonitrile, and d) DMF. PF6

-, I-, and Cl- left out of DMF study (d) as CN- had no 
effect on their emission intensity. Excitation of 340 nm. 

a) b) 

c) 

a) b) 

d) c) 
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It is evident that C1 does not display any selectivity towards CN- in the presence of competing 

anions. Due to these observations, further studies including both emission and absorbance 

titration analysis, Job’s plot studies, association constant and detection limit determination, 

1H NMR and 13C NMR titration experiments were not conducted. Molecular Modelling 

studies were used to elucidate the possible coordination scenario between C1 and CN-. The 

calculated binding site of C1 with CN- is shown in Figure 30. Computations indicate the 

interaction of the acidic triazole proton towards complexation, with possible assistance from 

a neighbouring coumarin proton. This agrees well with reported results from previous 

chapters and literature. 

 

 

 

 

 

 

Figure 30: Most energetically preferred conformer for the interaction between C1 and CN- 
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4.2 Conclusion 

 

Herein, four novel 3-ester-6-triazole coumarin derivatives were synthesized, characterized, 

and tested for their selectivity and sensitivity towards a variety of cations and anions in 

different solvent systems. These sensors differ based on the functionality attached to the 

triazole moiety. The greatest emission intensities were observed for derivatives C1 and C3. 

Both sensors showed a reasonable affinity for Fe3+ in ethanol and DMF through a strong 

fluorescent quenching response. However, sensor C1 displayed greater selectivity towards 

Fe3+ than C3 in both ethanol and DMF. Owing to the greater selectivity C1 displayed 

towards Fe3+, it was selected for further titration analysis in both solvents. Titration studies 

of C1 with Fe3+ in ethanol and DMF were further conducted. The detection limit of C1 

towards Fe3+ was determined to be 1.86- and 3.66 µM in ethanol and DMF respectively. The 

main mode of fluorescent quenching for C1 in ethanol and DMF was determined to occur via 

a static mechanism, namely the Perrin static quenching model. UV-Vis titration of C1 with 

Fe3+ resulted in no spectra shift which supported the CHQF-PET “on-off” fluorescent 

mechanism. The association constant was determined to be 1.8 x 104 M-1. When the C1-Fe3+ 

complex was titrated with EDTA, up to 51% reversibility was achieved. The stoichiometric 

binding was shown to occur in a 1:1 ratio. The sensor displayed a good quenching response 

towards Fe3+
 in a variety of buffered solutions with pH of 4,5,7, and 10. The quantum yield 

was determined to be 0.018. The complexation of C1 towards Fe3+ was shown to coordinate 

via the triazole-nitrogen atom. Sensor C1 was applied towards anionic sensing strategies in 

ethanol, water, acetonitrile and DMF. Screening studies show that C1 displayed a reasonable 

response to CN- in ethanol, acetonitrile, and DMF. Selectivity studies showed poor affinity 

towards CN- in the presence of competing anions. Sensor C1 was not deemed appropriate for 

further anionic sensing studies. 
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4.3 Experimental 

 

 

4.3.1 Materials 

 

Stock solutions of 3-ester-6-triazolyl coumarin derivatives C1-4 were prepared by dissolving 

the respective samples in 25 mL of DMF (dimethylformamide) to a final stock concentration 

of 0.001 M. Deionized water was used to prepare solutions of metal ions to the concentration 

of 0.01 M which were diluted further to their desired concentrations. All metal ion solutions 

were prepared from their nitrate salts, apart from Fe2+ which was prepared from its 

corresponding sulfate. Anionic solutions were prepared in deionized water from their 

ammonium salts. The titration experiments were performed in 3 mL quartz and glass 

cuvettes, respectively. Spectroscopic measurements were performed after each aliquot of 

selected cationic and anionic solutions.   

 

 

Synthesis of coumarin-ester derivative 1 

 

The synthesis of coumarin-ester derivative 1 was carried out by literature procedure.1 The 

success of the reaction was determined by 1H NMR and singe-crystal XRD analysis (see 

Figure 4). For the 1H NMR of coumarin-ester derivative 1 see Appendix C Figure 21. 1H 

NMR: (DMSO-d6, 400MHz) δH: 1.36(t, 3H, J 7.2), 4.36(q, 2H, J 7.12), 7.29(m, 2H), 7.60(m, 

2H), 8.48(s, 1H). 13C NMR (DMSO-d6, 100.6 MHz) δC: 14.18, 61.89, 116.65, 117.82, 118.17, 

124.86, 129.54, 134.34, 148.57, 155.06, 155.69, 162.93. 

 

Synthesis of 6-nitro-3-ester coumarin derivative 1a 

 

Coumarin-ester derivative 1 (1g, 4.6 mmol) was added in portions to a cold solution of NaNO3 

(2g, 23 mmol) in HCl (30 mL) with stirring. The mixture was stirred at 0 °C for 2 hrs, after 

which it was poured into ice water and the resulting precipitate filtered and dried to afford 6-
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nitro-3-ester coumarin derivative 1a as a white solid (0.98g, 82%). 1H NMR: (DMSO-d6, 

400MHz) δH: 1.31 (t, 3H, J 13.8), 2.5 (s, 2H), 7.63 (d, 1H, J 9.1), 8.48 (d, 1H, J 9.1), 8.91 (s, 

2H). 13C NMR (DMSO-d6, 100.6 MHz) δC: 13.97, 61.52, 117.71, 118.15, 119.45, 126.01, 

128.51, 143.62, 147.58, 155.01, 158.01, 162.04. IR νmax (cm-1):  1500 (NO2), 1687, 1773 (C=O), 

3088 (C-H). Elemental Anal: expected C 55.76, H 3.45, N 5.32, O 36.47; found C 55.74, H 

3.45, N 5.31, O 36.47. 

 

Reduction of 1a to 3-ester-6-amine derivative 1b 

 

Nitrated coumarin derivative 1a (0.4 g, 1.52 mmol) was added to a solution of Fe-powder (0.1 

g, 1.52 mmol) in HOAc/H2O (30 mL/20 mL) and was left to stir at room temperature for 24 

hrs. The resulting mixture was filtered through celite powder to remove any residual Fe-

powder. The filtrate was separated with ethyl acetate (3 x 50 mL) and washed with deionized 

water (3 x 20 mL). The organic layers were combined, dried over anhydrous Na2SO4, and the 

solvent removed under vacuum. The solid was recrystallized by minimal DCM and ether to 

afford the product as an orange/brown solid (0.25 g, 71%). 1H NMR: (DMSO-d6, 400MHz) 

δH: 1.30 (t, 3H, J 7.02), 4.27 (q, 4H, J 7.02), 5.35 (s, 2H), 6.88 (s, 1H), 6.98 (d, 1H, J 8.84), 7.15 

(d, 1H, J 8.84), 8.54 (s, 1H). 13C NMR (DMSO-d6, 100.6 MHz) δC: 14.02, 61.06, 110.97, 116.47, 

117.45, 118.07, 121.51, 154.89, 146.22, 148.55, 156.49, 163.00. IR νmax (cm-1): 3224-3403 (N-

H), 2982-3055 (C-H), 1745 (C=O), 1567 (N-H). Elemental Anal: expected C 61.8, H 4.75, N 

6.01, O 27.44; found C 61.76, H 4.73, N 5.99, O 27.43. 

 

Conversion of coumarin-amine 1b to coumarin-azide 1c 

 

The conversion of coumarin-amine to coumarin-azide derivative 1c was conducted 

according to literature procedure.5 The reaction of 1b (0.25 g, 1.07 mmol) under the 

aforementioned reaction conditions, afforded the desired product as a bright yellow solid 

(0.26 g, 95%). 1H NMR: (DMSO-d6, 400MHz) δH: 1.31 (t, 3H, J 6.96), 4.29 (q, 2H, J 7.0), 

7.45 (s, 2H), 7.71 (d, 1H, J 10.44), 8.71 (d, 1H, J 10.08). 13C NMR (DMSO-d6, 100.6 MHz) 

δC: 8.91, 27.72, 110.13, 116.94, 119.09, 125.22, 125.95, 127.79, 151.71, 152.07, 157.14, 
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172.29. IR νmax (cm-1): 3000 (C-H), 2110 (N3), 1707 (C=O). Elemental Anal: expected C 

55.60, H 3.50, N 16.21, O 24.69; found C 55.59, H 3.48, N 16.19, O 24.67. 

 

Synthesis of 3-ester-6-triazolyl coumarin derivatives C1-4 

 

Coumarin-azide derivative 1c (0.3 g, 1.16 mmol) was reacted under the triazole forming 

“click” reaction protocol from Chapters 2 and 3 with previously outlined phenol-alkyne 

derivative (compound 2 in Chapter 2), and store-bought alkyne derivatives including 

phenylacetylene, propargyl benzoate, and 2-methyl-3-butyne-2-amine (1.2 molar eq.).The 

solvent was evaporated under vacuum and the residue dissolved in ethyl acetate (30 mL), 

washed with water (3x30ml) and dried over anhydrous Na2SO4. The organic layer was 

evaporated under vacuum and crude product purified by recrystallization from DCM (5 mL) 

and petroleum ether (40 mL) to yield solid coumarin-triazolyl derivatives C1 (0.35 g, 78%), 

C2 (0.18 g, 43%), C3 (0.01 g, 20 %), C4 (0.09 g, 24%).  

Sensor C1 1H NMR: (DMSO-d6, 400MHz) δH: 1.32 (t, 3H, J 6.64), 4.32 (q, 2H, 6.92), 5.26 (s, 

2H), 7.32 (s, 5H), 7.68 (d, 1H, J 8.88), 8.24 (d, 1H, J 8.60), 8.53 (s, 1H), 8.83 (s, 1H), 8.95 (s,1H). 

13C NMR (DMSO-d6, 100.6 MHz) δC: 14.00, 60.86, 61.42, 114.68, 117.78, 118.53, 119.09, 

120.98, 121.30, 123.00, 125.97, 129.54, 132.89, 144.20, 147.76, 153.94, 155.58, 157.93, 162.32. 

IR νmax (cm-1): 3047-2875 (C=C-H; C-H), 1728 (C=O), 1595-1374 (triazole), 1237-1030 (ether 

C-O-C). Elemental Anal: expected C 64.45, H 4.38, N 10.74, O 20.44; found C 63.91, H 4.36, 

N 10.56, O 20.39.  

Sensor C2 1H NMR: (DMSO-d6, 400MHz) δH: 1.32 (t, 3H, J 7.12), 4.32 (q, 2H, J 7.08), 7.40 

(t, 1H, J 7.0), 7.51 (t, 2H, J 7.50), 7.69 (d, 1H, J 8.92), 7.94 (d, 2H, J 7.52), 8.25 (d, 1H, J 8.84), 

8.53 (s, 1H), 8.83 (s, 1H), 9.29 (s, 1H). 13C NMR (DMSO-d6, 100.6 MHz) δC: 13.98, 61.46, 

117.83, 118.54, 119.09, 119.81, 121.06, 125.33, 125.81, 128.39, 129.04, 129.94, 132.96, 147.48, 

147.76, 153.89, 155.61, 162.33. IR νmax (cm-1): 3126-2981 (C=C-H; C-H), 1755 (C=O), 1621-

1371 (triazole), 1250-1026 (ether C-O-C). Elemental Anal: expected C 66.48, H 4.18, N 11.63, 

O 17.71; found C 66.47, H 4.11, N 11.62, O 17.70.  

Sensor C3 1H NMR: (DMSO-d6, 400MHz) δH: 1.32 (t, 3H, J 6.98), 4.32 (q, 2H, J 7.08), 5.53 

(s, 2H), 7.54 (t, 3H, J 7.36), 7.67 (d, 1H, J 8.12), 8.01 (d, 2H, J 7.32), 8.25 (d, 1H, J 8.88), 8.53 

(s, 1H), 8.82 (s, 1H), 8.96 (s, 1H). 13C NMR (DMSO-d6, 100.6 MHz) δC: 13.99, 57.79, 61.41, 
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117.75, 118.51, 119.07, 121.32, 123.20, 125.99, 128.79, 129.28, 132.83, 133.57, 143.35, 147.74, 

153.96, 155.56, 162.29, 165.42. IR νmax (cm-1): 3052-2976 (C=C-H, C-H), 1720 (C=O), 1620-

1374 (triazole), 1259-1027 (ether C-O-C). Elemental Anal: expected C 63.01, H 4.09, N 10.02, 

O 22.89; found C 63.00, H 4.09, N 9.98, O 22. 85.  

Sensor C4 1H NMR: (DMSO-d6, 400MHz) δH: 1.32 (s, 3H), 1.47 (s, 6H), 4.31 (d, 2H, J 4.96), 

7.65 (d, 1H, J 7.36), 8.20 (d, 1H, J 6.92), 8.48 (s, 1H), 8.61 (s, 1H), 8.82 (s, 1H). 13C NMR 

(DMSO-d6, 100.6 MHz) δC: 13.99, 61.42, 117.74, 118.61, 118.66, 119.02, 120.78, 125.61, 

133.17, 147.80, 153.66, 155.62, 162.33. Elemental Anal: expected C 59.64, H 5.30, N 16.37, O 

18.69; found C 59.58, H 5.27, N 16.36, O18.65. 
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APPENDIX C 

 

 

 

Figure 1: 13C NMR spectra of 3-ester-6-nitro coumarin derivative 1a in d6-DMSO. 

 

 

 

 

 

 

Figure 2: FT-IR spectra of coumarin derivative 1a. 
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Figure 3: 13C NMR spectra of 3-ester-6-amine coumarin derivative 1b in d6-DMSO. 

 

 

 

 

 

 

 

 

Figure 4: FT-IR spectra of derivative 1b. 
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Figure 5: 13C NMR spectra of 3-ester-6-azide coumarin derivative 1c in d6-DMSO. 

 

 

 

 

 

 

 

 

 

Figure 6: FT-IR spectra of coumarin derivative 1c. 
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Figure 7: 13C NMR spectra coumarin-triazole derivative C1 in d6-DMSO. 

 

 

 

 

 

 

 

 

Figure 8: FT-IR spectra of C1. 
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Figure 9: 13C NMR spectra of coumarin-triazole derivative C2 in d6-DMSO. 

 

 

 

 

 

 

 

 

Figure 10: FT-IR spectra of C2. 
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Figure 11: 13C NMR spectra of coumarin-triazoe derivative C3 in d6-DMSO. 

 

 

 

 

 

 

 

 

Figure 12: FT-IR spectra of C3. 
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Figure 13: 13C NMR spectra of coumarin-triazole derivative C4. 

 

 

 

 

 

 

 

Figure 14: UV-Vis absorbance comparison of compounds C1-4 in ethanol. 
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Figure 15: Metal cation screening studies of a) C1 and b) C3 in acetonitrile. Excitation of 

340 nm. 

 

 

 

 

 

 

Figure 16: Normalized absorbance (blue) and emission (red) of sensor C1 in the absence of 

Fe3+. 

 

 

 

 

 

 

 

Figure 17: Titration data of C1 with Fe3+ plotted using the equation for the combined 

dynamic and static quenching mechanism in a) ethanol and b) DMF.  

a) b) 

a) b) 
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Figure 18: Titration of C1 with Fe3+ fitted according to the Perrin static quenching 

equation in a) ethanol and b) DMF. 

 

 

 

 

 

 

Figure 19: Titration of C1 with Fe3+ fitted according to the Sphere of Action static 

quenching equation in a) ethanol and b) DMF. 

 

 

 

 

 

 

Figure 20: Benesi-Hildebrand plot of C1 with Fe3+ in ethanol. 

a) b) 

a) b) 
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Figure 21: 1H NMR spectra of 3-ester coumarin starting product 1 in CDCl3. 
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Chapter 5: 

Application of coumarin-derived Schiff bases and azo-dyes 

towards ionic sensing strategies  

 

Summary 

 

Three novel coumarin derived Schiff bases and a single azo dye have been synthesized, 

characterized, and tested for their sensing abilities towards cations and anions. Sensors D1-

3 possessed the imine functionality, whilst sensor D4 supported the azo-group. Sensors D3 

and D4 displayed a strong preference towards Hg2+ in water and acetonitrile respectively, 

with sensor D4 displaying a strong colorimetric response towards the metal by a rapid colour 

change from yellow to red. Competition studies displayed a high degree of selectivity of both 

sensors towards Hg2+ even in the presence of all competing cations. The detection limit 

(LOD) was determined to be 0.74 and 0.24 µM for D3 and D4 respectively, in their chosen 

solvents. The association constant (Ka) was determined by Benesi-Hildebrand analysis from 

the titration data. The association constants were determined to be 4.4 and 8.9 x 104 M-1 for 

D3 and D4 respectively. Both sensors displayed a stoichiometric binding ratio of 1:1 

determined by Jobs plot analysis. Emission studies indicated the non-fluorescence of D4 and 

the weak fluorescence of D3 is due to C=N isomerization. The quantum yield (ɸ) was 

determined to be 0.012 for D3. The complexation site of each sensor with Hg2+ was elucidated 

via 1H NMR, 13C NMR, 15N NMR, FT-IR, and Molecular Modelling studies. Complexation 

of D3 with Hg2+ was shown to involve the lone electron pairs of both the imine-nitrogen and 

neighbouring phenol-oxygen in a stable pseudo-6-membered ring conformation; whilst 

complexation of D4 towards Hg2+ involved the lone pairs of the coumarin- and neighbouring 

ester-carbonyl functionalities in a stable pseudo-6-membered ring conformation. Hydrogen 

potential studies (pH) of both sensors from pH of 2-14 indicated usability over a vast range 

of pH values. Reversibility studies with EDTA elucidated the partial reversibility of D3 and 

the full reversibility of D4 towards Hg2+. This reversibility of D4 permitted the construction 

of an IMPLICATION type logic gate and Molecular Keypad Lock as extended applications. 

Furthermore, D4 was able to be implemented towards inexpensive on-site Hg2+ assay 

methods. Spike and recovery methods showed that both D3 and D4 were able to be used 

towards quantitative Hg2+ determination in environmental water samples. Molecular orbital 
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studies indicate the presence of and ICT, ESIPT, and ESICT mechanism upon Hg2+ 

complexation with D3; whilst D4 exhibits strong ICT characteristics upon metal binding. 

Anionic screening studies showed the affinity of D3 towards CN- and D4 towards PF6
- in 

water and acetonitrile respectively. Competition studies indicated poor selectivity of both 

sensors towards their preferred analytes in their respective solvent systems. Binding site 

studies of D3 with CN- support a proton-transfer mechanism by nucleophilic attack of the 

CN- nucleophile. 
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5.1 Results and Discussion 

 

5.1.1 Synthesis and characterization of coumarin-derived imine and azo dye sensors 

D1-4 

 

The synthesis of the four novel coumarin-derived imine and azo sensors D1-4 is outlined in 

Scheme 1. The formation of derivatives 1, 1a, and 1b has been shown previously in Chapter 

4. The formation of diazonium derivative 1c was synthesized according to well-known 

diazotization reactions of primary amines with a nitrating agent. The formation of the 

coumarin-azo derivative D4 was achieved following general literature procedure.1 The crude 

product (from TLC analysis) was purified further by column chromatography. The formation 

of coumarin-imine derivatives D1-3 was achieved by refluxing the desired aldehydes with 

coumarin-amine derivative 1b in ethanol. Imine-derivative D1 precipitated directly from 

solution and was confirmed by 1H NMR. This compound was able to be used without further 

purification. Derivatives D2 and D3 were filtered, monitored by TLC, and subsequently 

purified by column chromatography. General procedures for the formation of an imine group 

from an aldehyde are well documented in the literature.2 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Synthesis of coumarin-imine (D1-3) and coumarin-azo (D1) derivatives.  
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The 1H NMR, 13C NMR, and FT-IR spectra of coumarin-derivatives 1a & 1b, and XRD 

structure of coumarin-ester derivative 1, were previously reported in Chapter 4. 

Diazotization derivative 1c was formed in situ, and the success of the diazonium step was 

confirmed by the formation of desired coumarin-azo derivative D4. The 1H NMR spectra of 

coumarin-imine & -azo derivatives D1-4 are shown in Figures 1-4 (for the 13C NMR of 

derivatives D1-4, see Appendix D Figures 1-4). 

 

Figure 1: 1H NMR of coumarin-imine derivative D1 in d6-DMSO. 

 

Figure 2: 1H NMR of coumarin-imine derivative D2 in d6-DMSO. 
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Figure 3:  1H NMR of coumarin-imine derivative D3 in d6-DMSO. 

 

 

Figure 4: 1H NMR of coumarin-azo derivative D4 in d6-DMSO. 
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The single-crystal XRD confirmed the desired formation of imine and azo sensor D2-4. 

Sensor D1 did not form any crystals for analysis, however, the desired structure was 

confirmed by 1H NMR, 13C NMR and FT-IR spectral analysis. Notably, coumarin-azo 

derivative D4 is capable of crystallizing in more than one type of space-group, suggesting its 

polymorphism or ability to crystallize into different crystalline forms. Both crystals were 

found to crystallize in a monoclinic crystal system, differing only by their space-groups. The 

single-crystal XRD structures of D2-4 are shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Single-crystal XRD results of coumarin-imine and -azo sensors (a) D2, (b) D3, and 
(c) D4 with two different crystalline forms and corresponding space-groups. 

 

 

 

 

a) b) 

c) 
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The FT-IR spectra of sensors D1-4 highlighted some interesting tautomeric and isomeric 

characteristics, in addition to substantiating the formation of the desired products. The FT-

IR spectra of sensors D1-4 are shown in Figure 6.  
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b) 
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Figure 6: FT-IR spectra of coumarin-imine and coumarin-azo derivatives D1-4 (a-d). 

 

In the FT-IR spectra for compounds D1-3, a sharp peak at 2360 cm-1 is possibly indicative of 

an enamine tautomer present in equilibrium with the imine. This group could arise from 

intramolecular proton transfer, resulting in enol-imine and keto-enamine tautomerism, 

leading to two distinct tautomers present in solid form (Figure 7). From the 1H NMR and 

13C NMR spectra of D1-3, only one form of the tautomer is stable in solution (d6-DMSO). 

Additionally, the stability of the original enol-imine tautomer lends it towards being able to 

crystallize from solution upon solvent evaporation, which is why it was not present in the 

XRD crystal structures. The existence of OH---N and NH---O type hydrogen bond 

tautomers between enol-imine and keto-enamine forms serve as very important ligands.3 

c) 

 
d) 
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Figure 7: Possible tautomerism through proton transfer in coumarin-imine derivative D3. 

 

The tautomerism present in imine derivatives D1-3 leads to the formation of pseudo-6-

membered ring conformations in both equilibrium structures through hydrogen bonding. 

Additionally, the most energetically stable conformer of D3, calculated by Molecular 

Modelling studies at PM3 calculation level, indicated this hydrogen bonding between the 

imine nitrogen and neighbouring hydroxy proton. This further substantiates why the enol-

imine tautomer has greater stability and is the main compound present in both the NMR and 

XRD studies (Figure 8). 

 

 

 

 

 

 

Figure 8: Most energetically stable conformer of D3 calculated at PM3 molecular level. 
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In coumarin-imine derivatives D1-3, the imine C=N bond is observed between 1650-1500 

cm-1.4–6 Notably, a strong absorbance band between 3500-3000 cm-1 characteristic of hydroxy 

functionality, is weakly visible if not entirely absent for all three coumarin-imine derivatives. 

From the XRD and 1H NMR analysis, the presence of the OH group is undeniable. Therefore, 

it is possible that the hydrogen bonding between the imine-nitrogen and hydroxy-proton of 

the enol-imine tautomer prevents/reduces bond vibrations of the OH functionality. 

Tautomerism between the enol and keto tautomers may also serve to reduce the proportion 

of freely vibrating enol forms present in the solid state. In D1 the para-hydroxy that is not 

involved in tautomerism is still partially visible, whilst the single tautomeric OH group in 

both D2 and D3 is entirely absent. For coumarin-azo derivative D4, the characteristic azo 

N=N functionality may be observed between 1600-1300 cm-1.7–9 

 

5.1.2 Absorbance and emission studies of coumarin-imine and -azo derivatives D1-4 

 

The UV-Vis absorbance characteristics of derivatives D1-4 were investigated in acetonitrile, 

water, methanol, THF, and DMF. Stock solutions of the sensors were prepared in methanol 

to a final concentration of 0.001 M. The UV-Vis comparison of D1-4 in different solvent 

systems are shown in Figure 9. 

 

 

 

 

 

 

 

 

 

Figure 9: UV-Vis absorbance characteristics of coumarin-imine and azo derivatives D1-4 in 
a) acetonitrile, b) H2O, c) methanol, d) THF, and e) DMF. 

a) b) 

c) d) 

e) 
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The excitation wavelengths remain consistent for D1-4 with minor shifts in peak maxima in 

different solvents. Derivatives D1 and D2 show an excitation maximum of 300 nm in the 

selected solvent systems, with minor secondary/shoulder peaks visible at longer 

wavelengths. Derivative D3 exhibits strong absorbance characteristics in all five solvent 

systems with the first band situated at 300 nm, the second between 345 and 355 nm and the 

third band/shoulder peak situated between 390 and 420 nm depending on the solvent. The 

first absorbance band is proposed to be due to the π-π* electronic transitions of the conjugated 

coumarin-imine species, whilst the second band is proposed to arise from the electronic 

transitions in the -N=CH- group, and the conjugation occurring between the coumarin rings 

and the imine group.10,11 The weaker and broader third absorption band could possibly arises 

due to the intra-molecular hydrogen bond between the N atom in the imine group and the 

ortho-hydroxyl group on the adjacent phenyl ring, as the result of the optical excitation of 

the molecule. In this case, this band is defined as n-π* transition as it is involved in 

delocalization with lone-pair electrons.12 Coumarin-azo derivative D4 shows an excitation 

wavelength maxima between 420 and 430 nm depending on the solvent. This characteristic 

absorbance band in this wavelength region is indicative of π-π* and/or n-π* electronic 

transitions.13 Azo-derivative D4 displays good absorbance intensity in all organic solvents 

apart from water, where the absorbance intensity is comparatively diminished. 

Clearly, the solvent system influences the absorbance characteristics (intensity and/or 

wavelength) of the coumarin-imine and coumarin-azo derivatives D3 and D4. Solvent 

characteristics play a pertinent role in both the chemical and physical processes by regulating 

the photochemical/photophysical behaviour of molecules.14,15 Specifically, the polarity of the 

solvent is the key factor that controls the thermodynamic and kinetic aspects of a chemical 

reaction.16 The positions of the absorption/emission bands of the molecules may shift and/or 

the intensities of these bands may be reduced due to the interaction of molecules with solvents 

with differing polarities. This phenomena is popularly known as solvatochromism.17 

Generally, molecules whose excited and ground states differ greatly depending on the change 

of solvent polarity will experience this phenomena. Solvation differences may be attributed to 

the nature of chromophoric and auxochromic groups in the molecule. This interaction with 

the solvent can occur either through non-specific forces like electrostatic and polarization 

forces or specific interactions like hydrogen bonding and acceptor-donor interactions via 

electron pairs.18 The preferential solvent model; the dipole moment ratio between the ground 

state and excited state; the enhancement of the basicity of the probe through the introduction 

of the substituent; and the stabilization of the ground or excited state are the primary reasons 



247 
 

for the solvatochromic phenomena.19–21 Factors including the nature and position of the 

substitution; the temperature of the surrounding medium; and the nature of the solvent can 

induce/enhance/prevent solvatochromism, resulting in either the positive or negative 

response (increase or decrease in wavelength and intensity).22 

 

Emission comparisons of D3 and D4 in acetonitrile, methanol, and water are shown in Figure 

10. The various excitation wavelengths from the UV-Vis analysis of D3 and D4 in these 

respective solvents were used for emission studies.  

 

 

 

 

 

 

 

 

 

Figure 10: Emission studies of derivatives D3 and D4 at different excitation wavelengths in 
a) acetonitrile, b) water, and c) methanol.  

 

In all three emission studies, coumarin-azo derivative D4 exhibits weak to no fluorescence at 

the respective excitation wavelengths. It has been reported that compounds bearing the azo 

functionality exhibit low fluorescent properties.23,24 For example, azobenzenes readily 

undergo photoisomerization in the photoexcited state, which is a reason for their non 

fluorescence. Photoisomerization accompanies the change in the direction of the lone pair of 

one nitrogen atom.25,26 Coumarin-imine derivative D3 shows weak fluorescence in all three 

solvent systems. This weak emission is plausibly due to C=N isomerization. This diminished 

emission intensity is as a result of a non-radiative emission pathway due to isomerization in 
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the excited state.27–30 The fluorescent quantum yield (ɸ) of D3 with anthracene as standard 

was determined to be 0.012 (see Chapter 2 Equation 2). 

 

The effect of solvatochromism on derivative D3 was further supported by a comparison of 

the solvent effects on the emission intensity of D3 at 340 nm. As mentioned previously, the 

solvent polarity plays a key role in the kinetic and thermodynamic aspects of a chemical 

reaction. Notably, the emission intensity of D3 decreases with increasing solvent polarity 

from acetonitrile<methanol<water (Figure 11). 

 

 

 

 

 

 

 

Figure 11: Emission comparison of equimolar amounts of D3 in acetonitrile, methanol, and 
water. Excitation of 340 nm. 

 

 

Cationic sensing studies 

 

5.1.3 Sensing response of coumarin-imine and azo derivatives D3 and D4 towards 

various metal cations in organic and aqueous media 

 

Coumarin-imine and -azo derivatives D3 and D4 were chosen for further studies owing to 

their favourable absorbance properties compared to that of D1 and D2. Screening studies 

were conducted in acetonitrile, methanol, and water, with the omission of DMF due to its 

environmentally unfavourable properties. The metals for analysis were prepared in water 

from their nitrate salts. These metals included Hg2+, Ag+, Fe3+, Fe2+, Pb2+, Cd2+, Cu2+, Ba2+, 

Zn2+, Ca2+, Co2+, Cr2+, Al3+, K+, Ni2+, and Na+. Owing to the colour changing capabilities of 
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the imine and azo functionalities upon metal coordination (chromophores), the colour of the 

compound in solution before and after metal addition was observed. Derivative D3 displayed 

a strong affinity towards Hg2+
 in water, characterized by a strong decrease of absorbance in 

the band associated with the imine C=N bond (425 nm). This foreshadows the possible 

involvement of the imine functionality towards Hg2+ complexation. Moreover, the colour of 

the solution changes from light yellow to clear upon Hg2+ addition. Derivative D4 on the 

other hand exhibits a strong bathochromic shift upon Hg2+ addition in acetonitrile (Figure 

12). Furthermore, a rapid and distinct colour change from yellow to red was observed upon 

metal coordination. Both derivatives have displayed a unique visible colour response towards 

Hg2+ in their respective solvent systems, highlighting their applications as colorimetric 

sensors for Hg2+ detection. The changes in solution colour upon Hg2+ complexation of D3 

and D4 in different solvents is shown in Figure 13 (for the screening studies of D3 in 

acetonitrile and methanol and D4 in water and methanol, see Appendix D Figures 5-8). 

 

 

 

 

 

 

 

 

 

 

Figure 12: UV-Vis metal screening studies of a) D3 in water and b) D4 in acetonitrile. 

 

 

 

 

 

 

a) b) 
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Figure 13: Visual “naked-eye” colour changes of sensor D4 in a) methanol, b) water, and c) 
acetonitrile; and sensor D3 in d) water upon Hg2+ addition. 

 

5.1.4 Competition studies of D3 and D4 towards Hg2+ 

 

The selectivity studies of D3 and D4 towards Hg2+ was conducted in water and acetonitrile 

respectively. The effects of the competing cations towards Hg2+ complexation with D3 and 

D4 is shown in Figure 14. Both sensors display appreciable selectivity towards Hg2+ in the 

presence of competing metal cations. Additionally, both sensors displayed selectivity towards 

Hg2+ when all metal cations were competing against Hg2+ in solution. For the competition 

studies of D3 towards Hg2+ in MeOH; and D4 towards Hg2+ in MeOH and water, see 

Appendix D Figures 9-11. Both sensors showed good selectivity towards Hg2+
 in MeOH 

and water respectively; however, the selectivity towards Hg2+ in water and acetonitrile for 

D3 and D4 respectively was far superior. 

 

 

 

 

 

 

Figure 14: Selectivity studies of a) D3 and b) D4 towards Hg2+ in water and acetonitrile 
respectively. 

a) b) 

c) d) 
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Moreover, sensor D4 displayed remarkable visual selectivity towards Hg2+ in the presence of 

competing cations. Furthermore, D4 showed selectivity towards Hg2+ after competing 

cations had been initially added (in the absence of Hg2+) to a solution of the sensor in 

acetonitrile (Figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Visual selectivity of D4 towards Hg2+ in acetonitrile in a) the presence of 
competing metal cations, and b) visual colour change upon Hg2+ addition post competing 
metal complexation with D4. 

 

5.1.5 UV-VIS titration studies, detection limit, association constant, and binding 

stoichiometry for D3 with Hg2+ in water 

 

The UV-Vis titration of D3 with Hg2+ was conducted in water at room temperature. Equal 

aliquots of the Hg2+ solution was added to D3 and the absorbance intensity monitored. 

Results indicate an increase in absorbance in the second absorbance band (Amax 350 nm) with 

a subsequent decrease in the absorbance value in the third absorbance band (Amax 420 nm) 

associated with the imine-hydroxy system. This led to the formation of a clear isosbestic point 

at 368 nm (Figure 16). 

 

a) 

b) 
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Figure 16: UV-Vis titration analysis of D3 with Hg2+ in water. Titrations completed in 
triplicate. 

 

As mentioned in Chapter 2, an isosbestic point indicates a clear transformation from the 

starting product to the sensor-metal complex in a chemically selective fashion.31,32 This 

isosbestic point remains stable for the duration of the titration experiment and does not shift 

to higher or lower wavelengths. This is indicative of a reaction proceeding without the 

formation of an intermediate or multiple products.33 The bathochromic shift in wavelength 

upon Hg2+ addition could arise due to a possible ICT mechanism, accounting for the 

observable colour change from clear to a brighter yellow. This shift was not as prominent as 

that observed between D4 and Hg2+, and the colour change less pronounced. 

The detection limit of D3 with Hg2+ was determined from the calibration of A0/A vs [Hg2+] 

according to the equation LOD = 3σ/m where σ is the standard deviation of the regression 

curve and m is the gradient/slope of the graph itself. The detection limit was calculated at 

the lower [Hg2+] region of the graph where linearity is maintained. Deviation from linearity 

at higher concentrations of Hg2+ could arise due to limited sensor accessibility. The detection 

limit was calculated to be 7.37 x 10-7 M (0.74 µM). The calibration curve of D3 with Hg2+ is 

shown in Figure 17. 

 

 

 

 

a) 
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Figure 17: plot of A0/A vs [Hg2+] for the titration of D3 with Hg2+. 

 

The association constant (Ka) was determined using the titration data recorded and plotted 

according to the Benesi-Hildebrand equation as previously described in Chapters 2-4. The 

value of the association constant was calculated from the ratio of the intercept to the slope of 

the calibration curve. The association constant was determined to be 4.4 x 104 M-1. 

Additionally, the linearity of the plot suggests a 1:1 binding ratio between D3 and Hg2+. This 

was later confirmed by Job’s plot analysis. The Benesi-Hildebrand plot from D3 and Hg2+ 

titration data is shown in Figure 18. 

 

 

 

 

 

 

 

 

Figure 18: Benesi-Hildebrand plot of D3 with Hg2+. 

 

 

 

A 
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The Job’s plot analysis of D3 with Hg2+
 in water is shown in Figure 19. The binding 

stoichiometry between the sensor and metal was shown to occur in a 1:1 ratio. This value is 

determined at the intersection of the two plots where absorbance intensity is greatest.  

 

 

 

 

 

 

 

 

Figure 19: Job’s plot of D3 with Hg2+
 in water. 

 

 

5.1.6 UV-VIS titration studies, detection limit, and association constant for D4 with 

Hg2+ in acetonitrile 

 

The UV-Vis titration of D4 with Hg2+ was conducted in acetonitrile at room temperature. As 

illustrated in Figure 20, upon the incremental addition of Hg2+ to the solution of D4, a new 

absorption band appeared at 520 nm. Conversely, the absorption band at 422 nm subsequently 

decreased upon Hg2+ addition, forming a clear isosbestic point at 470 nm. This isosbestic 

point characterizes the appearance of the new sensor-metal complex as a single, stable 

coordination species.  

 

 

 

 

 

a) 
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Figure 20: UV-Vis titration of D4 with Hg2+
 in acetonitrile. Titrations conducted in 

triplicate. 

 

The detection limit of D4 with Hg2+
 was determined by the same method described for D3 

with Hg2+ and was found to be 2.4 x 10-7 M (0.24 µM). This detection limits for both D3 and 

D4 towards Hg2+ is lower than the accepted limit of mercury in drinking water as reported 

by the WHO and U.S. EPA.34–36 This highlights these sensors possible applications towards 

environmental Hg2+
 sensing and determination. The detection limit was calculated at lower 

analyte concentrations where linearity was maintained. 

The association constant was determined by the same methods as described for D3 with Hg2+. 

The Benesi-Hildebrand plot of D4 with Hg2+ is illustrated in Figure 21. The value of Ka was 

found to be 8.9 x 104 M-1. As mentioned in previous chapters, the association constant is a 

measure of the strength of the sensor-analyte interaction. As the value for Ka for D4 is double 

that of D3 with Hg2+, it could explain both the visible and spectroscopic differences observed 

in their complexation strategies. This stronger interaction between D4 and Hg2+ could 

explain the observed bathochromic (red) shift in absorbance wavelength upon Hg2+
 addition; 

and the more striking colour change from yellow to red than that of D3 with Hg2+
.  
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Figure 21: Benesi-Hildebrand plot of D4 with Hg2+
. 

 

 

The stoichiometric binding ratio as described by the Job’s plot analysis of D4 and Hg2+ is 

shown in Figure 22. Complexation is shown to occur in a 1:1 ratio which is complimented by 

the linearity of the Benesi-Hildebrand plot. 

 

 

 

 

 

 

 

 

 

Figure 22: Job’s plot of D4 with Hg2+ in acetonitrile. 

 

 

 

a) 
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5.1.7 Reversibility studies of D3-Hg2+ and D4-Hg2+ complexation with EDTA 

 

The reversibility of D3 and D4 towards Hg2+
 complexation was investigated in the presence 

of hexadentate chelating ligand EDTA. The reversibility of D3 and D4 was investigated in 

water and acetonitrile respectively. In this study, both sensors were titrated with 60 µL of an 

Hg2+
 solution and the absorbance response measured. Therefore, the resulted complex was 

titrated with an EDTA solution and the changes in absorbance monitored. The titration of 

D3 and D4 Hg2+ complexes with EDTA is shown in Figure 23. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 23: Reversibility studies of Hg2+
 complexation with a) D3 and b) D4 with EDTA in 

water and acetonitrile respectively. 

a) 

b) 
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The reversibility towards Hg2+
 is remarkably different for D3 and D4. Sensor D3 does not 

display any reversible complexation abilities in the presence of EDTA. Moreover, when a 

more concentrated aliquot of EDTA was added (1 M), the absorbance intensity failed to reach 

the original value of D3 alone. Conversely, sensor D4 displayed excellent reversibility 

towards Hg2+ complexation in the presence of EDTA. The absorbance intensity of D4 was 

able to be restored by EDTA after Hg2+ complexation, hence 100% reversibility. Owing to 

this excellent reversible complexation behaviour of sensor D4, it was used towards the 

construction of a Molecular Logic Gate for extended sensor applications. 

 

 

5.1.7.1 Construction of a Molecular Logic Gate and Keypad Lock based on the 

reversible nature of D4-Hg2+ complexation with EDTA 

 

Processing input signals by logic gates is one of the focal points in information technology. 

In recent years, an expanding number of exploratory efforts have been invested to the 

development of molecular logic gates owing to their practicality.37 Molecular logic gates are 

molecules able to execute logical responses by receiving one or more physical or chemical 

input signals and yielding a singular output. Such input and output responses may include 

chemical processes, such as ionic recognition and with output signals based on spectral 

response.38 To determine whether D4 had the capabilities as a molecular mimicking device, 

cyclic reversibility studies with Hg2+ and EDTA were conducted in acetonitrile. This study 

determines whether cycling between ‘1’ and ‘0’ states are possible for numerous analyte 

additions (cycles). This cyclic nature is imperative for effective logic gate construction. The 

cyclic reversibility of the sensor-metal complex with EDTA is shown in Figure 24. 
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Figure 24: Cyclic reversibility of the absorbance intensity of D4 upon Hg2+ (off state) and 
EDTA (on state) respectively. 

 

The cyclic reversible nature of D4 to Hg2+ upon sequential additions of EDTA illustrates the 

digital action of the sensor and thus it was applied towards a Boolean function molecular logic 

gate. The two chemical inputs, “input 1” (Hg2+), and “input 2” (EDTA) were defined as binary 

‘1’ and ‘0’ states representing their presence and absence, respectively. The appearance and 

disappearance of the absorbance peak at 422 nm was considered as “output” for the logic gate 

and assigned as binary states ‘1’ and ‘0’ respectively. D4 exhibited a UV-Vis absorption peak 

at 422 nm thus the output is designated as ‘1’. After the addition of Hg2+ (input 1 = 1; input 

2 = 0) the absorbance decreased to the final absorbance value (output=0) (see Appendix D 

Figure 12). However, upon the introduction of EDTA to the sensor-analyte complex, the 

absorbance increased to its initial intensity. Considering the other input combinations ((0,0), 

(0,1), and (1,1)), the output is equal to ‘1’. This established a clear “on-off-on” input/output 

spectral response of D4 in the presence and absence of Hg2+ and EDTA which imitates the 

IMPLICATION type logic gate at the molecular level. In other words, the Boolean function 

provides and output of ‘1’ in all situations, except for the case where one input is ‘1’ (described 

here as Hg2+). The proposed logic circuit together with the truth table is shown in Figure 

25. 
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Figure 25: a) UV-Vis absorbance values of D4 with four different binary inputs and 
corresponding truth table, b) circuit diagram for an IMPLICATION logic gate operation. 
Experiments conducted in acetonitrile. 

 

The molecular or chemical computing keypad lock systems have been utilized as a modern 

strategy for information security and data-restriction applications.39,40 Herein, the proposed 

molecular model was used to construct a sequence-dependent molecular keypad lock based 

on the appreciable selectivity and reversibility of D4 with Hg2+ and EDTA. Herein, azo dye 

D4, Hg2+, and EDTA are introduced as the three chemical inputs (labelled A, H, and E 

respectively). The six possible ordered input combinations are AHE, AEH, HAE, HEA, EAH, 

and EHA. The specific ordered combination of chemical compounds that can produce the 

same absorbance response at 422 nm of D4 in the absence of Hg2+ is able to “unlock” the 

system, much like a combination lock. The combination ‘AHE’ produced the identical 

absorbance response compared to that of D4 (A) alone, whereas contrasting output was 

unveiled for the remaining five combination inputs (Figure 26). Although other input signals 

attain an absorbance intensity close to that of D4 alone, they do not achieve the correct “turn-

on” absorbance response able to “unlock” the system. Additionally, this security could be made 

safer and more complex due to the solvatochromic nature of D4 seen previously. 

 

 

 

a) 

b) 
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Figure 26: Absorbance output for D4 corresponding to the six possible ordered input 
combinations at 422 nm. Experiments conducted in acetonitrile. 

 

 

5.1.8 pH studies of D3 and D4 

 

The effect of Hg2+ on the absorbance of D3 and D4 was observed at the original pH of the 

solution. To investigate the effect of pH towards sensor usability, equal aliquots of the Hg2+ 

solution was added to the sensor in different pH solutions and the absorbance intensity 

recorded. Solutions with pH of 2-14 were prepared in deionized water for analysis. For sensor 

D3 absorbance was monitored between 320 and 500 nm where the second absorbance band 

related to the C=N group appears. The absorbance of sensor D4 was recorded at 520 nm 

before and after Hg2+
 addition. The effect of pH towards sensor absorbance response to Hg2+

 

is shown in Figure 27. 
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Figure 27: Effect of pH on the absorbance response of a) D3 and b) D4 upon the addition of 
Hg2+. 

 

Visibly, the absorbance response of D3 towards Hg2+ in different pH solutions continues to 

display a decrease in absorbance upon metal addition as seen in the original pH of the solution. 

The pH of the water used for screening and titration analysis was recorded as 5.22. The 

absorbance response of D3-Hg2+ only appears to increase beyond that of D3 at higher pH 

values. Conversely, the solvent medium and pH of the solution effects the absorbance 

response of D4 upon the introduction of the Hg2+ cations. Acetonitrile is a polar aprotic 

solvent; therefore, the likelihood of free-floating protons is improbable and are unlikely to 

affect the sensing and absorbance response. Conversely, water is a polar protic solvent which 

could cause the sensing and binding discrepancies observed. Although the absorbance 

response is different in most solutions compared to that in acetonitrile, it does not imply that 

D4 cannot be an effective sensor for Hg2+ in different pH solutions. To determine this, 

screening and competition studies would need to be evaluated individually in the different pH 

solutions. One can infer that the absorbance response of D4 towards Hg2+
 is pH dependent. 

 

5.1.9 Determination of binding site between D3 and Hg2+ 

 

Literature has reported the donor capabilities of the imine-nitrogen and neighbouring 

hydroxyl moieties towards transition metal complexation.41–47 Recently, a coumarin-derived 

Schiff base for the detection of Hg2+ and Pb2+ cations in aqueous media has been reported.48 

Coordination occurred in a 2:1 sensor-metal binding ratio, with complexation occurring via 

the imine-nitrogen and hydroxyl lone electron pairs. Therefore, 1H, 13C & 15N NMR studies 

a) b) 



263 
 

were conducted to investigate the possible involvement of these moieties towards metal 

complexation. 

The 1H NMR titration experiment of D3 with aliquots of Hg(NO3)2 in d6-DMSO is shown in 

Figure 28.The imine-proton signal (encircled in red) appears to become less resolved and 

shift in ppm value the more Hg2+
 solution is added. The signal assigned to the hydroxy group 

(encircled in green) appears to decrease upon Hg2+ addition. Moreover, the disappearance of 

the hydroxy signal could occur due to proton-transfer during nucleophilic attack of the NO3
- 

counterion with the proton attached to the imine functionality. This proton-transfer leads to 

the formation of an N-H group which is postulated to appear at 9.5 ppm (encircled in yellow).  

 

Figure 28: 1H NMR titration of sensor D3 with the Hg2+ solution in d6-DMSO. 

 

Furthermore, additional peaks in the region of the coumarin scaffold were observed upon the 

addition of the Hg2+ solution. This may indicate the formation of two different coordination 

species in solution (cationic and anionic); or the separation of the two proposed enantiomeric 

forms of D3. 

The appearance of a new singlet at 9.6 ppm was postulated to arise due to a hydrogen transfer 

mechanism occurring around the azomethine group, likely forming a signal assigned to a N-

H bond in this region. The upfield shift in ppm value of the imine-proton signal is postulated 

to be as a result of the increased electron density around the imine-carbon atom. The decrease 
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in peak resolution may not be indicative of proton abstraction, but rather due to perturbation 

of the surrounding electronic environment 

The proposed possible proton-transfer mechanisms that involves NO3
- complexation with the 

imine group is shown in Scheme 2. Literature has reported that Schiff bases supporting an 

ortho hydroxy group are most likely to undergo intramolecular hydrogen bonding and proton 

transfer.12 

 

 

 

 

 

 

Scheme 2: Possible proton transfer involving neighbouring phenolic hydrogen atom with the 
imine-nitrogen during NO3

- nucleophilic addition. 

 

The 13C NMR spectra of D3 after the addition of 16 µL of Hg(NO3)2 in d6-DMSO is shown 

in Figure 29. Unfortunately, the spectra could not serve to confirm the involvement of the 

hydroxyl group towards Hg2+ complexation. As mentioned previously, the solvent used (d6-

DMSO) exhibits different electronic and solvent properties than that of H2O used in the UV-

Vis selectivity and titration studies. Therefore, the effect of the solvent towards Hg2+ 

complexation could explain the discrepancies observed in the NMR titration studies. Notable 

was the deshielding of a single carbon signal from the region of 160 ppm to 190 ppm is 

proposed. As viewed in the titration spectra, new peaks at similar ppm values adjacent to the 

original peaks are present after the addition of 16 µL aliquot of the Hg(NO3)2 solution. The 

three peaks between 165-160 ppm (encircled in red) are assigned to the 3-substituted ester 

C=O, salicylaldehyde C-OH, and imine C-H carbon atoms respectively. This new deshielded 
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signal could arise from C-OH or C-H imine interaction with either the Hg2+
 cation or NO3

- 

counterion respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: 13C NMR titration experiment of D3 after the addition of 16 µL Hg(NO3)2 solution 
in d6-DMSO. 

 

 

To determine whether the imine-nitrogen atom was involved in metal complexation, 15N 

NMR titration experiments of D3 with the Hg2+ solution in d6-DMSO were conducted. 

Sensor D3 supports two different nitrogen atoms, namely on the imine and substituted 

diethylamino group. A comparison of the 15N NMR signals before and after Hg2+ addition is 

shown in Figure 30. Two signals are visible in the 15N NMR spectrum of D3. The first signal 

is observed at 222 ppm and the second is observed at 330 ppm. After the addition of Hg2+, the 

signal at 222 ppm is no longer observed or has appeared to shift upfield. This signal was 

attributed to the imine-nitrogen atom as it is believed to be involved in metal complexation. 

The second signal at 330 ppm shifted slightly downfield to 336 ppm. This signal was 

attributed to the diethylamino substituent as metal complexation is most unlikely to occur at 

this site. The signal attributed to the imine-nitrogen has either disappeared or shifted further 

upfield to 14 ppm. Whether the peak has disappeared or shifted, the involvement of the imine 

nitrogen towards metal complexation is highly plausible. Mercuric(II)acetate was used for 

titration experiments to prevent unwarranted nitrogen signals from mercuric nitrate. 
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Figure 30:  15N NMR spectral comparison of D3 before and after Hg2+ addition in d6-DMSO. 

 

Finally, the FT-IR was able to confirm the involvement of the OH and imine group towards 

metal complexation. The FT-IR spectral overlay of D3 and the D3-Hg2+ complex is shown 

in Figure 31. The D3-Hg2+
 complex was prepared by dissolving mercuric acetate in 

ethanol:water (9:1) and adding it to a solution of D3 in methanol. The resulting mixture was 

refluxed for 2hrs, after which a yellow solid precipitated from solution. This solid was filtered, 

washed with ether, dried, and used for FT-IR analysis. The spectra of the complex exhibited 

an enhancement of the OH vibrational signal in the range of 3500-3000 cm-1 which was 

previously absent. This could be due to the inhibition of the enol-imine/keto-enamine 

tautomerism during metal complexation with the hydroxy group. However, some tautomers 

may still be present in the solid complex, exhibited by the presence of the proposed enamine 

peak in the region between 2500-2000 cm-1. Additionally, the signal related to the imine C=N 

vibration has shifted to a singular broader peak at 1527 cm-1, characteristic of the interaction 

of this functionality with a metal cation.49,50 The coordination of the imine-nitrogen with the 

central Hg2+ cation was confirmed by the broad, strong peak between 700-500 cm-1 which is 

characteristic of ν(M-N) vibrations and stretching.51  
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The enhancement of the phenolic ν(OH) may infer that the donation of the lone electron pair 

is involved towards metal coordination, and not the donation of bonding electrons through 

proton abstraction. Therefore, coordination to Hg2+ is expected to involve both the imine-

nitrogen, and adjacent ortho hydroxy as supported by literature.52 

 

 

 

 

 

 

 

 

 

Figure 31: FT-IR comparison of D3 (green) and D3-Hg2+ (blue). 

 

Molecular modelling studies were able to resolve the proposed binding site between D3 with 

Hg2+
. The binding with the NO3

- counterion was not modelled as this complexation scenario 

is not important for this study. The proposed binding site between D3 and Hg2+ is shown in 

Figure 32. Results indicate the coordination of the Hg2+ centre with both the imine-nitrogen 

and hydroxy-oxygen atom in a pseudo-6-membered ring conformation, supported and 

stabilized by water molecules and hydrogen bonding. This agrees well with the reported 

results from literature and resolves the discrepancies observed in both the 1H and 13C NMR 

titration analysis. Moreover, it supports the results from both the 15N NMR titration analysis 

and FT-IR spectral comparison with respect to the proposed signal assignment and 

interaction of the imine-nitrogen and hydroxy group towards metal complexation. 
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Figure 32: Molecular modelling studies of the interaction of D3 with Hg2+ (circled in purple) 
at PM3 calculation level. 

 

5.1.10 Determination of binding site between D4 and Hg2+ 

 

Azo dyes play an important role in coordination chemistry as they can easily form complexes 

with most transition metals cations.53 Dyes containing N and O donor atoms in close 

proximity to the N=N group afford multiple density and exceptional stability in complexes 

with d-block metals, stemming from the phenomenon of chelation in geometry.54 Literature 

has reported many azo-metal complexes with coordination assisted by neighbouring donor 

groups forming stable multidentate chelates.55,56 An example of such a system is shown in 

Figure 33.57 

 

 

 

 

 

 

 

 

 

Figure 33: Structure of azo dye metal complexes with neighbouring donor groups. 

 

 



269 
 

The structure of coumarin-azo derivative D4 does not support any neighbouring O or N 

donor groups to assist during the chelation process. Therefore, the observed colour change 

and spectral response upon Hg2+
 addition could involve a different mode and site(s) of 

complexation as compared to literature findings. For this reason, 1H, 13C, and 15N NMR 

together with FT-IR and molecular modelling studies were used to validate the correct 

binding site of Hg2+
 with sensor D4. 

1H NMR titration studies of D4 with Hg(NO3)2 were initially conducted in d6-DMSO. From 

UV-Vis metal screening studies, azo dye D4 exhibited different colour responses and metal 

affinities depending on the solvent systems. Therefore, different coordination results may be 

obtained depending on the solvent system used in titration analysis. For this reason, 

deuterated acetonitrile (CD3CN) was used for titration analysis and compared to that of 

titration studies in d6-DMSO. Acetonitrile gave the strongest visible and UV spectral 

response upon Hg2+
 addition as compared to DMSO. The 1H NMR titration studies of D4 

with Hg2+ in d6-DMSO and CD3CN are shown in Figure 34 & 35 respectively. 

 

 

 

 

 

Figure 34: 1H NMR titration of D4 with Hg(NO3)2 in d6-DMSO. 
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Figure 35: 1H NMR titration of D4 with Hg(NO3)2 in CD3CN. 

 

In the d6-DMSO titration studies, additions of Hg2+ aliquots appeared to have no effect on 

any of the signal’s ppm values in the proton spectrum. The peaks became less resolved and 

diminished in intensity as more Hg2+ was added. Conversely, titration studies conducted in 

CD3CN displayed two unique proton responses upon Hg2+ addition. These signals were 

assigned to the protons residing on the substituted dimethylaniline derivative (labelled Ha 

and Hb). Upon Hg2+ addition, the peaks assigned to these protons become less 

resolved/disappear and display a minor shift compared to their original ppm value. Since 

metal complexation is not expected to occur at this site (see also Molecular orbital theory 

explanations), the effect of the NO3
- counterion could be causing the observed effects to the 

dimethylaniline derivative. 

 

Moreover, the titration analysis in both d6-DMSO and CD3CN resulted in different colour 

responses upon Hg2+ addition. This further supports the solvent dependency of analyte 

interaction. The changes in solution colour of D4 before and after Hg2+ addition in d6-DMSO 

and CD3CN are shown in Figure 36. The d6-DMSO experiment maintains the same orange 

colour before and after Hg2+ addition; whilst the solution colour changes from light orange 

to red in the CD3CN titration experiment. This is the same colour change observed in the 
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UV-Vis screening and titration analysis previously reported. This leans towards the validity 

of the CD3CN NMR titration experiments over that of d6-DMSO. 

 

 

 

 

 

 

 

 

Figure 36: Colour response of D4 upon Hg2+ addition in a) d6-DMSO and b) CD3CN. 

 

The 13C NMR titration experiments also showed different spectral responses in d6-DMSO as 

compared to CD3CN. The 13C NMR titration experiments of D4 with Hg(NO3)2 in d6-DMSO 

is shown in Figure 37. 

 

 

Figure 37: 13C NMR titration study of D4 with Hg(NO3)2 in d6-DMSO. 

 

a) b) 
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Similar to the 1H NMR titration experiments, the 13C NMR titration experiments show 

different results with respect to the different solvent systems. Titration experiments in d6-

DMSO yielded no shift in any of the carbon signals after Hg(NO3)2 addition. These 

observations are also supported by the 1H NMR titration experiments in this solvent.  

Conversely, titration experiments of D4 in CD3CN show unique signal shifts after analyte 

introduction.  To determine the postulated involvement of the azo functionality towards 

Hg2+ complexation; 15N NMR experiments before and after analyte addition was conducted. 

Literature has reported the shift of the azo functionality to appear between 430-580 ppm.58,59 

Unfortunately, the 15N NMR of D4 displayed no signals in this range. This could be due to 

the low magnetogyric ratios of these atoms.60 Therefore, a more in-depth analysis and 

possible binding site was proposed by 13C NMR analysis. 

 

The 13C NMR titration analysis of D4 with Hg(NO3)2 supports the complexation of Hg2+ 

with the substituted ester and coumarin carbonyl, and the nitrate counterion with the N,N-

dimethylaniline substituent (Figure 38).  

 

 

Figure 38: 13C NMR titration analysis of D4 with Hg(NO3)2 in CD3CN. 

 



273 
 

Upon analyte addition, a minor shift in most of the peak signals was observed, however, four 

signals related to carbon atoms on the coumarin, and tertiary aniline derivatives displayed 

notable shifts. The signals relating to the aniline methyl groups in D4 are observed as a single 

peak at 40 ppm. Upon proposed coordination with NO3
-, a downfield shift of this signal to 48 

ppm is observed. This deshielding of these respective methyl signals may be attributed to the 

hydrogen-bonding between the nitrate-oxygen and the methyl-proton atoms, thus 

withdrawing electron density from these carbon atoms. Conversely, the carbon signal related 

to the C-N bond observed at 154 ppm has experienced an upfield shift to 133 pm. This 

indicates a migration in electron density towards this carbon atom, facilitating this observed 

shielding. Electron density is postulated to be drawn away from the two neighbouring 

hydrogen atoms, resulting in the observable shift and decrease in intensity seen in the 1H 

NMR titration experiments. The two signals for the azo C-N connectivity from the coumarin 

scaffold and substituted aniline derivative are observed at 150 and 148 ppm respectively. 

Upon complexation, both signals appear to merge into a singular peak at 149 ppm. If the 

complexation of Hg2+
 occurred on the azo N=N bond, a greater shift in these respective 

signals would be expected. The proposed involvement of the carbonyl functionalities towards 

Hg2+ complexation was observed by the deshielding and subsequent shift in both peak values 

from 157 and 163 ppm to 163 and 174 ppm respectively. The comparatively small shift in 

ppm value suggests that coordination with Hg2+ is assisted by solvent and water molecules. 

The observed deshielding is indicative of the shift in electron density from the carbonyl 

oxygen atoms to the Hg2+ orbitals. It is postulated that the lone pair of electrons on the 

oxygen atoms are involved in coordination, resulting in a less noticeable shift than donation 

from the C=O π-bond.  

FT-IR spectral analysis of the solid D4-Hg2+ complex strongly suggested the involvement 

of the carbonyl functionalities towards Hg2+
 complexation, and the coordination of NO3

- with 

the N,N-dimethylaniline substituent (Figure 39). Furthermore, the FT-IR showed evidence 

of a tautomeric form of D4 by which the C-N connection of the dimethylaniline derivative can 

isomerize between a single- and double-bond via the lone electron pair on the nitrogen atom. 

As a result, the % transmittance of the signal pertaining to the C=N tautomer decreases 

drastically upon NO3
- addition due to the involvement of the nitrogen lone pair towards 

coordination. In D4, the signals at 1740 and 1694 cm-1 are due to the C=O vibrations. The 

tautomeric C=N vibration of the dimethylaniline derivative is observed at 1599 cm-1. The azo 

N=N stretching is assigned at 1355 cm-1 whilst the C-N vibrations of the azo nitrogen 

connectivity to the coumarin and aniline derivatives, and the C-N vibration from the aniline 
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derivative is registered at 1235 cm-1. Upon complexation, the signals pertaining to the C=O 

and C=N functionalities showed a drastic reduction in % transmittance. The two new 

absorbance bands between 3000-3500 cm-1 and 1000-1500 cm-1 are suggested to arise due to 

the absorption of water, acetonitrile, and nitrate onto D4.61 Additionally, the new signal 

observed at 522 cm-1 is indicative of metal-oxygen ν(M-O) interactions.62,63 

 

 

 

 

 

 

 

 

 

 

Figure 39: FT-IR spectral overlay of D4 (blue) and the D4-Hg2+ metal complex (red). 

 

Computational analysis confirmed the proposed binding site of Hg2+ and the NO3
- counterion 

with D4. Calculations of the most preferred binding site agrees well with the conclusions 

determined by the NMR and FT-IR experiments. The most preferred binding site of both 

ions are shown in Figure 40. The most energetically preferred conformer of Hg2+
 

complexation involves the coumarin and ester carbonyl oxygen atoms; with complexation 

supported by nitrate and solvent molecules in a stable pseudo-6-membered ring 

conformation. This 6-membered ring coordination is not possible in a binding scenario 

involving the azo functionality alone, as no neighbouring donor groups are present to support 

complexation in a possible ring conformation. The binding of Hg2+ with these two carbonyl 

atoms is further presented in molecular orbital energy calculations and comparisons of D4 

with the D4-Hg2+ complex and the subsequent electronic transitions behind the spectral and 

visible coordination response. Moreover, the binding of NO3
- with the dimethylaniline 

substituent was confirmed, accounting for the observable changes in the 1H & 13C NMR and 

FT-IR spectral analysis. 
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Figure 40: Computational calculations showing the optimized and most preferred binding 
site of Hg2+ and NO3

- with D4. The Hg2+ cation is encircled in purple. 

 

 

5.1.11 Molecular orbital energy diagrams of D3 and D4 and their respective Hg2+ metal 

complexes and related spectral responses 

 

5.1.11.1 Studies with D3 and Hg2+ 

 

Coumarin-imine sensor D3 displays both absorbance and emission characteristics. The 

interaction with Hg2+ induces a minimal bathochromic shift in the absorbance spectrum, 

accompanied by a visible colour change from clear to a brighter yellow in water. The sensor 

was proposed to exhibit ICT characteristics due to the large extent of π-conjugation in the 

donor-π-acceptor (D-π-A) system. This arrangement is a poignant property for an effective 

ICT mechanism.64 The molecular orbital energies and the position of the HOMO and LUMO 

of D3 and the D3-Hg2+ complex is shown in Figure 41. Energies were calculated once the 

most stable conformer was determined, together with the complexation site of Hg2+ 

interaction. In D3, the HOMO resides around the substituted salicylaldehyde derivative; and 

the LUMO is observed around the coumarin scaffold. Therefore, electron density is shifted 

from the donor salicylaldehyde derivative towards the acceptor coumarin moiety through a 

conjugated system. The increase in electron density in the coumarin scaffold (fluorophore) 

may result in the observable fluorescent response, however, the effect of fluorescence is 

diminished owing to C=N isomerization discussed previously. In the D3-Hg2+ complex, the 

position of the LUMO now resides mostly around the imine functionality and neighbouring 

hydroxy group. In this way, the acceptor site of electron transfer has changed. This new 
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acceptor site of the D3-Hg2+ permits the observable colour change and bathochromic shift in 

wavelength upon metal complexation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41: Molecular orbital arrangements of D3 and the D3-Hg2+ complex. 

 

It is proposed that the coordination between D3 and Hg2+ could enhance the π-delocalization, 

thereby reducing the energy of the π-π* transitions accounting for the visible colour change 

and bathochromic shift.65 This shift in absorbance wavelength is proposed to be due to analyte 

interaction with the acceptor unit in the D-π-A conjugated system. Upon complexation, the 

electron withdrawing character of the acceptor unit increases, leading to a bathochromic (red-

shift) in the absorbance spectrum.66–68 If complexation occurred on the salicylaldehyde 

substituent (donor site), a hypsochromic (blue-shift) in absorbance wavelength would occur. 

The bathochromic shift and colour change after Hg2+ introduction is not as prominent for D3 

as it is for D4. This could infer that the interaction of D3 with Hg2+
 is not as strong as that 

of D4. This was previously shown from the values of the association constants (Ka) 

determined from the Benesi-Hildebrand plots. The interaction of D4 with Hg2+ is stronger 

than that of D3, which could account for the reason as to why the bathochromic shift was not 

as great, nor the colour change as intense upon Hg2+ complexation with D3. 
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In addition to the ICT mechanism occurring in this system, the possibility of a ESIPT 

(excited-state intramolecular proton transfer) could be occurring simultaneously. ESIPT is 

prominent in systems where the imine and phenolic functionalities are in close proximity, 

promoting proton transfer.69 

This weak fluorescent signal of D3 at the excitation wavelength could be attributed to ESIPT 

via the enol-imine/keto-enamine tautomerism. Intramolecular hydrogen bonding between 

phenolic OH and the neighbouring N atom of the imine leads to the ESIPT process.70,71 In 

the excited state, the capacity of the hydrogen donor and acceptor sites increases and 

promotes the ESIPT phenomenon through keto-enol tautomerism. During the proton 

transfer in the excited state, the keto form is stabilized relative to its enol-form, consequently 

resulting in emission with significant Stokes shift.72,73 Moreover, the presence of electron-

donating substituent tunes the redistribution of electron density which interplays the ESIPT 

phenomenon together with the ESICT (excited-state intramolecular charge transfer). The 

imine nitrogen and phenolic oxygen atoms distribute the lone pair electrons to Hg2+ reduces 

the emission of the coumarin moiety through disruption of the conjugated system. In this 

way, the mechanism of ESIPT in the excited state is prohibited through the binding of Hg2+ 

with the N and O donor atoms, together with the π-cloud of the coumarin and neighbouring 

salicylaldehyde derivative.48 The normalized absorbance and emission of D3 is shown in 

Figure 42. The Stokes shift was calculated to be 165 nm. This large shift favours the proposed 

ESIPT mechanism. Additionally, no spectral overlap is observed, negating the possibility of 

a FRET mechanism as described in Chapters 2-4. The proposed mechanism of complexation 

of D3 with Hg2+ is shown in Figure 43. 

 

 

 

 

 

 

 

Figure 42: Normalized absorbance (blue) and emission (orange) spectra of coumarin-imine 
derivative D3 in water. 
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Figure 43: Possible mechanisms in D3 and the D3-Hg2+ complex accounting for the 
observable UV and emission responses. 

 

 

5.1.11.2 Studies with D4 and Hg2+ 

 

Azo-derivative D4 contains a strong push-pull π-conjugated electronic system with the 

coumarin moiety postulated as the acceptor (pull) species and the N,N-dimethylaniline 

derivative as the donor (push) species. In a similar fashion to that described for D3-Hg2+ 

complexation above, the D-π-A system together with the strong bathochromic shift and 

visible colour change leans towards an ICT mechanism.74,75 This proposed mechanism for the 

D4-Hg2+ complexation scenario is shown in Figure 44. 

 

 

 

 

 

 

 

 

 

Figure 44: Proposed ICT mechanism of D4-Hg2+ complexation resulting in bathochromic 
shift from 422-520 nm and the observable colour change from yellow to red. 
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Moreover, the calculated HOMO and LUMO energies of D4 and the D4-Hg2+ complex 

confirmed the spectral shift and resulting colour change. In an ICT mechanism, red-shift 

occurs when the energies of the HOMO and LUMO of the resulting sensor-analyte complex 

are lower in energy relative to that of free sensor. The HOMO and LUMO energy diagrams 

of D4 and the D4-Hg2+ complex is shown in Figure 45. Evidently, the HOMO of D4 resides 

on the substituted N,N-dimethylaniline and azo-group (donor unit) whilst the LUMO resides 

around the coumarin moiety and carbonyl of the 3-substituted ester functionality (acceptor 

unit). Therefore, the ICT from the N,N-dimethyl to the coumarin moiety is highly feasible. 

Upon complexation with the carbonyl groups of the coumarin and ester functionalities, an 

overall decrease in the orbital energies occurs, facilitating the strong spectral red-shift and 

rapid, naked-eye colour change upon Hg2+ complexation. Calculations were conducted once 

the most energetically preferred conformer of D4 was confirmed. 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: Calculated frontier orbital energy levels (eV) of the HOMO and LUMO of D4 
and the D4-Hg2+ complex.  
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5.1.12 Extended applications of D3 & D4 towards Hg2+ sensing strategies 

 

Owing to the strong reversible nature of D4 towards Hg2+
 complexation with EDTA, a 

molecular logic gate and keypad lock was able to be constructed for extended applications 

outside of metal sensing strategies. Additionally, D4 was able to be used for on-site assay 

studies as well as Hg2+ determination in environmental water sources. Although sensor D3 

did not display the same reversibility as D4, it was able to be used for Hg2+ determination in 

environmental water systems. 

 

5.1.12.1 On-site assay studies of D4 with Hg2+ 

 

Portable sensing methods for mercury detection and/or quantification warrants detection 

technologies that can be easily interpreted and manipulated by inexperienced personnel and 

general population. Given the many ways in which information can be related, optical 

readouts are among the easiest to interpret. Accordingly, detection based on a naked-eye 

colorimetric responses using inexpensive and disposable paper substrates are an attractive 

alternative to conventional analyte detection methods.76 Cellulose, a large constituent of 

paper, contains numerous hydroxyl and carboxyl groups; thus, the surface of commonly used 

filter papers contains negatively charged adsorption sites. Therefore, they exhibit sorption 

potential for heavy metals.77 However, there is a clear technological advantage of the 

laboratory equipment compared to on-site assay methods, however, equipment is usually 

heavy and non-portable. Therefore, techniques which are bound to the laboratory setting are 

at a disadvantage if to consider environmental monitoring and widespread on-line and on-

site sensing. 

To investigate the practical capabilities of D4 towards on-site naked-eye Hg2+ determination, 

a cellulose paper-strip method was applied. To do this, strips of Whatman filter paper is 

exposed to a solution of D4 (0.001 M) and then dried in air. A constant aliquot of different 

molar concentrations of Hg2+ (ranging from 3.7-37 µM) was added sequentially to individual 

test-strips. The prepared paper strips were orange in the absence of Hg2+. Upon Hg2+ 

addition, visible naked-eye colour change from orange to pink was observed. The intensity of 

the colour increased as the concentration of the Hg2+ solution used increased. A visible colour 

change was observed from an Hg2+ concentration as low as 3.7 µM. Therefore, this solid- and 
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liquid-state sensing method offers simpler, cost-effective methods for naked-eye on-site 

detection of Hg2+ (Figure 46). 

 

 

 

 

 

 

 

 

 

 

Figure 46: Photograph of the test strips and solutions of D4 upon addition of increasing 
concentration of Hg2+. Solutions in acetonitrile. 

 

 

5.1.12.2 Quantitative determination of Hg2+ in real-world water samples 

 

The practical applicability of sensors D3 and D4 were studied by collecting various water 

samples from different areas of the ‘Swartkops’ river system in the Eastern Cape Province of 

South Africa. Samples were collected from three different sites in the system, namely the 

upper (A), middle (B), and estuary (C) (Figure 47). The system is bordered by different 

residential suburbs, one of which is an informal settlement named Motherwell. Additionally, 

the river flows adjacent to numerous industrial sites and wastewater treatment works 

(WWTW’s) located further upstream from where sampling was conducted. The introduction 

of competing cations, anions, and pollutants by anthropogenic and industrial activities into 

the water system has been investigated for many years. Poorly maintained WWTW’s, 

polluted stormwater run-off and solid waste have all contributed to the deterioration in the 

water quality of the Swartkops river and estuary. 

 

 



282 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 47: Sampling sites along the Swartkops river in the Eastern Cape, South Africa. 

 

It has been reported that elevated levels of heavy metals in the sediment can be a good 

indication of anthropogenic activities. Studies have found concentrations of chromium, lead, 

zinc, titanium, manganese, strontium, copper, iron, and tin in the sediments of the Swartkops. 

Results indicated that the highest heavy metal concentrations (in both the river and mouth) 

were recorded where the runoff from the surrounding informal settlements and industrial 

sites entered the system.78,79 The ‘Motherwell Canal’, which runs into the river, has been 

identified as a major source of nitrogen (particularly as NH4
+). The river has also been found 

to contain phosphorus, with excessive inputs from the cumulative effect of three wastewater 

treatment plants upstream.80 

Spike and recovery method was used to evaluate the concentration of Hg2+ in these three 

water samples. To conduct this experiment, a standard curve was calculated by spiking the 

solution of D3 and D4 with Hg2+ and measuring the resulting optical density. Absorbance 

values were determined in water and a 50:50 mixture (by volume) of CH3CN:H2O for D3 and 

D4 respectively. The suspended and insoluble particles were removed from the collected 

samples by means of a syringe-filter. To ensure a steady-state system, 50:50 (by volume) of 

the environmental water sample and acetonitrile was used for the recovery experiments with 

D4. Increasing concentrations of Hg2+ were added to the samples and the resulting 

absorbance intensity recorded. For each location (A, B, C) from which samples were collected, 

three duplicate spike and recover analyses were tested under analogous conditions. The real 

water sample analysis data for D3 and D4 is shown in Table 1 and Table 2 respectively. 
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The calculated recovery for the known amount of Hg2+ added was between 98-100% for both 

sensors. Results indicate that both sensors showed remarkable selectivity towards Hg2+ 

regardless of the presence of competing cations, anions, and soluble pollutants described 

above. Furthermore, the increase in salinity from upstream location ‘A’ to mouth location ‘C’ 

had little to no effect on the sensing capabilities and selectivity of both sensors towards Hg2+. 

Henceforth, sensors D3 and D4 exhibit promising applications for mercury determination in 

real-world water samples. 

 

Table 1: Detection of Hg2+
 in real-world water samples with D3. 

 

Sample Hg2+ spiked (µM) 

Hg2+ recovered 

(µM) 

mean (a), ± SD(b) 

% Recovery 

 

A 

(Upper) 

9.6 9.548 ± 0.005 99.46 

19 18.987 ± 0.002 99.93 

28 27.997 ± 0.001 99.99 

37 36.904 ± 0.003 99.74 

 

B 

(Middle) 

9.6 9.586 ± 0.002 99.86 

19 18.882 ± 0.003 99.38 

28 27.986 ± 0.001 99.95 

37 36.878 ± 0.003 99.67 

 

C 

(Estuary) 

9.6 9.593 ± 0.005 99.93 

19 18.939 ± 0.002 99.68 

28 27.997 ± 0.001 99.99 

37 36.785 ± 0.002 99.42 

 

a Mean of three measurements, b Standard deviation. 
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Table 2: Detection of Hg2+
 in real-world water samples with D4. 

 

Sample Hg2+ spiked (µM) 

Hg2+ recovered 

(µM) 

mean (a), ± SD(b) 

% Recovery 

 

A 

(Upper) 

0.95 0.948 ± 0.005 99.84 

2.82 2.812 ± 0.002 99.71 

4.94 4.929 ± 0.003 99.79 

6.56 6.559 ± 0.003 99.99 

 

B 

(Middle) 

0.95 0.945 ± 0.006  99.53 

2.82 2.796 ± 0.006 99.17 

4.94 4.926 ± 0.003 99.71 

6.56 6.546 ± 0.002 99.79 

 

 

 

a Mean of three measurements, b Standard deviation. 

 

 

 

 

 

 

C 

(Estuary) 

0.95 0.940 ± 0.01 98.99 

2.82 2.818 ± 0.012 99.96 

4.94 4.938 ± 0.006 99.97 

6.56 6.491 ± 0.023 98.95 
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Anionic sensing studies 

 

5.1.13 UV-Vis screening studies of D3 and D4 towards various anions in organic and 

aqueous media 

 

Owing to the selectivity and sensitivity that coumarin-imine and -azo compounds D3 and D4 

displayed towards Hg2+ in their chosen solvent systems, these sensors were chosen for further 

analysis towards anionic sensing strategies in three solvent systems. The solvents used as the 

medium for screening studies included water, acetonitrile, and methanol. The anions chosen 

for the study included CN-, SCN-, SO4
2-, NO3

-, CH3COO-, I-, Br-, Cl-, F- and PF6
-. These 

solutions were prepared in deionized water from their ammonium salts. Sensor D3 showed a 

unique response towards CN- in water; whilst D4 displayed a singularly large enhancement 

in the absorbance intensity upon PF6
- addition in acetonitrile. Both sensors displayed no 

unique response towards any of the anions in methanol. The screening studies of D3 and D4 

in their respective solvents are illustrated in Figure 48 (for the screening studies of D3 in 

acetonitrile and methanol and D4 in water and methanol, see Appendix D Figures 13-16). 

 

 

 

 

 

 

 

 

Figure 48: UV-Vis screening studies of a) D3 and b) D4 towards selected anions in water 
and acetonitrile respectively. 

 

 

 

 

a) 

 

b) 
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5.1.14 Competition studies of D3 and D4 

 

Competition studies of D3 with CN- and D4 with PF6
- were conducted in water and 

acetonitrile respectively. As previously mentioned, D3 displayed a unique response towards 

CN- whilst D4 exhibited an increase in absorbance intensity upon PF6
- addition. The 

competition studies of D3 and D4 towards their respective anions in their solvent systems 

are shown in Figure 49. 

 

 

 

 

 

 

 

Figure 49: Competition studies of a) D3 with CN- and b) D4 with PF6
- in water and 

acetonitrile respectively. 

 

Studies indicated that both sensors showed no affinity towards their preferred anions in the 

presence of competing analytes. Sensor D4 only displayed selectivity towards PF6
- in the 

presence of F-. Evidently, the selectivity that both sensors exhibited towards Hg2+
 cations is 

far superior to that shown towards anions. 

 

5.1.15 Emission screening and competition studies of D3 towards various anions in 

water 

 

As a result of the emission properties of D3, screening studies of this sensor towards a variety 

of anions was conducted in water to determine whether it displayed different affinities on the 

fluorescence spectrophotometer as compared to the UV-Vis. The screening studies of D3 with 

the chosen analytes are shown in Figure 50. Sensor D3 exhibited a large enhancing spectral 

response upon CN- relative to the other analytes. The singularly “unique” response towards 

a) b) 
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CN- was observed in both the absorbance and emission spectra. Competition studies of D3 

with CN- were conducted owing to this large fluorescent enhancing response. 

 

 

 

 

 

 

 

 

 

Figure 50: Fluorescent screening studies of D3 with selected anions in water. Excitation of 
450 nm. 

 

Selectivity studies of D3 towards CN- in the presence of competing anions was conducted in 

water (Figure 51). Sensor D3 once again does not show the same level of selectivity towards 

CN- as it showed towards Hg2+. Moreover, the selectivity of D3 towards CN- did not change 

between the absorbance or emission studies. Owing to the poor selectivity both D3 and D4 

displayed towards anionic species, further investigations were ceased. 

 

 

 

 

 

 

 

Figure 51: Competition studies of D3 towards CN- in the presence of competing anions in 
water. Excitation of 450 nm. 
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5.2 Conclusion 

 

Herein, three coumarin-imine and a coumarin-azo based sensor(s) for the purpose of cationic 

and anionic recognition strategies in organic and aqueous media have been synthesized. 

Coumarin-imine based sensors D1-3 were synthesized by a four-step procedure from the 

starting compound, whilst coumarin-azo derivative D4 required an additional step. UV-Vis 

spectral analysis of all four sensors in a variety of solvents were investigated. Sensors D3 and 

D4 displayed the most desirable absorbance response in each solvent system. Both sensors 

were tested for their emission response in chosen solvent systems. Sensor D4 displayed no 

fluorescent response in all chosen solvents; whilst D3 showed a weak fluorescent response in 

water, attributed to C=N isomerization. The quantum yield (ɸ) of D3 was determined to be 

0.012. Progressing forward, both sensors were chosen for further cationic and anionic sensing 

strategies in their respective solvent systems. Coumarin-imine sensor D3 displayed a strong 

UV spectral response towards Hg2+ in water with a visible colour change from clear to yellow; 

whilst coumarin-azo derivative D4 also displayed a strong affinity towards Hg2+ 

characterized by a strong bathochromic shift in wavelength and a vivid colour change from 

yellow to red in acetonitrile. Competition studies of D3 and D4 with Hg2+ in their respective 

solvent systems yielded a high degree of selectivity towards Hg2+
 in the presence of 

competing cations. Furthermore, both sensors showed good selectivity towards Hg2+ when 

all competing cations were present in solution. The detection limit of each sensor towards 

Hg2+ in their respective solvents was determined by UV-Vis titration analysis. The detection 

limits of D3 and D4 were calculated to be 0.74 and 0.24 µM respectively. The association 

constant (Ka) was determined by Benesi-Hildebrand analysis from the titration data. The 

association constants were determined to be 4.4 and 8.9 x 104 M-1 for D3 and D4 respectively. 

The linearity of the Benesi-Hildebrand plots suggested a 1:1 binding stoichiometry which 

was confirmed by Jobs plot analysis. Hydrogen potential studies (pH) of both sensors from 

pH of 2-14 indicated usability over a vast range. Reversibility studies of both sensors with 

hexadentate chelating agent EDTA was investigated. Sensor D3 did not display adequate 

reversibility in the presence of EDTA; whilst D4 exhibited complete reversibility denoted by 

a colour change from red to yellow. This complete reversibility of D4 permitted the 

construction of an IMPLICATION type logic gate and the construction of a Molecular 

Keypad Lock system. Owing to the appreciable sensitivity and selectivity of D3 and D4 

towards Hg2+, both sensors were tested for their real-world water sampling strategies from 

a locally acquired water source. Spike and recovery methods were used for investigations. 
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Results indicate that both D3 and D4 can quantitatively detect Hg2+ in environmental water 

sources despite the presence of competing analytes and organic materials. Moreover, the vivid 

naked-eye interaction of Hg2+
 permitted the construction of inexpensive on-site assay 

capabilities. The binding site of Hg2+ with D3 and D4 was investigated by 1H, 13C, 15N NMR 

titration, and FT-IR spectral analysis of the free sensor and the sensor after the introduction 

of the metal cation. Results indicate that complexation of D3 with Hg2+ occurs via a 6-

membered ring conformation between the lone electron pairs of the imine nitrogen and 

neighbouring phenol functionality. Complexation between Hg2+ and D4 was also found to 

occur via a stable 6-memebered ring conformation using the lone electron pairs from the 

coumarin carbonyl and neighbouring ester carbonyl functionalities. The complexation sites 

of both sensors with Hg2+
 was confirmed by Molecular Modelling studies. The molecular 

orbital investigations of both sensors enabled the determination of the mechanism of the 

relative visible and emission spectral responses. Sensor D4 exhibited ICT, ESIPT, and 

ESICT characteristics upon Hg2+ complexation; whilst D4 exhibited strong ICT attributes. 

Anion screening studies with both sensors were investigated by UV-Vis in methanol, water, 

and acetonitrile. Sensor D3 displayed a unique response towards CN- in water; whilst D3 

exhibited a response towards PF6
- in acetonitrile. Neither sensor displayed any affinity 

towards any anions in methanol. Competition studies of each sensor towards their chosen 

analyte was investigated. Results indicate very little selectivity towards the chosen analytes 

in the respective solvent systems. Owing to the emission properties of D3, screening and 

competition studies were conducted by fluorescent analysis. Results indicate an affinity 

towards CN-, however, poor selectivity nullified further titration studies.  
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5.3 Experimental 

 

 

5.3.1 Materials 

 

Stock solutions of D1-4 were prepared in methanol and diluted to a final concentration of 

0.001 M. Deionized water was used to prepare the stock samples of the cations and anions. 

Cationic solutions were prepared from their nitrate salts (apart from Fe2+ which was prepared 

from its corresponding sulphate) whilst anionic solutions were prepared from their 

ammonium salts to a stock concentration of 0.01 and 0.1 M respectively. 

 

Synthesis of coumarin derivatives 1, 1a, and 1b 

 

The synthesis of coumarin derivatives 1, 1a, and 1b was previously outlined in Chapter 4 

Experimental. 

 

Synthesis of coumarin-diazonium derivative 1c 

 

To a cold aqueous solution of 1c (4.3 mmol) in HCl (20 mL) and HOAc (5 mL), NaNO2 (8.6 

mmol) was added dropwise under continuous stirring for 2 hrs. This afforded the diazonium 

intermediate 1d in situ. 

 

Generalized synthesis of coumarin-imine derivatives D1-3 

 

The generalized synthesis of coumarin-imine derivatives D1-3 was carried out according to 

literature procedure.81 Coumarin derivative 1b (4.36 mmol) was added to a solution of the 

chosen aldehyde (4.36 mmol) in EtOH. The aldehydes chosen for synthesis included 2,4-

dihydroxybenzaldehyde, 3-ethoxysalicylaldehyde, and 4-(diethylamino)salicylaldehyde to 

form coumarin-imine sensors D1, D2, and D3 respectively. The solution was refluxed under 

stirring for 2 hrs. For sensor D1, the yellow solid precipitated from solution and was 
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monitored by NMR analysis. The compound was able to be used without further purification. 

After solvent removal under reduced pressure, D2 and D3 were precipitated by DCM and 

ether. The solids were monitored by NMR and TLC analysis and subsequently purified by 

column chromatography using an 80:20 hexane:ethyl acetate solution as eluent to afford pure 

products D2 and D3 as yellow solids. Sensors D1-3 were synthesized in yields of 89%, 25%, 

and 23% respectively. 

 Sensor D1: 1H NMR (400 MHz, d6-DMSO) δH (ppm): 1.32 (s, 3H), 4.30 (d, 2H, J 6.64), 6.32 

(s, 1H), 6.43 (d, 1H, J 7.16), 7.45 (m, 2H), 7.73 (d, 1H, J 7.8), 7.86 (s, 1H), 8.71(s, 1H), 8.81 (s, 

1H), 10.33 (s, 1H), 13.14 (s, 1H). 13C NMR (100 MHz, d6-DMSO) δC (ppm): 14.51, 61.76, 

102.86, 108,59, 112.49, 117.63, 118.59, 118.79, 122.22, 127.82, 134.90, 145.46, 148.82, 153.14, 

156.37, 162.99, 163.21, 163.24, 163.74. IR νmax (cm-1): 3272 (OH), 3053-2900 (C-H), 2360 

(HC-NH taut.), 1743 (C=O), 1617-1571 (HC=N), 1219 (C-O-C; C-N).  

Sensor D2: 1H NMR (400 MHz, d6-DMSO) δH (ppm): 1.33 (m, 6H), 4.09 (d, 2H, J 6.72), 4.31 

(d, 2H, J 6.92), 6.91 (t, 1H, J 7.48), 7.13 (d, 1H, J 7.56), 7.24 (d, 1H, J 7.08), 7.52 (d, 1H, J 

8.56), 7.82 (d, 1H, J 8.48), 7.95 (s, 1H), 8.75 (s, 1H), 8.98 (s, 1H), 12.82 (s, 1H). 13C NMR (100 

MHz, d6-DMSO) δC (ppm): 14.52, 15.23, 61.80, 64.65, 117.77, 118.74, 118.83, 119.30, 119.82, 

122.68, 124.38, 128.03, 145.08, 147.52, 148.78, 151.09, 153.62, 156.33, 162.97, 164.70. IR νmax 

(cm-1): 3059-2878 (C-H), 2380 (HC-NH taut.), 1738 (C=O), 1623-1599 (HC=N), 1249 (C-O-

C; C-N).  

Sensor D3: 1H NMR (400 MHz, d6-DMSO) δH (ppm): 1.13 (s, 6H), 1.32 (s, 3H), 3.40 (d, 4H, 

J 6.12), 4.31 (d, 2H, J 6.32), 6.09 (s, 1H), 6.34 (d, 1H, J 8.28), 7.33 (d, 1H, J 8.36), 7.46 (d, 1H, 

J 8.48), 7.71 (d, 1H, J 8.44), 7.84 (s, 1H), 8.72 (d, 2H, combined signal), 13.27 (s, 1H). 13C 

NMR (100 MHz, d6-DMSO) δC (ppm): 13.00, 14.51, 44.42, 61.75, 97.27, 104.54, 108.97, 

117.57, 118.54, 118.83, 121.72, 127.70, 134.75, 145.84, 148.89, 152.25, 152.71, 156.44, 162.76, 

163.05, 163.43. IR νmax (cm-1): 3070-2971 (C-H), 2360 (HC-NH taut.), 1736-1705 (C=O), 

1564-1517 (HC=N), 1240 (C-O-C; C-N). 

 

Synthesis of coumarin-azo derivative D4 

 

The reaction mixture containing diazonium derivative 1d was added dropwise to a cold 

solution of N,N-Dimethylaniline (4.3 mmol) in 20 mL by volume EtOH:H2O mixture and left 
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to stir at 0 °C for 2 hrs. The pH of the reaction mixture was adjusted using an ammonia 

solution to pH 5.5. A precipitate formed which was separated from the reaction by means of 

filtration. The crude product was monitored by TLC and subsequently purified by column 

chromatography using hexane:ethyl acetate 80:20 as eluent to afford the pure product D4 as 

a bright orange solid (0.2108 g, 0.17 mmol, 32%). 1H NMR (400 MHz, d6-DMSO) δH (ppm): 

1.33 (s, 3H), 3.08 (s, 6H), 4.32 (d, 2H, J 6.16), 6.86 (d, 2H, J 7.8), 7.56 (d, 1H, J 8.64), 7.81 (d, 

2H, J 7.52), 8.12 (d, 1H, J 8.4), 8.31 (s, 1H), 8.89 (s, 1H). 13C NMR (100 MHz, d6-DMSO) δC 

(ppm): 14.53, 61.79, 112.02, 117.68, 118.72, 118.78, 124.32, 125.41, 127.14, 142.81, 149.19, 

149.45, 153.21, 155.29, 16.24, 162.99. IR νmax (cm-1): 3059-2819 (C-H), 1740-1694 (C=O), 

1599-1365 (N=N); 1235 (C-O). 
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APPENDIX D 

 

 

Figure 1: 13C NMR spectra of coumarin-imine derivative D1 in d6-DMSO. 

 

Figure 2: 13C NMR spectra of coumarin-imine derivative D2 in d6-DMSO. 
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Figure 3: 13C NMR spectra of coumarin-imine derivative D3 in d6-DMSO. 

 

 

Figure 4: 13C NMR spectra of coumarin-azo derivative D4 in d6-DMSO. 
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Figure 5: UV-Vis screening studies of D3 with selected metal cations in acetonitrile. 

 

 

 

 

 

 

 

 

 

 

 Figure 6: UV-Vis screening studies of D3 with selected metal cations in MeOH. 
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Figure 7: UV-Vis screening studies of D4 with selected metal cations in water. 

 

 

 

 

 

 

 

 

 

 

Figure 8: UV-Vis screening studies of D4 with selected metal cations in MeOH. 
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Figure 9: Selectivity studies of D3 with Hg2+ in the presence of competing cations in 

MeOH. 

 

 

 

 

 

 

 

 

 

Figure 10: Selectivity studies of D4 with Hg2+ in the presence of competing cations in 

MeOH. 
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Figure 11: Selectivity studies of D4 with Hg2+ in the presence of competing cation in water. 

 

 

 

 

 

 

 

 

 

 Figure 12: Cyclic titration of Hg2+ and EDTA with D4 in acetonitrile. 
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Figure 13: UV-Vis screening studies of D3 with various anions in acetonitrile. 

 

 

 

 

 

 

 

 

 

 

 Figure 14: UV-Vis screening studies of D3 with various anions in MeOH. 
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Figure 15: UV-Vis screening studies of D4 with various anions in water. 

 

 

 

 

 

 

 

 

 

Figure 16: UV-Vis screening studies of D4 with various anions in MeOH. 
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Chapter 6 

Attempted synthesis of coumarin-derived polymeric sensors  

 

The question as to whether small-molecule or polymeric based sensors display the most 

favourable sensing attributes has been continuously debated. In recent years, many small 

molecule-based sensors have exceeded the sensing capabilities of polymeric compounds and 

are being favoured owing to these excellent sensing properties, selectivity, and uncomplicated 

synthetic methods.  

Attempts towards the synthesis of polymer-based sensors was done using the 7-subsituted 

coumarin derivatives as pendant groups (used in Chapter 3). The proposed methods for the 

synthesis P1 are outlined in Scheme 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Attempted synthesis of coumarin-derived polymer derivative P1 by two different 
synthetic routes. 

 

Chapter 3 
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The reaction to form azo-vinyl derivative 1a was carried out according to literature 

procedure.1 The product was isolated as a yellow oil in good yield. The presence of the N3 

azide group was confirmed using FT-IR spectral analysis, and the desired product further 

supported by 1H NMR studies. The FT-IR and 1H NMR spectra of vinyl-azide derivative 1a 

is shown in Figures 1 & 2. 

 

 

 

 

 

 

 

Figure 1: FT-IR of vinyl-azide derivative 1a. 

 

 

Figure 2: 1H NMR spectra of vinyl-azide derivative 1a in d6-DMSO. 

 
1. doi.org/10.1080/00304948.2011.594002 
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After the formation of 1a, two different synthetic routes to form polymer P1 were 

investigated. Route 1 involved the formation of a coumarin-vinyl monomer supporting a 

triazole moiety; and subsequent free-radical polymerization. Route 2 involved post-

polymerization functionalization of the polymer backbone carrying an azide group by click 

reactions. 

 

Route #1 

 

Equal equivalence of 1a and 2 were added under ‘click’ conditions in THF and left to stir at 

room temperature for 24 hrs. The product formation was monitored by TLC. The product 

was washed with water and extracted with ethyl acetate. The extracts were combined and 

dried over anhydrous Na2SO4. The solvent was removed under reduced pressure and 

precipitated from solution by DCM and ether to afford coumarin-vinyl derivative 3 as a white 

solid (52%). The structure was elucidated by 1H NMR analysis and confirmed by single 

crystal X-ray analysis (Figure 3 & 4). 

 

Figure 3: 1H NMR of coumarin-vinyl monomer 3 in d6-DMSO. 

 

Vinyl protons 

DMSO 
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Figure 4: Single crystal X-ray structure of coumarin-vinyl derivative 3.  

 

Coumarin-vinyl derivative 3 was added to 0.1 equivalence of (AIBN) in a 25 mL Schlenk flask 

with minimal DMF. Five cycles of freeze-pump-thaw method were used to degas the system.  

After the system was degassed, the mixture was heated for 5 hrs and then left to stir for 72 

hrs. The mixture was then precipitated in cold hexane to yield an off-white solid. The solid 

was filtered, recrystallized from DCM and ether, and characterized by 1H NMR. Spectral 

analysis indicated that only the starting vinyl monomer 3 had precipitated from solution, 

therefore, the free-radical polymerization was not successful. This radical polymerization may 

have failed due to the size of the monomer and thus the resulting pendant groups. These large 

pendant groups could cause a great degree of steric hinderance on the polymer chain.  

 

Route #2 

 

This route involved the post-polymerization functionalization of a polymer backbone 

supporting an azide functionality (4) with the 7-propinyoxy coumarin derivative (2) under 

Cu(I) catalysed click conditions. For this purpose, vinyl-azide monomer 1a was polymerized 

by free-radical reactions using 0.1 eq of AIBN in DMF. A freeze-pump-thaw method was used 

to degas the system. After degassing, the mixture was heated under argon and then left to 

stir for 72 hrs. The mixture was added dropwise into cold hexane, however, the polymeric 

product failed to precipitate from solution as confirmed by NMR analysis. 
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Experimental 

 

Synthesis of vinyl-azide derivative 1a 

 

4-vinylbenzyl chloride (6.55 mmol) was reacted with NaN3 (6.55 mmol) in a THF-water 

solvent system and let reflux under stirring for 5 hrs. Thereafter, THF was removed under 

reduced pressure and the resulting solution extracted with 3 x 20 mL ethyl acetate. The 

extracts were combined, washed with water, and dried over anhydrous Na2SO4. Ethyl acetate 

was removed under reduced pressure to afford vinyl-azide derivative 1a as a yellow oil (0.96 

g; 6.04 mmol; 92 %). 1H NMR (400 MHz, d6-DMSO) δH (ppm): 4.43(s, 2H), 5.28(d, 1H, J 

10.92), 5.85(d, 1H, J 17.64), 6.75(m, 1H), 7.35(d, 2H, J 8.04), 7.49(d, 2H, J 8.12). IR νmax (cm-

1):  3008-2928 (C-H), 2019 (N3). 

 

Synthesis of coumarin-vinyl monomer 3 

 

Vinyl-azide derivative 1a (6.72 mmol) was added to a solution of 2 (6.72 mmol) in minimal 

THF under Cu(I) catalyzed click reaction conditions and left to stir at room temperature for 

24 hrs. Thereafter, the solvent was removed under reduced pressure. The residue was 

dissolved in ethyl acetate and separated with water. The organic layer was dried over 

anhydrous Na2SO4 and the solvent removed under reduced pressure. The solid product was 

recrystallized from DCM and ether to yield coumarin-vinyl derivative 3 as a white solid (3.51 

mmol, 1.26 g, 52 %). 1H NMR (400 MHz, d6-DMSO) δH (ppm): 5.26(s, 2H), 5.29(s, 1H), 5.61(s, 

2H), 6.30(d, 1H, J 9.48), 7.01(m, 1H), 7.14(s, 1H), 7.30(d, 2H, J 8.08), 7.47(d, 2H, J 8.16), 

7.62(d, 1H, J 8.64), 7.99(d, 1H, J 9.52), 8.33(s, 1H). 13C NMR (100 MHz, d6-DMSO) δC (ppm): 

53.06, 62.12, 102.05, 113.05, 113.15, 113.39, 115.36, 125.45, 126.95, 128.78, 129.96, 135.93, 

136.50, 137.51, 142.74, 144.74, 155.75, 160.71, 161.56. 
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Conclusion and Future work 

 

Conclusion 

 

Herein we report the synthesis and characterization of 14 novel coumarin-based sensors 

towards the fluorescent and colorimetric sensing of ionic species in organic and aqueous 

media. In Chapters 2-4, the majority of the coumarin-triazole based sensors displayed good 

affinity, selectivity, and sensitivity towards Fe3+. Complexation was determined to occur in a 

1:1 binding ratio, with complexation proposed to involve nitrogen atoms of the heterocyclic 

triazole moiety; and supported by neighbouring groups and solvent molecules. These 

complexation scenarios were supported by Molecular Modelling studies. Titration analysis 

indicated that the fluorescent quenching effect upon Fe3+ addition occurred via a PET “on-

off” mechanism. Reversibility studies of the sensor-metal complexes with EDTA indicated 

partial reversibility. Anionic sensing studies displayed reasonable affinities towards CN- and 

F- characterized by a fluorescent quenching and enhancing response respectively. Quenching 

and enhancing was determined to occur via a PET “on-off” and “off-on” mechanism 

respectively. Poor selectivity and sensitivity of these sensors towards these chosen anions 

prevented further studies. In Chapter 5 the chosen coumarin-imine and -azo derivatives 

displayed a high degree of selectivity and sensitivity towards Hg2+ in water and acetonitrile 

respectively. Furthermore, the coumarin-azo derivative displayed a visible colorimetric 

response from yellow to red upon Hg2+
 addition. Complexation was determined to occur in a 

1:1 sensing ratio for both derivatives with Hg2+. UV-Vis Titration analysis indicated a dual 

ICT-ESIPT-ESICT mechanism for the imine derivative, whilst the azo derivative displayed 

a strong ICT response, characterized by a bathochromic shift in wavelength. Reversibility 

studies of the azo derivative described the total reversible nature of the complex; with 

applications extending towards the construction of a molecular logic gate and a molecular 

keypad lock system. Owing to the high degree of selectivity both sensors displayed towards 

Hg2+, it was possible to quantitatively determine the concentrations of Hg2+ in real-world 

water samples. Owing to the unique colour change of the azo derivative upon Hg2+ addition, 

it was applied for inexpensive test strips towards on-site assay studies. Complexation studies 

described the involvement of the imine-nitrogen and neighbouring hydroxyl group towards 

Hg2+ complexation in the coumarin-imine sensor; whilst complexation in the azo derivative 
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was determined to involve the coumarin- and ester-carbonyl groups in a pseudo-6-membered 

ring conformation. These complexation scenarios were supported by molecular modelling 

studies. Anionic sensing studies displayed little to no specific affinity nor selectivity of these 

coumarin derivatives to any of the chosen anions, thus they were concluded as unsuitable for 

further titration analyses and experiments. 

 

Future work 

 

Chapters 2-4 described the synthesis, characterization, photophysical, and sensing properties 

of coumarin-triazole derivatives derived via ‘click’ reaction protocol. These fluorescent 

sensors showed an affinity towards Fe3+ with good selectivity and sensitivity. The binding of 

Fe3+ was characterized by a fluorescent quenching response suggested to occur via a static 

process. Anionic sensing studies showed affinity towards CN-, PF6
-, and F-, however, poor 

selectivity and sensitivity towards these anions ceased further experiments. Chapter 5 

described the synthesis, characterization, and application of coumarin-imine and -azo 

derivatives towards UV-Vis and colorimetric cationic recognition strategies in organic and 

aqueous media. Both imine and azo sensors displayed good selectivity and sensitivity towards 

Hg2+. The azo dye characterized the presence of Hg2+ by a vivid colour change from yellow 

to red. Both sensors were able to be used towards environmental water Hg2+ recognition 

strategies. Additionally, the azo dye was able to be used as a molecular logic gate, molecular 

security system, and on-site assay studies. Chapter 6 describes the attempted synthesis of a 

coumarin-based polymeric sensor towards ionic sensing strategies in aqueous media. Some 

observations and ideas for future work will be briefly outlined: 

 

1. Why are all the fluorescent sensors responding strongly to Fe3+? 

As seen in the screening studies, all the sensors showed chemical affinities to Fe3+ in a variety 

of organic and aqueous systems; characterized by a fluorescent quenching response. The 

question as to whether this is because of the coumarin scaffold alone, or the interaction 

between coumarin that is directly connected to a triazole moiety has yet to be determined.  
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2. Sensors supporting the phenol-alkyne precursor exhibit greater selectivity and 

better photophysical properties compared to other alkyne derivatives. 

In all three chapters, derivatives supporting the phenol-alkyne precursor exhibit the most 

favourable sensing characteristics as compared to the other alkyne derivatives. The coumarin 

derivative supporting this functionality displayed advanced selectivity towards Fe3+compared 

to the other alkyne precursors. The effect of this derivative towards sensing could be 

investigated 

3. Determination of the effect of dynamic quenching in the Stern-Volmer quenching 

model. 

As mentioned previously, the effect of dynamic quenching on the linear Stern-Volmer 

quenching model could not be determined due to equipment constraints. Dynamic quenching 

is determined by calculations involving fluorescent lifetimes. To calculate this, TCSPC (time-

correlated single photon counting) is used.  

4. The role of coumarin-metal complexes in medicine and live-cell imaging. 

The efficacy of coumarin, its derivatives, and metal complexes towards anti-cancer treatments 

and other medicinal applications have been widely discussed in the literature. Future work 

could include toxicology studies of the coumarin derivatives and its metal complexes, 

determination of anti-cancer properties, and live-cell imaging recognition strategies. 

5. Dual colorimetric-fluorescent coumarin based sensors. 

The coupled favourable visible colorimetric response of the azo/imine functionality together 

with the sensitive fluorescent response of the triazole moiety could produce a dual sensor that 

can identify different cations based on their photophysical responses and binding strategies.  

 


