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PREFACE 
  
 Oxygen the most important element required to sustain life on earth. 

It accounts for nearly half of the mass of the earth crust and two thirds of the 

mass of the human body. Oxygen molecule is paramagnetic due to its 

electronic configuration where there are two unpaired electron in its valence 

orbital. In terms of spin multiplicity its ground state has a triplet multiplicity. 

Though there are two unpaired electrons in its valence orbital it is less 

reactive to many organic molecules and this low reactivity is key to 

sustaining life on earth. However, in its lowest energy excited states it has 

singlet multiplicity and are termed as “delta” oxygen and “sigma” oxygen 

where the latter one has a higher energy (Figure 1). The transition from 1∆g 

to 3Ʃg is a spin forbidden transition where as the transition from 1Ʃg to 1∆g is a 

spin allowed transition and this is evident from their respective lifetime data. 

In the gaseous phase 1
∆g has a lifetime of 45 min where as 1

Ʃg exists only 7-

12 seconds. 

 

 

Figure 1 The energy levels of molecular oxygen 



 This electronically excited molecular oxygen is commonly called as 

singlet oxygen which is highly electrophilic and reactive with unsaturated 

compounds, heterocyclic compounds etc. This high and selective reactivity 

has its advantages and is considered as a good technique of oxygenation of 

organic molecules. Alkenes and arene reacts with singlet oxygen to form an 

endoperoxide via a cycloaddtion reaction and further rearrangement or 

disproportionation give oxidation products. In addition to this singlet oxygen 

also give ‘ene’ reaction where addition of singlet oxygen to an alkene 

followed by a sigmatropic shift of hydrogen produce a hydroperoxide. This 

specificity of its reaction finds it as an important reagent for oxygenation in 

synthetic organic chemistry. Singlet oxygen has also an important role in the 

natural oxidative damages happen to living cells. For example some of the 

naturally occurring molecules do aid in the intracellular generation of singlet 

oxygen chemically or photochemically when exposed to light. Singlet 

oxygen thus produced do react with cellular components such as unsaturated 

lipids, amino acids such as tryptophan, cysteine, histidine etc., nucleic acid 

bases such as purines and pyrimidines leading to formation of oxygenated 

products. Newly formed products either modify cell functions or even cause 

cell death. This mechanism of oxygenation reaction under exposure of 

sunlight is termed as photodynamic action of singlet oxygen. Though it 

induce considerable damages to living cells there are applications which take 

advantage of this mechanism. One is in the Photodynamic therapy of cancer 

and another photodynamic remediation of contaminated water with 

pathogens such as bacteria and viruses. The present thesis is an attempt in 

this direction where a triaryl cation derivative is used as a potential agent for 

the generation of singlet oxygen.  

Photosensitized generation of singlet oxygen is the method of choice 

in application domains such as photodynamic therapy or photoremediation of 



water. It requires oxygen, light of suitable wavelength, and a photosensitizer 

capable of absorbing light and transfer that energy to oxygen molecule in the 

ground state to form the singlet excited molecular oxygen. 

For a molecule to act as a singlet oxygen sensitizer it should have, (1) 

high absorption coefficient in the spectral region of the light used for the 

excitation, (2) the excited state energy should be greater than 22.5 kcal mol-1 so 

that the effective energy transfer occurs between the triplet state of the 

sensitizer and molecular oxygen in the ground state,(3) it should be thermally 

and photochemically stable, (4) it should not react with the singlet oxygen 

and (5) it should have high triplet quantum yield and have long triplet 

lifetime. Rose bengal, phenalenone, dicyanoanthracene etc., are some of the 

commonly used singlet oxygen sensitizers.  

Photochemical water disinfection based on the photodynamic action 

of oxygen has gained much attention compared to the conventional methods 

of water disinfection such as chlorination, ozonization and UV irradiation. 

These methods faces the limitations such as harmful side products, high cost, 

long time duration, limited water volume etc. The photodynamic water 

disinfection involves only three components the photosensitizer, light of 

suitable wavelength and molecular oxygen. The major advantage is the 

possibility to use visible light absorbing molecules as the sensitizer so that 

sunlight can be used as the light source. The singlet oxygen generated reacts 

with the cell components of the pathogen such as lipids of the membranes, 

amino acids, proteins, and nucleic acids leading to the cell death. Since the 

lifetime of singlet oxygen in water is low compared to other solvents, for the 

effective inactivation of microorganisms in aqueous medium require the 

pathogen’s affinity to sensitizer. This is usually through an electrostatic 

association between the bacteria and the sensitizer. Because of the presence 

of lipopolysccharide in the outer membrane most of the bacteria have a 



negative charge in the outer shell at physiological pH values. Therefore, 

cationic dyes are effective in the photodynamic action compared to neutral 

and anionic dyes. Solubility and stability of these sensitizers in water is an 

important criteria for effective use in disinfection. 

 The present thesis reports a study of a class of cationic triarylmethane 

dyes hither to have not been known as singlet oxygen sensitizers. These are a 

group of bridged highly planar triarylcarbocations known as trianguleniums 

having remarkable thermal stability. Triangulene is the trivial name given to 

a group of molecules having, six membered rings arranged in a triangular 

fashion. In 1963 Martin and Smith reported the best known Triangulenium 

salt, trioxatriangulenium (TOTA+) tetrafluroborate. Triangulenium cations 

are very stable in aqueous medium and generally the stability of a 

carbocation is expressed in terms of its pKR+ value. The TOTA+ has a pKR+ 

value of 9.05. The structurally similar N bridged cation known as 

triazatriangulenium is another group of triangulenium ions that show 

remarkable stability in a wide range of pH’s. The triazatriangulenium cations 

with various alkyl chain lengths are reported in the literature, but are 

insoluble in aqueous medium. For potential biological applications solubility 

in particular water solubility is an important criteria. In the present thesis we 

report the synthesis of a few water soluble triazatriangulenium cations and 

results of the studies on their photophysical properties and singlet oxygen 

generation properties in aqueous and non-aqueous medium. The main 

objectives of the thesis are  

� To synthesize water soluble triazatriangulenium salts by 

incorporating polar functional groups 

�  Study their photophysical properties 

�  Study the efficiency of Triplet state formation and singlet oxygen 

sensitization 



� Synthesis and study of lipophilic triazatriangulenium cations in 

microheterogeneous medium 

� Tether covalently or intercalate triazatriangulenium salts to solid 

supports or layered materials 

�  Study the singlet oxygen production by these heterogeneous 

sensitizer systems 

� Study the photodynamic action of singlet oxygen generated by these 

heterogeneous sensitizers and explores their ability in disinfection of 

contaminated water.  

The thesis is divided in to five chapters. Chapter 1 of the present 

thesis is a review on the generation and applications of singlet oxygen as 

well as the chemistry and applications of triazatriangulenium cations. In 

Chapter 2 we report the synthesis, photophysical and singlet oxygen 

generation studies of a few water soluble triazatriangulenium (TATA) 

cations (Chart 1).  

 

 

Chart 1 

The photophysical studies such as steady – state and time - resolved 

absorption and emission spectroscopy were carried out in water as well as in 

acetonitrile. The respective absorption maxima, singlet and triplet state 



energy levels, their lifetimes and quantum yields were determined. The 

triplet state properties were determined using nanosecond laser flash 

photolysis studies. The photophysical properties of TATA+ in the triplet state 

shows that it can be effectively used as s singlet oxygen sensitizer. The 

quantum efficiency of singlet oxygen generation was estimated by chemical 

actinometry using disodium-9, 10-anthracenedipropionic acid and 1, 3-

diphenylisobenzofuran as the chemical actinometers and rose bengal as the 

reference. The apparent quantum yield for singlet oxygen generation by 

these cations was found to be 0.36 in water and 0.21 in acetonitrile.  

Chapter 3 is the studies of triazatriangulenium cations in 

microheterogeneous medium. The lipophilic derivatives show significant 

distortion in planarity in their ground and excited state. This is indicated as a 

progressive shift in their emission maximum as a function chain length of the 

N-alkyl substituent. The theoretical calculations are also done for confirming 

the observed change in the geometry.  The structures of the compounds are 

shown in Chart 2. 

 

Chart 2 

In chapter 4, a series of triazatriangulenium cations covalently anchored 

to silica surfaces were prepared and their singlet oxygen generation 

efficiencies were compared. The synthesis of heterosensitizers gain 

attention in recent times and found application in many fields including 



photosensitized disinfection of waste water as they have many advantages 

over the homogeneous photosensitizers. Among the heterosensitizers 

silica gel supported organic compounds received great attention. Silca is 

cheap, inexpensive, thermally stable and biocompatible. The main 

objective of this work is to synthesize a heterogeneous photosensitizer in 

which triazatriangulenium covalently anchored on silica. The silica is 

functionalized with amino groups using the aminopropyltrimethoxysilane 

and with a mixture of aminopropyltrimethoxysilane and 

methyltrimethoxysilanes. The starting material for the synthesis of 

triazatriangulenium cation is tris-(2,6-dimethoxyphenyl) carbenium 

tetrafluroborate. The tris-(2, 6-dimethoxyphenyl) carbenium tetrafluroborate 

is cyclised with amino functionalized silica resulting in the loading of 

triazatriangulenium on the silica surface. The singlet oxygen production 

capacity of the triazatriangulenium-silica composites can be monitored using 

the molecular probe disodium-9,10-anthracenedipropionic acid. The 

disinfection studies are also conducted in order to determine the 

effectiveness of the synthesized triazatriangulenium-silica composites for the 

waste water treatment. All the four types of synthesized triazatriangulenium-

silica composites produced the singlet oxygen as it is evident from the 

photobleaching of molecular probe disodium-9, 10-anthracenedipropionic 

acid. By the use of four types of synthesized triazatriangulenium-silica 

composites there is large decrease in the survival of bacterial pathogens as it 

is evident from the disinfection studies. The structure of the 

triazatriangulenium loaded on silica is represented in the following Chart. 



 

Chart 3 

Chapter 5 of the thesis is a study on the triazatriangulenium cations supported 

non-covalently by intercalation on the clay minerals such as sodium 

montmorillonite and Cloisite93a. Clay minerals are composed of multiple 

layers of tetrahedral and octahedral sheets. Smectite type clay minerals are 2:1 

type, in which a layer of Al or Mg octahedra sandwiched between two layers 

of Si tetrahedra. Isomorphous substitution in these layers may create negative 

charges, which are compensated by exchangeable cations, typically located in 

the interlamellar space as hydrated cations. They can be replaced by almost 

any type of organic or inorganic cation via ion exchange. We tried to 

intercalate the triazatriangulenium salts of varying chain length in clay 

materials through the cation exchange process. We have selected the two clays 

with different interlayer distance. From the XRD analysis it was concluded 

that the intercalation occurs in the case of cloisite clay with an increase in the 

interlayer distance of 6 A0. The photophysical properties of all the clay 

supported triazatriangulenium cations were studied. In the case of intercalated 

material red shift in the emission was observed. All the clay supported 

compounds shows absorption maximum in the same position as we obtained 

in the case of a homogeneous solution in acetonitrile. The results of the 

photophysical studies and singlet oxygen generation studies of these materials 

were presented and discussed in detail. The singlet oxygen generation 

efficiencies and the photodynamic action on E.Coli were also studied. It was 

found that the cloisite93a is a better support for triazatriangulenium cations. 
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CHAPTER 1 
A Review on the Generation and Applications of 

Singlet Oxygen 

 

1.1. Introduction 

Oxygen, the most important element required for sustaining life on 

earth accounts for nearly half the mass of the earth crust, two-third, the mass 

of the human body and nine tenth, the mass of water. Oxygen identified by 

Carl Wilhelm Scheele and by Joseph Priestly in the late 18th century, is a 

colourless, odourless and tasteless gas with the molecular formula O2 and 

referred to as dioxygen at standard temperature and pressure. The linear 

combinations of the atomic orbitals from two individual oxygen atoms result 

in the formation of molecular orbitals with a bond order two. The bonding in 

oxygen occurs in such a way that the two unpaired electrons are distributed 

in the highest occupied degenerate state. This uncoupled pair of electrons 

classified oxygen as a triplet in its ground state. The molecular orbital 

diagram of oxygen is given in figure 1.1. This triplet multiplicity is the 

reason why most of the reactions of oxygen with organic molecules do not 

proceed at room temperature even though they are exergonic and the key to 

sustaining life in an oxygen-containing atmosphere. 
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Figure 1.1 The molecular orbital diagram of oxygen in the ground state 

  

 According to Hund’s rule, when two electrons are distributed in a 

degenerate level, the triplet state has the lower energy with molecular term 

symbol 3Σ–
g. There are two higher energy excited states possible for the 

molecular oxygen and they are denoted by term symbol 1∆g and 1Σ+
g, with 

both these excited states having singlet multiplicity. The latter is known as 

the sigma oxygen and the former is called singlet oxygen. The transition 

from the 1∆g state to the 3
Σ

–
g state is spin forbidden and the transition from 

1
Σ

+
g to the 1∆g is a spin allowed transition. This reflects in their lifetime 

data; 45 min and 7-12 seconds being the radiative lifetimes in the gaseous 

phaserespectively.1 The molecular orbital diagram of the molecular oxygen 

in the excited state is shown in figure 1.2. 
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Figure 1.2 The molecular orbital diagram of oxygen in the excited state 

 The three electronic states, the triplet ground state and two singlet 

excited states of molecular oxygen differ only in the spin multiplicity and the 

occupancy in two degenerate antibonding πg-orbitals. The three electronic 

states of molecular oxygen are represented in figure 1.3. 

 

Figure 1.3 The three energy states of molecular oxygen 

 Singlet oxygen was first detected and reported by Fritzsche in 1867 

in his study of transformations of naphthacene in the presence of light and 

1
∆g 

1
Σg 
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oxygen. He found out that one of the product formed, upon heating 

regenerated the napththacene.2 In those era, the chemical structures of both 

naphthacene and the product of the photochemical reaction were unknown. 

In 1924, Lewis predicted the unpaired electronic structure and the possibility 

of a spin paired electronic state for the molecular oxygen.3 Katusky in 1930 

reported the presence of a metastable intermediate species in some of the 

photooxygenation reactions he has studied.4 All these experimental evidences 

along with Mulliken’s prediction using molecular orbital theory about two 

low-lying oxygen excited states (1
∆g and 1Σ+

g) initiated research on the 

chemistry of singlet oxygen.5 The development of novel luminescent singlet 

oxygen probes,6-9 the time-resolved detection of O2 (
1
Δg) in a transmission 

microscope,10 the first time-resolved measurements of singlet oxygen 

luminescence in vivo,11 are some of the recent advancements in this field of 

research. 

1.2. Methods for the generation of singlet oxygen 

1.2.1. Chemical methods for singlet oxygen generation 

 Several chemical methods of generation of singlet oxygen are known. 

The most common method is the aqueous phase reaction of hydrogen 

peroxide with sodium hypochlorite.12 

H2O2  +  NaOCl O2(
1∆g)  +  NaCl  +  H2O 

 The thermal decomposition of triethylsilyl hydrotrioxide generated in 

situ by the reaction of triethylsilane with ozone can act as a source of singlet 

oxygen.13 

 

Similarly phosphite ozonides are also a source of singlet oxygen.14 
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 Nardello et al., reported a Lanthanum (III) catalysed 

disproportionation reaction that involves the decomposition of hydrogen 

peroxide into singlet molecular oxygen.15 The method has the advantage that 

this source can generate the singlet oxygen in basic, neutral and even slightly 

acidic condition.  

1.2.2. Direct optical excitation 

 The transitions between the ground state and two singlet excited 

states (1
∆g and 1Σg) of molecular oxygen are spin forbidden. However, in the 

condensed phase interactions of oxygen molecule with other atoms or 

molecules in its vicinity can cause changes in molecular symmetry and can lead 

to the breakdown of the selection rules. In such a scenario, the direct optical 

excitation can lead to formation of excited molecular oxygen in very low 

yields.16 The most adequate light sources for direct optical excitation of 3O2 are 

lasers. Some are: Nd: YAG and Nd-based,17-19 Yb-based,20 He-Ne,21-23, 

semiconductor (diode),24-26 Raman-shifted,27,28and dye-based,29,30 lasers. 

1.2.3. Photosensitization 

 Photosensitized generation is simple and controllable method for the 

production of 1O2; requiring only oxygen, light of an appropriate wavelength, 

and a photosensitizer capable of absorbing and using that energy to excite 

molecular oxygen to its excited state. The photosensitization of singlet 

oxygen is illustrated in the following Jablonski diagram (figure1.4).  
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Figure 1.4 The photosensitized production of singlet oxygen (solid line 

indicate radiative transitions and courly lines non-radiative transitions, IC: 

internal conversion, ISC: intersystem crossing) 

1.3. Types of Singlet oxygen Sensitizers 

 A number of molecules have been identified as good singlet oxygen 

sensitizers. A good singlet oxygen sensitizer should have the following 

qualities.(1) High molar absorption coefficient in the spectral region of the 

light used for the excitation, (2) the excited state energy should be greater 

than 22.5 kcal mol-1 so that energy transfer should be exergonic,(3) it should 

have high triplet quantum yield and have long triplet lifetime, (4) it should be 

thermally and photochemically stable, (5) it should not react with the singlet 

oxygen as well as the other components in the medium where it is used.31 

Based on the molecular structure, the sensitizers are grouped as dyes, 

aromatic molecules, porphyrins and transition metal complexes.  
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1.3.1. Organic dyes and aromatic hydrocarbons 

 Among dye based sensitizer systems, most commonly used are 

methylene blue, rose bengal, eosin blue, fluorescein, erythrocin B etc. Rose 

bengal is a common sensitizer that can be used in water. It is a xanthene dye 

with intense absorption at 549 nm in water. The peculiar properties of rose 

bengal are large molar absorption coefficient (ε), high solubility and high 

quantum yield of singlet oxygen generation (0.76). It is soluble in water up to 

a concentration of 10-3 M but at higher concentration H-type aggregates are 

formed with lower molar absorptivity.32-35 In non-polar solvents rose bengal 

is photochemically not stable compared to that in polar protic solvents. 

Methylene blue is another water soluble dye, belonging to the 

phenothiazinium class that has been used for singlet oxygen and related 

photooxygenation studies. It also forms aggregates at higher concentrations 

which limits its applications.36 Methylene blue exhibits a moderate triplet 

quantum yield of 0.52 in water but not an exclusive singlet oxygen generator 

as it also produces superoxide radical ions.36,37 Another example is the family 

of Rhodamine dyes. But, high fluorescence quantum yield and low triplet 

quantum yield limits its utility.38 

 The singlet oxygen production capacity of various aromatic 

hydrocarbons has also been reported. Naphthalenes, anthracenes, and 

biphenyls are studied in this regard. In these cases there occur a competition 

between charge transfer interaction with the energy transfer pathway.31 Many 

aromatic hydrocarbons reacts with singlet oxygen and thus not considered as 

good for photosensitization. Dicyanoanthracene is a special case, where, both 

the singlet and triplet state of the molecule produces the singlet oxygen. The 

singlet oxygen production occurs by the energy transfer from the singlet state 

of the molecule to the triplet oxygen with or without the production of triplet 
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state of the molecule. An alternative path is the normal intersystem crossing 

from singlet state to the triplet followed by the energy transfer to the triplet 

oxygen. The singlet oxygen quantum yield of the molecule is 2.0 in 

acetonitrile and 1.56 in benzene.39 

 The aromatic ketone, phenalenone is used as a universal singlet 

oxygen reference sensitizer. It is soluble in a large number of solvents and 

has high singlet oxygen quantum yield which is close to unity.40 In protic 

solvents, the triplet state of the molecule competes with the hydrogen atom 

abstraction from the solvents. Because of this, under continuous irradiation 

in polar protic solvents it is not a sensitizer of choice. 

1.3.2. Porphyrins, phthalocyanines, and related tetrapyrroles 

 Porphyrins, phthalocyanines, and related tetrapyrroles are groups of 

singlet oxygen sensitizers which are well studied with respect to their role in 

oxidative damages to living cells as many molecules of this class are 

naturally occurring. They are known to produce singlet oxygen and have 

been used as a singlet oxygen sensitizer in a variety of medium and 

application domains. The strong absorption in the visible region, low dark 

toxicity, high triplet quantum yield are the main advantages of the porphyrin 

based systems. Though their long wavelength absorption bands have smaller 

values of ε, they are sensitizers of choice under physiological conditions. 

These long wavelength absorption (> 600 nm) is well above the light 

absorption limit or filter effect by living tissues.31 Haematoporphyrin, 

tetraphenylporphyrin, phthalocyanine are the most commonly studied 

sensitizers of this class.41 

 In phthalocyanines, the presence of peripheral benzene gives 

extended absorption than porphyrins. Metallophthalocyanines containing 

diamagnetic metal ions such as Zn2+ or Al3+ have relatively good lifetime and 
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triplet quantum yield. Zn (II) phthalocyanine tetrasulfonate, has a long triplet 

lifetime, 245 µs, and a moderate triplet quantum yield of 0.56.42 

Napthalocyanines are another group of macrocycles having longer 

wavelength absorption compared to phthalocyanines.42 

1.3.3. Transition metal complexes 

Transition metal complexes of Ruthenium (II), are the most studied 

group because of the straight forward synthesis, stability of the complexes 

with polypyridyl type ligand and excellent light absorption properties.43 They 

have relatively strong absorption in the uv-vis regions of the spectrum. Many 

Ru(II) diimine complexes can photosensitize formation of singlet oxygen. 

Tris(bipyridine)ruthenium(II) chloride, is the well known sensitizer among 

this class of molecules with a singlet oxygen quantum yield  of 0.86.44 

Pefkianakis et al., in 2013 synthesized and studied a series of Ru(II) based 

photosensitizers as singlet oxygen sensitizers.43 The ligand used to 

coordinate ruthenium was a pyridine–quinoline hybrid bearing an anthracene 

moiety and it was combined with 2,2’-bipyridine (bpy) for the preparation of 

heteroleptic complexes. The singlet oxygen production in these complexes 

was studied by monitoring the photobleaching of 1,3-diphenylisobenzofuran 

at 410 nm. The complexes shows the singlet oxygen quantum yield higher 

than those in the parent [Ru(bpy)3]
2+complex. 

 The singlet oxygen production from the mixed ligand complexes of 

Pt(II) and Pd(II) with halides and pseudohalides were also reported. 

Anbalagan et al., synthesized eight new complexes of the formula [M(X-

X)(DPA)] where M is Pd(I1) or Pt(II), DPA is 2,2’-dipyridylamine and X-X 

are various dianions of catechol  and its derivatives.45 The synthesized new 

complexes sensitize the oxidation of 2,2,6,6-tetramethyl-4-piperidinol in 

DMF to the corresponding nitroxide radical. 
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1.4. Detection and Quantification of singlet oxygen 

To understand the role of singlet oxygen in various systems, 

analytical tools are required to detect the presence and quantify the amount 

of singlet oxygen produced. Since it is a highly reactive species the 

identification and quantification is a difficult task. There are various methods 

used in the literature for the detection and measurements. It involves the 

direct methods and indirect methods. Direct method involves the detection of 

the weak phosphorescence emission from the singlet excited state to the 

triplet ground state appearing at 1270 nm. Indirect methods make use of 

spectrophotometric, fluorescent or chemiluminascent probes for the 

measurement of singlet oxygen. Chemical actinometry is the commonly used 

method for the singlet oxygen quantification. 

1.4.1. Direct Methods 

1.4.1.1. Emission spectroscopy 

 The characteristic phosphorescence emission of singlet oxygen 

observed at 1270 nm was frequently used for its detection and 

characterization.46 It is a forbidden transition and is weak. Another way is to 

monitor its dimol emission (the simultaneous emission from two singlet 

oxygen molecules upon collision) which is observed as a red glow at 603 nm 

and 730 nm. This is possible only when there is a high concentration of 

singlet oxygen present in the medium. To understand the kinetics of singlet 

oxygen production, time-resolved experiments are used. Molnar et al., 

studied the singlet oxygen generation of haematoporphyrin derivatives and 

protoporphyrin derivatives in liposomes using this technique.47 Since the 

emission at 1270 nm is a weak emission, a cryogenically cooled germanium-

diode detector is used. This is necessary to minimise the background signal 

due to thermal effects. The sensitivity of this detector is poor and this limits 
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the application of this detector.46 The low signal to noise ratio observed in the 

detection at NIR region is another limitation of the process. The methods 

have the advantages such as the signal obtained is distinct and not mistaken 

even with solvent change. The luminescence from other species usually 

occurs at wavelength lower than 1000 nm. Recently NIR sensitive 

photomultiplier tubes were used with very good time resolution so as to be 

used in a time-resolved emission spectroscopy mode in addition to the steady 

– state emission measurements. Such sensitive detectors have also been used 

in imaging techniques where singlet oxygen in used as a luminescent 

probe.48 

1.4.1.2. Time-resolved thermal lensing (TRTL) 

In this method the heat released through the nonradiative processes of 

the excited state molecule is detected and analysed.49 It involves the 

calorimetric determination of the minute temperature gradient induced by the 

relaxation of the excited species.50 The enthalpy changes associated with a 

photophysical or photochemical reaction can be measured using this 

technique. This method has the advantage that the absolute yield of the 

transient species can be understood from the experiment without the help of 

a standard reference compound. The photophysical parameters can also be 

extracted directly. The relaxation dynamics of singlet oxygen in water can be 

studied using this technique. Cheng et al., studied the lifetime, absolute 

quantum yield and the singlet oxygen generation efficiency of 1H-phenalen-

1-one in various solvents.51 

1.4.1.3. Laser-induced optoacoustic calorimetry (LIOAC) 

The absolute quantum yield of singlet oxygen can be determined with 

the laser-induced optoacoustic calorimetry (LIOAC) method.52 In this 

method the pressure wave formed by the expansion of solvent due to release 
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of heat during a non-radiative process is measured by a piezo-electric 

transducer. In its measurement a comparison of the optoacoustic wave 

signals generated by the sample and a photocalorimetric reference is made. If 

they are of identical shape, absolute value of quantum yield of singlet oxygen 

generation can be obtained from the optoacoustic wave maximum. Oliveros 

et al., determined the absolute quantum yield of singlet oxygen production by 

phenalenone using this technique.53 In 1, 4-dioxane and in N,N’-

dimethylacetamide they have reported singlet oxygen quantum yields as 0.99 

and 0.87 respectively. The experiment confirms the applicability of 

phenalenone as an efficient singlet oxygen sensitizer. 

1.4.2.Indirect Methods 

 Indirect method for detection and analysis of singlet oxygen involves 

a specific chemical reaction of singlet oxygen to form a product. The 

progress of the reaction is monitored by a spectroscopic or chromatographic 

technique to extract kinetic information. In methods that use 

spectrophotometry or fluorescence spectroscopy the product of the 

oxygenation reaction and other component/s should not have any overlapping 

absorption or emission. If the reaction system used meet this condition, then a 

sensitive and convenient method for the detection of singlet oxygen is 

possible. The common trap molecules are dienes capable of efficient [4+2] 

cycloaddition with singlet oxygen to produce an endoperoxide. For a molecule 

to act as a probe there are certain requirements. (1)It should react with singlet 

oxygen in a 1:1 stoichiometry without any side reactions, (2) the product 

formed should not have overlapping absorption /emission with other 

components of the reaction which produce singlet oxygen, (3)The product 

formed should neither react with the probe nor with the singlet oxygen.54 The 

commonly used chemical probes are, 9,10-dimethylanthracene, 2,5-

dimethylfuran, anthracene-9,10-diyldiethyl disulfate, bis-9,10-anthracene-(4-
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trimethyl-phenylammonium)dichloride (BPAA), anthracene-9,10-

divinylsulfonate (AVS), anthracene-9,10-bisethanesulfonic acid (AES), 

anthracene-9,10-dipropionic acid (ADPA), and 1,3-diphenylisobenzofuran 

(DPBF). In organic solvents DPBF is the commonly used probe. It has the 

largest rate constant for the reaction with singlet oxygen.55 2, 5-

dimethylfuran is only soluble in lipid matrices and ADPA is widely used in 

aqueous medium. 

1.4.3. Chemical Actinometry 

 Quantum yield determination is very important in photosensitized 

singlet oxygen production. For the quantum yield determination the incident 

photon rate should be known. Actinometry is the method for the 

determination of the incident photon rate for a system of specific geometry 

and in a well-defined spectral domain. Chemical actinometry is based on the 

behaviour of a reference substance (chemical actinometer) for which the 

quantum yield is known. Theoretically any substance which by irradiation 

undergoes a photochemical transformation and whose quantum yield Φ is 

known can be used as a chemical actinometer. The requirements of a 

chemical actinometer are well defined. A chemical actinometer should 

satisfy the following requirements. (1)The photoreaction considered should 

be reproducible, controllable and the quantum yield should be accurately 

known for a large number of wavelengths of irradiaiton. (2) The chemical 

components should be thermally stable, (3) The analytical methods adopted 

should be simple and the direct spectrophotometric analysis is preferred, (4) 

The system should display large sensitivity towards light, (5) The 

actinometric molecules should be easily available and should have the 

highest possible purity.56 
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 Chemical actinometry can be used for the quantification of singlet 

oxygen. An ideal actinometer for singlet oxygen quantification should have 

the following qualities: (1)The absorption spectra of actinometer and 

sensitizer must not overlap,(2) No ground state or excited state interactions 

between actinometer and substrate should exsist,(3) The reaction between the 

actinometer and O2 (
1
∆g) must be the only reaction path and role of  physical 

quenching must be negligible,(4)The presence of actinometer does not 

change the quantum yield of singlet oxygen generation.57 The different 

kinetic phenomena that occur in the case of a photosensitizer in the presence 

of oxygen and the actinometer are given below.  

(1) Light absorption by the sensitizer: 

  

(2)  Intersystem crossing: 

  

(3) Energy transfer: 

  

(4) Singlet oxygen deactivation by the solvent (rate constant kd): 

  

(5) Physical quenching of 1O2 by actinometer (rate constant kp): 

  

(6) Actinometer oxidation by 1O2 (rate constant kR): 

  

Upon continuous stationary irradiation with light of intensity	I���, [1O2] is 

constant and the differential equations describing the changes in 

concentrations of actinometer and singlet oxygen kinetics are: 
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Under conditions when �k� + k��[A]<<kd, the change in actinometer 

concentration is simply expressed as  

*[+]
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ln	[.] = 	ln	[.]0−k-t	

 ie., the kinetics of the actinometer bleaching can become first order 

and this  can be employed in the estimation of apparent quantum yield of 

singlet oxygen generation (Ф�12). The singlet oxygen quantum yield of a 

particular sensitizer is determined by relative actinometry in the presence of 

a chemical actinometer and compared with a reference sensitizer of known 

singlet oxygen quantum yield under identical conditions of irradiation. 

Kinetic profiles for the actinometer consumption are obtained for the sample 

and reference. Slopes of the kinetic profiles for the sensitizer and the 

reference were determined by linear regression and singlet oxygen quantum 

yield of the sensitizer is determined by comparing the slopes for the 

sensitizer and the reference. Using the absolute value of Φ∆ reported for the 

reference compound the quantum yield of singlet oxygen generation of the 

sensitizer can be calculated by the equation 1.1. This method of estimation of 
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Ф�12	is valid only when the solvent induced deactivation is much faster than 

the scavenging or deactivation of singlet oxygen by the actinometer. If		Ф�, 

the quantum yield of the reference is known,	Ф�12 is determined using the 

equation 1.1. 

Ф�12 = Ф� 	!%		$ 45
! 45	$%

					(1.1) 

Where k�12  and k�  are the first order rate constants of the actinometer 

disappearance induced by sensitizer and the reference compound 

respectively.	I�12	and		I�	are the total intensities absorbed by the sensitizer 

and the reference respectively. 

1.5. Reactions of singlet oxygen  

 Even though singlet oxygen is a highly reactive species it is a reagent 

for oxidation/oxygenation in synthetic organic chemistry. The major 

chemical reactions of singlet oxygen are: [2+2] and [4+2] cycloaddition, ene 

reaction, and heteroatom oxidations (Scheme 1.1) 
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 The [4+2] cycloaddition leads to formation of endoperoxides. These 

endoperoxides are versatile intermediates that can be transformed via a 

variety of synthetic procedures to specifically oxygenated products.58,59 The 

[2+2] cycloaddition is observed with electron rich alkenes especially those 

which do not have or geometrically inaccessible, allylic hydrogens. The 

dioxetane products are often sensitive molecules that thermally decompose in 

a fascinating chemiluminescent process to carbonyl compounds.60 The ene 

reaction generates allylic hydroperoxides which can be converted to 

synthetically valuable allylic alcohols.61 

1.5.1. Reactions with biomolecules 

 Because of this versatile reactivity of singlet oxygen with alkenes, 

aromatics and heterocycles, it do react with the biomolecules such as lipids, 

proteins, nucleic acids, etc. If singlet oxygen is generated within the cell, it 

can interact with the biomolecules and cause damage. Lipids are susceptible 

to oxidative damage due to reaction of lipids with reactive oxygen species 

(ROS) (lipid peroxidation).These lipid peroxidation with singlet oxygen is 

implicated in haemolysis of erythrocytes, damage to cardiomyocytes and 

degeneration of cellular membranes. Since lipid peroxides are polar they 

disrupt structure and functions of cell membranes. There are evidences for 

the involvement of singlet oxygen in vivo in the etiology of certain 

diseases.62 Also other toxic products of lipid peroxidation attack DNA.63 

Oxidation of amino acids having sulfur or heterocyclic groups by singlet 

oxygen produce sulphoxides and endoperoxides which lead to formation of 

other ROS’s, which are toxic to cells. Among amino acids, histidin, 

tryptophan, methionine, and tyrosine are more reactive towards singlet 

oxygen. Oxidation of crystallins, the proteins of the eye, by singlet oxygen 

produces high molecular weight cross links leading to cataract.64  DNA reacts 

with singlet oxygen causes strand breakes and formation of altered bases. 
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Bases like guanosins, which is the most succeptible base undergoes 

cycloaddition mechanism has high reactivity with single stranded DNA. This 

change of guanosine has serious biological effects. For example, termination 

of DNA replication occurring at the position of modified guanine results in 

misleading by DNA polymerase which results in mutagenesis and 

carcinogenesis.63 

1.6. Applications of singlet oxygen 

1.6.1. Organic Synthesis 

 The versatility and the high degree of stereo selectivity make singlet 

oxygen as powerful reagent in synthetic organic chemistry. Pinocarvone (2) 

is an important compound as it can be used as a building block for 

antimalarial peroxides and chiral ligands for catalysis. It can be synthesized 

by the singlet oxygen mediated photooxygenation of α-pinene (1).65 

(Scheme 1.2) 

 

 

Scheme 1.2 

 Artemisinin (7) and its semi-synthetic derivatives are the drugs used 

against Plasmodium falciparum malaria.66 Its synthesis involves a continuous 

flow conversion of dihydroartemisinic acid (4) into artemisinin (7) by a 

three-step reaction sequence. It consists of singlet oxygen mediated 

photooxidation, acid –catalyzed Hock cleavage and oxidation with 3O2. 

(Scheme 1.3). 
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Scheme 1.3 

 The synthesis of rose oxide (13), an important fragrance chemical 

involves the photooxidation of β-citronellol (8) in methanol.67 The mixture of 

secondary and tertiary hydroperoxides thus obtained on reduction with 

bisulfite, yields the corresponding alcohols. Acid-catalyzed ring closure of 

the main tertiary product (1, 7-diol) leads to a mixture of the stereoisomeric 

rose oxide (13). (Scheme 1.4). 

 

Scheme 1.4 
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 Yao et al., in 2002 used the [4+2] cycloaddition of singlet oxygen to 

a triene to construct the 3, 6-dihydro-1,2-dioxin ring in his 18 step synthesis 

of the bioactive  natural products 15 and 16 (Scheme 1.5).68 The product was 

a mixture of diasteriomeric endoperoxides formed by the photooxidation 

followed by the reaction with diazomethane. The carboxylic acid derivatives 

of the endoperoxide have cytotoxic and antifungal activity.  

 

Scheme 1.5 

 Maras et al., reported the use of ene reaction of singlet oxygen for the 

synthesis of DL-vibo-quercitol (20) and DL-talo-quercitol (21).69 In the TPP 

sensitized photooxidation of dioxolane (17) to DL-vibo-quercitol (20) and 

DL-talo-quercitol (21), the hydroperoxide product of the ene reaction (18) on 

reduction with thiourea to form an alcohol (19) with the desired 

stereochemistry (Scheme1.6). 
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Scheme 1.6 

 

 Tropones and tropolones are examples for highly oxygenated natural 

products widely seen in nature. The TPP sensitized synthesis of tropolone 

compound was (27) reported by Dastan et al.70 Here the tricyclic 

endoperoxide was formed (23) in about 94% yield was reduced to the enol 

(24) by thiourea (Scheme1.7). 

 

Scheme 1.7 
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1.6.2. Photodynamic therapy (PDT) 

Cancer is a group of diseases that account for 16.6 % of the death 

among world population. It involves abnormal cell growth often detected by 

the formation of a tumour, and invade or spread to other parts of the body. 

The preliminary step in the cancer treatment is the killing of malignant cells 

in order to prevent the spread of cancer. The important cancer treatment 

modes are surgery, radiation therapy and chemotherapy. Photodynamic 

therapy is used to treat some cancers and precancerous conditions such as 

skin, head, neck, mouth, lung and gullet cancers. This treatment modality 

involves the combination of light, a light sensitive drug (photosensitizer) and 

oxygen leading to the production of singlet oxygen capable of inactivating 

the malignant cells. The mechanism of photodynamic therapy is represented 

in the following Scheme 1.8. 

 

Scheme 1.8 The mechanism of Photodynamic therapy 
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The advantageous feature of photodynamic therapy lies in the 

localization of the sensitizer drug in the tumour and the ability to control the 

activation of the photosensitizer drug by illumination only in the tumour 

region. This selected area activation keeps a normal tissue unaffected during 

the treatment, which is a major goal in the cancer treatment. There are three 

major steps involved in the photodynamic therapy. Initially the drug i.e., the 

photosensitizer is administered orally, topically or intravenously. Then the 

drug equilibrates for a limited period of time in order to get maximum 

tumour/normal tissue differentiation. Using a light of suitable wavelength the 

tumour is then irradiated. Finally the lethal agents generated from the excited 

photosensitizer destructs the tumour without affecting the normal tissue.  

A compound used as a sensitizer for photodynamic therapy should 

satisfy certain conditions. The compound should have minimal dark toxicity. 

The compound should selectively accumulate in the tumour. Amphiphilic 

compounds are preferable photosensitizers in photodynamic therapy. A 

water-soluble compound containing a hydrophobic matrix is a suitable 

candidate for photodynamic therapy because this feature facilitates in 

crossing the cell membranes. For easy and fast removal after the treatment 

the compound used as photosensitizer should have minimum in vivo 

stability. The absorption in the visible region with high molar extinction 

coefficient is a favourable criterion to act an efficient sensitizer.31 The 

absorption band of the sensitizer should not overlap the absorption bands of 

other chromophores present in the tissues. The compounds should be stable 

and stable in body’s tissue fluids.    

  Haematoporphyrin derivatives are the first generation photosensitizers 

used for PDT. They exists as mixtures consisting of monomers, dimers and 

oligomers. In the case of photofrin the intensity of light absorption at 

maximum wavelength is low as a result the tissue penetration length is only 
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2-3 nm. The long term phototoxicity is another drawback of this drug. It is an 

approved drug for head, neck, skin, breast and cervical cancer. Porphyrins 

are the second generation photosensitizers, meta-tetra(hydroxyphenyl) 

porphyrin was 25 to 30 times as potent as haematoporphyrin derivatives in 

tumour photonecrosis when irradiated at 648 nm.31 1,5-aminolevulinic acid is 

an approved drug for non-oncological PDT treatment of actinic keratosis. 

Chlorins are another class of molecules belongs to the second generation 

photosensitizers. Chlorins differ from the porphyrins by the presence of two 

extra hydrogen atoms in one pyrrole ring. As a result, a bathochromic shift in 

the absorption from 640 nm to 700 nm was observed.71 Benzoporphyrin 

derivative monoacid ring A(BPD-MA), meta-tetra(hydroxyphenyl) chlorine 

(m-THPC) are examples for molecules belongs to this class. BPD-MA has 

the advantage that it requires a lower time interval of skin phototoxicity than 

Photofrin.72 Pthalocyanine metal complexes are used to treat stomach, lip, 

skin and breast cancer.73 Long term skin phototoxicity is the limitation of this 

class of molecules. Non porphyrin photosensitizers are also involved in the 

PDT. Hypericin is a naturally occurring anthraquinone derivative, known to 

produce the reactive oxygen species. It is used to treat squamous cell 

carcinoma and basal cell but the results are unsatisfactory and needs more 

optimization studies.74 Methylene blue which belong to the phenothiazinium 

family shows positive PDT action against melanoma cell cultures.75 Rose 

bengal, the water soluble xanthene dye is an experimental agent for PDT 

treatment of breast carcinoma and metastatic melanoma.76 Merocyanine 540, 

a cyanine based dye targets leukemia and lymphoma cells.77 Third generation 

photosensitizers uses tumour targeting moieties which have the advantage of 

direct delivery of the PDT agent to the tumour tissue. This is achieved 

through the conjugation of the photosensitizer to the biomolecules such as 

monoclonal antibodies (mAB).The tumour cells have cell surface antigen 
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that is different from normal cells. The mAB attached to the photosensitizer 

specifically bind to the tumour tissue and cause destruction of tumour tissue 

specifically. Avidin-biotin system can be used for the delivery of the 

photosensitizer specifically to the tumour tissue.78 

Dos.Santos et al., in 2017 reported that methylene blue (MB) 

photodynamic therapy induces selective and massive cell death in human 

breast cancer cells.79 Even in the middle of the technological advances, breast 

cancer is a serious health problem for women. The poor efficiency in killing 

the cancer cells in the primary treatment is the reason for the failure of 

complete eradication of the disease. In this study they selected the breast 

epithelial cell lines MCF-7, an ER, PR and HER-2-positive, luminal A cell 

line; MDAMB-231, a TNBC cell line; and MCF-10A, a normal-like cell line. 

The cell lines are irradiated with 20 µM MB for 24 hrs. The treatment shows 

considerable effect on malignant cells. The highest cell death was reported 

(98 %) in the TNBC cell line followed by MCF-7 cell line (93 %). Even the 

low concentration of MB cause massive cell death, but at the same time the 

normal cells were less sensitive to MB-PDT. The preferential lysosomal 

localization of MB was reported instead of mitochondrion or the nucleus. 

The authors argue that apoptosis may not be the predominant process that 

mediates cell death induced by PDT. They propose regulated necrosis 

pathways (i.e. necroptosis) as more relevant mechanisms involved in MB-

PDT induced cell death. The authors conclude that MB-PDT could be an 

effective alternative to surgery for the breast cancer. 

  Hill et al., reported a series of selenorhodamines useful in a 

combination therapy to treat Colo-26 cells in vitro.80 The chart 1.1 shows the 

structure of the synthesized rhodamines. Since rhodamines are delocalized 

lipophilic cations, they are concentrated in the mitochondria of the cancer 

cells. The preferential uptake of the rhodamines may be taking place because 
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of the electrostatic interaction of the positively charged rhodamine dye and 

the mitochondria of the cancer cells. The cancer cells have an altered 

mechanism of increased mitochondrian membrane potential.81 The 

selenorhodamine obtained by the incorporation of selenium atom in the 

xanthylium core of the rhodamines shows λmax > 600 nm and the singlet 

oxygen quantum yield of the dyes was reported as 0.44. These are favourable 

for a photosensitizer used in PDT. Among the synthesized molecules 

thioamide derivatives are effective photosensitizers and have the potential to 

be used in PDT. 

 

Chart 1.1 

Rose bengal, is an anionic xanthene dye having very good singlet 

oxygen quantum yield. It is a Type II photosensitizer. 82 The photodynamic 

action of oxygen proceeds through a Type I process or through a Type II 

process. Type I pathway involves electron or hydrogen atom transfer, 

producing radical forms of the photosensitizer or the substrate. These 

intermediates may react with oxygen to form peroxides, superoxide ions, and 

hydroxyl radicals, which initiate free radical chain reactions. Type II 

mechanism is mediated by an energy transfer process with ground state 
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oxygen.31 Because of the anionic nature, in the absence of a carrier, RB 

shows decreased efficiency in crossing the cell membranes. It has been 

observed that PDT can cause cell death by apoptosis, autophagy and 

necrosis. The rose bengalacetate (RBAc) which is hydrophobic can easily 

cross the cell membrane and can produce ROS inside the cell when treated 

with green light. RBAc-PDT produces apoptosis through intrinsic, extrinsic, 

endoplasmic reticulum stress and caspase independent pathways in HeLa 

cells.83 

Ramaiah et al., reported that squaraines dyes could be useful for 

PDT.84 The halogenated squaraines like bromo and iodo produces 

cytotoxicity and genotoxicity of Chinese hamster ovary cells. The mouse 

lymphoma cells proliferation was inhibited by photoexcited bromo and iodo 

derivatives of squaraine dyes. In the absence of light only a few mutations 

was observed. The bromo derivative produce micronuclei that cause 

photogenotoxicity in the absence of light in comparison to the iodo 

derivative and the iodo derivative is recommended for PDT applications. 

1.6.3. Water purification and disinfection 

Clean water to drink and clean air to breath are essential for 

sustaining a healthy life. The water sources are getting polluted day by day. 

In December 2016, the UN General Assembly adopted the resolution 

“International Decade (2018–2028) for Action – Water for Sustainable 

Development” to help put a greater focus on water during ten years.85 A very 

large section of the world population still lack safely managed water for 

drinking purpose. This UN intervention points out the urgent need for 

developing new practical methods for the water disinfection. The first solar 

water disinfection studies were reported in 1904, where some fluorescent 

dyes have the potential to inactivate the microorganisms when exposed to 
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sunlight.86 It was based on the studies of acridine dye on paramecia. The term 

photodynamic action was coined after this report and then the role of ROS in 

photodynamic action was well-studied. Chlorination, ozonization, and UV 

irradiation are the conventional method for the water disinfection. But these 

methods face limitations like production of harmful by-products, involving 

high cost, limited water volume, and long time duration. The simplest 

procedures for reducing the microbiological contamination of very small 

volumes of water are either boiling water or make use of solar disinfection 

process. Solar disinfection method (SODIS) involves the combined action of 

solar UV radiation and the temperature inside a bottle filled with water. As a 

result of this, the inactivation of many water borne pathogenic organisms 

occur by the ROS generated within the microorganism. The method has the 

advantages like zero cost, use sunlight as the energy source, absence of the 

adverse effect of the taste of the treated water but at the same time faces the 

limitations like limited effectiveness against certain viruses and protozoa, 

relatively long treatment time, the limited water volume and the climatic 

dependence. Even with these limitations, SODIS method is currently used by 

more than 4.5 million people in 55 countries.87 

Solar disinfection method can be used along with the singlet oxygen 

sensitizers.88-92 Many water-soluble singlet oxygen sensitizers are used in 

PDT and antimicrobial photodynamic treatments of localized infection.93-95 

Since the removal of the sensitizer are essential after the treatment, supported 

sensitizers are favourable for the water disinfection. Most of the previous 

work, make use of rose bengal, methylene blue and some porphyrin 

derivatives. In order to perform as a good photosensitizer for water treatment 

the compound should have high absorption coefficient, long lived triplet 

excited state, good photostability, broad spectrum of action, low toxicity in 

the dark. A factor which influences the phototreatment of water is the 
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concentration of the photosensitizer. The inactivation rate of bacteria 

increases with increase in the photosensitizer concentration.96,97Another 

factor that affect the phototreatment of water is the pH. With methylene blue 

as the photosensitizer, Acher et.al observed that the increase in pH from 7.1-

7.6 to 8.6 to 8.9 improves the inactivation efficiency but Cooper et al., 

observe that the change in pH from 7 to 10 had no significant effect on 

disinfection with same photosensitizer.98,99 The wavelength and the intensity 

of incident light also affect the photodisinfection process. Visible light 

absorbing sensitizers scores better and a clean and less turbid water ensures 

better transmission of solar radiation facilitating disinfection process.  

Singlet oxygen mediated water disinfection has certain advantages 

compared to other methods. Organic dyes are commonly used singlet oxygen 

sensitizers as it shows absorption in the visible region with high absorption 

coefficients and in this case lower amount of photosensitizing materials are 

required. The 3-4 µs lifetime available for singlet oxygen in the aqueous 

medium is enough to interact with the microorganisms. The targets within 

0.1 µm from the point of generation of singlet oxygen are exposed to attack, 

and at the same time non toxic towards other microorganisms. As an 

oxidizing species singlet oxygen is more selective.87 

Bartusik et al., developed a microphotoreactor having device to 

generate bubbles.100 The bubble carries the singlet oxygen generated has a 

concentration at a level toxic to bacteria and fungus. 



A Review on the Generation and Applications of Singlet Oxygen 31  

 

Figure 1.5 The schematic representation of a bubble generating 
microphotoreactor (Adapted from reference 100) 

 

 The advantage of the singlet oxygen bubble technology is that there is 

no waste or by products generated as a result of the reaction. The device was 

loaded with phthalocyanine sensitizer particles and was coupled to a diode 

laser via an optical fiber and to an O2 gas tank via a feed tube. Oxygen gas 

flows over the sensitizer particles while the particles, kept dry by a 

polyethethylene membrane, are illuminated with 669 nm laser light. From a 

comparative study of the inactivation of the Escherichia coli and Aspergillus 

fumigates in deaerated, air saturated, and oxygenated solutions it was 

concluded that the singlet oxygen bubble toxicity was inversely proportional 

to the amount of dissolved oxygen in solution. For the photoinactivation of 

bacteria two mechanisms were proposed. The first mechanism propose that 

the inactivation occurs by an oxygen gradient formed inside and outside of 

the bubble, the singlet oxygen formed is solvated and diffuses through the 

aqueous solution until it reacts with the target organism. The second 

mechanism involves the interaction of the singlet oxygen directly with the 

E.coli that accumulates the gas –liquid interface. This mechanism operates at 
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a slower rate compared to the first mechanism. The actual mechanism is 

determined by the addition of detergent molecules and Ca2+ ions. The results 

reveal that the second mechanism is operated during the inactivation of 

bacteria through singlet oxygen bubble technology. 

Villén et al., reported the use of a solar photocatalytic reactor to 

generate 1O2.
101 The reactor was fabricated with an aim to provide daily 

domestic water disinfection for people in the less favoured regions of the 

planet. A ruthenium (II)tris–chelate complex supported on porous silicone 

acts as the singlet oxygen sensitizer. Pilot experiments have been carried out 

using the solar reactor containing a compound parabolic collector (CPC). 

 

Figure 1.6 Solar photoreactor for water disinfection test with the 
photosensitizing material into the glass tubes of the CPC. 
(Adapted from reference 101) 

 The efficiency is tested with two CPC prototypes with different 

configuration of the photosensitizing material, namely, a coaxial- and a fin-

type one. The water containing the pathogenic microorganisms Escherichia 

coli or Enterococcus faecalis with a flow rate of 2 L/min was subjected to 

the photocatalytic treatment for 5 hrs. The average rate for the disinfection 

was similar for both the photoreactor designs. A reduction of 1 % and 0.1 % 
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of the initial bacterial concentration was reported for Escherichia coli or 

Enterococcus faecalis respectively. The inactivation rates of microorganisms 

were low and can be improved by higher loading of the sensitizer, longer 

exposure time and increasing the areas of the photocatalytic material. 

Alves et al., synthesized a nano magnet porphyrin hybrid for 

photodynamic inactivation of microorganisms.102 The hybrid contains porphyrin 

covalently linked to silica-coated iron oxide (Fe3O4) nano particles. The hybrid 

materials have the peculiar properties such as the magnetic behaviour provided 

by the metal core, the silica shell prevents the aggregation and the tendency of 

oxidation, the possibility of functionalization and a platform to introduce broad 

spectrum of photosensitizers. 

 

Figure 1.7 The structure of the nanomagnet-porphyrin hybrids (Adapted 
from reference 102) 

 A 4.8 log reduction in the cell viability of E.coli was observed with 

the hybrid having Fe in the core. The hybrid with Co metal in the core also 

shows efficient bacterial inactivation. The capacity of the hybrid’s recycling 

and reusability was also reported. The study was conducted by taking marine 

bacterium Aliivibrio fischeri as a model. The compounds were found to be 
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highly stable and sustain their magnetic behaviour and photoinactivation 

efficiencies for several cycles. 

 

Figure 1.8 Schematic illustration of the nanomagnet-porphyrin hybrids 
recycling (Adapted from reference 102) 

 

 Fouling of membranes by bacteria, fungus and algae is a problem in 

the reverse osmosis based water purification systems. A combined water 

disinfection and anti-fouling method has been proposed. Here, a singlet 

oxygen sensitizer present on the membrane prevents accumulation of 

pathogens on the membrane when used in conjuntion with light.103-108 

The waste water discharge from industries such as paper, dye 

manufacturing and from refinaries contains toxic compounds such as phenol 

and its derivatives. The photosensitized oxidation of phenol was studied 

using the photosensitizers such as eosin, rose bengal, methylene blue, 

riboflavin, and Zn(II) tetraphenylporphyrin. Nowakowska et al., reported the 

oxidation of phenol using immobilized rose bengal.109 Gerdes et al., studied 
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the same using immobilized phthalocyanines.110 Gerdes et al., used Al(III), 

Zn(II), and Ga(III) complexes of 2,9,16,23-tetrasulfophthalocyanine, as well 

as 5,10,5,20-tetrakis(4-carboxyphenyl)porphyrin, rose bengal, methylene blue, 

and di(N,N,-trimethylammonium-propylene)-3,4,9,10-perylenebiscarboxyimide 

for investigating degradation of phenols and monochlorophenols in aqueous 

solution.111 Sulfide salts are the by-product of industrial processes such as 

petroleum refining, tanning, coking, natural gas purification, and food 

processing so the oxidation of sulfide salts to sulfates are also important in 

waste water treatment. Photosensitized singlet oxygen mediated conversion 

of sulfide to sulfate was shown by almost all phthalocyanines, exception of 

the Co (II) complexes.112,113 

1.7. Immobilized singlet oxygen sensitizers 

 Most of the above mentioned application scenarios, in particular 

water treatment using singlet oxygen require immobilization of singlet 

oxygen sensitizers on solid and inert supports. The main advantages for the 

supported sensitizers are we can control the aggregation and self quenching 

of the sensitizer, increasing the photostability, carrying out the reactions in 

various medium including water, easy separation of the products, conducting 

solvent free reactions and deploying in water purification systems. Various 

supports are reported in the literature for the singlet oxygen sensitizers. The 

basic requirement for a photosensitizer carrier is that it should not quench 

singlet oxygen. When the photosensitizer is attached to the support 

aggregation of the sensitizer is prevented and the monomeric forms prevail. 

The photosensitizers adsorbed on porous medium shows reduced singlet 

oxygen quantum yield because of the reduced oxygen diffusion. Commonly 

used solid supports are polymers, silica, clays, graphene, chitosan, silicone, 

cellulose membranes etc. The immobilization process includes adsorption, 

dissolution, casting, covalent bonding and electrostatic attraction.   
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1.7.1. Polymer supported singlet oxygen sensitizers 

Several polymer supports have been used for the purpose, for 

example, polystyrene derivatives, silicone, 114,115 polyurethane, 116,117 and 

polyethylene118 etc. Common methods of attaching sensitizers to the polymer 

support are via polymerisation of a sensitizer monomer, covalent grafting of 

the sensitizer in a post functionalization process and dopping while casting of 

the devices. The applications of polystyrene based supports are limited 

because of its hydrophobic nature. A way to overcome this is to use 

copolymers with monomers having polar side chains or groups. Rose bengal 

attached to a copolymer of chloromethylstyrene and methacrylate ester of 

ethyl glycol was found to be efficient for photooxygenation in aqueous 

medium. In  biomedical applications, plastics used to fabricate instruments 

used in hospitals mainly contain methylene blue and toluidine blue to aid 

photochemical disinfection process.114-118 Electrospinning  technique is used 

to dop polymeric surfaces with pthalocyanines to make photoantimicrobial 

surfaces.119-121 Many attempts have been reported in the literature where such 

supported sensitizers have been successfully applied for the photo-

disinfection of both gram positive and gram negative bacteria.122,123 

1.7.2. Silica supported singlet oxygen sensitizers 

 Silica materials offer the advantages of large surface area, modulated 

porosity and mostly inert to many application scenarios.  Roy et al., reported 

a novel system in which photosensitizer molecules are covalently attached to 

organically modified silica nano particles.124 The photosensitizer molecule 

retains its photophysical properties after the incorporation and effectively 

produces the singlet oxygen. The tumour cells take up the synthesized 

particles and effective phototoxic action was reported. The main advantage 

in this system is that drug is not released during the systemic circulation. 
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Ronzani et al., synthesized and characterized three silica immobilized 

organic photocatalysts based on rose bengal, anthraquinone-2-carboxylic 

acid, and a cyanoanthracene derivative.125 Amino-alkylated silica supported 

halogenated porphyrin was synthesized by Pineiro et al.126 Guoet al., 

synthesized a heterogeneous singlet oxygen sensitizer-silica nanoparticles 

decorated with rose bengal to inactivate gram-positive bacteria, including 

Methicillin-resistant Staphylococcus aureus (MRSA), with high efficiency 

through photodynamic action.127 A series of silica immobilized singlet 

oxygen photosensitizers are prepared by immobilizing phthalocyanines on 

aminopropyl groups on silica lengthened by grafting additional 

propyleneimine units. Singlet oxygen generation efficiency did not changed 

with the length of the spacer but the photobactericidal function markedly 

increased with length of the spacer.128 

1.7.3. Zeolite supported singlet oxygen sensitizers 

 Zeolites are aluminosilicates characterized by a network of silicon 

and aluminium. Li et al., in 1996 reported the selective oxidation of olefins 

within the dye cation exchanged Zeolites.129 The singlet oxygen is generated 

within the Zeolite by irradiating the thiazine dye entrapped within the zeolite. 

Smolinská et al., reported a methylene blue–zeolite hybrid system to 

generate singlet oxygen and show photoinactivation of pathogenic 

microorganisms.130 In another immobilization strategy a trisphenanthroline 

iridium (III) complex was prepared by a Ship-in-a-bottle synthesis routine 

and singlet oxygen generation property was studied with the degradation of 

9,10-dimethylanthracene.131 

1.7.4. Clay supported singlet oxygen sensitizers 

 Clays are layered materials of natural origin and are abundant. They 

are suitable and cost effective supports if a sensitizer can be intercalated in 
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the interlayer space. Cationic photosensitizers are mainly used and 

intercalated via an ion exchange process. Cenens et al., in 1988 reported the 

photooxidation of tryptophan by the methylene blue adsorbed on clay.132 5, 10, 

15, 20-tetrakis(4-carboxyphenyl)porphyrin was shown to intercalate in Cloisite 

30B, a monotallow bis(hydroxyethyl)ammonium-modified montmorillonite 

clay. The material was used for the photooxidation of phenol in aqueous 

solution.133 Madhavan et al., reported the oxidation of a series of dialkyl, alkyl 

and aryl sulfides to the corresponding sulfoxide using clay bound methylene 

blue.134 The triphenylmethane dyes encapsulated in clay are used in the 

preparation of a carbonless copying paper. Here singlet oxygen generated in a 

photosensitized process is used for developing the images.135 Methylene blue 

adsorbed clay particles are found to be very effective in antimicrobial treatment. 

However, aggregation of the dye molecules on the clay surface reduced the 

singlet oxygen production but showed anti-microbial activity.136 

1.7.5. Graphene oxide supported singlet oxygen sensitizers 

 Graphene oxide has been extensively studied for in vitro and in vivo 

drug delivery due to its low cost, scalable production, simple 

functionalization, high stability in biological environments.137,138 Graphene 

oxide contains functional groups such as epoxides, carbonyl groups, 

carboxyllic acids and isolated double bonds. They can be used in covalent 

anchoring of sensitizers. The methylene blue-graphene oxide nano composite 

prepared found to have the potential photodynamic activity against human 

breast cancer.139 In another report Wojtoniszak et al., showed methylene 

blue-graphene oxide composite can be obtained by the noncovalent 

functionalization. He has demonstrated an enhanced singlet oxygen 

generation capacity for the composite compared to the pristine methylene 

blue.140 Zhou and co-workers reported a novel GO–hypocrellin-A hybrid 

prepared by the noncovalent adsorption. The stability of the hybrid was 
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superior compared to free hypocrellin-A. Better tumour targeting and 

significant cell death was demonstrated and suggest the composite as a 

promising drug for clinical photodynamic therapy.141 

1.8. Cationic Singlet Oxygen Sensitizers in PDT and Photochemcial 
Disinfection 

 Photodynamic antimicrobial treatment involves the combined use of 

photosensitizers, visible light and oxygen to kill the pathogens. Among 

bacteria, there are Gram-positive bacteria and Gram negative bacteria. A 

common pathogen encountered in the potable water is E. coli which is a 

gram negative bacteria. Gram-positive bacteria have generally been sensitive 

to photoinactivation but gram-negative bacteria have been reported to be 

relatively insensitive unless the photosensitizers are administered in the 

presence of additional substances, for example, CaCl2, Tris-EDTA, or 

polymyxin B nonapeptide (PMBN), that alter the permeability of the outer 

membrane.142-145 The difference in the reactivity is mainly because of the 

structural difference between the two types of bacteria (figure 1.9) 

 

Figure 1.9 Schematic representations of the cell wall and cytoplasmic 
membrane structure in gram positive and negative bacteria. 
(Image taken from www.water.me.vccs.edu) 
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 The insensitivity of gram-negative bacteria to photoinactivation was 

attributed to the presence of an outer membrane rich in lipopolysacharide 

(LPS) which is highly negatively charged. This membrane generally limit the 

permeability of external drug molecules compared to that of usual biological 

membranes, containing a thick and permeable peptidoglycan layer.146  Within 

this LPS there are many negatively charged groups which endow the surface 

of gram-negative bacteria with a strong negative charge.147- 149 Inorder to 

improve the efficiency of the photosensitizer in the disinfection of the gram 

negative bacteria two features are to be important: (1) the presence of 

positive charge on the photosensitizer that promote a tight interaction with 

the negatively charged bacterial cell wall (2) a degree of lipophilicity.  

  Costa et al., tested the effect of six cationic porphyrin derivatives 

with two to four charges on the photoinactivation of a sewage 

bacteriophage.150 The rate of bacteriophage photoinactivation and the 

efficiency of the photosensitizer appeared to vary with the charge and with 

the substituents in the meso-positions of the porphyrin macrocycle. Tetra- 

and tricationic porphyrins were, therefore, recommended as a new method 

for inactivating sewage bacteriophages. A similar work in this direction by 

Orlandi, et al., used two dicationic 5,15-di(N-alkyl-4-pyridyl) porphyrins in 

the antibacterial photodynamic treatment. The results of the study showed 

the importance of lipophilicity along with positive charge in the disinfection 

of gram negative bacteria.151 

1.9. Triazatriangulenium Salts 

 A carbocation is a molecule in which a carbon atom bears three 

bonds and a positive charge. In carbocations carbon atom typically adopts 

sp2 hybridization at the cationic carbon center, with a trigonal planar 

molecular geometry. They are often very reactive in order to complete the 
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octet of valence electrons and to be neutral. The stability of a carbocation is 

expressed in terms of its pKR+ value. It is a thermodynamic parameter that 

expresses the affinity of a carbocation towards hydroxide ions. It is the 

equilibrium constant for the acid-base reaction that converts a carbenium ion 

into the corresponding carbinol. The higher the pKR+ the more stable the 

carbocation towards nucleophilic attack. In other words, it means that a 

carbocation of which the pKR+ value is 9.0 would be 50 % converted into its 

carbinol at pH 9.0.  

pKR+ = pH + log (
[�678]

[�679:]
 )      

 

In 1902 J.F. Norris, F. Kehrmann and F. Wentzel discovered 

independently that colourless triphenylmethanol gave deep yellow solutions 

in concentrated  sulfuric acid.152,153 

 

Similar coloured triaryl cations like triarylmethylium, acridinium and 

xanthenium cations were subsequently discovered and they find applications 

as dyes in chemical, medical and biological fields. Some of the specific 

application includes use as colorants in photographical, food, textiles and 

cosmetics industry. They are also used as laser dyes and fluorescent probes 

for clinical and biological purposes.154-156 

 Triangulene is the trivial name for the class of compounds 

characterized by a ring system of six, six-membered rings fused in a 

triangular fashion (Chart 1.2). In 1963 Martin and Smith synthesized the 

triangulenium system which is a planarised triphenyl cation having O-bridges 

connecting phenyl rings called a trioxatriangulenium (TOTA+) cation or a 
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sesquixanthylium.157 According to systematic naming it is a dibenzopyrene (31) 

and named as 4, 8, 12-trioxa-4,8,12,12c-tetrahydrodibenzo[cd,mn]pyrenium. 

TOTA+ was noted by the research community for its properties as a highly 

stable carbocation with a pKR+ value of 9.05. 

 
Chart 1.2 Triangulene system with numbering used in the naming of 

derivatives(30), trioxatriangulenium tetrafluroborate (TOTA+) (31). 

 Changing the bridge atom in heterocyclic carbenium ions from oxygen 

to nitrogen significantly increases the cation stability. Hence, on going from the 

9-phenyl-xanthenium ion (32) (pKR+ 1.0) to the 10-methyl-9-phenyl-acridinium 

ion (33) (pKR+ 11.0) the stability increases by ten pKR+ units.158,159 

 

 

Chart 1.3  Structures of 9-Phenyl-xanthenium (32), 10-methyl-9-phenyl-
acridinium (33) and triazatriangulenium tetrafluroborate (34). 
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 In a similar way changing the bridge atom in the TOTA+ with 

nitrogen resulting in a very highly stable heterocyclic compound known as 

triazatriangulenium salts (Chart 1.3).160 The present thesis reports the design, 

synthesis and studies of a series of water soluble triazatriangulenium salts. 

Among the triphenylmethane dyes triazatriangulenium compounds gain 

attention due to its high stability with pKR+ value 23.7. 

 Laursen et al.,160,161 reported the synthesis and Dileesh et al., 162 

reported the photophysical and electron transfer properties of a series of N-

alkyl substituted triazatriangulenium salts. The precursor for the synthesis 

of this class of triangulenium cations is the cation tris-(2,6-

dimethoxyphenyl) carbenium ion and the general synthetic procedure is 

shown in scheme 1.9.157 

 

Scheme 1.9 

 The transformation of tris-(2,6-dimethoxyphenyl) carbenium ion to 

the triazatriangulenium ion is effected through a series of consecutive SNAr 

reactions where the six orthomethoxy groups present in the tris-(2,6-

dimethoxyphenyl) carbenium tetrafluoroborate serve as leaving groups when 
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nucleophiles like primary amines are used (Scheme 1.10). In these reactions 

the steric bulk of the methoxy groups protects the central carbon atom in the 

tris-(2,6-dimethoxyphenyl) carbenium tetrafluoroborate from nucleophilic 

addition.  

 

Scheme 1.10 

 By controlling the reaction temperature, it is possible to obtain 

products having one, two, or three nitrogen bridges, respectively. Room 

temperature stirring of tris-(2,6-dimethoxyphenyl) carbenium tetrafluroborate 

with primary amine give the monoazabridged cation 40. A temperature rise 

upto 100 0C and heating for 45 minutes yield diaza-bridged cation 41. The 

triazatriangulenium cation 34 is obtained when heating the reaction above 

160 0C with excess primary amine for longer durations. The decreased 

reactivity associated with the introduction of second and third nitrogen atoms 

is because of the delocalization of the positive charge on the central carbon 

to the new bridging N atom leading to a reduced electrophilicity of aromatic 
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rings. As a result the SNAr reactions are irreversible. The proposed 

mechanism for this SNAr reaction is given in Scheme 1.11.161 

 

 

Scheme 1.11 

 

 An alternative pathway for the production of triazatriangulenium salt 

is through trioxatriangulenium salt161 again in a stepwise process resulting 

into azadioxa(42), diazaoxa(43) and triazatriangulenium cations(34) (Scheme 

1.12).  
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Scheme 1.12 

 The crystal structure and the packing modes of triazatriangulenium 

salts were also reported in relation to the electrostatic and spacefilling 

requirements of the ions. In the case of n-propyl- TATA and n-octyl-TATA 

the cation forms staggered dimers.161 The staggering forces the alkyl groups 

away from the plane of the ring system and as a result the dimers become 

isolated. The dimers formed in the case of n-propyl-TATA and n-octyl-

TATA are shown in the figure 1.10. 

 

Figure 1.10 Stereo view showing the dimmers of n-propyl- TATA and n-
Octyl-TATA (Adapted from reference 161). 
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1.9.1. Applications of triazatriangulenium salts 

 The remarkable stability along with visible light absorption properties 

of these cations prompted researchers to explore various application 

scenarios. Laurson et al., and Dileesh et al., have studied the photophysical 

and electron transfer properties of these cations in detail.161,162 The trioxa 

triangulenium cation was found to intercalate with DNA and under light it 

led to strand cleavages.163 Cyril Nicolas et al., reported the use of N-alkyl 

substituted triazatriangulenium salts with varying chain length in phase 

transfer catalysis.164 

 

Chart 1.3 

 The efficiency of phase transfer catalysis was found to depend on the 

cations partition ability between aqueous and organic medium. The 

applicability of these compounds as a successful catalyst for several classical 

organic reactions under basic and nucleophilic conditions has been 

demonstrated. The biological applications of triazatriangulenium salts were 

also reported. Sørensen et al., reported the application of 

azadioxatriangulenium salt in anisotropic assay for the detection of binding 

events of large sized biomolecules.165 The major limitation of biofluorescence 

anisotropy is that the label used should be comparable to the tumbling time of 

the biomolecule which is labelled. In this study a new fluorescent label for 

high molecular weight biomolecule based on azadioxatriangulenium motif was 

used. The esterified form of triangulenium was conjugated to anti-rabbit 

Immunoglobulin G which has the long fluorescence lifetime matches with the 
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high molecular weight antibody and it complexes with rabbit Immunoglobulin 

G. Shivalingam et al., reported that triangulenium compounds can be used as a 

unique fluorescent probe for studying the existence and invivo functions of 

nonduplex topologies adopted by the nucleic acids.166 Since this probe can be 

used in vivo it points towards the possibility of live-cell imaging studies. A 

continuous glucose monitoring device was reported by conjugating 

triangulenium dye to ovalbumin. The assay shows varying intensity with the 

glucose level ranging from 0-500 mg/dL.167 The limitations of glucose sensing 

technology of ConA-beased glucose sensors is overcome by conjugation with 

the red emitting long lifetime azadioxatriangulenium dye to ovalbumin. 

 Though these triazatriangulenium cations show extreme stability in 

both acidic and alkaline conditions but their solubility in many solvents are 

poor. This has prevented using these cations for diverse applications in 

material science or in medicine. Solubility in aqueous medium is an 

important criteria required in the biological applications. Polar substituents 

or substituents having polar end groups at suitable positions can enhance the 

solubility of triazatriangulenium salts. Moreover, the present known studies 

have not explored the properties of these cations as potential singlet oxygen 

sensitizers as they possess high triplet yield, energy and lifetime suitable for 

being a good singlet oxygen sensitizer. 

1.10. The Objectives 

The main objectives of the thesis are 

� To synthesize water soluble triazatriangulenium salts by incorporating 

polar functional groups 

�  Study their photophysical properties in the aqueous medium 

�  Study their efficiency of singlet oxygen generation by 

photosensitization 
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� Synthesis and study of lipophilic triazatriangulenium cations in 

microheterogeneous medium 

�  Tether covalently or intercalate triazatriangulenium ions to solid 

supports or layered materials 

�  Study the singlet oxygen photosensitization properties of these 

heterogeneous sensitizer systems 

� Study the applicability of these heterogeneous sensitizers in the 

photodynamic disinfection of water containing pathogens.  
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CHAPTER  2 

Synthesis, Photophysical and Singlet Oxygen Generation 
Studies of a Few Water Soluble Triazatriangulenium Salts 

 

2.1. Abstract 

 In this chapter we report the synthesis, studies on photophysical 

properties and singlet oxygen generation of a few water soluble 

triazatriangulenium (TATA) cations. The photophysical studies such as 

steady – state and time - resolved absorption and emission spectroscopy were 

carried out in acetonitrile as well as in water. The respective absorption 

maxima, singlet and triplet state energy levels, their lifetimes and quantum 

yields were determined. The triplet state properties were determined using 

nanosecond laser flash photolysis studies. The quantum efficiency of singlet 

oxygen generation was estimated by chemical actinometry using disodium-9,10-

anthracenedipropionic acid (ADPA) and 1,3-diphenylisobenzofuran (DPBF) as 

the chemical actinometers and rose bengal as the reference. The apparent 

quantum yield for singlet oxygen generation by these cations was found to be 

0.36 in water and 0.21 in acetonitrile.  

2.2.  Introduction 

 For a dye to be used as a sensitizer in aqueous medium it must satisfy 

the following requirements: 

1. Should have excellent thermal stability 

2. Should have excellent photochemical stability 
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3. Should be stable for wide range pH 

4. Good solubility in aqueous medium 

5. Long wavelength absorption maximum and suitable excited state 

properties to act as a singlet oxygen sensitizer. 

6. No reactivity to singlet oxygen and other reactive oxygen species 

such as peroxides, hydroperoxides or dioxetanes generated from 

singlet oxygen induced reactions of substrates other than the 

sensitizer.  

The commonly used singlet oxygen sensitizers are represented in Chart 2.1 

 

Chart 2.1 

 Rose Bengal (RB) is an anionic water soluble xanthene singlet 

oxygen sensitizer widely used as a reference sensitizer, as light active agent 
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in photooxidation, photodynamic therapy or in disinfection reactions. It is 

soluble in water with λmax 549 nm. The peculiar properties of rose bangal are 

large molar extinction coefficient, high solubility and high quantum yield of 

singlet oxygen generation (0.76). It is soluble in water up to a concentration 

of 10-3 M but at higher concentration H-type aggregates are formed with 

lower molar absorptivity.1-4 In non-polar solvents rose bengal is 

photochemically unstable compared to the situation in polar protic solvents. 

The uptake and intracellular localization of a photosensitizer in cells is 

crucial to the photodynamic process.5 The low lipid solubility and anionic 

nature of rose bengal limit its capacity to cross biological barriers such as 

cell membranes. Consequently, its clinical application remains limited, but 

with the help of drug carriers such as liposomes or use of the acylated rose 

bengal derivative this sensitizer have been used with some success in some 

of the photobiological applications.6,7 Photobleaching was also observed in 

the case of rose bengal during irradiation especially in aqueous solutions.8 

 Methylene blue (MB) is another water-soluble cationic dye used in 

the clinical applications of photodynamic therapy. The high molar extinction 

coefficient, good singlet oxygen quantum yield, minimal dark toxicity are its 

advantages.9, 10 The dye is prone to aggregation at higher concentrations and 

also it is not a specific type II photosensitizer. Type I photooxidation 

pathways are also reported for this sensitizer. Because of the poor cell/tissue 

accumulation and low biological activity in the free molecular form its use in 

in vivo PDT of cancer is limited.11-13 

Porphyrin derivatives are well known singlet oxygen sensitizers 

because of their unique photochemical and photophysical properties.14 The 

delocalized 18π electrons present in the porphyrin system is responsible for 

the large absorption and strong emission characteristics in the visible 

region.15 Among the porphyrins tetraphenylporphyrins (TPP) are the widely 
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used molecules. It possess some disadvantages such as poor solubility, low 

singlet oxygen efficiency and photodegradation.16 Aggregation is another 

limitation possessed by the porphyrin derivatives.17 

The unique properties of the transition metal complexes make them 

as a suitable platform for making new singlet oxygen sensitizers.18 These 

compounds undergo rapid intersystem crossing because of heavy atom 

effect.19 Transition metal complexes of Ruthenium (II) with polypyridyl 

ligands are the most studied group because of the straight forward synthesis 

and excellent visible light absorption properties.20 The photoinitiated 

decomposition arising from the population of the low-lying dd states limits 

the use of rutheniumpolypyridyl complexes in photochemical applications.21 

Poor water solubility is another problem observed in many ruthenium 

complexes. The Ru(bpy)3
2+ undergoes photooxidation in aqueous acidic 

solution containing the dissolved oxygen.22 

Aggregation of the sensitizers, pH or ionic strength effects, 

competitive formation of superoxide ions are the main problems associated 

with the singlet oxygen sensitizers in aqueous condition. The main 

applications of singlet oxygen sensitizers are in water disinfection, 

photodynamic therapy and in organic synthesis. The focus of the thesis is the 

development of photochemcally and thermally stable photosensitizer systems 

with a wide range of pH stability when used in aqueous media. Also 

sensitizers with specific type II photooxidation pathway are also important 

for the apoptotic cell death than the necrotic pathway where the reactive 

enzymes in the cells spread easily to other locations in the tissue. Another 

desirable factor is the control of solubility and lipophilicity by suitable 

chemical modifications. Also chemical modifications to achieve tumour or 

carcinoma targeting with minimal dark toxicity is a criterion while choosing 

sensitizer systems for photobiological applications. For example presence of 
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positive charges, conjugation to nanoparticles, graphene and other 2D 

layered materials, monoclonal antibodies etc. were found to have added 

advantages in tumour targeting. In the present chapter we propose the use of 

a well known triazatriangulenium cation as a potential singlet oxygen 

sensitizer. The known derivatives are insoluble in water and have very poor 

solubility in non-aqueous media. A series of triazatriangulenium cations are 

designed such that it has high solubility in water with groups to control 

lipophilicity. Being cationic we expect triazatriangulenium cations can have 

better tumour targeting as well as activity towards gram negative pathogens. 

 To improve solubility of the proposed dye we plan to introduce polar 

groups such as hydroxyl, amino, carboxylic acid, sulfonic acid or phosphoric 

acid group either on the aromatic rings or as part of the N-alkyl side chains. 

Substitution of the aromatic rings with polar groups is synthetically 

demanding as the synthesis of the parent triaryl cation requires protection 

deprotection strategies.  Such substitution may also alter the electronic 

properties of the triaryl cation and may not undergo efficient aryl-aryl 

bridging reaction to produce the triangulenium cation. Substitution of the 

side chain is a viable synthesis strategy to achieve very good solubility in 

polar medium. This strategy is not synthetically demanding and one can use 

a modified synthesis strategy that uses the method reported by Krebs and 

coworkers.23,24 In the present thesis we propose to use aminoalcohols as the 

reagents for the aromatic nucleophilic substitution based bridging reaction of 

the three phenyl rings in the triphenyl cation derivative (39).  The structures 

of the proposed cations are given in chart 2.2. 
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Chart 2.2 

2.3. Results and Discussion 

2.3.1. Synthesis of hydroxyl group bearing triazatriangulenium cations 

(H-TATA 1-4 ) 

 Tris-(2,6-dimethoxyphenyl) carbenium tetrafluroborate (39) is 

synthesized according to a reported procedure.25 The N-alkyl substituted 

triazatriangulenium cations (H-TATA1-4 ) were prepared from 39 using 

literature  procedure reported by Krebs, F. C. and coworkers (Scheme 

2.1).23,24
 

 

Scheme 2.1 

 These cations were initially formed as their tetrafluroborates and 

were soluble in aqueous medium. However, tetrafluoroborates are not very 

stable in aqueous medium as these anions are known to hydrolyse under 

acidic and alkaline pH and ambient temperatures.26 One of the product of this 

hydrolysis reaction is HF where solvent molecule does a nucleophilic 
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displacement of fluorine on the tetrafluoroborate anion.27 This is not 

desirable for potential applications of this molecule as a sensitizer because, 

the product HF is corrosive and may interfere with the chemistry under 

study. An alternative is to do an ion exchange by using KPF6 where a 

saturated solution of KPF6 in water was added to an aqueous solution of the 

tetrafluoroborate salt. The hexafluorophosphate salt was insoluble in water 

and precipitated and was purified by repeated washing with water. The 

hexafluorophosphate was found to dissolve in aqueous saline medium (0.1 M 

NaCl) with 1-1.5 mg/mL solubility with the cation having six carbon side 

chain showing maximum solubility. H-TATA PF 6 (H-TATA1- 4) thus 

prepared were characterized using 1H NMR, 13C NMR, FT-IR and mass 

spectrometry (ESI-MS). 

2.3.2.  Photophysical studies 

2.3.2.1. Absorption spectra of triazatriangulenium salts 

 Absorption spectra of the tri-N-alkyltriazatriangulenium salts in 

acetonitrile were reported earlier by Laursen and Krebs.23 H-TATA 1-4 were 

also showing a similar spectral profile. The compounds show absorption 

bands in the 250-570 nm region. The absorption band around 270 nm is very 

intense and sharp. There are two relatively weak bands, one at 350 nm and 

the other centered around 530 nm. The absorption spectrum of H-TATA1-4  

in water (0.1 M NaCl) and acetonitrile is shown in figure 2.1.The spectral 

profile observed in acetonitrile was similar to the one reported for the N-

butyl bridged triazatriangulenium cations. In water (0.1 M NaCl) the 

spectrum is red shifted by 5 nm compared to that in acetonitrile with the 

shoulder band at 505 nm. A concentration dependence on spectral profile 

was studied by recording the absorption spectrum at various concentrations 

and no change in the spectral profile was observed.  
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Figure 2.1 Comparison of normalized absorption spectrum of H-TATA1 in 
acetonitrile and water  

, 

 Since at higher concentration the spectrum is devoid of any profile 

changes one can rule out the aggregation of dye under the concentration range 

used for our studies. Figure 2.2 and 2.3 show the spectra obtained for H-TATA 

1 at two different concentrations in acetonitrile and water (0.1 M NaCl). 

 

Figure 2.2 Absorption spectra of H-TATA 1 in acetonitrile at 1.7x10-5 M (- - -) 

and 1.7x10-6 M (__) 
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Figure 2.3 Absorption spectra of H-TATA 1 in water at 1.7x10-5 M (- - -) 

and 1.7x10-6 M (__) 

2.3.2.2. Fluorescence spectra of triazatriangulenium salts 

 The fluorescence emission spectra of the H-TATA cations were 

recorded in both acetonitrile and water (0.1 M NaCl) by exciting at 480 nm. 

All compounds exhibited the fluorescence in the 500-700 nm region with no 

significant changes in the emission spectral profile. Figure 2.4 is a typical 

fluorescence spectrum recorded for H-TATA 1 in water (0.1 M NaCl) and 

acetonitrile. The compound shows a red shifted emission at 571 nm in water 

(0.1 M NaCl) compared to the emission maximum at 558 nm in acetonitrile. 

In solutions saturated with nitrogen the emission intensity was marginally 

increased by about 15% of the corresponding solution under air saturation. 

All the fluorescence experiments were carried out in air equilibrated 

solutions.   



72  Chapter  2 

 

Figure 2.4 Normalized emission spectra of the compound H-TATA 1 in 

acetonitrile (---) and water (___), λex=480 nm 

 The fluorescence quantum yield (ФF) of the compounds was 

determined in water (0.1 M NaCl) and acetonitrile by using the method of 

relative actinometry. Optically matched solution of Rhodamine-6G in 

ethanol was used as the standard and the following equation was used for 

calculation. 

Ф� � ������
�

������
� x		Ф
											(2.1) 

Where the subscripts ‘S’ and 'U' represent the standard and unknown 

respectively. AS and AU, are the optical densities at the excitation 

wavelength. FS, and FU, are the peak areas of the fluorescence spectrum. NS, 

and NU are the refractive indices of the solvents used and ФS, is the 

fluorescence quantum yield of the standard. We have used a value of Фs= 

0.90 for the standard in ethanol.28 
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 The fluorescence decay profiles of the compounds were obtained by 

the method of Time Correlated Single Photon counting (TCSPC) in water 

(0.1 M NaCl) and acetonitrile. The decay was found to be monoexponential 

for all compounds in both solvents and no significant changes in 

fluorescence lifetime was observed in the absence of air. The figure 2.5 

shows a typical fluorescence decay profile obtained for H-TATA 1 in water 

(0.1 M NaCl) and acetonitrile. 

 

Figure 2.5 The fluorescence decay profile (λex= 510 nm & λem = 560 nm) 

for H-TATA 1in acetonitrile and water (0.1 M NaCl). 

 

 The radiative and non radiative rate constants of all the samples were 

determined using the equations 2.2 and 2.3. 

k� � Ф
�    (2.2) 

k�� � ���Ф�
�    (2.3) 
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Where Φ and τ are the fluorescence quantum yield and fluorescence lifetime 

respectively. 

 The photophysical properties of the compounds H-TATA 1-4  in 

acetonitrile and water (0.1 M NaCl) are summarized in table 2.1. The singlet 

state energy for the compounds H-TATA 1-4  was estimated from the point 

of intersection of the absorption and fluorescence spectra and the value 

obtained was 53 kcal M-1 

Table 2.1 Absorption maximum(λmax (abs)), extinction coefficient (εmax), 
emission maximum(λmax(em)), singlet lifetime (τF) and singlet 
quantum yield ФF of triazatriangulenium salts in acetonitrile and 
water (0.1 M NaCl). Values given in parentheses are those 
obtained in acetonitrile. 

Compounds λmax(abs) 
nm 

εmaxM
-

1
cm

-

1(log ε) 

λmax(em) 
nm ФF τFns kr(s

-1) 
x10-2 

knr(s
-

1) 
x10-2 

H-TATA 1  
530 

(525) 
4.6(5) 

571 

(558) 

0.15 

(0.20) 

11 

(8.1) 

1.36 
(2.46) 

7.72 
(9.8) 

H-TATA 2  
530 

(525) 
4.6(5) 

571 

(558) 

0.15 

(0.20) 

10.9 

(8.1) 

1.37 
(2.46) 

7.79 
(9.8) 

H-TATA 3 

 

530 

(525) 
4.6(5) 

571 

(558) 

0.15 

(0.20) 

10.5 

(8.2) 

1.42 
(2.43) 

8.09 
(9.7) 

H-TATA 4  
530 

(525) 
4.6(5) 

571 

(558) 

0.15 

(0.20) 

10.5 

(8.1) 

1.42 
(2.46) 

8.09 
(9.8) 

 

2.3.2.3. Phosphorescence spectra of triazatriangulenium cations 

 The low fluorescence quantum yield of the prepared cations suggests 

alternative modes of deactivation of their singlet excited states. This has 

prompted us to look for phosphorescence emission of the cations. It was 
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observed that the compounds exhibited the phosphorescence at 77 K in 

ethanol glass with an emission maximum at 563 nm. The phosphorescence 

spectrum obtained for H-TATA 1 at 50 µs delay after the excitation flash in 

ethanol glass at 77 K is given in figure 2.6. 

 
Figure 2.6 Phosphorescence spectrum of triazatriangulenium salt (H-TATA 1) 

in ethanol glass at 77 K 

 The triplet energy of 49.72 kcal M-1 was estimated from the point of 

intersection between the normalized excitation and phosphorescence spectra, 

i.e., the wavelength corresponding to the 0-0 band position in the 

phosphorescence spectrum. The photophysical studies thus enabled us to 

determine the energy levels of first singlet and triplet excited states of these 

compounds. A schematic diagram showing the singlet and triplet energy 

level is given in figure 2.7. The S-T energy gap for the compounds is 

estimated as 3.28 kcal M-1. 
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Figure 2.7 Schematic representation of various energy levels of 
triazatriangulenium  salts. 

2.3.2.4. Thermally Assisted Delayed Fluorescence (TADF) in 
triazatriangulenium cations 

The effect of oxygen on the fluorescence intensity and the small 

singlet - triplet energy gap in these molecules prompted us to investigate on 

the occurrence of a delayed emission. Such small singlet – triplet energy gap 

can cause thermally assisted reverse intersystem crossing between triplet and 

singlet states leading to the observation of a delayed emission as shown in 

figure 2.8. This reverse intersystem crossing is thermally activated and its 

efficiency increases with decrease in the singlet – triplet energy gap.  

 

Figure 2.8 Energy level diagram showing TADF emission in the 
triazatriangulenium cations 
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Delayed emissions were recorded on a Phosphorescence spectrometer 

with a pulsed xenone lamp and the spectra were recorded at a delay of 10 - 

50 µs after the excitation pulse. All compounds were showing delayed 

emission both in acetonitrile and water. The lifetime of the delayed 

fluorescence was also recorded in these solvents in both air saturated and 

nitrogen saturated solutions. To confirm the existence of reverse intersystem 

crossing and the observation of the delayed emission we have recorded the 

emission spectrum of an air saturated solution and nitrogen saturated solution 

with the pulsed xenon lamp as the excitation source. Here we have observed 

an approximately four fold enhancement in the emission intensity for 

nitrogen saturated solutions. This result indicates the quenching of a fraction 

of the triplet states by oxygen in air leading to a reduction in the population 

of triplet states in comparison to the solution under nitrogen saturation. This 

oxygen quenching leads to a decrease in the number of molecules adopting 

the pathway leading to thermally activated reverse intersystem crossing and 

results in a reduced intensity for the delayed emission (figure 2.9 and 2.10). 

This confirms the role of triplet states in the delayed emission and the 

observed emission is an E-type delayed emission. The emission decay profile 

was also recorded after an initial delay of 25 µs for nitrogen saturated and air 

saturated solutions of H-TATA 1 . The decay profiles were analysed and 

fitted to exponential decay function.  Figure 2.11 show the decay profiles and 

the fitted curves. Both decays gave good fit to a single exponential function 

and obtained emission lifetimes as 15 µs and 4 µs respectively for the  

nitrogen saturated and air saturated solutions. The value obtained in the 

absence of air is very close to the value of triplet lifetime obtained for the 

same compound in water in the absence of oxygen.  
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Figure 2.9 Delayed emission observed for H-TATA 1 in air saturated (___) 
and nitrogen saturated solution in acetonitrile (___) 

 

Figure 2.10 Delayed emission observed for H-TATA 1 in air saturated (___) 
and nitrogen saturated solution in water (0.1 M NaCl) (___) 
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Figure 2.11 TADF decay profiles of H-TATA 1 recorded in water (●) and 
acetonitrile (●) 

 

2.3.2.5. Laser flash photolysis 

 Laser flash photolysis experiments are carried out to characterize the 

triplet excited state properties of the triazatriangulenium compounds. These 

data are essential to assess the feasibility of triplet oxygen sensitization by 

these dyes. From the calculated triplet state energy it is clear that these 

compounds have suitably placed triplet excited state to facilitate energy 

transfer to molecular oxygen. The flash photolysis experiments were carried 

out in argon saturated acetonitrile and water (0.1 M NaCl) as solvents.  

Excitation of the compounds was made by using the 532 nm second 

harmonic output from a Nd:YAG laser and the transient changes in the 

concentration of the ground and excited state species were probed by using a 

kinetic spectrometer. The pulse width of the laser was 7 ns and used 

focussing optics for an orthogonal excitation of the samples. The kinetic 

spectrometer used a 150 W pulsed xenon lamp and absorbance changes were 

monitored at 10 nm intervals using a monochromator, PMT and a digital 

storage oscilloscope. The spectra obtained for H-TATA 1  in acetonitrile and 
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water (0.1 M NaCl) at various time intervals after the laser pulse are given in 

figures 2.12 and 2.13 respectively. All compounds showed similar transient 

absorption spectrum and did not show any significant change according to the 

length of the side chain. 

 
Figure 2.12 The transient absorption spectrum of H-TATA 1 in acetonitrile 

recorded with different time delays after laser excitation. 
(λex=532 nm) 

 
Figure 2.13 The transient absorption spectrum of H-TATA 1 in water                   

(0.1 M NaCl) recorded with different time delays after laser 
excitation. (λex= 532 nm).  
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 The transient absorption spectrum thus obtained in acetonitrile 

showed absorption maxima at 370 nm, 420 nm and 650 nm with a bleaching 

in the 450-600 nm region. The bleaching in the 450-600 nm region 

correspond well with the ground state absorption of the compounds. A 

similar spectrum was also obtained for the compounds in water (0.1 M 

NaCl). Figures 2.14 and 2.15 show the transient decay profiles obtained at 

650 nm and at 530 nm for H-TATA 1 in acetonitrile and water (0.1 M NaCl) 

respectively. The decay profiles obeyed first order decay kinetics and the 

estimated triplet excited state lifetime was 1.85 µs and 21.6 µs in acetonitrile 

and water (0.1 M NaCl) respectively. 

 

Figure 2.14 Kinetic profiles of H-TATA 1 in acetonitrile recorded at  (a) 
650 nm and (b) 530 nm. 

.  
 

Figure 2.15 Kinetic profiles of H-TATA 1 in water (0.1 M NaCl) recorded 
at (a) 650 nm and (b) 530 nm. 

(b) 
(a) 

(b) (a) 
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 Triplet excited states interact with oxygen which also has a triplet 

multiplicity leading to quenching of the triplet states. This interaction can be 

both a physical deactivation to the ground state or an energy transfer to the 

oxygen singlet state. This energy transfer process is possible because the 

calculated triplet energy of these cations lie well above the singlet energy of 

oxygen molecule. All compounds show efficient triplet quenching indicated 

by a faster decay in both air saturated and oxygen saturated solutions. Hence, 

the observed bands in the transient absorption spectrum can be assigned to 

the triplet state of these compounds. The observation of a bleach or negative 

difference absorption corresponding to the absorption maximum of the 

studied compounds lead us to determine the molar extinction coefficient of 

triplet – triplet absorption (T-T absorption) by the method of singlet 

depletion.29 In this method it is assumed that the optically pumped molecules 

completely return either to the S0 state or populate the lowest triplet state 

within the time scale of observation. Under these conditions, the change in 

optical density can be expressed by equation 2.4. 

 ∆OD = (εT -εS) [
3 M] l (2.4) 

 In equation 2.4, [3M] is the concentration of the triplet states present 

at the time of observation, l is the optical path length of the solution, εS is the 

extinction coefficient of the S0-Sn absorption at the monitoring wavelength 

and εT is the extinction coefficient of the T-T absorption at this wavelength. 

If the bleaching minimum (λ1, largest negative absorption) coincides with the 

absorption maximum of the compound, then it is generally assumed that the 

triplet does not absorb at this wavelength (i.e., εT= 0). Under this condition 

equation 2.4  reduces to equation 2.5. 

 ∆OD (λ1) = - εS[
3 M] l  (2.5) 
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 In equation 2.5 ∆OD is the change in the optical density due to 

singlet depletion at λ1. Since εS at λ1 is known, the concentration of the triplet 

species ([3M]) can be calculated using equation 2.5. If [3M] is known, εT at 

all wavelengths can be calculated using equation 2.4. Using this method, we 

obtained a value around 5400 M-1cm-1 for εT at 650 nm for the compounds 

in water and around 8100 M-1cm-1 for εT at 650 nm in acetonitrile. Once the 

extinction coefficient of the T-T absorption is known, the triplet quantum 

yield (ФT) can be estimated using the method of relative actinometry.30 

Decay profiles at respective T-T absorption maxima of optically matched 

solutions at excitation wavelength (532 nm), for the reference compound and 

the compounds studied were obtained. Triplet quantum yield (ФT) was 

estimated by using the equation 2.6.  

Ф� =
Ф�∆���Ԑ�

∆���Ԑ�
 (2.6) 

 In Equation 2.6, T refers to the triplet of the compounds and R refers 

to a reference compound. Ф’s are the quantum yields, ε’s are the extinction 

coefficients and ∆OD's are the end-of pulse optical densities of the transients. 

In our study we have used an aqueous solution of the Tris-(2,2’-

bipyridine)Ruthenium(II)chloride([Ru(bpy)3]
2+) as the reference. For the 

reference, we have used ФR=0.95 and εR= 27300 M-1cm-1 at 370 nm in 

acetonitrile and water to estimate the ФT values of triazatriangulenium 

caitons.29 Using these values, we obtained the quantum yield of intersystem 

crossing or the quantum yield of triplet excited state as ФT= 0.64 in 

acetonitrile  and ФT= 0.68 in water for the compounds. The triplet state 

properties of the compounds H-TATA 1-4 are summarized in table 2.2. 
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Table 2.2 Triplet-triplet absorption maxima (λT
max(abs)),extinction coefficients 

(εT
max),Triplet quantum yield(ΦT), triplet lifetime (τT), Triplet 

energy (ET),oxygen quenching rate constant (kq(O2)) for H-
TATA 1-4 in  water. Values given in parenthesis are those 
recorded in acetonitrile. 

 λ
T

max(abs) 
nm 

ε
T

max(abs) 
M -1 cm-1 

Φ T τ Tµs ET eV kq(O2) 
M -1 s-1 

H-TATA 1 
650 

(650) 

5.43x103 

(8.0x103) 

0.68 

(0.64) 

21.6 

(1.85) 

2.11 

(2.11) 

1.41x107 

(1.9x106) 

H-TATA 2 
650 

(650) 

5.45x103 

(8.1x103) 

0.68 

(0.64) 

27.2 

(1.52) 

2.11 

(2.11) 

1.43x107 

(1.9x106) 

H-TATA 3 
650 

(650) 

5.43x103 

(8.1x103) 

0.68 

(0.64) 

21.6 

(1.67) 

2.11 

(2.11) 

1.41x107 

(1.9x106) 

H-TATA 4 
650 

(650) 

5.42x103 

(8.1x103) 

0.68 

(0.64) 

27.3 

(1.95) 

2.11 

(2.11) 

1.42x107 

(1.9x106) 

 

2.3.2.6. Laser flash photolysis studies: Triplet quenching by oxygen 

 In order to study the kinetics of interaction of the triplets of 

triazatriangulenium cations by oxygen we have carried out the flash 

photolysis experiments in the presence of air, oxygen and argon. The 

solutions used for the study was saturated with respective gases. We have 

observed that the triplet absorption due to H-TATA 1 at 650 nm is quenched 

very efficiently by oxygen indicated by faster decay dynamics in air or 

oxygen saturated solutions. The decay rate constants were estimated by using 

the triplet decay profiles as well as the ground state bleach recovery profiles. 

The decay rate constants obtained under these three oxygen concentrations 

were analysed by Stern - Volmer method and calculated the rate constant for 

oxygen quenching. The bimolecular quenching rate constants were obtained 

by plotting the data according to equation 2.7. 
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kobs= k0+ kT
q [Q]   (2.7)

  

In equation 2.7 k0 = (1/τ0) is the decay rate in the absence of any 

quencher and kT
q represents the triplet quenching constant.  The decay profiles 

observed in argon, air and oxygen saturated solutions of these compounds in 

acetonitrile and water (0.1 M NaCl) are presented in figure 2.16 and 2.17 

respectively. The solubility of oxygen in higher in acetonitrile than in water. 

The kT
q values obtained for the prepared triazatriangulenium cations were of 

the order of 107 M-1 s-1 and indicating a very efficient quenching interaction 

with oxygen.  The values obtained are given in table 2.2.  

 

Figure 2.16 Decay profile at 650 nm for H-TATA 1in acetonitrile. (a) Argon 
saturated [O2] = 0 mM, (b) Air saturated [O2] = 1.9 mM and                   
(c) Oxygen saturated [O2] = 8.3 mM. 
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Figure 2.17 Decay profile at 650 nm in the flash photolysis of H-TATA 1 in 
water (0.1 M NaCl). (a) Argon saturated, [O2] = 0 mM (b) Air 
saturated, [O2] = 0.26 mM and (c) Oxygen saturated [O2] = 0.46 
mM. 

Representative examples for the Stern - Volmer plots for oxygen quenching 

are given in figure 2.18 and 2.19. 

 

Figure 2.18 Stern -Volmer plot for oxygen quenching of H-TATA 1 triplet 
excited states in acetonitrile 
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Figure 2.19 Stern - Volmer plot for oxygen quenching of H-TATA 1triplet 
excited states in water.  

Oxygen quenching rate constant is found to be 1.9x106  M-1 s-1and 1.4x107  

M-1 s-1 in acetonitrile and water respectively as shown in table 2.2. 

2.3.3. Singlet oxygen generation studies 

 Photosensitization is the most popular method for the production of 

singlet oxygen. The singlet oxygen generation is generally occurs via an 

energy transfer to molecular oxygen. Triazatriangulenium cations possess the 

required triplet state energy for an effective energy transfer to molecular 

oxygen to produce singlet oxygen. By laser flash photolysis experiments, it 

was showed that triplet states of these cations are efficiently quenched by 

molecular oxygen. In addition, the delayed emission observed for these 

cations was also affected by the presence of molecular oxygen indicating an 

oxygen quenching process for the triplet excited states. The energy profile 

diagram for the photosensitized production of singlet oxygen by H-TATA  is 

represented in figure 2.20. 
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Figure 2.20 The energy profile diagram for the photosensitized production 
of singlet oxygen by H-TATA  

The quantum yield of singlet oxygen is a parameter that describe the 

potential of a sensitizer in generating singlet oxygen. Triazatriangulenium 

cations are having high triplet yield (Φisc=0.68 in water) and is expected to 

be a good singlet oxygen sensitizer. Scheme 2.2 describes possible pathways 

of interaction available for an excited sensitizer with molecular oxygen.  

 

 

Scheme 2.2 The interaction of photo excited sensitizer with molecular 
oxygen 
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 The quantum yield of intersystem crossing (Φisc) provide information 

on the quantum efficiency of triplet state formation. This parameter however 

will not imply the quantum efficiency of singlet oxygen formation as there 

are various other pathways for the deactivation of the triplet other than the 

energy transfer to molecular oxygen. The triplet state deactivate (kT) 

radiatively by emission of phosphorescence characterised by the rate 

constant ‘kp’ and non-radiatively via an intersystem crossing to the ground 

state (kisc’). The interaction of triplet states with molecualr oxygen (kQ) can 

lead to energy transfer (ket) generating singlet oxygen, an electron transfer 

generating superoxide anion (kct) or an enhanced intersystem crossing to 

sensitizer ground singlet state (keisc). Therefore, for a sensitizer with a 

quantum yield of intersystem crossing ‘Φisc’ the quantum efficiency of 

energy transfer to oxygen and the quantum yield of singlet oxygen 

generation are given by the equations: 

 

Ф� �	Ф�
�ϕ ! �	Ф�
�F��
� f�� 

where, F
O2

T is the fraction of triplet states quenched by oxygen and f∆
T is the 

fraction of the triplets quenched by oxygen yielding singlet oxygen. Because 

of these possibilities it is imperative that one should determine the actual 

quantum yield of singlet oxygen by an appropriate method. Moreover, an 

ideal singlet oxygen sensitizer should not have a reaction with oxygen that 

lead to superoxide radical anion either from the singlet sate or from the 

triplet excited state.  The laser flash photolysis of H-TATA  in air saturated 

solutions did not reveal any new transient other than the band due to the 

triplet state. An estimation of the free energy of electron transfer between 
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singlet and triplet excited states of H-TATA ’s with molecular oxygen was 

also made using the Rehm – Weller equation (Equation 2.8)31-33 

∆G % � &23.06	 ,-.//.
1 − -3/341 5 − 6�

7	8
9 − -1,1 (2.8) 

Where -.//.
1  is the oxidation potential of the donor, -3/341 	 is the 

reduction potential of the acceptor, e is the electronic charge ;  is the 

dielectric constant of the solvent, ‘a’ is the molecular diameter and -1,1 is the 

energy of the singlet/triplet state from which the electron transfer takes place. 

The oxidation potential of structurally similar trialkysubstituted 

triazatriangulenium cation (Eox = 1.20 vs SCE in acetonitrile) 34 and the 

reduction potential of oxygen (E0(O2/O2−) = - 0.82 V vs. SCE in 

acetonitrile), 35  was used  for the calculation. A value of 10 A0 was assumed 

for the molecular diameter ‘a’ for the triazatriangulenium cation. A singlet 

energy of 53 kcal/mol and a triplet energy of 49.72 kcal/mol for acetonitrile 

medium was used for the electron transfer from singlet and triplet states of 

the triazatriangulenium cation. The estimated values were -6.41 kcal/mol 

from the singlet and -3.1 kcal/mol from the triplet. These values show that 

the electron transfer to singlet oxygen is exergonic and the formation of 

superoxide anion cannot be ruled out. Darmanyan et al., earlier studied 

singlet oxygen sensitization by molecules with moderately to highly feasible 

electron transfer between the sensitizer triplet states and molecular oxygen.36 

The study revealed the role of exciplexes in the oxygen quenching process 

along with energy transfer and electron transfer. As illustrated in scheme 2.2 

the exciplex further proceed towards enhanced intersystem crossing to 

sensitizer (singlet) ground state. According to the report, the rate constant for 

energy transfer (ket) and rate constant for electron transfer (kct) are in the 

order of diffusion rate constants (~1010 M-1s-1). The rate constant for the 

enhanced intersystem crossing (keisc) when such exciplexes are involved is 
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estimated as 3x107 s-1. Therefore, in such molecules the singlet oxygen 

generation could compete with electron transfer as well as the oxygen 

enhanced intersystem crossing and the quantum yield of singlet oxygen 

generation could be lower than the value of Φisc would imply.  

 For a molecule to be an ideal sensitizer it should not have any 

interaction or reaction with the singlet oxygen being generated. To verify this 

we have attempted to record the singlet oxygen luminescence in aqueous as 

well as acetonitrile medium using the NIR sensitive InGaAs detector cooled 

to 77 K. However, due to the very short singlet oxygen lifetimes in these 

solvents and also due to an overlapping of a tailing delayed emission we 

could not successfully observe the singlet oxygen luminescence and its 

lifetime.  

 The singlet oxygen quantum yield is defined as the number of 

molecules of singlet oxygen generated per number of photons absorbed by 

the sensitizer. As discussed earlier the singlet oxygen quantum yield depend 

on the quantum efficiency of energy transfer and the fraction of the triplet 

state quenched by oxygen yielding singlet oxygen. Therefore the quantum yield 

of singlet oxygen generation is either close to the Φisc or less. In rare cases it is 

higher than the Φisc value, for example it is ~2 for dicyanoanthracene (DCA).37 

In this case both singlet and triplet states generate singlet oxygen. There are 

direct and indirect methods available for the determination of singlet oxygen 

quantum yield. The direct method includes time-resolved near-infrared (NIR) 

luminescence, time-resolved thermal lensing (TRTL), and laser-induced 

optoacoustic calorimetry (LIOAC).38-41 Chemical trapping and oxygen 

consumption methods are the indirect methods available for singlet oxygen 

quantum yield determination and termed as chemical actinometry. Based on the 

trapping species selected the chemical traps  were  monitored by changes in 

fluorescence, EPR, absorption and others.42-43  We have adopted the chemical 
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actinometry method using  1,3-diphenylisobenzofuran (DPBF) as the 

actinometer in acetonitrile and disodium salt of anthracene-9,10-dipropionic 

acid (ADPA) in aqueous medium. Both actinometers produce oxygenated 

products that do not have overlapping absorption with the actinometers 

(Scheme 2.3 and 2.4). This enabled us to monitor the disappearance of the 

actinometers as a function of irradiation time. 

 

Scheme 2.3 

 

 

Scheme 2.4 

 

 The method chemical actinometry and the determination of the 

singlet oxygen quantum yield have been described earlier in chapter 1, 1.4. 

Since the solubility of the triazatriangulenium salts and the rose bengal was 

sufficiently high we were able to prepare solution with absorbance > 2 at 530 
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nm. This enabled us to use total absorption conditions for the actinometry 

experiments. Besides this another advantage was that there was no overlap 

between the absorption band of the actinometers and the sensitizers enabling 

us to monitor the disappearance of the actinometers with maximum 

sensitivity.  

 We have used ultrabright green LED light as the light source for the 

excitation of the sensitizer cations and rose bengal, the reference compound. 

The LED has the advantages that it gives narrow band monochromatic 

emission, low power consumption and stable intensity of light emission. By 

using the ultrabright green LED with an emission maximum at 530 nm 

selective excitation of the sensitizer was possible. The emission spectrum of the 

used LED light used in the actinometry experiments is shown in figure 2.21. 

 

Figure 2.21 The emission spectrum of the ultrabright green LED light used 

for the excitation of the sensitizer 

 Chemical actinometry was used to determine the incident photon rate 

reaching the solution used for photooxidaitons. The incident photon rate was 
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monitored periodically using aberchrome 670 as the chemical actinometer. 

Aberchrome 670 is a photochromic actinometer applicable in the uv and 

visible region. The compound is the (E)-3-(Adamantan-2-ylidene)-4-[1-(2,5-

dimethyl-3-furyl)ethylidene]dihydro-2,5-furandione(53), which under 

irradiation in the spectral range 316-366 nm, yield the highly dark red 

cyclised form (DHBF)(54) (Scheme 2.5).44 

 

Scheme 2.4 

The incident photon rate was calculated using the equation 2.9. 

 

P1.= � ∆�>?
Ф>?,@	!

 (2.9) 

Where P0,λ  is the incident photon rate at the excitation wavelength, ∆nAc is 

the number of actinometric molecules which are reacted during a given 

irradiation period‘ t’.Ф�A,λ	 is the quantum yield of the actinometer at the 

excitation wavelength λ. ∆nAc was calculated using the equation 2.10. 

∆n�A =
�C∆��DEF

�1GԐDEF		%				
 (2.10) 

 N is the Avogadro number, V is the total volume of the solution 

irradiated, ∆ODJ�K  is the variation in the absorbance at 519 nm (analyzing 

wavelength) during the irradiation of cyclised form (5x10-4 M) with 

ultrabright green LED in a 2 mm cuvette, ε519 is the extinction coefficient at 
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519 nm, l is the optical pathlength of the cuvette in which ∆OD519 is 

measured. Using equations 2.9 and 2.10, the incident photon rate under our 

irradiation conditions is calculated as 9.5 (+/- 0.5) x1016 photons s-1.  

 

Figure 2.22 Change in the absorbance of (DHBF) (5 x10-4 M) during the 
irradiation with ultrabright green LED 

 

2.3.3.1. Determination of singlet oxygen quantum yield of H-TATA 1-4 
in acetonitrile 

 For determining the singlet oxygen quantum yield of the compounds 

H-TATA 1-4  chemical actinometry was used with rose bengal as a standard 

and DPBF as the chemical actinometer. DPBF satisfies all the requirements 

of the chemical actinometer45-47 except that it showed a fluorescence 

quenching interaction with the triazatriangulenium cations. Since the 

concentration of the DPBF used were very small we expected a minor role 

for this quenching interaction in the overall singlet oxygen sensitization 

process. A blank irradiation in the absence of the sensitizer was also carried 

out which did not show any change in the concentration of the actinometer 
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used. An air saturated solution of H-TATA 1 (1.5x10-4 M) in acetonitrile 

containing DPBF (5.3x10-5 M) was irradiated using 530 nm light. The 

photooxidation of DPBF was monitored spectrophotometrically. During the 

irradiation, no change in the absorbance of the dye solutions was observed 

indicating that no photobleaching occurred under our experimental condition. 

Under identical condition the reference rose bengal, (8.3x10-5 M) also 

irradiated in the presence of DPBF (figure 2.23). For total absorption of the 

incident light the absorbance at the irradiation wavelength was ensured to be 

above 2 absorbance units. Figure 2.24 to 2.27 show the evaluation of 

absorbance of H-TATA 1-4  during the irradiation at 530 nm of a solution of 

DPBF and H-TATA . 

 

Figure 2.23 Change in absorbance during the irradiation at 530 nm of a 
solution of DPBF (5.3x10-5 M) and rose bengal (8.3x10-5 M) in 
acetonitrile 
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Figure 2.24 Change in absorbance during the irradiation at 530 nm of a 
solution of DPBF (5.3x10-5 M) and H-TATA 1(1.5x10-4 M) in 
acetonitrile 

 

Figure 2.25 Change in absorbance during the irradiation at 530 nm of a 
solution of DPBF (5.3x10-5 M) and H-TATA 2(1.5x10-4 M) in 
acetonitrile 
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Figure 2.26 Change in absorbance during the irradiation at 530 nm of a 
solution of DPBF (5.3x10-5 M) and H-TATA 3 (1.5x10-4 M) in 
acetonitrile 

 

 

Figure 2.27 Change in absorbance during the irradiation at 530 nm of a 
solution of DPBF (5.3x10-5 M)   and H-TATA 4(1.5x10-4 M) in 
acetonitrile 
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 The rate constant for the consumption of singlet oxygen by DPBF can 

be calculated in the presence of the triazatriangulenium dye as well as the 

reference sensitizer rose bengal. The ratio of rate constants for the dye and 

the reference sensitizer is proportional to their ratios of singlet oxygen 

generation efficiency. Rose bengal has a singlet oxygen quantum yield of 

0.42 in acetonitrile.48 From these data the apparent quantum yield of singlet 

oxygen generation can be estimated using the equation 2.11. Figure 2.28 

shows comparison of a plot of absorbance at 410 nm as a function of 

irradiation time. 

 

Figure 2.28 Comparison of the decrease in the absorbance at 410 nm of 
DPBF in the presence of rose bengal and H-TATA 1 in 
acetonitrile 

 The apparent singlet oxygen quantum yield of H-TATA 1-4  in 

acetonitrile was determined using the equation 2.11. 

Ф� � Ф�L��>�>
L��M

 (2.11) 
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 Where Ф�  is the singlet oxygen quantum yield,	ФN  is the singlet 

oxygen quantum yield of the reference,		kN
���� is the rate constant for the 

disappearance of the actinometer in the presence of TATA,	kN
NO	is the rate 

constant for the disappearance of the actinometer in the presence of rose 

bengal. The apparent quantum yield of singlet oxygen geneation by the 

triazatriangulenium cation in acetonitrile was estimated as 0.21.Table 2.3 

shows the values of	Ф� for all the synthesized triazatriangulenium cations in 

acetonitrile. 

Table 2.3 The values of singlet oxygen quantum yield (Ф�) obtained for the 
compounds H-TATA 1-4 in acetonitrile. 

Compound ФP 

H-TATA 1 0.21 

H-TATA 2 0.21 

H-TATA 3 0.21 

H-TATA 4 0.21 

 

2.3.3.2. Determination of singlet oxygen quantum yield of H-TATA 1-4 
in aqueous medium 

 The singlet oxygen quantum yield in water is determined using 

disodium salt of 9, 10-anthracenedipropionic acid as the chemical 

actinometer. In order to understand whether ADPA interfere with the excited 

state of triazatriangulenium salts, the emission spectra of H- TATA 1 (1.0x10-6 

M) were recorded at various ADPA concentrations ranging from (1.4x10-4 M                  

- 2.6x10-4 M). It is shown in figure 2.29. 
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Figure 2.29 Emission spectrum of H-TATA 1(1.0x10-6 M) in water in the 
presence of increasing concentrations of ADPA (1.4x10-4 M - 
2.6x10-4 M). λex =480 nm 

 

 ADPA satisfies all the requirements of the chemical actinometer49-52 

and it is not interfering with the excited state processes of the sensitizer. A 

blank irradiation in the absence of the sensitizer was carried out which did 

not show any change in the concentration of the actinometer used. An air 

saturated solution of H-TATA 1 (1.6 x 10-4 M) in water (0.1 M NaCl) 

containing ADPA (1.8x10-4 M) was irradiated with ultrabright green LED 

light. The photooxidation of ADPA was monitored spectrophotometrically 

and indicated by a decrease in the absorbance in the range of 350 – 400 nm. 

During the irradiation, no change in the absorbance of the dye solutions 

indicates that photobleaching of the dye has not taken place under such 

experimental condition. Under identical condition rose bengal (4.0x10-5 M) the 

reference sensitizer, was also irradiated in the presence of ADPA (figure 

2.30). For total absorption of the incident light the absorbance at the 

irradiation wavelength was ensured to be above 2 absorbance units. Figure 
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2.31 to 2.34 shows change in absorbance of H-TATA1-4  during the 

irradiation at 530 nm of an aqueous solution of ADPA and H-TATA. 

 

Figure 2.30  Change in absorbance during the irradiation at 530 nm of a 
solution of ADPA (1.8x10-4 M) and rose bengal (4.0x10-5 M) in 
water 

 

Figure 2.31 Change in absorbance during the irradiation at 530 nm of a 
solution of ADPA (1.8x10-4 M) and H-TATA 1(1.6x10-4 M)  in 
water 
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Figure 2.32  Change in absorbance during the irradiation at 530 nm of a 
solution of ADPA (1.8x10-4 M) and H-TATA 2(1.6x10-4 M) in 
water 

 

Figure 2.33 Change in absorbance during the irradiation at 530 nm of a 
solution of ADPA (1.8x10-4 M) and H-TATA 3 (1.6x10-4 M) in 
water 
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Figure 2.34  Change in absorbance during the irradiation at 530 nm of a 
solution of ADPA (1.8x10-4  M) and H-TATA 4 (1.6x10-4  M)  in 
water. 

 The rate constant for the consumption of singlet oxygen by ADPA 

can be calculated in the presence of the triazatriangulenium dye as well as 

the reference sensitizer rose bengal. The ratio of rate constants for the dye 

and the reference sensitizer is proportional to their ratios of singlet oxygen 

generation efficiency. Rose bengal has a singlet oxygen quantum yield of 

0.76 in water.48 From these data the apparent quantum yield of singlet 

oxygen generation can be estimated using the equation 2.11. Figure 2.35 

shows comparison of a plot of absorbance at 400 nm as a function of 

irradiation time. 
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Figure 2.35 Comparison of the decrease in the absorbance at 400 nm of 
ADPA in the presence of rose bengal and H-TATA 1 

 

 From the ratio of rate constants the apparent quantum yield of singlet 

oxygen geneation by the triangulenium ions were estimated as 0.36 in water. 

Table 2.4 shows the ФP  values of all the synthesized triazatriangulenium 

cations in water. 

Table 2.4 The values of singlet oxygen quantum yield (Ф�) obtained for 
the compounds H-TATA 1-4  in water. 

Compound ФP 

H-TATA 1 0.36 

H-TATA 2 0.36 

H-TATA 3 0.36 

H-TATA 4 0.36 
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2.3.3.1.1. Determination of the role of singlet oxygen in dye sensitized 
photooxidation 

 The competition kinetics between ADPA and a singlet oxygen 

quencher N3
- (NaN3) was carried out to establish the role of 1O2 in dye 

sensitized photooxidation. The presence of azide ion quenches the 1O2, such 

an experiment reveal whether the dye sensitized photooxidation proceeds 

through 1O2 mechanism or through a free radical intermediate. Figure 2.36 

shows the results of the competition between ADPA and N3
- in the presence 

of TATA as the sensitizer. The rate of singlet oxygen consumption has 

steadily decreased as a function of the azide anion concentration establishing 

the role of singlet oxygen in the photooxygenation of ADPA.  

 

Figure 2.36 Competition for singlet oxygen between ADPA and N3
- in the 

presence of TATA with various quencher concentrations 

 

2.4. Conclusions 

 In this chapter we have described the synthesis, photophysical 

properties and singlet oxygen generation efficiencies of a series of water 
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soluble triazatriangulenium salts. The properties of these compounds in 

water and acetonitrile are compared. Both singlet and triplet lifetime of the 

compounds are higher in aqueous medium. Using absorption, fluorescence 

and phosphorescence spectra, the energy levels of the singlet and triplet 

excited states of the triazatriangulenium salts are determined. The singlet 

oxygen generation capacities of the synthesized compounds are determined 

using ADPA and DPBF as the chemical actinometers and rose bengal as the 

reference. The singlet oxygen quantum yield is found to be higher in aqueous 

medium. 

2.5. Experimental Section 

2.5.1 General Techniques 

 All reactions were carried out using oven dried glass wares. The 

solvents used were distilled and dried prior to use. All reagents were 

purchased from either Sigma –Aldrich or Spectrochem Pvt. Ltd and were 

used as received. ADPA is synthesized based on the reported procedure.53 

Aberchrome 670 was purchased from TCI Chemicals Pvt. Ltd. Absorption 

spectra were recorded using Evolution 201 UV-visible spectrophotometer. 

Fluorescence, Phosphorescence and Fluorescence lifetime studies were 

carried out using Jobin-YvonFluorolog3-211UV-Vis-NIR fluorescence 

spectrometer with a TCSPC attachment. IR spectra were recorded on JASCO 

4100 model, FTIR spectrometer. The 1H NMR spectra were recorded on 400 

MHz on Bruker FT-NMR spectrometer with tetramethylsilane(TMS) as 

internal standard. Chemical shifts were reported in parts per million (ppm) 

downfield to TMS. Molecular mass was determined by Waters 3100 mass 

detector with an Electro-Spray-Ionization unit. Laser flash photolysis 

experiments were carried out by employing an Applied Photophysics model 

LKS-60 laser kinetic spectrometer equipped with a GCR-12 Series Quanta 
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Ray Nd:YAGlaser. The analysing and laser beams were fixed at right angles 

to each other. The laser energy was 90 mJ at 532 nm. Singlet oxygen 

quantum yield was determined by chemical actinometry by using 1,3-

diphenylisobenzofuran in acetonitrile and disodium salt of 9,10-

anthracenedipropionic acid in water as the chemical actinometers respetively 

and rose bengal as standard. 

2.5.2. Synthesis of Tris-(2,6-dimethoxyphenyl)carbenium tetrafluroborate 
(39). 

 Tris-(2,6-dimethoxyphenyl) carbenium tetrafluroborate (39) was 

synthesized according to a reported procedure.25 Yield: 52%. MS (ESI, 

m/z):423. Mp 164 0C. FT-IR (cm-1) 3450, 1596, 1487, 1262, 1085, 810, 643.1 

H NMR (400MHz, CDCl3,) δ (ppm):7.620-7.557(t, 1H), 6.546-6.525(d, 

2H),3.596(s, 6H).13CNMR(400MHz,CDCl3,)δ (ppm):162.69, 142.47, 125.37, 

104.96. 

2.5.3. Synthesis of 4,8,12-Tri-hydroxyethyl-4,8,12-triazatriangulenium 
tetrafluoroborate(H-TATA 1) 54 

In a round bottom flask tris-(2,6-dimethoxyphenyl) carbenium 

tetrafluroborate (1.0 g., 2.0 mmol) is mixed with ethanolamine (3.0 g., 49 

mmol). The reaction flask was fitted with a reflux condenser and heated to 190 
0C under nitrogen atmosphere for 9 hr. The resulting solid was then triturated 

several times with dichloromethane and hexane. Selective crystallization 

occurred from methanol to give 0.40 g of compound H-TATA 1. Yield: 

40%.MS (ESI, m/z): 414.mp:>300 0C.FT-IR (cm-1)3318, 2919, 2858, 1625, 

1532, 1330, 1057, 857, 820,760.1H NMR (400 MHz, DMSO,)δ (ppm): 

8.046-8.004 (t, 1H), 7.479-7.458 (d, 2H), 5.131-5.105 (t, 1H), 4.556 (s, 2H), 

3.926-3.914 (t, 2H).
13

CNMR (100 MHz, D2O)  δ (ppm):169.69, 139.98, 

137.68, 126.75, 105.38, 71.83, 56.94. 
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2.5.4.  Synthesis of 4, 8, 12-Tri-hydroxybutyl-4, 8, 12-triazatriangulenium 
(H-TATA 2) 

In a round bottom flask tris-(2,6-dimethoxyphenyl) carbenium 

tetrafluroborate (0.2 g, 0.38 mmol) is mixed with 4-amino-1-butanol (1 g, 11 

mmol). The reaction flask was fitted with a reflux condenser and heated to 

190 0C under nitrogen atmosphere for 9 hr. The resulting solid was then 

triturated several times with dichloromethane and hexane. Selective 

crystallization occurred from methanol to give compound H-TATA 2. Yield: 

35%. MS (ESI, m/z): 498. mp: >300 0C. FT-IR (cm-1)3418, 2924, 2860, 

1620, 1330, 1030, 835,760. 1H NMR (400MHz, DMSO) δ (ppm): 8.032-

7.990 (t, 1H), 7.317-7.295 (d, 2H), 4.649 (s, 1H), 4.292 (s, 2H), 3.553 (s, 

2H), 1.808 (s, 2H), 1.718-1.687 (t, 2H). 
13

C NMR (100MHz, CDCl3,) 

 δ (ppm): 144.84, 114.81, 110.19, 65.51, 34.05, 26.58. 

2.5.5. Synthesis of 4, 8, 12-Tri-hydroxpentyl-4, 8, 12-triazatriangulenium 
(H-TATA 3) 

In a round bottom flask tris-(2,6-dimethoxyphenyl)carbenium 

tetrafluroborate(0.2 g, 0.38 mmol) is mixed with 5-amino-1-pentanol 

(1.17g,11 mmol). The reaction flask was fitted with a reflux condenser and 

heated to 190 0C under nitrogen atmosphere for 9 hr. The resulting solid was 

then triturated several times with dichloromethane and hexane. Selective 

crystallization occurred from methanol to give compound H-TATA 3. Yield 

42%. MS (ESI, m/z): 540. mp: >300 0C. FT-IR (cm-1)3396, 2934, 2867, 

1616, 1530, 1337, 1073, 837, 762.1H NMR (400 MHz,DMSO) δ(ppm): 

8.034-7.992 (t, 1H), 7.291-7.269 (d, 2H), 4.468-4.445 (t, 1H), 4.248(s, 

2H),3.462-3.443 (t, 2H),1.752 (s ,2H), 1.559-1.553 (d, 4H). 
13

C NMR 

(100MHz, DMSO,) δ (ppm): 139.51, 137.58, 109.47, 104.92, 79.40, 60.56, 

46.99, 32.08, 24.34, 22.64. 
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2.5.6. Synthesis of 4,8,12-Tri-hydroxyhexyl-4,8,12-triazatriangulenium 
tetrafluoroborate(H-TATA 4) 

 In a round bottom flask tris-(2,6-dimethoxyphenyl)carbenium 

tetrafluroborate (0.2 g, 38 mmol) is mixed with 6-amino-1-hexanol (1.28 g., 

11 mmol). The reaction flask was fitted with a reflux condenser and heated 

to 190 0C under nitrogen atmosphere for 9 hr. The resulting solid was then 

triturated several times with dichloromethane and hexane. Selective 

crystallization occurred from methanol to give compound H-TATA 4. Yield 

40%. MS (ESI, m/z): 582. mp: >300 0C. FT-IR(cm-1) 3408, 2928, 2857, 

1615, 1333, 1080, 840, 762. 1H NMR (400MHz, DMSO) δ (ppm):8.001-

7.959(t, 1H), 7.254-7.234 (d, 2H), 4.415-4.391 (t, 1H), 4.196 (s, 2H), 3.445-

3.405 (t, 3H), 1.717 (s, 2H), 1.545-1.417 (m, 6H). 
13

C NMR (100 MHz, 

DMSO) δ(ppm): 139.63, 137.64, 109.63, 104.96, 60.56 ,32.43, 24.77.  

 

 

Figure 2.37  1H NMR spectrum of tris-(2,6-dimethoxyphenyl)carbenium 
tetrafluroborate (39) 
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Figure 2.38 1H NMR spectrum of H-TATA 1 

 

 

Figure 2.39 1H NMR spectrum of H-TATA 2 
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Figure 2.40 1H NMR spectrum of H-TATA 3 

 

 

Figure 2.41 1H NMR spectrum of H-TATA 4 
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CHAPTER 3 

Studies of Lipophilic Triazatriangulenium Cations in 
Microheterogeneous Medium 

 

3.1. Abstract 

The chapter presents the studies of a series of lipophilic 

triazatriangulenium cations in microheterogeneous medium. To vary 

lipophilicity symmetrically substituted triazatriangulenium cations having N-

alkyl groups with varying length of alkyl chains (n = 4, 6, 8 and 12) were 

prepared. The photophysical properties of the triazatriangulenium cations 

were studied in anionic, cationic and neutral micelles. Triazatriangulenium 

cations showed changes in the photophysical properties that can be 

correlated with the length of the alkyl side chain. Solubilization of the 

cations having long alkyl chain substituents (n=8 and 12) led to a progressive 

shift in their respective absorption and emission maximum. This change in 

absorption and emission property is attributed to a distortion in the planarity 

of the structure upon binding with the micellar assemblies. This conclusion 

was supported by temperature dependence of emission properties, time 

resolved emission studies, and theoretical study on their geometry and 

electronic properties by DFT calculations at 6-31g (d, p) level.  

3.2. Introduction 

 Microheterogeneous media such as micelles, microemulsions and 

liposomes serve as mimics of biological membranes. This is because of the 
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resemblance between the interfacial properties of these microheterogeneous 

media with those of biological membranes and serve as a model for 

biological studies of certain drug molecules. In chapter 2 we have 

demonstrated that triazatriangulenium cations can be good singlet oxygen 

sensitizers and are potential drug candidates for the photodynamic therapy. 

The photodynamic action of the molecules depends not only on the singlet 

oxygen production but also on other factors such as bio-distribution of the 

dye molecules in the cytoplasmic and mitochondrial membranes, the 

retention and the nature of binding inside the cell.1 The properties of the dye 

molecules inside the cell are complex and this may affect their photophysical 

properties. Hence, using micelles or liposomes as mimics of the cell one 

must develop an understanding on the photophysical properties of these 

cations. This insight on the nature of interaction and the localization of these 

cations inside the cell will be valuable to predict their suitability as a 

potential dye for photodynamic applications. Among micelles, liposomes and 

microemulsions, micelles are the best primary model due to ease of handling 

and preparation compared to liposomes and micro emulsions.  

Micelle is a self assembly of amphiphilic surfactant molecules with 

distinct hydrophilic and hydrophobic regions. In aqueous solution the 

surfactant molecule self assemble in such a way that the hydrophobic groups 

align and exclude water molecules to create this distinct hydrophilic and 

hydrophobic regions. Typically in a normal micelle, the polar head groups 

align towards the surrounding water molecules and the hydrophobic regions 

form the inner core. Similarly, in reverse micelles the hydrophilic head 

groups are oriented inwards and the hydrophobic groups are oriented towards 

the non-aqueous solvent bulk. Since micelles have diameters of 10-80 nm 

range, it do not sediment under gravity and provide a medium with long term 

stability. In solution the self assembly leads to the formation of colloidal 
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clusters in which 40–100 surfactant molecules assemble to the micellar 

assemblies and are characterized by a critical micellar concentration (CMC) 

and aggregation number.  

 

Figure 3.1 

 

The number of surfactant molecules in a micelle is known as the 

aggregation number. The concentration at which the micelle formation 

begins is known as critical micelle concentration (CMC). Micelles are 

normally spherical in shape however, other shapes such as cylindrical 

assemblies or lamellae are also possible. The shape and the size of the 

micelles depend on the factors such as surfactant concentration, temperature, 

pH and ionic strength. The various types micelles are shown in figure 3.2. 

 

Figure 3.2 Various types of micelles 

The surfactants are classified based on different factors such as their 

origin, structural features, behavior in solutions etc. A typical classification is 

based on the type of head group they possess. Based on this the surfactants 
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are classified into four types: anionic, cationic, nonionic and zwitterionic. In 

an anionic surfactant the head group is negatively charged and is electrically 

neutralized by an alkali metal cation. The well known examples for anionic 

micelle are soaps (R-COO-Na+) and alkyl benzene sulfonates(R-C6H4SO3
-

Na+). The cationic surfactants have a positively charged head group. Long 

chain amines (RNH3
+X-) and quaternary ammonium salts [RN (CH3)

3+X-] 

belongs to the group of cationic surfactants. Non-ionic surfactants do not 

possess any significant electric charge on their polar head group. The 

examples for nonionic surfactants are alkyl phenol ethoxylate, alcohol 

ethoxylate, polyoxypropylene glycols. Zwitterionic surfactants possess both 

positive and negative charge on their polar head group. lauryldimethylamine 

N-oxide, amidosulfobetaine-16, hexadecylphosphocholine etc. are examples 

for this group of surfactants. 

 

Figure 3.3A cross section of an ionic micelle 

The cross section of a typical ionic surfactant micellar assembly is 

given in figure 3.3. The micelle formed by the self-assembly of ‘n’ number 

of surfactant molecules has liquid like core consisting of the hydrophobic 

alkyl chains with the ionic head groups projecting out to the aqueous bulk. 
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The charged region with the ionic groups formed the inner part of the 

electrical double layer surrounding the hydrophobic core is termed as the 

Stern layer. Along with the ionic head groups this layer also contains the 

respective counter ions. The outer and more diffused hydrodynamic shear 

surface containing some of the counter ions and the water molecules is called 

the Gouy – Chapman layer. The hydrophobic core and the Stern layer forms 

the kinetic micelle. Here the surfactant molecule is in equilibrium with the 

micellar assembly. The association constant for the anionic micelle formed 

from SDS is 7800 M-1 with the rate constant for association of the surfactant 

molecule is ~ 1x109 M-1s-1 and the dissociation rate constant of 1x107 s-

1.These thermodynamically stable self-assemblies of surfactant molecules 

solubilize molecules especially those ones having a poor solubility in the 

bulk medium in which the surfactants are assembled. The micropolarity 

gradient in these assemblies also assist the partitioning of the solutes. For 

example, polarity of aqueous bulk decreases gradually from the bulk to the 

surface and then to the hydrocarbon core. The location of the solute in these 

dynamic assemblies is difficult to predict and only a time average loci can be 

assumed based on the changes in spectroscopic properties of the solute. In 

anionic micelle the possible locations for the solutes are:  

a. adsorption at the micellar surface or in the Stern layer  

b. association within the Gouy – Chapman layer 

c. intercalated between the polar head groups 

d. further deep but closer to the polar head groups 

e. in the inner hydrophobic core 

 Typically solubilization in the micelle is indicated in the UV-Vis, 

Fluorescence or NMR spectral properties etc. For example, molecules having 
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polarity dependent absorption and emission spectra, the solubilization of the 

solute is indicated by changes in the absorption or emission maxima, 

quantum yield or lifetime of fluorescence emission. These changes are often 

used in the determination of binding constants of the solutes with the 

micellar assemblies.  

Most of the dyes proposed for photodynamic applications were 

studied in these micro heterogeneous media to derive an understanding on 

how these dyes are distributed in a true biological matrix and how their 

properties change due to interfacial phenomena. The spectroscopic and 

photophysical properties of some rhodamine derivatives (Chart 3.1)in 

cationic, anionic and neutral micelles was reported by Pal et al.2,3 

 

Chart 3.1 

The studies are conducted in anionic sodium dodecyl sulfate (SDS), 

the cationic cetyltrimethyammoniumbromide (CTAB) and neutral triton X-

100 (TX) micelles. The results showed a substituent dependent interaction 

between these dyes and the surfactants. The interaction was predominantly 

electrostatic when anionic SDS micelles are used with Dye I. The dye-SDS 

aggregate formation was found at lower SDS concentration but monomeric 

form of the dye was observed above critical micellar concentration. Dye 2 

and 3 showed interaction with the cationic micelles formed from CTAB. 

Here, the hydrophobic interactions dominated over the coulombic interaction 

whereas, in Dye 1 the coulombic interaction is the dominating factor.  
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Thiazine dyes or azure dyes (Chart 3.2) are promising photosensitizers 

for PDT.4 These dyes are more soluble in aqueous media and in contrast to MB+ 

they do not undergoes demethylation.5 Havelcová et al.,6 studied the 

photophysical properties of these dyes in aqueous solution and in micelles 

 

Chart 3.2 

 Depending on the pH of the solution these dyes show excited state 

protonation, deprotonation behavior. The transient spectra of these cations 

are characterized by the unprotonated and protonated triplet states and 

radical cations with absorption maxima at 370 nm, 420 nm and 520 nm 

respectively. This absorption profile obtained in the micellar medium was 

similar to that observed in water. The triplet states are effectively quenched 

by oxygen and singlet oxygen production was observed. In anionic surfactant 

(SDS) the lifetime of the triplet state is increased. The singlet oxygen 

quantum yield of these dyes is found to be increased in micellar medium 

compared to those in water. Similar results were reported in the case of 

methylene blue.7 

 The photophysical properties of a series of xanthene dyes (Chart 3.3) 

in SDS, CTAB and pluronic P-123 micellar medium was reported by Pellosi 

et al.8 
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Chart 3.3 

 

 The partition coefficient values were determined for all the dyes and 

concluded that eosin, erythrosine and rose bengal has an amphiphilic nature. 

For all the xanthenes dyes investigated there occurs a red shift as the medium 

change from water to micelle. The emission maximum was red shifted by 8-

10 nm in P-123 micelles and 12-15 nm in CTAB but no change reported in 

the case of SDS micelles. At physiological pH values the ability of the dyes 

to be positioned inside the micelle and the nature of interaction with the 

micelle depends not only on the hydrophobicity of the dye but also on the 

micellar surface charge. The Stern–Volmer analysis of quenching interaction 

with a quencher molecule confirms the existence of the erythrocin and rose 

bangal inside the micelle. Since these dyes are anionic in nature the dye –

micelle interaction was maximum in neutral P-123 and cationic CTAB 

micelles. Solubilisation of the dye in micellar assemblies is indicated by a 
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high fluorescence quantum yield. Erythrosin and rose bengal are found to 

show enhanced singlet oxygen generation upon solubilization in the micelles.  

 In the present work we have used micellar medium as a model to 

study the properties of a series of lipophilic triazatriangulenium cations 

(TATA 1-4, Chart 3.4) so that an understanding on the behavior of these 

cations in a true biological system can be obtained. The studies are 

conducted in anionic sodium dodecyl sulfate (SDS), the cationic 

cetyltrimethylammoniumbromide (CTAB) and neutral triton X-100(TX) 

micelles. As given in the chart 3.4, the cations chosen for the present study 

are planar with D3h symmetry and contain linear N-alkyl side chains having 

4, 6, 8 and 12 carbon atoms. The cationic-triangular -tripodal nature of the 

molecule is expected to prevent the binding interaction with the micelle but, 

the presence of long alkyl chains are expected to favour the binding 

interaction. Lengths of the alkyl chains are varied to tune the hydrophobicity 

and solubility in non-aqueous medium. The cationic-triangular-tripodal 

molecule with side chains of sufficient length is expected to associate with 

the micelles with a “spider-on-the-apple” like binding topology. 

 

 

Chart 3.4 
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3.3. Results and discussion 

3.3.1. Synthesis of lipophilic triazatrinagulenium cations (TATA 1-4) 

 Tris-(2,6-dimethoxyphenyl) carbenium tetrafluroborate (39) was 

synthesized according to a reported procedure.9 The N-alkyl substituted 

triazatriangulenium cations (TATA 1-3) were prepared from 39 using 

literature procedure reported by Krebs, F. C. and coworkers (Scheme 

3.1).10,11 A similar procedure was adopted for the synthesis of TATA 4  using 

n-dodecylamine as the primary amine for the aza-bridging reaction.  

 

Scheme 3.1 

 These cations were formed as their tetrafluroborates and showed 

moderate solubility in acetonitrile (~1 mg/mL for TATA 1-3 and ~0.5 

mg/mL for TATA 4 ) and were insoluble in aqueous medium.  

3.3.2. Photophysical Studies 

3.3.2.1. UV-Visible absorption properties of triazatriangulenium salts in 
micellar medium 

The solutions for the photophysical characterization in micellar 

media were prepared by mixing 1-10 µL of a concentrated stock solution in 

acetonitrile with an appropriate volume of the micelle solution (100 mM) in 

water. Distribution of the solute in the micelle medium was ensured by 

stirring or ultrasound sonication prior to spectroscopic experiments. Among 

the three micellar medium, in anionic micelle the solutions were stable and 
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did not become turbid. The solutions prepared in cationic and neutral micellar 

medium were less stable and showed increasing turbidity on standing. In terms 

of solubility, solutions with dye concentration up to 1x10-3 M in anionic micelle 

medium could be prepared.  The better stability of the solutions in the 

anionic micellar medium can be ascribed to the electrostatic association of 

the triazatriangulenium cations with the anionic surfactant molecules. Due to 

the poor solubility behavior in cationic and neutral micelles we have chosen 

the anionic micellar medium for the detailed photophysical studies.  

Absorption spectra of the tri-N-alkyltriazatriangulenium salts in 

acetonitrile were reported earlier by Laursen and Krebs.10 Similar spectral 

profiles and maxima were observed for TATA 1-4 in the same solvent with 

absorption maxima at 270 nm, 350 nm and at 525 nm (figure 3.4). All 

compounds showed similar spectra and did not show any variation in the 

absorption maxima or spectral profile as the length of the alkyl chain is 

varied. H-TATA 2 , the newly prepared cation reported in chapter 2 of the 

present thesis are soluble in aqueous medium its spectrum in water is also 

presented for comparison. In aqueous medium triazatriangulenium 

chromophores shows a red shift of 5 nm for the long wavelength absorption 

maximum and other bands are relatively unaffected by the change in the 

polarity on moving from acetonitrile to water. The absorption spectra of 

TATA 1-4 were also recorded in 100 mM solutions of the anionic SDS 

micelle, cationic CTAB micelles and neutral Triton X-100 micelles and are 

presented in figures 3.5, 3.6 and 3.7. 
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Figure 3.4  Normalized absorption spectrum of TATA 1-4 in acetonitrile 

and H-TATA 2  in water 

 

 In the anionic micelle, TATA 1-4 showed a chain length dependent 

absorption spectrum. It showed a progressive red shift in the absorption 

maximum of the long wavelength transition with increase in the alkyl chain 

length. In cationic and neutral micelles this shift is less prominent and is 

limited to TATA 4 , the cation having the dodecyl chains as the pods. The 

absorption maxima and the molar absorption coefficients of these cations in 

the micellar media are summarized in table 3.1. 
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Figure 3.5 Absorption spectra of TATA 1-4 in anionic micelle (SDS) 

 

Figure 3.6 Absorption spectra of TATA 1-4 in cationic micelle (CTAB) 
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Figure 3.7 Absorption spectra of TATA 1-4 in neutral micelle (Triton X-100) 

3.3.2.2. Emission properties of triazatriangulenium salts in micellar 
medium 

 Emission spectra of the tri-N-alkyltriazatriangulenium salts (TATA 

1-4) recorded in acetonitrile were similar to the data reported by Gopidas and 

coworkers.12 The compounds exhibited the fluorescence in the 500-700 nm 

region(figure 3.8) with a maximum at 558 nm in acetonitrile. The emission 

spectrum of the water soluble derivative H-TATA 2 is also given in figure 

3.8 for comparison. This molecule too has similar spectral features but with a 

13 nm (571 nm) red shifted emission maximum in water.  
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Figure 3.8 Normalized emission spectra of TATA 1-4 in acetonitrile and H-

TATA 2  in water. λex= 480 nm 

 The emission spectral properties of the lipophilic triazatriangulenium 

salts were also recorded in the anionic micelle (SDS), cationic micelle 

(CTAB) and in neutral micelle (triton X-100) solutions. The spectra obtained 

are given in figures 3.9, 3.10 and 3.11. As observed in the absorption 

spectrum of these cations the solubilization in the micellar medium is evident 

from their respective shifts in the emission spectrum. In the anionic micelle 

solution the data showed a clear dependence on the chain length of the alkyl 

substituents. In this case the cations having octyl and dodecyl chains showed 

a clear red shift in the emission maximum with appearance of the new band 

at 629 nm. In cationic micelle and neutral Triton X-100 solutions too the 

emission spectra of the cations with n-octyl and n-dodecyl derivatives 

indicated red shift in the emission maximum indicating solubilization of 

these cations in these micelles.  
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Figure 3.9 Normalized emission spectra of the compound TATA 1-4 in 

anionic micelle (SDS) λex=480 nm 

 

Figure 3.10 Normalized emission spectra of the compound TATA 1-4 in 

cationic micelle (CTAB) λex=480 nm 
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Figure 3.11 Normalized emission spectra of the compound TATA 1-4 in  
neutral micelle (triton X-100)λex=480 nm 

 

3.3.2.3.  Fluorescence quantum yield of lipophilic triazatriangulenium 
cations (TATA 1-4) in SDS micelles 

 Typically solubilization in micelles modulates fluorescence quantum 

yield (ФF) as the dye molecules due to a more rigid environment, screening 

from potential quenchers such as water molecules or due to polarity effects. 

In order to find out how the fluorescence quantum yield of these lipophilic 

cations gets affected due to this micellar medium we have determined the 

absolute fluorescence quantum yield by using an integrating sphere 

accessory. The data obtained are presented in table 3.1. The results show a 

decreasing trend in the fluorescence quantum yield with increasing 

lipophilicity. This is contrary to the commonly observed phenomena for 

majority of molecules in such medium. This result points to the fact that 

there exist other channels for the deactivation of the excited chromophores 

when they get associated with anionic micelles.  
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3.3.2.4. Fluorescence lifetime measurements of lipophilic 
triazatriangulenium cations (TATA 1-4) in SDS micelles 

 The fluorescence decay of all the compounds were recorded in 

acetonitrile and in the anionic micellar medium by the method of Time 

Correlated Single Photon Counting (TCSPC). The decays observed in 

acetonitrile were monoexponential and did not show any dependence on the 

length of the alkyl chains. However, in anionic micellar medium the decays 

obtained were found to be emission wavelength dependent and fitted well 

with a biexponential model.  

 

 

Figure 3.12 The fluorescence decay profile in acetonitrile and in anionic 
micellarmedium (SDS). The excitation and monitoring 
wavelength were 480 nm and 560 nm, 563 nm, 616 nm, 629 
nm for TATA 1-4) respectively 
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The figure 3.12 shows the fluorescence decay profiles of TATA 1-4 

recorded in acetonitrile and in anionic micellar medium at their respective 

emission maximum. The average lifetime observed in the micellar medium 

showed an increasing trend from 1.69 ns for the cation having n-butyl side 

chains (TATA 1 ) to 4.72 ns for the cation with n-dodecyl side chains 

(TATA 4 ). 

Table3.1. Absorption maxima (λmax(abs)),extinction coefficient(Ԑmax), 
fluorescence emission maximum(λmax(em)), fluorescence 
quantum yield (ФF),average fluorescence lifetime (τF(av)), 
radiative rate constant (kr) and non-radiative rate constant (knr)  
of triazatriangulenium salts in anionic micellar medium(SDS). 
Values given in parentheses are those in acetonitrile. 

Compound λmax(abs) 
nm 

Ԑmax 

M -1 cm-

1(x102) 

λmax(em) 
nm ФF τF(av), 

ns 

kr 

(s-1) 
x10-2 

knr 

(s-1) 
x10-1 

TATA 1 
525 

(525) 
7.0 

560 
(558) 

0.21 
1.69 
(9.4) 

12.4 4.6 

TATA 2 
544 

(525) 
7.6 

563 
(558) 

0.15 
2.14 
(9.4) 

7.0 3.9 

TATA 3 
552 

(525) 
9.0 

616 
(558) 

0.10 
2.6 

(9.4) 
3.8 3.4 

TATA 4 
556 

(525) 
10.1 

629 
(558) 

0.04 
4.72 
(9.4) 

0.8 2.0 

 

3.3.2.5. Time–resolved emission spectra of lipophilic triazatriangulenium 
cations (TATA 1-4) in SDS micelles 

 Analysis of the emission spectral properties of these cations reveals 

that it has a complex emission behavior. This is evident from the following 

facts: 

1. An alkyl chain length dependent red shift in the emission maximum.  

2. The observed emission spectrum appears as an envelope of two 

emission bands  
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3. The fluorescence decay profiles are emission wavelength dependent 

and this is more prominent with TATA 3  and TATA 4  having n-

octyl and n-dodecyl side chains.  

4. The fluorescence decay profiles fits well to a biexponential model 

with two distinct lifetimes of emission 

 Such complex emission behavior is commonly observed in 

microheterogeneous medium. These properties when carefully analysed can 

throw light on to the topology of binding and also on the dynamics of excited 

state deactivation. The emission wavelength dependent biexponential 

fluorescence decay profiles and the alkyl chain length dependent red shifted 

emission band indicate the following: 

1. Existence of two types of fluorophores in the micellar medium each 

having distinct photophysical behaviors. 

2. An additional non-radiative process from the excited state leading to 

the formation of a more stabilized excited state. 

 A clear understanding on the photophysical properties in such 

complex systems can be obtained from the analysis of time resolved 

emission spectra (TRES) of the surfactant solutions. TRES is a convenient 

method that gives fruitful information regarding excited state dynamics and 

reactions of fluorophores. In this method, a set of TRES is obtained for the 

fluorophore, which is analysed with respect to different kinetic models that 

represent the system under study. There are two methods of acquiring TRES, 

one in which the decay profiles were accumulated for a fixed time and for 

fixed wavelength steps and in the second method which is a decay associated 

TRES reconstruction from the steady – state spectrum using lifetime 

information at each wavelength. In the first method, the array of decay 

profiles in 3D with both intensity and wavelength axes are sliced to get the 
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intensity – wavelength spectra for various time delays after excitation. 

Typical TRES spectra obtained for TATA 3  and TATA 4  in SDS micelles 

when excited at 510 nm are presented in figures 3.13 and 3.14. For TATA 3  

the TRES is characterized by a maximum at 575 nm at 0.45 ns after the 

excitation pulse. The same solution shows a maximum at ~ 620 nm at a time 

delay of 5.95 ns after the excitation. TRES of TATA 4 , on the other hand 

showed the maximum of emission at 620 nm, which remain the same even 

after longer time delays.  

 The results of this study point to two possible scenarios. One in 

which there is solvent relaxation in the excited state. Such solvent relaxation 

is typical for chromophores where there is a significant change in the 

molecular dipole upon excitation.13 Another possibility is the existence of a 

second emissive species and the observed steady-state emission spectrum 

could be an envelope of emissions from these two species. In the case of 

TATA 3 , the results show that there is a short wavelength emitting 

component which decays fast and a long wavelength emitting component 

that prevail at longer time delays after excitation. TRES obtained by this 

simple method of slicing the decays for different emission wavelengths is 

less informative and limited by time resolution and the number of emissive 

states involved.   
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Figure 3.13 The time resolved emission spectra of TATA 3 in SDS. The 

excitation wavelength is 510 nm 

 

Figure 3.14 The time resolved emission spectra of TATA 4  in SDS. The 

excitation wavelength is 510 nm 
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3.3.2.6.  Time–resolved decay associated spectra and Time - Resolved Area 
Normalized Emission Spectra (TRANES) of lipophilic 
triazatriangulenium cations (TATA 1-4) in SDS micelles 

 Time - resolved decay associated spectra are more informative and 

can be obtained by a complex deconvolution analysis of the array of decay 

profiles acquired for a specific number of counts at fixed intervals of 

emission wavelengths. Here, global analysis of the array of decay profile 

yields the various lifetime components and their respective contributions to 

the overall fluorescence decay. This analysis resolves the emission spectra 

into different components which are associated to specific lifetimes. Sum of 

such spectra can give the steady – state spectra of the system under study. 

Further, results of the TRES analysis can be used to derive time – resolved 

area normalized emission spectra (TRANES) by the method described by 

Periasamy, N. and co-workers.14 The TRANES is a model free method to get 

conclusive evidence on the existence of multiple emissive states (only up to 

two) and are applicable to states that are kinetically coupled either reversibly, 

irreversibly or not coupled at all. The observation of an isoemissive point in 

the TRANES spectra is the important feature that helps one to conclude that 

there are two states present that contribute to the observed steady – state 

emission spectrum of a complex system.  

 A similar study of the present complex system of triazatriangulenium 

cations TATA 3  and TATA 4  in SDS micelle was carried out. The 

reconstruction of the decay associated TRES and TRANES involves 

different steps. In the first step, the fluorescence decays of the 

triazatriangulenium cations TATA 3  and TATA 4  were obtained over the 

entire fluorescence spectrum at 20 nm intervals by exciting at 455 nm using a 

pulsed LED with a pulse width of 1.5 ns. The decays were accumulated for 

upto 5000 counts along with the instrument response function. The decay 
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profiles thus obtained were deconvoluted using the instrument response 

function and fitted to a multiexponential decay function (I(t), Equation 3.1) 

by global analysis using up to two exponential functions. 

���� � ∑�	 
� �� , � � 1 � 4 (3.1) 

Where �	  is the pre-exponential factor that represents the fraction of 

fluorophores with lifetime �	.  
 The lifetime values found for TATA 3  were 5.5 ns for the short-lived 

species and 12.64 ns for the longer lived species. For TATA 4  they were 

4.55 ns and 12.87 ns respectively. Figure 3.15 and 3.16 represent the plot of 

fitted decay functions ����  for representative wavelengths obtained for 

TATA 3  and TATA 4 . 

 

Figure 3.15 Fitted intensity decay functions at different emission 
wavelengths obtained after deconvolution of the experimental 
decays of TATA 3  in SDS. λex = 455 nm.  
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Figure 3.16  Fitted intensity decay functions at different emission 
wavelengths obtained after deconvolution of the experimental 
decays of TATA 4  in SDS. λex = 455 nm.  

 

 Decay assisted TRES were constructed using the fitted 

parameters		�	���&�	��� and the steady – state emission spectrum recorded 

with 455 nm as the excitation wavelength for the respective cation in SDS. 

The intensity at wavenumber �	������for delay time t was calculated using 

the following equation (Equation3.2). 

���, �� � ������ ∑ ������
 ! "��#�$

�
∑ ��� ��������  (3.2) 

Where	������ is the intensity of the steady-state emission at �	������ and 

�%���& �%���  are the fit parameters. Figure 3.17 and 3.18 are the TRES 

calculated for TATA 3  and TATA 4  for various time delays. It is clear from 

the TRES data obtained for TATA 3  that its steady state spectrum is an 

envelope of two bands, one with a maximum at 588 nm (17006 cm-1) and 

another long wavelength band at 653 nm (15307 cm-1). In the case of TATA 
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4 the TRES data did show the short wavelength emission as a slight onset 

with the long wavelength emission band at 631 nm (15844 cm-1) as the 

principal component in the TRES data. 

 

Figure 3.17 Time – resolved emission spectra (TRES) calculated for TATA 3 
in SDS at delays 0.5 ns, 1 ns, 2 ns, 4 ns, 5 ns and 6 ns. λex= 455 nm 

 

Figure 3.18 Time – resolved emission spectra (TRES) constructed for TATA 4 
in SDS at delays 0.5 ns, 1 ns, 2 ns, 4 ns, 5 ns and 6 ns. λex=455 nm 
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 Time-resolved area normalized spectra (TRANES) were constructed 

for TATA 3  and TATA 4  in SDS by normalizing the area under each 

spectrum in the TRES data with the spectrum obtained at 0.5 ns. Figure 3.19 

and 3.20 are the TRANES spectra calculated for TATA 3  and TATA 4  for 

various time delays. 

 

Figure 3.19 Time – resolved area normalized emission spectra (TRANES) 
constructed for TATA 3  in SDS at delays 0.5 ns, 1 ns, 2 ns,4 
ns,5 ns and 6 ns. λex=455 nm 

 

Figure 3.20 Time – resolved area normalized emission spectra (TRANES) 
constructed for TATA 4  in SDS at delays 0.5 ns, 1 `ns, 2 ns,4 
ns,5 ns and 6 ns. λex=455 nm 
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 TRANES spectra of both TATA 3  and TATA 4  in SDS solutions 

showed isoemissive points at 16.31x103 cm-1 (613 nm). The observation of 

the same isoemissive point in the TRANES spectra of TATA 3  and TATA 4  

show that there exists two emissive states when triazatriangulenium cations 

with lipophilic groups are bound to anionic micelles. This fact also rules out 

the solvent relaxation as the cause of redshift in the emission spectrum in the 

micellar medium. Moreover, in TATA  the low energy electronic transition 

involves a charge transfer from the filled π orbitals of the phenyl rings and 

the n orbital of the N atoms to the vacant p orbital on the central carbon 

atom. Being symmetrical this electronic transition do not create large dipole 

moment change that is responsible for a solvent relaxation phenomena. 

3.3.2.7.  Binding topology and “disc to bowl” shape transformation of 
lipophilic triazatriangulenium cations (TATA) in SD S micelles 

 Binding interaction of the triazatriangulenium cations with the anonic 

SDS micelle and the corresponding photophysical properties are summarized 

below. 

1. a red shift in the absorption spectrum for TATA 2 - 4 

2. a red shifted emission maximum observed for TATA 3  and TATA 4  

3. a strong alkyl chain length dependence on absorption and emission 

data 

4. a complex biexponential decay kinetics for TATA 3  and TATA 4  

5. two clear emission maxima in the decay assisted TRES data of 

TATA 3  

6. TRANES data revealed the presence of two possible emissive states 

when associated with the micellar medium 
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7. presence of a growth kinetics feature for the long wavelength 

emission band in TATA 3  and TATA 4 .  

 Based on these results one can make an assessment on the possible 

location and mode of binding of the triazatriangulenium cations in anionic 

micelles. Based on simple polarity arguments we cannot predict the location 

and mode of binding in this complex system. The two species observed in 

the TRANES data can be viewed as a bound cation and an unbound cation. 

But the absorption maximum does not indicate the presence of an unbound 

cation, which is freely solvated by the aqueous bulk. If this is the case, then, 

the absorption maximum should have been similar to H TATA , the water-

soluble triazatriangulenium cation. The observed absorption maximum 

however, is red shifted by a larger extent than the value of 530 nm in 

aqueous medium.  

 Being cationic the most probable location of TATA is the surface of 

the micelle i.e, the Stern layer. This association can be by two modes. One, 

in which the plane of the molecule is tangential to the surface of the micelle 

and another, as an intercalated cation between the anionic sulfonate head 

groups in the micelle. The absorption maximum also shows chain length 

dependence. These changes in absorption and emission properties are 

indicative of a destabilization of the ground state possibly a geometrical 

perturbation as a result of association with the micelle. 

 Facts 2-6 are more related to the excited state of these cations when 

dissolved in SDS micelles. Here the red shifted emission maximum, complex 

decay kinetics and alkyl chain length dependence and the resolution of two 

emission bands for TATA 3  with the presence of an isoemissive point 

suggest two emissive states that are present when these cations are in the 

micellar medium. For TATA 3  and TATA 4  this is most visible and these 
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are cations that are held closer to the micelle due to the higher 

hydrophobicity of the longer alkyl chains. Combining the two facts that 

binding leads to destabilization of the ground state and the corresponding red 

shifted band in the emission spectrum of TATA 3  and TATA 4  reveal a 

potential binding induced perturbation of the geometry. This perturbation can 

be attributed to tight binding of the alkyl groups to the hydrophobic core of 

the micelle with the cationic disc of the triazatriangulenium ion lying 

tangential to the surface of the micelle or as “Spider-on-an apple” topology 

as illustrated in the cartoon (figure 3.21) Such a topology definitely affect the 

planarity of the triangular disc of the cation and a “disc – to – bowl” type of 

geometric change can occur in TATA 3  and TATA 4 . Though this mode of 

binding affects the geometry of the molecule the intercalative mode do not 

induce such changes. In this case the emission spectrum is not perturbed and 

this could be the case observed for TATA 1  and TATA 2 . The changes in the 

ground state and excited state energies and the effect on the radiative transitions 

are illustrated in the energy level diagram presented in figure 3.22. 

 

Figure3.21. Cartoon showing “spider-on-the-apple” and intercalative type 
binding topology of triazatriangulenium – anionic micelle 
association 
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 In all these cases of tangential binding TATA-SDS assemblies could 

exist as a loosely bound ensemble and another fraction, which is strongly 

bound to the micelle.  The relative proportion of these fraction depend on the 

length of the alkyl chain, as observed in the case TATA 3  and TATA 4 . The 

growth kinetics observed for the emitting species at 629 nm is an evidence 

for such loosely bound assemblies. In such loosely bound assemblies we can 

safely assume an additional excited state deactivation channel involving 

a“disc–bowl” or “pseudo bowl – bowl” transformation and pyramidalisation 

of the central sp2 hybrid carbon atom (figure 3.22 A and B). TATA 1–SDS 

assembly, which shows photophysical properties very similar to that in 

homogenous acetonitrile medium suggests that there is no such structure 

perturbation is affecting thiscation when getting bound to SDS micelle. In 

this case the binding could be purely from intercalative mode. For TATA 2 , 

which shows a slight destabilization in the ground state and no 

destabilization in the excited state, the mode of binding can be intercalative. 

The absorption and emission from this assembly is best described by the 

energy level diagram figure 3.22 B. Such dual emission was already reported 

for structurally similar planarised triarylboranesby Kushida et al.15 In this 

report the dual emission is explained by both theory and experiment that 

there exists a second minima for the excited states of these molecules with a 

pyramidal geometry.  
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Figure 3.22 The energy level diagram showing effect of ground state “disc – 
bowl” geometric change and excited state “disc – bowl” change 
on the radiative transitions in TATA-micelle assemblies 

 

3.3.2.8. Effect of temperature on the fluorescence emission spectra of 
lipophilic triazatriangulenium cations (TATA 1-4) i n SDS micelles 

 To further support the “disc to bowl” shape transformation and the 

pyramidalisation of the sp2 hybrid central carbon atom of the micelle bound 

cation we conducted a temperature dependent emission measurement for 

TATA 3  and TATA 4  in SDS micelle. Typically, anionic micelle tend to 

increase the rigidity of the assembly and compactness with increasing 

temperature up to 55 0C and above that temperature they start to 

dissociate.16,17 Interestingly this transformation was clearly seen in the 

temperature dependent emission spectra of TATA 3  and TATA 4  in SDS 

solutions. Figures 3.23 and 3.24 show the temperature dependent emission 

spectrum of TATA 3  and TATA 4  in SDS micelle. At temperatures above 

55 0C the spectra recorded start showing an increase in the intensity of the 

band at 558 nm and with a concomitant decrease in the intensity of the 620 
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nm band. This observation supports the binding of the TATA 3  and TATA 4 

with “spider-on-an-apple” topology. The temperature-induced disassociation 

can release the strain on the triazatriangulenium cation favouring a reverse 

“bowl to disc” transformation of the tightly bound cations resulting in the 

observed changes in the emission spectrum.  

 

Figure 3.23 The temperature dependent emission spectrum of TATA 3 in 
SDS micelle. λex=480 nm.  

 

Figure 3.24  The temperature dependent emission spectrum of TATA 4 in 
SDS micelle. λex=480 nm.  
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3.3.3. Theoretical Calculations 

 From the photophysical studies it was concluded that in micellar 

medium the triazatriangulenium cations with long alkyl substituent on the 

bridging N atoms experiences a distortion in geometry upon binding with 

micelles. This distortion is indicated by a red shift in the absorption spectrum 

and appearance of a new emission band at 629 nm in the emission spectrum. 

The distortion in the geometry could be a pyramidalisation of the sp2 hybrid 

central carbon atom bearing the positive charge and indicated in TRES and 

TRANES measurements in the micellar medium. Such pyramidalisation of 

the geometry and its role on the electronic properties was reported earlier for 

a structurally similar planarised triarylboranes.15 In order to further verify the 

nature of geometrical perturbation we have carried out DFT calculations 

using model structural geometries of triazatriangulenium cation. All 

computations were done at B3LYP/6-31+G* level. Model system chosen 

was an N-ethyl substituted triazatriangulenium cation with the assumption 

that alkyl chains do not perturb significantly the molecular orbitals of TATA 

series of cations under study. Test geometries are chosen with a view to 

study how a planar - bowl geometry change affect the electronic transitions.  

A series of structure with a fixed geometry was chosen where the angle 

between a dummy atom placed perpendicular to the plane of the ring and the 

C+ - C-phenyl bond is varied systematically to induce a planar to bowl shape 

perturbation. The optimized geometry for these structures were computed 

and presented in figures 3.25, 3.27 and 3.29. The first test geometry has the 

central carbon fixed at the plane of the molecule. Then for the second and 

third geometry, an angle of 2 and 4 degrees were chosen to ensure the 

pyramidalisation of central carbon. Using the optimized structure TD-DFT 

calculations were carried out to compute the radiative transitions from 

ground state to various excited states. The absorption calculated in this 
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geometry is shown in figure 3.26. The absorption spectrum computed for the 

planar cation consists of bands at 265 nm, 290 nm, 325 nm, 477 nm, 495 nm 

which were in good agreement with the experimental absorptions. The two 

long wavelength (low energy) transitions are between HOMO-1 to LUMO 

and HOMO to LUMO. 

 

Figure 3.25 The optimized geometry of N- ethyl substituted TATA when the 
geometry is fixed with the central carbon at the plane of the 
molecule 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 The calculated absorption spectrum of N- ethyl substituted 
TATA when the geometry is fixed with the central carbon at the 
plane of the molecule 
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 The optimized geometry obtained when the angle between the 

dummy atom and the plane of the molecule changed to 920 was used for 

computing the radiative transitions from ground state to various excited 

states for this non-planar geometry. The transitions between different states 

computed by TD-DFT are given in figure 3.28. The computed spectrum 

consists of bands at 265 nm, 290 nm, 325 nm, 482 nm, where the two long 

wavelength transitions at 477 nm and 495 nm observed for the planar cation 

was now became degenerate with maximum at 482 nm. Thus 

pyramidalisation of the central carbon and the transformation of planar to 

bowl shape affected the electronic transitions in particular the low energy 

transition.  

 

Figure 3.27 The optimized geometry of N-ethyl substituted TATA when the 
geometry is fixed with the angle of central carbon atom shifted 
to 920 
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Figure 3.28 The calculated absorption spectrum of N-ethyl substituted 
TATA when the geometry is fixed with the angle of central 
carbon atom shifted to 920 

 Further pyramidalisation was induced by forcing the angle between 

the dummy atom and the plane of the cation to 940. The optimized geometry 

for this structure was used for TD-DFT computation of the absorption 

spectrum (figure 3.30). The absorption spectrum consists of bands at 265 nm, 

290 nm, 325 nm, 504 nm. All other transitions except the one at longer 

wavelength (504 nm) were unaffected by the increased pyramidalisation. Only 

the long wavelength transition got red shifted by 22 nm. Thus a small 

distortion from a planar geometry to bowl shape geometry can lead to a 

significant change in the absorption properties of lipophilic 

triazatriangulenium cations. This study validates our arguments on the “disc – 

to – bowl” shape geometrical change upon association with micelles.  



154 Chapter  3 

 

Figure 3.29 The optimized geometry of N-ethyl substituted TATA when the 
geometry is fixed with the angle of central carbon atom shifted 
to 940 

 

Figure 3.30 The calculated absorption spectrum of N-ethyl substituted 
TATA when the geometry is fixed with the angle of central 
carbon atom shifted to 940 

3.4. Conclusions 
The lipophilic triazatriangulenium cations show chain length 

dependent red shift in the absorption and emission spectrum in anionic 

micellar medium. The increase in the chain length makes the cations more 

hydrophobic and strengthens the binding. The stronger binding perturbs the 

geometry of the molecules as a result a planar to bowl shape transformation 

occurs as observed in the case of dodecyl substituted triazatriangulenium 
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derivative. We can safely assume the topology of cation binding with the 

micelles as like a “spider sitting on an apple” with its legs piercing the apple. 

3.5. Experimental 

3.5.1 General Techniques 

 All reactions were carried out using oven dried glasswares. The solvents 

used were distilled and dried prior to use. All reagents were purchased from 

either Sigma - Aldrich or Spectrochem Pvt.Ltd and were used as received. 

Surfactant solutions (100 mM) were prepared by dissolving respective 

surfactants in ultrapure water from Millipore water purification system. 

Absorption spectra were recorded using Evolution 201 UV-visible 

spectrophotometer. Fluorescence, Fluorescence lifetime studies, Time resolved 

emission spectra, Temperature dependent emission spectra were carried out 

using JobinYvonFluorolog3-211UV-Vis-NIR fluorescence spectrometer.  

 The triazatriangulenium salts (TATA 1-4) were prepared based on 

the reported procedure.9 The following spectroscopic data are obtained for 

the compounds. TATA 1 Yield 30 %. MS (ESI, m/z): 450. Mp: >300 0c. FT-

IR (cm-1) 3435, 2925, 1618, 1446, 1053. TATA 2 Yield 32%. MS (ESI, 

m/z): 534. Mp: >300 0c. FT-IR (cm-1) 3436, 2924, 1615, 1455, 1052.TATA 

3 Yield 28 %. MS (ESI, m/z): 618. Mp: >300 0c. FT-IR (cm-1) 3447, 2931, 

1616, 1335, 1048. TATA 4 Yield 30%. MS (ESI, m/z): 786. Mp: >300 0c. 

FT-IR (cm-1) 3437, 2924, 1617, 1390, 1088.1H NMR (500MHz 

CD3CN) δ (ppm): 8.010-7.976 (t, 1H), 7.237-7.220(d, 2H), 4.293-4.260 (t, 2H), 

2.143-1.281 (m, 23H)).13C NMR (125 MHz, CD3CN)  δ(ppm): 141.12, 

138.15, 117.87, 105.68, 48.42, 32.25, 29.66. 
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CHAPTER 4 

Synthesis, Characterization and Study of Surface-
Tethered Triazatriangulenium Cations 

 
 

4.1. Abstract 

 The synthesis of heterogeneous supported sensitizers has gained 

much attention in recent times and has found various applications in areas 

including photosensitized disinfection of waste water, taking into account 

their advantages over the homogeneous photosensitizers. Among the 

heterogeneous sensitizers, silica gel supported organic dyes have received 

great attention. The chapter includes the synthesis of heterogeneous 

supported sensitizers in which triazatriangulenium is covalently anchored on 

silica. The silica is functionalized with amino groups using the (3-

aminopropyl)trimethoxysilane and methyltrimethoxysilanes. The precursor for 

the triazatriangulenium salts, tris-(2,6-dimethoxyphenyl) carbenium 

tetrafluroborate when cyclised in the presence of amino functionalized silica 

resulting in the formation of triazatriangulenium cation on the silica surface 

as an organic – inorganic hybrid material. The singlet oxygen sensitization 

capability of the triazatriangulenium-silica composites was monitored using 

the singlet oxygen probe disodium-9, 10-anthracenedipropionic acid. The 

study of disinfection of water containing pathogenic bacteria was also carried 

out to determine the effectiveness of the prepared triazatriangulenium-silica 

composites for the waste water treatment. All the four types of synthesized 

triazatriangulenium-silica composites produced singlet oxygen, as it is 

evident from the photobleaching of singlet oxygen probe disodium-9,10-

anthracenedipropionic acid (ADPA). The results of the disinfection studies 
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using the four types of prepared triazatriangulenium-silica microparticle 

conjugates shows that these materials are effective in killing of bacterial 

pathogens when used with light. 

4.2. Introduction 

 The photophysical and singlet oxygen production properties of 

triazatriangulenium salts were discussed in the previous chapters. The issues 

regarding solubility and isolation are two major problems found in the study 

of photosensitization reactions in homogeneous medium. Immobilized 

photosensitizers found solution to both these problems, allowing the 

flexibility in the solvent selection and the easy recovery after the reaction.1 

The immobilized sensitizers found applications in waste water treatment, 

chemical synthesis and photodynamic processes such as PDT and photo-

disinfection of pathogen contaminated water.2–4 Such recoverable and 

reusable heterogeneous catalytic systems are cost effective when compared 

to methods such as ozonization, chlorination etc. Literature shows a large 

number of supports available for the photosensitizer immobilization, 

including polymers, glass plates, zeolites, silica gel etc.5 Among these 

various supports available, silica gel has an important position. The main 

advantage of using this inorganic matrix for the immobilization is the more 

rigid and inert environment and enhanced photochemical and thermal 

stability compared to the organic polymer matrices.6 Moreover silica is a 

low-cost material with biocompatibility making it an attractive material for 

both industrial and biological applications.7 The heterogeneous sensitizers 

have many advantages over the homogeneous sensitizers, but at the same 

time they have some limitations too. Aggregation of the sensitizer molecules 

on the surface of the supports is a problem faced by many hybrid systems. 

Since the aggregation shortens the triplet lifetime by non-radiative processes 

thereby affecting the singlet oxygen generation efficiency. But, a way out is 
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to use covalent anchoring of the photosensitizer molecule on to a solid 

support.8 The major disadvantages of using heterosensitizers are, the 

decreased efficiency and occasional leaching of the photosensitizer into the 

solution. The accessibility of oxygen to the photosensitizers may be affected 

by the support used and the fast quenching of the generated singlet oxygen 

by the support are two major issues regarding the heterosensitizers.9 

Kuznetsova et al., developed a series of heterogeneous singlet oxygen 

sensitizers by immobilizing cationic phthalocyanine on silica gel having 

propylamine groups and propylamine groups grafted with additional 

propyleneimine units (Chart 4.1).10 The photophysical properties, singlet 

oxygen generation capacity and the photobactericidal activity of these 

sensitizers in aqueous suspensions were studied. The spacer length has no 

effect on the photophysical properties and the singlet oxygen generation 

efficiency but, the photobactericidal activity was found to have increased 

with increase in the spacer length. 

 

Chart 4.1(Adapted from reference 10) 
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Pineiro et al., synthesized a heterogeneous sensitizer in which halogenated 

porphyrin was covalently supported on aminoalkylated silica.9 The structure is 

shown in the following figure 4.1. The influence of support on the singlet oxygen 

quantum yield was studied by comparing it with another heterogeneous sensitizer in 

which the same halogenated porphyrin was attached to the aminoalkylated 

Merrifield resin. The photooxidation of α-terpinene was tested with both the 

heterogeneous sensitizers. Compared to the Merrifield resin, a small decrease in the 

singlet oxygen quantum yield was observed in the case of silica supported sensitizer 

because of the quenching due to the OH groups on the silica. 

O
OH

Y  

Figure 4.1 Halogenatedporphyrin was covalently supported on aminoalkylated 
silica. (Adapted from reference 9) 

 Magaraggia et al., developed a porphyrin silica microparticle 

conjugates in which a tetracationic meso-substituted amphiphilic porphyrin 

was encapsulated within the silica particle.11 The porphyrin-silica 

microparticle conjugates show a complete stability for at least three months 

when suspended in neutral aqueous medium and a limited photobleaching 

when exposed to the full spectrum visible light. The singlet oxygen 

generation was observed when the particles were illuminated with visible 
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light. The microparticle shows a 4 log decrease in the survival of gram 

positive bacteria with 20 minutes irradiation and the same effect was 

observed in the case of gram negative bacteria with a 30 minutes irradiation 

in the presence of visible light. Albiter et al., incorporated a series of cationic 

dyes into a silica matrix by using ultrasound irradiation.7 Methylene blue 

(MB), safranin-O (SF), toluidine blue (TB), and neutral red (NR), were used 

in this work. The singlet oxygen generation efficiency of these dyes were 

monitored using photosensitized oxidation of 9, 10-dimethylanthracene 

(DMA). Among the four dyes doped on the silica matrix, silica-SF showed 

high singlet oxygen efficiency. 

 Cantau et al., reported the singlet oxygen quantum yield and singlet 

oxygen lifetime at the gas–solid interface in silica gel.12 9,10-

dicyanoanthracene (DCA), 9,10-anthraquinone and a benzophenone 

derivative, 4-benzoyl benzoic acid were encapsulated in parallelepipedic 

xerogel monoliths. The singlet oxygen quantum yield and lifetime were 

determined based on time-resolved 1O2 phosphorescence with 1H-phenalen-

1-one included in the same xerogel as a reference sensitizer. The singlet 

oxygen generation efficiency of the various photosensitizers were compared 

based on the photooxidation of dimethylsulfide. The highest singet oxygen 

efficiency was observed in the case of DCA encapsulated parallelepipedic 

xerogel monoliths. 

 The photosensitized oxidation of 9, 10-dimethylanthracene (DMA) in 

acetonitrile via singlet oxygen was reported by Albiter et al.13 They used a 

safranin- O/silica composite and the reaction was carried out under visible 

light. The only product formed was 9, 10-endoperoxianthracene. The initial 

concentration of DMA, the intensity of the light and the amount of the 

composites are the factors affecting the rate of the reaction. The schematic 

representation of the reaction is shown below. 
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Figure 4.2 Schematic representation of the photosensitized oxidation of DMA 
using the SF/SiO2 composite. (Adapted from reference 13) 

 

 The need for the clean water is a worldwide problem. The water 

sources are heavily polluted by the hazardous chemicals and several kinds of 

pathogens such as bacteria, fungi, moulds, viruses, etc, making the problem 

even more severe. Therefore, there is an urgent need for the efficacious and 

an environmentally safe technique for the water purification and disinfection. 

Singlet oxygen-mediated photooxidation reactions satisfies the green 

chemistry demands for the development of new technologies for water 

treatment specially for the decontamination of organic pollutants and 

germs.1,9,14 Such processes make use of visible light (solar radiation) and 

oxygen(from air) as oxidant in the presence of a photosensitizer. Many 

known hybrid systems based on singlet oxygen mediated photo-disinfection 

models use dye molecules which have limited stability in aqueous 

environments. The mode of attachment of the sensitizer on to the 

heterogeneous support should also have stability under aqueous 

environments. Some of the known anchoring strategy uses ester or amide 
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linkages, which are susceptible to hydrolysis and leaching of the sensitizers. 

Such leaching of these toxic sensitizers is also harmful for the environment 

and health.  In the present work, we propose the triazatriangulenium cation 

as a stable and visible light active sensitizer covalently anchored to the silica 

surface. The method adopted for anchoring is unique in which the sensitizer 

is strongly attached to the surface via the aza-bridging reaction used for the 

synthesis of the triazatriangulenium cation. The amino functionalized silica 

react with tris-(2,6-dimethoxyphenyl) carbenium tetrafluroborate producing 

new triazatriangulenium-silica composite. This chapter describes the 

synthesis, characterization, singlet oxygen production and the antibacterial 

activity of the new triazatriangulenium-silica composites. 

4.3. Results and Discussion 

4.3.1. Functionalization of silica surface 

 Two types of amino-functionalized silica particles, S-APTMS and S-

APTMS+MTS were prepared. S-APTMS was prepared by the reaction of (3-

aminopropyl)trimethoxysilane (APTMS) and silica particles. In this case an 

appropriate ratio of APTMS to the silica particles was chosen to ensure a 

higher density of amino functional groups on the surface of the silica 

particles. In S-APTMS+MTS the ratio of APTMS with silica particles was 

moderated with the addition of methyltrimethoxysilane (MTS) so that the 

surface density of amino groups are minimum to the extent that there could 

be isolated amino groups present based on the reported procedure.15General 

representation of the functionalization of silica is illustrated in the following 

schemes4.1 and 4.2. 
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Scheme 4.1 

Scheme 4.2(Adapted from reference 15) 

 

4.3.2. Synthesis of  Tris-(2,6-dimethoxyphenyl) carbenium 
tetrafluroborate (39) 

 The precursor for the synthesis of triazatriangulenium salt tris-(2, 6-

dimethoxyphenyl) carbenium tetrafluroborate was prepared by a reported 

procedure and discuss elsewhere in the thesis (chapter 2, 2.5.2)16 

4.3.3. Synthesis of triazatriangulenium- silica composites 

 Prior to the reaction of the amino functionalized silica particles with 

the tris-(2,6-dimethoxyphenyl) carbenium tetrafluroborate, the amine 

capacity of the functionalized silica was measured. This was made by using 

acid-base titration method and was found that S-APTMS samples 

functionalized with (3-aminopropyl)trimethoxysilane alone contains 1.7 mmol/g 
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free amino groups and S-APTMS+MTS samples functionalized with mixture of 

(3-aminopropyl) trimethoxysilane and methyltrimethoxysilane contains 0.9 

mmol/g  free amino groups. 

 Triazatriangulenum cations are readily formed by the reaction of tris-

(2, 6-dimethoxyphenyl) carbenium tetrafluroborate with primary amines. In 

the synthesis of triazatriangulenium – silica composites we adopted a similar 

procedure and the amount of tris-(2, 6-dimethoxyphenyl) carbenium 

tetrafluroborate was taken according to the amine capacity of the silica 

material used in the reaction. Here the primary amino groups on the amino 

functionalized silica were used as the N-nucleophiles in the aza-bridging 

reaction. Four types of triazatriangulenium - silica composites were prepared. 

The first one, S1 (S1-APTMS-TATA) is the composite where all the three N-

bridges on the triazatriangulenium cation formed by using surface amino 

groups.  Scheme 4.3 illustrates its formation on the silica surface.  

 
 

Scheme 4.3 Synthesis of S1-APTMS-TATA (S1) 
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 The second hybrid material, S2 (S2-APTMS-EA-TATA), is prepared 

by first forming an acridinium ion by using one surface amino group on the 

aminofunctional silica, thereby anchoring the cation to the silica surface. The 

resulting material was further heated in the presence of ethanolamine to 

complete the second and third N-bridging reactions to form the 

triazatriangulenium cation. Compared to S1 in S2 there is only one covalent 

anchor to the silica surface whereas in S1 there are three covalent anchors for 

a singlet cationic dye. The synthesis of  S2 is explained in scheme 4.4.  

 

 

Scheme 4.4 Synthesis of S2-APTMS-EA-TATA (S2) 

 The remaining two materials S3 (S3-APTMS+MTS-TATA) and S4 

(S4-APTMS+MTS-EA-TATA), were prepared by using the amino-
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functionalized silica S-APTMS+MTS having lower surface density of amino 

groups.  Here, S3 uses all surface amino groups for the formation of all the 

three N bridges in the resulting cation. Whereas, in S4 the surface amino 

group is used in the first bridging reaction forming the acridinium ion 

followed by second and third bridging reaction by using added ethanolamine. 

The synthesis of these two samples are illustrated in the schemes 4.5 and 4.6.  

 

 

Scheme 4.5 Synthesis of S3-APTMS+MTS-TATA (S3) 
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Scheme 4.6 Synthesis of S4-APTMS+MTS-EA-TATA (S4) 

4.3.4. Characterization of triazatriangulenium- silica composites 

4.3.4.1. CHN Analysis 

 Introduction of organic functional groups on the silica surface was 

made by chemical functionalization and the extent of loading of these the 

aminopropyl groups and subsequent covalent attachment of 

triazatriangulenium cations can be estimated by CHN analysis of the 

prepared materials. CHN analysis was carried out and results are 

summarized in table 4.1. The results show that the carbon and nitrogen 

atoms are present on both S-APTMS and S-APTMS+MTS samples. As 

expected the chemical grafting of aminopropyl groups and the 
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corresponding percentage loading of Nitrogen was less on APTMS+MTS 

sample compared to that on S-APTMS. This indicates a lesser surface 

density of the aminopropyl groups on S-APTMS+MTS samples. Upon 

reaction of S-APTMS samples with tris-(2,6-dimethoxyphenyl) carbenium 

tetrafluroborate, sample S1 was obtained with triazatriangulenium cations. 

This lead to a ~ 7% higher amount of carbon on sample S1 without much 

variation in the percentage of Nitrogen. This shows that the formation of 

the covalently anchored cations was efficient on S-APTMS. In contrast, for 

sample S3, the similar reaction of S-APTMS+MTS with tris-(2, 6-

dimethoxyphenyl) carbenium tetrafluroborate led to only a lesser increase 

of 3.6% of carbon. This low loading of the cation could be due to a less 

efficient anchoring and bridging reaction resulting from a very low surface 

density of aminopropyl groups.  

 The preparation of S2 and S4 was a two step process when the 

initial anchoring and bridging reaction to form the acridinium ion followed 

by a second step involving two aza bridging reaction using amino groups of 

excess ethanol amine added to the reaction mixture. Among these two 

samples the sample S2 show very small increase in the carbon and nitrogen 

content indicating a less efficient formation of the acridinium ion.  

Whereas, in sample S4 there is dramatic increase of carbon loading and a 

very minor increase in the nitrogen loading. This shows an efficient 

formation of the acridinium ion but a less efficient subsequent bridging 

reaction with ethanolamine.  
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Table 4.1 Elemental composition of functionalized silica 

Sample C% N% H% 

S-APTMS 6.62 2.25 2.42 

S-APTMS+MTS 4.32 1.4 1.64 

S1-APTMS-TATA 14.02 2.26 2.96 

S2-APTMS-EA-TATA 7.92 2.3 2.53 

S3-APTMS+MTS-TATA 7.02 1.46 2.12 

S4-APTMS+MTS-EA-TATA 12.12 1.6 1.9 

 

4.3.4.2. IR spectral studies 

 FT-IR spectra were recorded as KBr pellets of all the silica samples 

prepared to study and verify the introduction of aminopropyl groups and the 

formation of triazatriangulenium cations. Figure 4.3 shows the FT-IR spectra of 

three kinds of silica particles: silica alone, silica functionalized with APTMS 

and silica functionalized with a mixture of APTMS and MTS. All the FT-IR 

spectra present similar features. The intense and broad band appearing at 1081–

1122 cm–1 is corresponding to the asymmetric stretching vibrations of Si–O–Si 

and the one at 800 cm–1is due to the symmetric stretching vibration of Si–O–Si. 

The band at 3300- 3600 cm-1 is responsible for the Si-OH stretching vibration 

and the isolated hydroxyl group stretching by hydrogen bonding. The presence 

of adsorbed water was reflected by ν(O-H) vibration around 3446 cm−1and 1640  

cm−1. By comparing the FTIR spectra of silica and amino functionalized silica, 

the decreased intensity of absorption at 3500 cm-1 along with the formation of 

new bands at 2947 cm−1 and 2834 cm–1 are observed for amine functionalized 

silica particles. The presence of asymmetric and symmetric stretching vibrations 

of –CH2 on amine functionalized silica particles indicates the grafting of 

aminopropyl groups of APTMS on the surface of silica.15,17 The band at 1270 

cm-1 is due to the C-N linkage present in the samples. 
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Figure 4.3 FT-IR spectra of free silica, silica functionalized with APTMS(S-
APTMS) and silica functionalized with mixture of APTMS and 
MTS(S-APTMS+MTS) 

 

 The IR spectrum of the triazatriangulenium salt (H-TATA 1) is 

shown in the figure 4.4. The triazatriangulenium salts show the characteristic 

peak in the range of 1615 cm−1– 1625 cm-1 range corresponding to aromatic 

–C=C- stretching. The –OH stretching was observed in 3428 cm-1.The band 

at 2930 cm-1 indicates the asymmetric stretching vibration of –CH2 groups. 
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Figure 4.4 FT-IR spectra of triazatriangulenium salt (H-TATA 1) 

The IR spectra of the triazatriangulenium –silica composites are 

shown in the figure 4.5 to 4.8. In all the composites, the appearance of a peak 

at 2947 cm-1 along with the peak at 1615 cm−1 - 1625 cm-1 range was 

observed. The new peak at 1615 cm−1–1625 cm-1 range observed in all the 

cases is the characteristic peak of the triazatriangulenium and is a clear 

evidence for the formation of triazatriangulenium –silica composites. The 

band at 2947 cm-1 indicates the asymmetric stretching vibration of –CH2 

groups. 
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Figure 4.5.The FT-IR spectra of S1-APTMS-TATA (S1) 

 

Figure 4.6.The FT-IR spectra of S2-APTMS-EA-TATA (S2) 
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Figure 4.7The FT-IR spectra of S3-APTMS+MTS-TATA (S3) 

 

Figure 4.8.The FT-IR spectra of S4-APTMS+MTS-EA-TATA (S4) 
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4.3.4.3. Scanning Electron Microscopy (SEM) studies 

 Scanning electron micrographs (SEM) of the free silica and 

chemically modified silicas were observed in order to identify changes in 

their surface morphologies. The SEM micrographs display the rough and 

porous nature of the silica surface. 

 

 

Figure 4.9 SEM image of silica gel (a) 

 

Figure 4.10 SEM images of S-APTMS (b) and S-APTMS + MTS(c) 

a 

b c 
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Figure 4.11 SEM micrographs of S1-APTMS-TATA (S1) (a), S2-APTMS-
EA-TATA (S2) (b), S3-APTMS+MTS-TATA (S3) (c), S4-
APTMS+MTS-EA-TATA (S4) (d) 

 

 The SEM images show that there is formation of smaller particles or 

size reduction as a result of the surface functionalization reactions. It also  

reveals the unagglomaration of the silica gel particle after the treatment. 

Other than this there is no other significant morphological changes were 

observed as a result of surface modification.   

4.3.4.4. Transmission Electron Microscopy (TEM) 

 TEM images of all the samples were recorded to assess the 

microstructural changes if any has happened during the surface 

functionalization reactions. TEM images reveal that microstructures of all 

the samples consists agglomerates of particle of size less than 20 nm and are 

porous in nature. This morphological feature was not affected significantly 

due to the surface functionalization reactions. TEM images obtained for 

various samples are shown in figure 4.12 and 4.13. 

a 

c d 

b 



Synthesis, Characterization and Study of Surface-Tethered… 179 

 

Figure 4.12TEM image of silica gel (a) 

  

  

Figure 4.13 TEM images of S1-APTMS-TATA (S1) (a), S2-APTMS-EA-
TATA (S2) (b), S3-APTMS+MTS-TATA (S3) (c), S4-
APTMS+MTS-EA-TATA (S4) (d) 

 

a 

a b 

c d 
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4.3.4.5. Thermo gravimetric analysis 

 Thermogravimetric analysis (TGA) was conducted to measure the 

thermal stability of the four triazatriangulenium-silica composites. The TG 

curves of silica are displayed in figure 4.14. As it can be seen from curve 1, 

silica gel shows two mass losses attributed to loss of adsorbed water 

molecules and also due to the condensation of silanol groups bonded to the 

surface respectively. The weight loss below 100 0C in all the samples was 

found to be decreased compared to unfunctionalized silica. This indicates 

that the surface has become more hydrophobic due to introduction of organic 

groups. Silica gel shows a weight loss of 4% in the 200 0C – 600 0C.  All the 

triazatriangulenium-silica composites exhibited a weight loss between 200 
0C – 600 0C.The composites, S1, S2, S3, S4shows weight loss of 18%, 11%, 

12% and17%, respectively. This may be due to the decomposition of the 

triazatriangulenium cations loaded on silica surface. 

 

Figure 4.14 The TG plots of S1-APTMS-TATA (S1), S2-APTMS-EA-
TATA (S2), S3-APTMS+MTS-TATA (S3) and S4-
APTMS+MTS-EA-TATA (S4)  
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4.3.5. Photophysical properties 

4.3.5.1. Absorption spectral properties 

 Since the triazatriangulenium cations loaded on the surface of the 

silica samples are indicated by appearance of intense red colour. This colour 

change itself shows that there is a significant quantity of triazatriangulenium 

cations on the surface of the samples. The presence of triazatriangulenium 

ions is indicated as absorptions in the diffuse reflectance spectrum with the 

characteristic absorption bands and the spectral profile appearing in the 

region of 400 nm – 600 nm (Figure 4.15). Only the sample S1 showed the 

absorption spectral profile similar to the triazatriangulenium cation in 

acetonitrile solutions. The absorption maximum observed for this sample 

was at 485 nm with a shoulder at 510 nm. This maximum is slightly blue 

shifted compared to that observed for free molecules in acetonitrile and this 

may be due to the hydrophobic nature of the organically modified silica 

surface. Samples S2 and S4 showed additional band at 600 nm. Sample S3 

also presented with a broad absorption up to 600 nm. The presence of the 

new band suggests the presence of another species along with the 

triazatriangulenium cation (1). This is possible when the aza bridging 

reaction is either incomplete or due to a competing oxa bridging reaction 

leading to the formation of a diaza-oxatriangulenium cation (2) as shown in 

Chart 4.2. This cation also possess a red shifted absorption maximum as 

reported by Krebs and coworkers.20 
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Figure 4.15 Diffuse reflectance spectra of S1-APTMS-TATA (S1), S2-
APTMS-EA-TATA (S2), S3-APTMS+MTS-TATA (S3) and 
S4-APTMS+MTS-EA-TATA (S4) 

 

4.3.5.2. Emission spectral properties 

 The fluorescence emission is another property that gives indication for 

the presence of triazatriangulenium cations on the surface of the modified silica 

samples. The emission spectra of the triazatriangulenium-silica composites 

obtained on excitation at 480 nm were presented in the figure 4.16. 
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Figure 4.16 Emission spectra of S1-APTMS-TATA (S1), S2-APTMS-EA-
TATA (S2), S3-APTMS+MTS-TATA (S3) and S4-
APTMS+MTS-EA-TATA (S4). λex = 480 nm 

 The emission maximum in the visible region of the triazatriangulenium 

cations was found to be 558 nm in acetonitrile solution. A similar maximum was 

observed for sample S1, but some variations are observed for other samples. For 

S2 and S4 two emission maxima were observed at 565 nm, 651 nm and 570 nm, 

655 nm respectively. This observation, once again suggest the presence of a 

mixture of cations on the surface of these silica samples as shown in Chart 4.2. 

4.3.5.3. Lifetime Measurements 

The fluorescence lifetimes of all the samples were determined by the 

method of Time Correlated Single Photon counting (TCSPC) in solid state 

by using a 510 nm pulsed laser diode as the excitation source. The 

fluorescence decay profiles of the compounds were shown in figure 4.17. 

Samples S1 and S3 the data fitted well with monoexponential decay function 

whereas S2 and S4 followed a bi-exponential decay function. This result also 

suggests presence of two emitting species present on the surface of these 

samples.  
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Figure 4.17 Fluorescence decay profile of S1-APTMS-TATA (S1), S2-

APTMS-EA-TATA (S2), S3-APTMS+MTS-TATA (S3), S4-
APTMS+MTS-EA-TATA (S4) 

 The photophysical properties of all the prepared triazatriangulenium-

silica composites are tabulated in table 4.2. 

Table 4.2 Absorption maxima (λmax (abs)), emission max (λmax(em)), 
singlet lifetime (τF) of modified silica samples 

 λmax(abs), 
nm 

λmax(em), nm 
(λex=480 nm) 

τF, ns(λex=510 
nm) 

S1-APTMS-TATA(S1) 485 560 2.3 

S2-APTMS-EA-
TATA(S2) 

525,620 565,651 2.5,0.42 

S3-APTMS+MTS –
TATA(S3) 

570 562 1.6 

S4-APTMS+MTS-EA –
TATA(S4) 

523,620 570,655 1.30, 0.26 
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4.3.6. Singlet oxygen generation studies 

 The applicability of the prepared composites in singlet oxygen 

generation by photosensitization was assessed by irradiation and detection of 

singlet oxygen using the singlet oxygen scavenger ADPA. The 

triazatriangulenium- silica particle suspensions were irradiated with a 

monochromatic light at 530 nm using and ultrabright green LED in the 

presence of ADPA. Singlet oxygen generated if any would react with ADPA 

forming the endoperoxide leading to the decrease of absorbance due to ADPA. 

The progress of the reactions was monitored as a function of time of 

irradiation. The evolution of absorption spectrum during the photooxygenation 

reaction for the four silica-triazatriangulenium-composites are given in figures 

4.18 to 4.21. Bare silica samples were also irradiated in the presence of 

ADPA and no absorbance change was noted suggesting the role of anchored 

cations in the generation of singlet oxygen (figure 4.22). The incident photon 

rate was kept constant in all the cases and it was ensured by chemical 

actinometry as described in chapter 2 and the time of irradiation is also fixed 

to study the initial kinetics of the photooxygenation process. All the 

composites produced singlet oxygen as it was evidenced by the decrease in 

the absorbance of ADPA over a period of 120 minutes. 
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Figure 4.18 The decrease in absorbance of ADPA (1.8x10-4 M) during the 
irradiation of S1-APTMS-TATA (S1) in aqueous solution with 
ultrabright green LED light. 

 

Figure 4.19 The decrease in absorbance of ADPA (1.8x10-4 M) during the 
irradiation of S2-APTMS-EA-TATA (S2) in aqueous solution 
with ultrabright green LED light. 

 



Synthesis, Characterization and Study of Surface-Tethered… 187 

 

Figure 4.20 The decrease in absorbance of ADPA (1.8x10-4 M) during the 
irradiation of S3-APTMS- MTS-TATA (S3) in aqueous 
solution with ultrabright green LED light. 

 
Figure 4.21. The decrease in absorbance of ADPA (1.8x10-4 M) during the 

irradiation of S4-APTMS- MTS-EA-TATA (S4) in aqueous 
solution with ultrabright green LED light 
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Figure 4.22 The absorbance of ADPA (1.8x10-4 M) during the irradiation in the 
presence of bare silica particles using ultrabright green LED light 

4.3.6.1. Comparison of singlet oxygen production of triazatriangulenium- 
silica composites in the presence of ultrabright green LED light 

 The singlet oxygen productions of the four composites were 

compared under identical conditions of incident photon rate ensured by 

aberchrome-670 actinometry at the irradiation wavelength. The kinetic 

profiles obtained for the all the samples are presented in figure 4.23. Among 

the four samples, samples S1 and S4 showed the highest efficiency in the 

singlet oxygen generation. This is due to the higher loading of the cations on 

these two samples compared to that of S2 and S3 where the cation loading 

was less. 
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Figure 4.23 Kinetic profiles of photooxidation of ADPA (1.8x10-4 M) with 
triazatriangulenium silica composites in aqueous solution. 

 

4.3.7. Photosensitized inactivation of bacteria 

 The oxidation capacity of singlet oxygen is well known. It can easily 

oxidize unsaturated double bonds, sulfides, phenols, amino groups and other 

electron-donor groups in organic compounds.21-23 Water disinfection is an 

important application of heterogeneous photosensitizers and is achieved 

through the photodynamic action of oxygen.  The photodynamic action of 

oxygen generally proceeds through either Type I or Type II process. Type I 

mechanism involves hydrogen-atom abstraction or electron-transfer between 

the excited sensitizer and a substrate, yielding free radicals. These radicals 

can react with oxygen to form an active oxygen species such as the 

superoxide radical anion. 
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In a Type II mechanism, singlet oxygen is generated via an energy transfer 

process during a collision of the excited sensitizer with triplet oxygen. 

 

Sen* is the sensitizer in the triplet excited state. A is the substrate 

which reacts with the sensitizer in the triplet excited state. 

 The different steps involved in the photodynamic action are the 

following. The first step is the accumulation of the photosensitizer in the 

bacteria and upon irradiation with light of suitable wavelength reactive 

oxygen species are generated. In singlet oxygen mediated reaction singlet 

oxygen causes the lethal damage through the destruction of DNA or 

cytoplasmic membrane (figure 4.24). In the case of supported sensitizers the 

accumulation of the dye in the cells of the pathogen normally do not occur. 

In this case the singlet oxygen generated in the extra cellular region has a 

significant diffusion length during its lifetime and could meet with a 

pathogen cell causing photooxidative damage. On comparing the use of free 

and supported sensitizers, supported sensitizers have reduced efficiency. 

Rose bengal supported on a poly (ethylene glycol) polymer shows reduced 

efficiency in the heterogeneous form compared to the homogeneous form.24 

Pthalocyanines shows a four fold reduction in the efficiency, when attached 

to silicagel.8 Halogenated porphyrin derivatives which arecovalently attached 

to aminoalkylated silica and aminoalkylated Merrifield polmer also show 

reduced efficiency compared to the free form.9 
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Figure 4.24 Mechanism of destructive action of photosensitization in the 
cell: P – photosensitizer, P1 – excited state of photosensitizer 
afterabsorption of light, 1O2 – singlet reactive oxygen (Adapted 
from reference 25) 

 

 The antibacterial activity of the four triazatriangulenium-silica 

composites was investigated by using the gram negative bacteria, E.coli 

contaminated water. The bacterial inactivation studies were performed by 

using a suspension containing the 1 mg/mL of the modified silica. The 

bacterial inactivation rate was determined by the colony counting method. 

The incubation of bacteria with the heterogeneous sensitizers under study in 

the absence of light did not lead to reduction in the number of E.coli colonies 

suggesting that these materials are nontoxic to E.coli. Incubation of the 

bacteria with bare silica particles was taken as control. In this case too no 

significant reduction in the number of E.coli colonies was observed. Under 

exposure to sunlight for 30 minutes a significant variation of the number of 

E.coli colonies was noted in the presence of prepared supported sensitizer 

materials. The counts obtained for various samples in the presence and 

absence of the light is given in table 4.3. The plate images is also presented 

in figure 4.25 and 4.26. 
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Figure4.25. The E.coli treated withControl(a), S1-APTMS-TATA(S1)(b),S2-

APTMS-EA-TATA(S2)(c),S3-APTMS+MTS-TATA(S3)(d),S4- 
APTMS+MTS-EA-TATA(S4)(e) kept in the dark 

   

  

Figure 4.26. The E.coli treated withControl(a), S1-APTMS-TATA(S1)(b), S2-
APTMS-EA-TATA(S2)(c), S3-APTMS+MTS-TATA(S3)(d), S4- 
APTMS+MTS-EA-TATA(S4)(e) kept in the sunlight for 30 minutes. 

b c 

d e 

a c b 

d e 

a 



Synthesis, Characterization and Study of Surface-Tethered… 193 

Table 4.3  The number of E.coli colonies observed by incubating the 
bacteria with the heterogeneous sensitizer in the dark and after 
keeping with 30 minutes in the presence of sunlight. The 
presented data is a mean of the triplicate with a standard deviation 
(SD) of<5%. 

 Dark(x108 CFU/ML) Light(x108 CFU/ML) 

Control 9.9 9.7 

S1 9.8 0.0002 

S2 9.6 6.0 

S3 9.9 4.1 

S4 9.9 0.3 

 

 The results clearly demonstrate that S1 successfully inactivated E.coli 

through the photosensitization process. The bacteria underwent 99.9% decrease 

in cell viability upon exposure to full spectrum visible light for 30 min. 

 

Figure 4.27. The cell survival when E.coli treated with Control, S1-APTMS-
TATA, S2-APTMS-EA-TATA, S3-APTMS+MTS-TATA,S4- 
APTMS+MTS-EA-TATA 
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 In the case of S2 only 37% decrease in the inactivation of bacteria 

was observed. This is due to the fact that the amount of triazatriangulenium 

on the surface was low, and hence the generation of singlet oxygen is also 

very low. A 58% decrease in the inactivation of gram negative bacteria was 

observed in S3. In this case too the cation loading was very low compared to 

S1.In the case of S4, 97% reduction in the cell viability of bacteria was 

observed. Among the two triazatriangulenium silica surface modified with 

APTMS and MTS this material show higher efficiency in bacterial 

inactivation. 

4.4. Conclusion 

 In the present work four types of triazatriangulenium- silica 

composites were synthesized and characterized. The photophysical 

characterization of all the four synthesized triazatriangulenium-silica 

composites were also carried out. The singlet oxygen production of the 

triazatriangulenium-silica composites during exposure to sunlight was 

monitored by the singlet oxygen scavenger ADPA. The disinfection studies 

were also conducted in order to determine the effectiveness of the 

synthesized triazatriangulenium-silica composites for the treatment of 

pathogen-contaminated water. The Gram-negative bacteria underwent 99.9% 

decrease in the survival of bacteria upon exposure to full spectrum sunlight 

for 30 min during the irradiation in the presence of S1. 

4.5.  Experimental 

 All solvents used were of reagent grade and used without further 

purification. Reagents were purchased from Sigma-Aldrich and Spectrochem 

Pvt. Ltd, and were used as received. Silicagel of 60-120 mesh size procured 

from Spectrochem Pvt.Ltd was used as the preparation of the hybrid 

materials. ADPA was synthesized based on a reported procedure.26 



Synthesis, Characterization and Study of Surface-Tethered… 195 

Elemental analysis was performed using Elementar Vario EL III model 

instrument. Infrared Spectra were recorded on a JASCO FTIR Spectrometer 

using KBr pellets in the range 400-4000 cm-1. The SEM images were 

obtained using JEOL ModelJSM - 6390LVScanning Electron Micrograph 

with an attached energy-dispersive X-raydetector. TEM images were 

obtained using JEOL JEM 2100 HRTEM at SAIF, CUSAT. The diffuse 

reflectance UV-Vis spectra of the solid samples were recorded using UV-

Vis-NIR Ocean Optics fibre optics Spectrophotometer SD 2000model 

equipped with a diffuse reflectance probe. TG analysis was performed on 

Perkin Elmer Pyris Diamond 6thermogravimetric/differential thermal 

analyzer by heating the sample at the rate of 10 0C/min from 40 0C to 730 0C 

under N2 atmosphere. Fluorescence and Fluorescence lifetime studies were 

carried out usingJobinYvonFluorolog3-211UV-Vis-NIR fluorescence 

spectrometer. Absorption spectra were recorded using Evolution 201 UV-

visible spectrophotometer. 

4.5.1. Synthesis of Tris-(2, 6-dimethoxyphenyl) carbenium 
tetrafluroborate(39) 

 Synthesis of this cation is described elsewhere in the thesis (see 

chapter 2.Section 2.5.2.) 

4.5.2. Functionalization of silica surface 

 Silica surface was functionalized with amino group by (3-

aminopropyl) trimethoxysilane and using a mixture of (3-aminopropyl) 

trimethoxysilane and methyltrimethoxysilane based on the reported 

procedure.15 Prior to functionalization the silicagel was refluxed in water (25 

mL per g of support) for1 hr and after cooling the material was collected by 

filtration and washed with toluene (20 mL/g). The wet material was 

suspended in toluene (100 mL/g) and dried by azeotropic distillation (2.5 

mL/g). After cooling to ambient temperature pure APTMS (3.6 mL/g), MTS 



196 Chapter  4 

(2.8 mL/g) or a mixture of silanes were added to the slurry. The mixture was 

vigorously stirred for 14 hrs at room temperature. The residue obtained was 

filtered, redispersed in fresh toluene (100 mL/g) and refluxed for 1hr. The 

solid was collected by filtration and washed with isopropanol (20 mL/g). The 

functionalized material was placed in a Soxhlet apparatus and refluxed with a 

2:1 diethyl ether: acetonitrile mixture for 24 hrs. The functionalized material 

was dried at 373 K in vacuum oven. 

4.5.3. Estimation of -NH2 group capacity 

 The amine content of functionalized silica was estimated via aqueous 

HCl consumption using the acid–base titration method. Typically, 100 mg of 

functionalized silica was suspended in 30 mL of 0.1 M HCl solution and 

stirred at ambient temperature for 24 hrs. The filtrate was titrated with NaOH 

solution(0.1 M) using phenolphthalene as the indicator. 

4.5.4. Synthesis of triazatriangulenium silica composites 

4.5.4.1. Synthesis of S1-APTMS-TATA (S1) 

 Silica functionalized with APTMS (1 g) was refluxed at 190 0C with 

a solution of tris-(2,6-dimethoxyphenyl) carbenium tetrafluroborate(0.3 g, 

0.56 mmol) in NMP(10 mL) under N2 atmosphere for 10 hrs. The resulting 

red suspension was filtered, washed with chloroform and then with water 

(0.1M NaCl) in order to remove any starting materials and the unbound 

triazatriangulenium photosensitizer. Soxhlet extraction was also performed 

again with chloroform and dried overnight under vacuum at 80 0C.  

4.5.4.2. Synthesis of S2-APTMS-EA-TATA (S2) 

Silica functionalized with APTMS (1 g) was stirred overnight at 

room temperature with a solution of tris-(2, 6-dimethoxyphenyl) carbeniumt 

etrafluroborate (0.9 g, 1.7 mmol) in NMP (10 mL) under N2 atmosphere. The 
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red  coloured suspension was refluxed with ethanolamine (1mL 16 mmol) at 

190 0C for 10 hrs under N2 atmosphere. The resulting material was filtered, 

thoroughly washed with chloroform followed by water (0.1 M NaCl) in order 

to remove any starting materials and the unbound triazatriangulenium 

photosensitizer. Soxhlet extraction was also performed again with 

chloroform and dried overnight under vacuum at 80 0C. 

4.5.4.3. Synthesis of S3-APTMS-TATA (S3) 

Silica functionalized with a mixture of APTMS and MTS (1 g) was 

refluxed at 190 0C with a solution of tris-(2,6-dimethoxyphenyl) carbenium 

tetrafluroborate (0.15 g, 0.3 mmol) in NMP(10 mL) under N2 atmosphere for 

10 hrs. The resulting red suspension was filtered, washed with chloroform 

and then with water (0.1M NaCl) in order to remove any starting materials 

and the unbound triazatriangulenium photosensitizer. Soxhlet extraction was 

also performed again with chloroform and dried overnight under vacuum at 

80 0C.  

4.5.4.4. Synthesis of S4-APTMS-TATA (S4) 

 Silica functionalized with a mixture of APTMS and MTS (1 g) was 

stirred overnight at room temperature with a solution of tris-(2,6-

dimethoxyphenyl) carbenium tetrafluroborate (0.9 g, 1.7 mmol) in NMP (10 

mL) under N2 atmosphere. The red coloured suspension was refluxed with 

ethanolamine (1 mL 16 mmol) at 190 0C for 10 hrs under N2 atmosphere. 

The resulting material was filtered, thoroughly washed with chloroform 

followed by water (0.1 M NaCl) in order to remove any starting materials 

and the unbound triazatriangulenium photosensitizer. Soxhlet extraction was 

also performed again with chloroform and dried overnight under vacuum at 

80 0C. 
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4.5.5. Studies on photosensitized production of singlet oxygen 

 The studies on photosensitized production of singlet oxygen by the 

prepared hybrid materials are carried by using suspensions of the silica 

supported dyes in a 1.8x10-4 M solution of the singlet oxygen scavenger 

disodium-9, 10-anthracenedipropionic acid (ADPA). A volume of 3 mL of 3 

mg of the suspension was stirred continuously while irradiating with 

ultrabright green LED light (λ=530 nm). The progress of the oxygenation 

reaction was monitored by recording the absorption spectrum of the 

suspension every 30 min. The suspension was allowed to settle for 10 min 

prior to recording the absorption spectrum. A blank experiment was also 

performed in the absence of the silica-dye composites.  

4.5.6. Photobactericidal studies on microbial cell cultures with the 
triazatriangulenium-silica particles 

 Using aseptic techniques, a single pure colony was transferred into a 

200 mL of nutrient broth, capped and placed in incubator overnight at 37 0C. 

After incubation, using aseptic preparation, turbidity of suspensions was 

calculated and adjusted using McFarland standards as a reference. The 10 mg 

of samples (concentration-1 mg/mL) were added to 10 mL of culture and one 

set was incubated at dark and other set was incubated in sunlight. A control 

tube was also kept as a reference. After the incubation, the tubes were 

serially diluted and plated on nutrient agar. The plates are incubated for 24 

hrs at 37 0C. The plates were observed for colonies and the total count was 

determined. 
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CHAPTER 5 
Synthesis, Characterization and Study of Intercalated 

 Triazatriangulenium Cations in Layered Materials 

 

5.1. Abstract 

 This chapter includes the study on the triazatriangulenium cations 

supported on the clay minerals such as sodium montmorillonite (Mt) and 

Cloisite 93a (Ct). Clay minerals are layered materials and composed of 

tetrahedral and octahedral sheets. Their interlayer space is negatively 

charged and contains exchangeable charge compensating cations. These can 

be exchanged by using organic or inorganic cations via ionexchange. We 

attempted this strategy to intercalate the cationic triazatriangulenium salts 

(H-TATA 1 and H-TATA 4) in these layered clay materials through an ion 

exchange process. From the XRD analysis it was concluded that the 

intercalation occurred in the case of cloisite clay indicated by a 6 A0 increase 

in the interlayer distance. All the materials were characterized by 

spectroscopic and photophysical studies. The chapter also reports the results 

of the studies of their singlet oxygen generation efficiencies and 

photochemical disinfection of E coli contaminated water samples. 

5.2. Introduction 

 Clay is omni present and is generally formed by breaking and 

chemical decomposition of igneous rocks with fine texture of particle size 

less than 2 µm. Clay minerals are members of the phyllosilicate or sheet 
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silicates family consisting of hydrated alumina-silicates. Tetrahedral silicates 

and octahedral hydroxide sheets are the basic building blocks of clay 

minerals. Based on the arrangement of tetrahedral and octahedral sheets, 

various types of clays exist, such as 1:1, 2:1, etc. The 2:1 clay consists of an 

octahedral sheet sandwiched between two tetrahedral sheets (e.g., smectite, 

chlorite and vermiculite). Based on the metal ions present in the octahedral 

sheets, clay minerals are divided into two groups, namely dioctahedral and 

trioctahedral. Divalent metal ions such as Fe2+ and Mg2+ lead to formation of 

a trioctahedral clay and trivalent metal ions such as Al3+ form dioctahedral 

clay. Clay minerals are either positively charged or negatively charged, 

which is the main reason for their ion exchange capacity. The cationic clay 

minerals possess a negative charge and are widespread in nature. Smectite is 

an example for the cationic clay. The anionic clay minerals possess a positive 

charge and are relatively uncommon. The cationic clay minerals are again 

classified into two, such as expanding and non expanding.1 Various types of 

expanding and non expanding clay minerals are shown in figure 5.1. 
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Figure 5.1 Expanding and non expanding cationic clay minerals (Adapted 
from reference 1) 

 Smectites are widely used clays by virtue of their high cation 

exchange capacity, excellent ability to swell, high platelet aspect ratio and 

ease with which their surface can be modified.2 Montmorillonite belongs to 

the family of 2:1 smectite minerals. It is basically composed of 

aluminosilicate layers, where one octahedral alumina sheet is sandwiched 

between two tetrahedral silica sheets. The distance between the two layers is 

known as interlayer distance or gallery height, whereas the interlayer 

distance plus thickness of a single aluminosilicate layer constitutes the basal 

spacing as shown in figure 5.2. 
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Figure 5.2 Showing interlayer distance and basal spacing in montmorillonite 
(MMT). (Adapted from reference 2) 

 In the aluminosilicate layers, partial isomorphous substitution of Si4+ 

ions by trivalent metal cations and Al3+ ions by divalent metal cations causes 

a charge deficit. To balance this charge deficit, a number of exchangeable 

hydrated alkali and alkaline earth metal cations occupy the interlayer space 

of montmorillonite (MMT). These cations in the interlayer space are highly 

exchangeable, thereby making montmorillonite able to accommodate various 

guest molecules in its interlayer space. The interlayer space of 

montmorillonite can be varied by introduction of many organic surfactant 

species and robust metal oxides as pillars (pillared clays), which push apart 

the clay layers, thereby increasing the surface area generating a large 

platform to accommodate other cationic species.2 

 Cation exchange capacity (CEC) is the characteristic property of soil 

provided by clay and organic matter. It is expressed as meq/100g.3 It is the 

capacity of the soil to hold cations, like Al3+, Ca2+, Mg2+, Mn2+, Zn2+, Cu2+, 

Fe2+, Na+, K+ and H+.4 It is understood as the quantity of positively charged 

ions held by the negatively charged surface of clay mineral. But in general 

most of the clay minerals tend to have a negative charge, due to substitution 

of silica cation (Si4+), by aluminum cation (Al3+) in the clay sheet structure. 

This phenomenon, referred to as isomorphous substitution, produces the 

capacity in clay sheets to hold positive charges. 
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 Smectites have attracted much attention because of its potential to 

be intercalated by various types of cationic organic molecules between the 

aluminosilicate layers by ion exchange process which introduces different 

applications for these host -guest systems.5,6 Hydrophobic or organophillic 

surface modification of clay mineral particles by electrostatic interaction 

of montmorillonite with cationic surfactants, mainly quaternary 

alkylammonium compounds, have been widely practiced in the last decade.7 

Cationic dyes are another group of organic compounds which are used as an 

intercalant and their luminescence properties have been extensively 

investigated.6,8 The interaction of cationic dyes with clay mineral surfaces 

changes the spectroscopic properties of the dye molecules. Metachromasy, 

characteristic change in the colour,  caused by adsorption and aggregation of 

dye molecules on clay layers is one of the most studied photo-physical 

processes to probe the clay surface.9 Progress in controlling photophysical 

and photochemical properties of clay–dye hybrids lead to production of 

advanced materials.10-13 Also montmorillonite is considered as an efficient 

and low cost adsorbent for dye removal from coloured wastewaters due to 

the high absorption capacity for cationic dye molecules.14,15 Coloration of 

polymeric matrices and printing inks were prepared using cationic dye 

intercalated montmorillonite.16 Raha et al., reported that the colour stability 

of the MMT /rhodamine B nanopigmentin polypropylene was improved 

more than ten times compared with the pure dye due to the protection offered 

by the silicate layers to the intercalated dye molecules.17  Validi et al., studied 

the intercalation of methylene blue into montmorillonite at different 

conditions. They reported that the intercalation process was only dependent 

on intercalant concentration. Other factors such as duration of the process 

and clay concentration had no effect on the obtained basal spacing. They 

found a trend of increase in basal spacing with increase in methylene blue 

concentration but this trend was leveled off when the concentration of 
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intercalant reached an amount equal to 1.3 times of cation exchange 

capacity.18 

 Madhavan et al., reported a series of photoreactions in clay media.19 

Methylene blue/ rose bengal bound to the bentonite clay was used for the 

photooxidation of electron-rich substrates such as quinol, 1-naphthol and 

anthracene to the corresponding 1, 4-quinones was studied in acetonitrile 

medium. A [4 + 2] cycloaddition between singlet oxygen and the substrate, 

followed by its subsequent cleavage is the predominant reaction with clay-

supported sensitizers. Even though [4 + 2] cycloaddition is the favoured 

pathway, in the case of anthracene, there is a possibility of electron transfer 

reactions also. Among the series of phenol derivatives selected only quinol 

and 1-naphthol are found to be oxidised efficiently with bentonite-bound 

methylene blue as the sensitizer. The percentage conversion of both the 

compounds increases with increase in the irradiation time. In the cases of 

quinol and anthracene the percentage conversion slows down at longer 

irradiation times. This may be because of the decrease in substrate 

concentration and also to the light absorption by the photoproducts. 

Madhavan et al., also reported the photooxidation of dialkyl and alkyl aryl 

sulfides to corresponding sulfoxides with the clay bound methylene blue in 

acetonitrile.20 

 A new type of hybrid photosensitizer was obtained by efficient 

adsorption of a 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin by Cloisite 

30B.21 It is a monotallowbis(hydroxyethyl) ammonium modified 

montmorillonite clay. The structure of the porphyrin -cloisite hybrid material 

is represented in figure 5.3. After the treatment of clay with the porphyrin, 

the basal spacing was found to be decreased from 18.7 A0 to 15.4 A0. This is 

because during the synthesis of hybrid sensitizer most probably the 

rearrangement or partial leaching of the surfactant from the alumonosilicate 
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layer occurs. The obtained material was found to be an efficient 

photosensitizer for the oxidation of phenol in aqueous solution under 

irradiation with the visible light (λ>470 nm). The dye-sensitized 

photooxidation of phenol occurs with the participation of singlet oxygen. 

 

Figure 5.3  Structural Formula of 5, 10, 15, 20-Tetrakis (4-carboxyphenyl) 
porphyrin (Po) and Structure of Cloisite 30B. (Adapted from 
reference 21) 

 The potential of clay minerals in the field of disinfection was reported 

by bujudak et al., in 2009.22 The antimicrobial activity of methylene blue is 

found to be enhanced when attached to clay minerals. The singlet oxygen 

produced as a result of visible light irradiation is responsible for the 

antimicrobial activity but due to molecular aggregation the methylene blue 

attached to the clay lost the ability to produce the singlet oxygen. The 
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contradiction between the significant antimicrobial properties of MB in clay 

colloidal systems and low 1O2 formation can be explained in terms of the 

photosensitization mechanism as well as facilitation in the contact between 

microorganism cells and photoactive MB. Although the dye directly bound 

to the clay surface exhibits significantly reduced photoactivity, the presence 

of clay mediates the delivery of dye molecules on the surface or inside 

cells.22 

 Literature shows the instances of supported sensitizers for singlet 

oxygen production. The previous chapter discusses the singlet oxygen 

production by the triazatriangulenium supported on silica. Clays find wide 

range of applications in various areas of science due to their natural 

abundance and propensity with which they can be chemically and physically 

modified to suit practical technological needs.2 In the current chapter we 

present a novel hybrid system in which water soluble triazatriangulenium 

cations H-TATA 1 and H-TATA 4, with different chain length, (Chart 5.1) 

was applied as the photoactive component and sodium montmorillonite (Mt) 

and Cloisite 93a (Ct) was used as a support. Cloisite 93a was chosen for that 

purpose because it is one of the most commonly used organoclay mineral. It 

is a methyl dihydrogenated tallow ammonium montmorillonite. The hybrid 

photosensitizer was characterized using XRD, CHN analysis, SEM, TEM 

and thermogravimetric analysis. The photophysical properties of the clay 

supported triazatriangulenium salts were also investigated. The singlet 

oxygen generation capacity was monitored using the water soluble 

actinometer ADPA in aqueous suspensions. The disinfection properties of 

the new hybrid photosensitizer were also studied. 
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Chart 5.1 

 

5.3. Results and discussion 

5.3.1. Characterization of the H-TATA 1 and H-TATA 4 intercalated 
clay samples 

5.3.1.1. X-ray diffraction studies 

 The intercalation reaction of H-TATA 1 and H-TATA 4 with 

sodium montmorillonite gave a pink solid (Mt-H-TATA 1 and Mt-H-TATA 

4). The samples were analysed by powder XRD for any changes in the 

interlayer structure. The low angle XRD pattern of the product is shown in 

figure 5.4, together with that of sodium montmorillonite (Mt). XRD pattern 

gives the values of basal spacing. When Na+ ions were replaced by organic 

cationic ion in the clay gallery, the reflections broadened and shifted to 

lower angles, i.e. larger d spacing and hence larger distances between the 

silicate layers will be found. The basal spacing of unmodified 

montmorillonite clay is termed as initial basal spacing (9.93 A0 at 2θ = 

8.95). After modification of clay, the basal spacing changed. In the case of 

H-TATA 1 and H-TATA 4 the basal spacing is found to be slightly 

increased (9.98 A0 at 2θ=8.85), but this is not a significant change to be 

considered as there is intercalation of the dyes. 
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Figure 5.4  The XRD pattern of sodium montmorillonite (Mt), Sodium 
montmorillonite modified with H-TATA 1(Mt-H-TATA 1) and 
H-TATA 4 (Mt-H-TATA 4) 

 A pink solid was also obtained by the intercalation reaction between 

H-TATA 1 and H-TATA 4 with Cloisite 93a to get the materials named as 

Ct-H-TATA 1 and Ct-H-TATA 4 respectively. In the case of cloisite 93a the 

basal spacing is found to be 25.1 A0 at 2θ = 3.51. After treating the cloisite 

clay with H-TATA 1, the diffraction peak shifts to lower angle i.e. 2θ = 2.82 

and basal spacing increases from 25.1 A0 to 31.3 A0. In the case of H-TATA 

4 the basal spacing is found to be decreased to 24.8 A0 at 2θ = 3.56 

compared to free cloisite 93a. The low angle XRD pattern of the products is 

shown in Figure 5.5, together with that of free cloisite 93a. 
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Figure 5.5 The XRD pattern of Cloisite 93a (Ct), Cloisite 93a modified with 

H-TATA 1(Ct-H-TATA 1) and H-TATA 4 (Ct-H-TATA 4). 

 The scattering maximum of Sodium montmorillonite (the 001 

reflection) is usually found in the range of 0.95-1.4 nm (9.5-14 Å), 

depending on both cation exchange capacity (CEC) and water content of the 

sample. When Na+ ions were replaced by organic cations in the clay gallery, 

the reflections broadened and shifted to lower angles, i.e. larger d spacing 

and hence larger distances between the silicate layers will be found. In the 

case of H-TATA 1 and H-TATA 4 an increase in the basal spacing of 0.05 

A0 is observed. Hence, both dyes did not penetrate into the interlayer space 

and possibly the dye must have adsorbed taken on the external surface of the 

clay by weaker hydrogen bonds or Van der Waals interactions between dye 

molecule and the O-plane of outer surface of the clay layer. 

For Cloisite clay, actual d-spacing was found to be d001= 25.1 Å. In 

the case of Ct-H-TATA 1 a large increase in d spacing was obtained (∆d= 
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6.2 Å). This indicates that H-TATA 1 molecules penetrated inside the clay 

layer and possibly located inside the clay layer. However from the 

characterization methods available, the arrangement of the molecules cannot 

be directly deduced. Ito et al., in his study of intercalation of cationic dyes to 

various clay minerals found that better dye intercalation was observed for 

tetraalkylammonium ion exchanged clays as the support. 23 

 In H-TATA 4, d-spacing of cloisite 93a is shifted to d001= 24.8 Å. 

This decrease of d spacing shows some interaction of dye molecule with the 

clay. Since dye molecules have necessarily a rather flat shape a parallel mode 

of intercalation of these molecules within the silicate layers cannot be ruled 

out. This decrease of d-spacing may also be due to a reduction of surfactant 

modifiers in the Cloisite clay removed as a result of the intercalation process. 

It is observed that the peak shape changed from narrow peak to a broad peak 

after being treated with organic dye. Based on these results one can assume 

that the sample obtained after the intercalation reaction of H-TATA 4 either 

contain surface adsorbed molecules or it is a mixture of both intercalated and 

surface adsorbed molecules, with a higher proportion having more of the 

cations on the outer surface of the Cloisite clay. Among Ct-H-TATA 1 and 

Ct-H-TATA 4, the role of alkyl chain length on the intercalation behaviour is 

evident from these results. A shorter alkyl chain seems to be beneficial for 

obtianing the H-TATA intercalated Ct-clay sample. The following figures (5.6, 

5.7 and 5.8)  represent the possible modes of adsorption and intercalation of the 

H-TATA molecules into the clays. 
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Figure 5.6  Surface adsorbed H-TATA 1 and H-TATA 4 on sodium 
montmorillonite. 

 

Figure 5.7  H-TATA 1 intercalated into the cloisite 93a. (montmorillonite 
layer structure adapted from reference 37) 

 

Figure 5.8  Parallel mode of intercalation of H-TATA 4 into the Cloisite 93a. 
(montmorillonite layer structure adapted from reference 37) 
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5.3.1.2. CHN Analysis 

 The results of CHN elemental analysis of pure clays and those 

modified with triazatriangulenium salts are shown in table 5.1. As expected 

the carbon content of Mt is negligible. There is an increase in the amount of 

carbon content in all cases after the intercalation reaction indicating the 

adsorption of the dye molecules to the clay. Since the clay dye composites 

were washed repeatedly to remove excess and loose bonded dye molecules, 

the majority of carbon content may be attributed to intercalated molecules. 

The discrepancy in the C/H ratio could be the difference in the level of 

moisture content in these samples. In the case of Cloisite 93a sample the 

change in C and N content do not show a significant change. This may be 

attributed to the loss of some of the tetraalkylammonium surfactant 

molecules from the interlayer spaces of the organo-clay during the process of 

intercalation with the H-TATA dyes.  

Table 5.1Elemental composition of pristine and organically modified clays 

 N% C% H% 

Sodium 
Montmorillonite 

0.07 0.20 1.38 

Mt-H-TATA 1 0.23 1.77 1.54 

Mt-H-TATA 4 0.24 1.32 1.69 

Cloisite 93a 1.01 25.86 4.55 

Ct-H-TATA 1 1.09 26.33 4.84 

Ct-H-TATA 4 1.04 26.06 4.71 

 

5.3.1.3. Thermogravimetric analysis 

 Thermal stability of the materials is an essential parameter required to 

be assessed for determining potential technological applications and 
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processing conditions of organically modified clays. At a given temperature 

the modified montmorillonite weight loss is directly related to the rate of the 

modified montmorillonite decomposition process.24 The thermal 

decomposition of montmorillonite along with the H-TATA-1 and H-TATA 

4  intercalated samples are represented in figure 5.9. 

 

Figure 5.9 TGA plots of Mt, together with Mt-H-TATA 1 and Mt-H-TATA 4 

 Xie et al., divided the decomposition of the organoclay into four 

parts; (a)the free water region in the temperature below 200 0C(b) the region 

where organic substances decompose in the temperature range 200-500 0C 

(c) the structural water region in the temperature range 500-800 0C and (d) the 

region between 800-1000 0C.25,26  Na-MMT is usually highly hydrated due to 

its large hydrophilic internal surface.25 Hence, free water (water between 

particles and sorbed on the external surfaces of crystals) are released at the 

temperature of below 100 0C.27 The total weight loss in this region was found 

to be 6%. The second step of decomposition occurs at the temperature range 

of 400-700 0C. This is due to the structure water in the clay, bonded OH that 
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undergoes dehydroxylation. The total weight loss at this region is 4%. The 

H-TATA 1 intercalated montmorillonite clay shows a weight loss of 8% 

below 100 0C and in the second step ie the decomposition of organic 

substance shows a weight loss of 8%. The H-TATA 4 intercalated 

montmorillonite clay shows a weight loss of 10% below 100 0C and in the 

second step ie the decomposition of organic substance shows a weight loss of 

8%. The weight loss of organic substances indicates dye molecules adsorbed 

on the surface of the sodium montmorillonite clay. 

 The thermal decomposition of cloisite 93a along with the H-TATA-1 

and H-TATA 4 intercalated samples are represented in figure 5.10. 

 

Figure 5.10 TGA plots of Ct, together with Ct-H-TATA 1 and Ct-H-TATA 4 

 The weight loss below 200 0C refers to the first degradation step 

which is related to the dehydration of physically adsorbed water and water 

molecules around metal cations in the interlayer. The total weight loss in the 

first degradation step was low in the case of cloisite 93a and two modified 

samples were compared to sodium montmorillonite. The onset for the 

decomposition of organic matter occurs around 200 0C which corresponded 
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to the decomposition of the surfactant within the modified montmorillonite.28 

The H-TATA 1 intercalated cloisite 93a clay shows a weight loss of 19% 

between 200 0C to 500 0C where as H-TATA 4 intercalated cloisite 93a clay 

shows a weight loss of 18%. The pristine clay shows a weight loss of 24%. 

The decrease in the weight percentage of organic matter may be due to the 

leaching out of the surfactant during the intercalation procedure. Similar 

observations were reported by Drozdet. al., during the intercalation of 

porphyrin molecule to Cloisite 30b.21 

5.3.1.4. Scanning Electron Microscopy (SEM) studies 

 SEM is used to investigate the morphology of organo-modified clay. 

It is of importance to reveal that there are not many morphologic differences 

observed between organoclays despite the obvious variation observed in the 

XRD measurements. Figure 5.11 and 5.12 shows the morphology of sodium 

Montmorillonite clay before and after intercalation. Figure 5.13 and 5.14 

shows the morphology of cloisite 93a clay before and after intercalation. 

 

Figure 5.11 SEM image of Sodium montmorillonite(Mt). 

 

a 
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Figure 5.12 SEM images of Mt-H-TATA 1(b) and Mt-H-TATA 4(c) 

 

Figure 5.13 SEM image of cloisite 93a (Ct) 

 

 

Figure 5.14 SEM images of Ct-H-TATA 1(b) and Ct-H-TATA 4 (c) 

 

c b 

a 

b c 
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5.3.1.5. Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy (TEM) was used to qualitatively 

analyze the structure of the clay-dye complex. 

 

Figure 5.15 TEM image of Sodium montmorillonite 

 

Figure 5.16 TEM images of Mt-H-TATA 1(b) and Mt-H-TATA 4 (c) 

a 

b c 
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Figure 5.17 TEM image of cloisite 93a 

  

Figure 5.18 TEM images of Ct-H-TATA 1(b) and Ct-H-TATA 4(c) 

 

 TEM images obtained for Mt - H-TATA hybrids do not indicate any 

morphology changes upon dye adsorption. Whereas in the case of cloisite 

clay these images visually confirm the existence of layer structure. In cloisite 

clay layer structure is retained after the dye incorporation. It was reported 

earlier that the layer-structure images of untreated Cloisite Na+ cannot be 

observed with TEM. It was supposed that for the unmodified clay, there is 

water adsorbed on exchangeable cations such as Na+. Under high vacuum of 

TEM imaging conditions and due to the impact of the high-energy beams, the 

a 

b c 
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adsorbed water can be expelled making the collapse of the layer structure. This 

forbids the structures from being readily observed in TEM images.29 However, 

with the present materials, the unmodified Cloisite and clay modified with 

triazatriangulenium salts the TEM images reveal layer structures. 

5.3.2. Photophysical properties 

5.3.2.1. Absorption spectral properties 

 The diffuse reflectance spectrum showing visible light absorption by 

the prepared clay -triazatraingulenium cation hybrids are given in Figure 

5.19 and 5.20. Both spectra are characterized by an absorption band in the 

region of 450-550 nm with a typical spectral profile similar to that of the free 

triazatriangulenium cations H-TATA 1 or H-TATA 4. In the case of H-

TATA 1 and H-TATA 4 supported on Na-MMT the absorption maximum 

obtained was at 526 nm and 520 nm respectively. In water (0.1 M NaCl), 

both H-TATA 1 and H-TATA 4 showed a maximum of absorption at 530 

nm. A shift of 4 nm and 10 nm was observed when the dyes are adsorbed on 

to the Na-MMT clay.  

 

Figure 5.19 Absorption spectra of Mt-H-TATA 1and Mt-H-TATA 4. 
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Figure 5.20 Absorption spectra of Ct-H-TATA 1and Ct-H-TATA 4 

 In the case of H-TATA 1 on Cloisite clay which shows evidence for 

intercalation in the XRD, the absorption maximum obtained was at 525 nm 

in comparison to 530 nm in aqueous solutions. However, for H-TATA 4 on 

Cloisite, it showed a maximum of absorption at 521 nm without significant 

changes to the spectral profile. 

5.3.2.2. Emission spectral properties 

 For H-TATA1 and H-TATA 4 supported on Na-MMT, the emission 

spectrum is characterized by a band with maximum at 567 nm and 543 nm 

respectively. In water (0.1 M NaCl), both H-TATA 1 and H-TATA 4 

showed the emission maximum at 571 nm. A major difference observed in 

this case is the observation of a blue shifted emission maximum observed for 

the H-TATA 1 and H-TATA 4. Sicne there is no corroborative evidence in 

x-ray diffraction on intercalation, we cannot consider this as an evidence for 

an intercalative binding. Moreover, the weak intensity of emission observed 

prevents us from making a conclusion on the possible intercalaiton in the 

interlayer spaces of Na-MMT. 
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Figure 5.21  Emission spectra of Mt-H-TATA 1and Mt-H-TATA 4.                    

λex = 480 nm 

 

Figure 5.22  Emission spectra of Ct-H-TATA 1and Ct-H-TATA 4 

λex = 480 nm 

 

 Upon intercalation of H-TATA 1 on to the interlayer space of Cloisite 

clay the emission spectrum showed a dramatic red shift of 19 nm compared to 

that for the free molecule in water (0.1 M NaCl). Whereas, H-TATA 4 



224 Chapter 5 

showed a blue shift of 9 nm that observed in water. This can be considered as 

an evidence for the intercalative binding observed for the H-TATA 1. This 

observation is similar to that observed earlier (Chapter 3 figure 3.9) for the 

TATA 4 cation, where, the emission band red shift due to a perturbation to the 

polarity of the molecule. Here too the intercalation led to an increase in the 

interlayer space which suggest a mode of intercalation that is either 

perpendicular or somewhat angular with respect to the plane of the layers. 

Such a mode of binding may introduce a strain on the plane of the ring and can 

lead to the observed changes in the emission band upon intercalation. 

5.3.2.3. Lifetime Measurements 

 The fluorescence decay profiles of the samples were obtained by the 

method of Time Correlated Single Photon counting (TCSPC) in solid state. 

Fluorescence lifetime is another parameter that changed significantly upon 

adsorption to the clay minerals. The long lifetime of ~10 ns observed for the 

free cations in aqueous solutions has been shortened significantly due to 

binding to clay surface. This may be attributed to an enhanced interaction of 

vibrational modes of bonds on the clay surface with the organic cations 

facilitating a higher non – radiative deactivation processes.  

 
Figure 5.23 Lifetime measurement of Mt-H-TATA 1and Mt-H-TATA 4. 
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Figure 5.24 Lifetime measurement of Ct-H-TATA 1and Ct-H-TATA 4 

 The photophysical properties of the modified clays are summarized in 

table 5.2. 

Table 5.2  Absorption maxima (λmax (abs)), emission max (λmax(em)), 
singlet lifetime (τf) of modified clays. 

 λ max(abs)(nm) λ max(em)(nm) τf (ns) 

Mt-H-TATA 1 526 567 0.12 

Mt-H-TATA 4 520 543 0.26 

Ct-H-TATA 1 525 590 0.42 

Ct-H-TATA 4 521 562 0.55 

 

5.3.3. Singlet oxygen generation studies 

 The singlet oxygen generation capacity of triazatriangulenium salts 

were discussed earlier in chapter 2. The singlet oxygen generation capacity of 

clay supported triazatriangulenium salts were also studied in aqueous solutions 

using the water soluble actinometer ADPA. As already discussed, in the 
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presence of singlet oxygen ADPA undergoes photooxidation to corresponding 

endoperoxide.  Since the endoperoxide formed does not absorb in the region 

where ADPA absorbs the photochemical conversion can be monitored by UV-

Vis absorption spectroscopy. The singlet oxygen generation capability was 

demonstrated by taking the 1 mg/mL of the supported sensitizer in the 

presence of ADPA (1.6x10-4 M) in water.  The irradiation was carried out with 

the help of ultrabright green LED for the selective excitation of the sensitizer. 

The incident photon rate was kept constant in all the cases and it was ensured 

by chemical actinometry as described in chapter 2. The duration of irradiation 

is limited to observe the initial kinetics of the reaction. The decrease in the 

absorbance of ADPA (1.6x10-4 M)  was observed in all the cases over a period 

of 120 minutes of irradiation. Figure 5.25 to 5.28 shows the change in 

absorbance of the ADPA bands upon irradiation at 530 nm. Control 

experiments were performed using clay sample devoid of triazatriangulenium 

cations does not show change in the absorbance of ADPA. 

 

 

Figure 5.25  The decrease in absorbance of ADPA (1.6x10-4 M) during the 
irradiation of Mt-H-TATA 1 in aqueous solution with ultrabright 
green LED light. 
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Figure 5.26  The decrease in absorbance of ADPA (1.6x10-4 M) during the 
irradiation of Mt-H-TATA 4 in aqueous solution with 
ultrabright green LED light. 

 
Figure 5.27  The decrease in absorbance of ADPA (1.6x10-4 M) during the 

irradiation of Ct-H-TATA 1 in aqueous solution with ultrabright 
green LED light. 

 
Figure 5.28  The decrease in absorbance of ADPA (1.6x10-4 M) during the 

irradiation of Ct-H-TATA 4 in aqueous solution with ultrabright 
green LED light. 
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5.3.4. Photosensitized inactivation of bacteria 

 Under aerobic conditions, the singlet oxygen production of clay 

supported triazatriangulenium salts were evident from the conversion of 

ADPA to its corresponding endoperoxide. This result allows the application 

of these supported sensitizers as a disinfection agent as a photo-antimicrobial 

material. The active chemical species, 1O2 is formed by the energy transfer 

between the excited state of photosensitizer and ground state of molecular 

oxygen. It can easily oxidizes organic matter and is able to damages 

significantly, the structure of cell walls of the organism and also deactivate 

the antioxidant enzymes.30 The high antimicrobial efficiency of 1O2 was 

demonstrated in the literature.31 

 The penetration of photosensitizer molecules inside the cells or 

atleast their adsorption onto the cell walls is essential for the singlet oxygen 

mediated antibacterial efficiency.32,33 The adsorption of cationic dyes on clay 

mineral surface brings about the charge reversal on clay mineral 

particles.34,35 This results in the antibacterial efficiency of the clay minerals 

intercalated with cationic singlet oxygen sensitizers. In this case for the outer 

surface adsorbed triazatriangulenium cations too, they ensure an electrostatic 

interaction between the negatively charged gram negative bacterial cell walls 

with photosensitizers. 

 The antibacterial activity of the four clay supported triazatriangulenium 

salts was investigated by using the gram negative bacteria, E. coli 

contaminated water. The E.coli counts of irradiated and unirradiated samples 

were determined by colony counting method. A 1 mg/mL suspension of the 

prepared hybrid materials were used for the bacterial inactivation studies. 

The incubation of bacteria with the heterogeneous sensitizers under study in 

the absence of light did not lead to reduction in the number of E.coli colonies 

suggesting that these materials are nontoxic to E. coli. Incubation of the 
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bacteria with clay alone was also taken as a control. No significant reduction 

in the number of E.Coli was observed while keeping the control in the dark 

and in the presence of sunlight. The variation of the number of E.coli 

colonies in the presence of clay supported heterogeneous sensitizers in the 

presence and absence of the light is shown in table 5.3. and 5.4. The plate 

images are shown in figure 5.29, 5.30, 5.31 and 5.32. The reduction in the 

cell viability in the presence of heterogeneous sensitizer is shown in figure 

5.31 and 5.34. 

 

 

Figure 5.29 The E.coli treated with control(a), Mt-H-TATA 1(b),Mt-H-
TATA 4(c) kept in the dark 

  . 

Figure 5.30 The E.coli treated with control (a),Mt-H-TATA 1(b), Mt-H-
TATA 4(c) kept in the sunlight for 30 minutes 

 

  

a b c 

a b c 
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Table 5.3 The number of E.Coli colonies observed by incubating the 
bacteria with the heterogeneous sensitizer in the dark and after 
keeping with 30 minutes in the presence of sunlight. The 
presented data is a mean of the triplicate with a standard deviation 
(SD) of <5%. 

 Dark(x106 CFU/ml) Light(x106 CFU/ml) 

Control 7.1 7.1 

Mt-H-TATA 1 7.1 3.3 

Mt-H-TATA 4 7.0 5.8 

 

 

Figure 5.31 The cell survival when E.coli treated with Control (a),Mt-H-
TATA 1(b), Mt-H-TATA 4 (c) 

 In the case of H-TATA 1 intercalated to sodium montmorillonite 

samples show a 53% reduction where as the H-TATA 4 intercalated samples 

show 17% reduction in the E.coli count. 
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Figure 5.32 The E.coli treated with control (a), Ct-H-TATA 1(b), Ct-H-
TATA 4 (c), kept in the dark 

 

   

Figure 5.33 The E.coli treated with control (a), Mt-H-TATA 1(b),Mt-H-
TATA 4 (c) kept in the sunlight for 30 minutes 

 

Table 5.4 The number of E.Coli colonies observed by incubating the 
bacteria with the heterogeneous sensitizer in the dark and after 
keeping with 30 minutes in the presence of sunlight. The 
presented data is a mean of the triplicate with a standard deviation 
(SD) of<5%. 

 Dark(x106 CFU/ml) Light(x106 CFU/ml) 

Control 2.1 2.1 

Mt-H-TATA 1 2.1 0.6 

Mt-H-TATA 4 2.1 0.59 

a b c 

a b c 
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Figure 5.34. The cell survival when E.coli treated with(a) Control(b) Ct-H-
TATA 1, (c) Ct-H-TATA 4  

 The better activity was observed in triazatriangulenium intercalated 

with cloisite 93a samples. In both the cases 75% reduction in the cell 

viability was observed. 

5.4. Conclusions 
 The water soluble triazatriangulenium cations were adsorbed on to Na-

montmorillonite and Cloisite clay surfaces in a solution phase intercalation 

method. The powder XRD data and the photophysical studies reveal that only 

H-TATA 1 in Cloisite clay showed intercalation behaviour whereas, all other 

materials may have surface adsorbed triazatriangulenium ions. The long size of 

the alkyl chain (n=6) on H-TATA 4 could be a deterrent to intercalation on 

Cloisite clay. All the prepared materials show singlet oxygen generation 

capability indicated by the photooxidation of ADPA under irradiation at 530 

nm. All hybrid materials show photo-antimicrobial activity against E. coli 

bacteria with Cloisite based hybrid materials showing better activity. This higher 

activity may be due to a higher loading of the cations in comparison to Na-

montmorillonite clay based hybrid structures.  
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5.5. Experimental 
 All solvents used were of reagent grade and used without further 

purification. Reagents were purchased from Sigma-Aldrich and Spectrochem 

Pvt.Ltd. and used as received. Montmorillonite K 10 was purchased from 

Sigma-Aldrich. Cloisite 93 A, a modified clay mineral, was sourced from 

Southern Clay Corp, USA. Elemental analysis was performed in Elementar 

Vario EL III model instrument in SAIF, CUSAT. Infrared Spectra were 

recorded using JASCO FTIR Spectrometer using KBr pellets in the range 400-

4000 cm-1. The SEM images were obtained using JEOL ModelJSM - 

6390LVScanning Electron Micrograph with an attached energy-dispersive          

X-raydetector. TEM images were obtained using JEOL JEM 2100 HRTEM at 

SAIF, CUSAT. The diffuse reflectance UV-Vis spectra of the solid samples 

were recorded using UV-Vis-NIR Ocean Optics fibre optics Spectrophotometer 

SD 2000model equipped with a diffuse reflectance probe. TG analysis was 

performed on Perkin Elmer Pyris Diamond 6thermogravimetric/differential 

thermal analyzer by heating the sample at the rate of 10 0C/min from 40 0C to 

730 0C under N2 atomosphere. Fluorescence and Fluorescence lifetime studies 

were carried out using JobinYvonFluorolog3-211UV-Vis-NIR fluorescence 

spectrometer. Absorption spectra were recorded using Evolution 201 UV-visible 

spectrophotometer. XRD analysis was performed with Rigaku X-ray 

diffractometer. 

5.5.1. Synthesis of H-TATA 1 and H-TATA 4 

 Synthesis of H-TATA 1 and H-TATA 4 were described elsewhere in 

the thesis (see chapter 2.Sections 2.5.3 and 2.5.6). 

5.5.2 Preparation of H-TATA 1 and H-TATA 4 intercalated 
montmorillonite 

 The Na+ exchanged montmorillonite clay was prepared by stirring 1g 

of the clay (Montmorillonite K10) with 50 mL 0.2 M solution of sodium 



234 Chapter 5 

nitrate solution at 70 0C for 12hrs. It was then allowed to settle down, filtered 

and washed several times with water till free from nitrate. It was then kept in 

the vacuum at 80 0C over night. Intercalation of H-TATA 1 and H-TATA 4 

into montmorillonite was carried out by the conventional ion-exchange 

method in which an aqueous suspension of sodium montmorillonite (1 g in 

80 mL) was mixed with an aqueous solution (0.1 M NaCl) of the H-TATA 1 or 

H-TATA 4(20 mg in 20 mL) and the mixture was allowed to react for one 

day at 70 0C. After centrifugation, the resulting pink solid was washed with 

water and dried. Soxhlet extraction was performed with chloroform in order 

to remove any trace amount of triazatriangulenium on the clay surface. It was 

then kept in the vacuum at 80 0C over night. 

5.5.3 Preparation of H-TATA 1 and H-TATA 4 intercalated Cloisite 93a 

 Intercalation of H-TATA 1 and H-TATA 4 into the modified clay 

cloisite 93a was also done by a similar procedure described in section 5.5.2. 

The samples thus obtained were characterized by powder XRD, CHN 

analysis, thermogravimetric analysis, SEM, TEM, UV-Vis DRS and 

fluorescence spectroscopy. 

5.5.4 Studies on photosensitized generation of singlet oxygen 

 The production of singlet oxygen by the triazatriangulenium-clay 

particles was determined using the singlet oxygen scavenger disodium-9, 10-

anthracenedipropionic acid (ADPA). Typically, 1 mg/mL of the clay 

supported triazatriangulenium composites were added to an aqueous solution 

of ADPA (1.6x10-4 M). The particles were exposed to light at 530 nm from 

an ultrabright green LED for 120 minutes with periodic monitoring of UV-

visible absorption spectrum of the experimental solution. Control experiment 

was also performed using clay sample devoid of triazatriangulenium cations.  
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5.5.5 Photobactericidal studies of microbial cell cultures with the 
triazatriangulenium-clay composites 

 Using aseptic techniques, a single pure colony was transferred into a 

200 mL of nutrient broth, capped and placed in incubator overnight at 37 0C. 

After incubation, using aseptic preparation, turbidity of suspensions was 

measured and adjusted using McFarland standards as a reference. The 10 mg 

of samples (concentration-1 mg/mL) were added to 10 mL of culture and one 

set was incubated at dark and other set was incubated in sunlight. A control 

tube was kept. After the incubation, the tubes were serially diluted and plated 

on nutrient agar. The plates are incubated for 24 hrs at 37 0C. The plates were 

observed for colonies and the total count was recorded. 
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SUMMARY AND CONCLUSION 

 

 

 The thesis entitled “SYNTHESIS OF WATER SOLUBLE 

TRIAZATRIANGULENIUM CATIONS AND STUDIES ON THEIR 

APPLICATION AS SINGLET OXYGEN SENSITIZERS IN 

HOMOGENEOUS AND HETEROGENEOUS MEDIA” embodies the 

results of the investigations carried out towards assessing the use of a well 

known cationic and highly stable triangulenium dye as a potential singlet 

oxygen generator for photodynamic processes. The major objectives of the 

thesis were: 

� To synthesize water soluble triazatriangulenium salts by 

incorporating  polar functional groups 

�  Study their photophysical properties 

�  Study the efficiency of Triplet state formation and singlet oxygen 

generation 

� Synthesis and study of lipophilic triazatriangulenium cations in 

microheterogeneous medium 

� Tether covalently or intercalate triazatriangulenium salts to solid 

supports or layered materials 

� Study the singlet oxygen production by these heterogeneous 

sensitizer systems 
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� Study the photodynamic action of singlet oxygen generated by these 

heterogeneous sensitizers and explores their ability in disinfection of 

contaminated water.  

 Solubility of dyes in the medium required for photodynamic 

applications is a major requirement.  In chapter 2 we were able to demonstrate 

that by introduction of a hydroxyl group in the N-alkyl substituent can 

significantly improve the solubility in water and in non-aqueous medium such 

as acetonitrile. A comparison of the photophysical properties reveal that, water 

is ideal for obtaining a longer fluorescence lifetime, a higher triplet quantum 

yield, a longer triplet lifetime and a better singlet oxygen generation 

efficiency. In terms of singlet oxygen generation efficiency, a limiting 

phenomenon is the thermally activated delayed emission (TADF) due to the 

small energy gap between the singlet and triplet excited states. Yet another 

limiting reason is the possibility of photoinduced electron transfer between 

oxygen and excited states of triazatriangulenium cations.  

 Chapter 3 of the thesis explore the photophysical changes when a 

series of triazatriangulenium cations having lipophilic long alkyl substituents 

on the bridging ‘N’ are solubilized in microheterogenous medium such as 

anionic, cationic and neutral micelles. The solubility properties indicate 

anionic micelle is a suitable medium for these lipophilic cations. The 

photophysical studies show that the absorption and emission spectra changes 

as the length of the alkyl chain increases. Detailed studies using time 

resolved emission spectroscopy (TRES), studies on the temperature 

dependence of emission and the theoretical modelling using DFT and TD-

DFT calculations identified a “disc to bowl” geometrical change to the 

structure of the cation when solubilized in anionic micelles. Based on these 

results two possible binding modes has been proposed. For 

triazatriangulenium cations with smaller alkyl chains intercalation between 
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the anionic head groups of the surfactant is the preferred mode of binding. 

For cation having longer alkyl chains, the preferred mode of binding is a 

“spider-on-an-apple” type topology with its pods penetrating the micelles.  

 Covalent tethering is a well established strategy to prepare organic – 

inorganic hybrid structures. The work presented in Chapter 4 is an attempt in 

this direction. We have prepared and studied four types of 

triazatriangulenium-silica composites. The studies on the photophysical 

properties show that the composite material S1 having three point tether to 

the silica surface has the matching characteristics with that of dye in 

homogenous medium. This material has the highest efficiency for singlet 

oxygen generation and photodynamic activity against E. coli.  

 Intercalation in layered materials is another strategy for the 

preparation of organic – inorganic hybrids. Clay minerals are the most 

studied layered materials for dye encapsulation for applications such as 

photocatalysis. Being cationic and planar, triazatriangulenium cations are 

having the perfect structural feature to be an intercalator in clay minerals. 

The water soluble triazatriangulenium cations were adsorbed on to Na-

montmorrillonite and Cloisite93a clay in a solution phase intercalation 

method. The powder XRD data and the photophysical studies reveal that 

only H-TATA 1 in Cloisite clay showed intercalation behaviour whereas, all 

other materials may have surface adsorbed triazatriangulenium ions. The 

long size of the alkyl chain (n=6) on H-TATA 4 could be a deterrent to 

intercalation on Cloisite clay. All the prepared materials showed singlet 

oxygen generation capability and showed photo-antimicrobial activity 

against E. coli bacteria with Colisite based hybrid materials showing better 

activity.  
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