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PREFACE

Oxygen the most important element required to sudife on earth.
It accounts for nearly half of the mass of theleartist and two thirds of the
mass of the human body. Oxygen molecule is paraetagulue to its
electronic configuration where there are two urgzhielectron in its valence
orbital. In terms of spin multiplicity its groundiase has a triplet multiplicity.
Though there are two unpaired electrons in its na@deorbital it is less
reactive to many organic molecules and this lowctredly is key to
sustaining life on earth. However, in its lowesemgy excited states it has
singlet multiplicity and are termed as “delta” orygand “sigma” oxygen
where the latter one has a higher energy (Figurd@tg transition fronJrAg
to °z4is a spin forbidden transition where as the tramsitrom 'L, to 'A4 is a
spin allowed transition and this is evident froraitlrespective lifetime data.

In the gaseous phaéﬁg has a lifetime of 45 min where éEJexists only 7-

12 seconds.
States of molecular Electronic Energy above
oxygen configuration Ground state
P T l 31.5 kcal mol-!
; 4] -1
A H 22.5 kcal mol
hv
1270 nm
% — 4

Figure 1 The energy levels of molecular oxygen



This electronically excited molecular oxygen isntoonly called as
singlet oxygen which is highly electrophilic andcacéve with unsaturated
compounds, heterocyclic compounds etc. This high salective reactivity
has its advantages and is considered as a goodidaehof oxygenation of
organic molecules. Alkenes and arene reacts wiljlesi oxygen to form an
endoperoxide via a cycloaddtion reaction and furtrearrangement or
disproportionation give oxidation products. In aguh to this singlet oxygen
also give ‘ene’ reaction where addition of singtetygen to an alkene
followed by a sigmatropic shift of hydrogen prodwcdéydroperoxide. This
specificity of its reaction finds it as an importasagent for oxygenation in
synthetic organic chemistry. Singlet oxygen has als important role in the
natural oxidative damages happen to living cells. &ample some of the
naturally occurring molecules do aid in the inttadar generation of singlet
oxygen chemically or photochemically when exposedlight. Singlet
oxygen thus produced do react with cellular comptseuch as unsaturated
lipids, amino acids such as tryptophan, cysteimgjdmne etc., nucleic acid
bases such as purines and pyrimidines leading rtoafiion of oxygenated
products. Newly formed products either modify datictions or even cause
cell death. This mechanism of oxygenation reactimer exposure of
sunlight is termed as photodynamic action of singleygen. Though it
induce considerable damages to living cells thezeapplications which take
advantage of this mechanism. One is in the Phomdintherapy of cancer
and another photodynamic remediation of contamihateater with
pathogens such as bacteria and viruses. The prém=i$ is an attempt in
this direction where a triaryl cation derivativeused as a potential agent for

the generation of singlet oxygen.

Photosensitized generation of singlet oxygen isntlie¢hod of choice

in application domains such as photodynamic theoaphotoremediation of



water. It requires oxygen, light of suitable wavgjth, and a photosensitizer
capable of absorbing light and transfer that enéogyxygen molecule in the

ground state to form the singlet excited molecalamgen.

For a molecule to act as a singlet oxygen sensitiabould have, (1)
high absorption coefficient in the spectral regminthe light used for the
excitation, (2) the excited state energy shouldreater than 22.5 kcal micso
that the effective energy transfer occurs betwden ttiplet state of the
sensitizer and molecular oxygen in the ground g&té should be thermally
and photochemically stable, (4) it should not reaith the singlet oxygen
and (5) it should have high triplet quantum vyielddahave long triplet
lifetime. Rose bengal, phenalenone, dicyanoanthmetc., are some of the

commonly used singlet oxygen sensitizers.

Photochemical water disinfection based on the mhwtamic action
of oxygen has gained much attention compared t@dhgentional methods
of water disinfection such as chlorination, ozotia and UV irradiation.
These methods faces the limitations such as hasidalproducts, high cost,
long time duration, limited water volume etc. Thhofmdynamic water
disinfection involves only three components the tpkensitizer, light of
suitable wavelength and molecular oxygen. The majgvantage is the
possibility to use visible light absorbing moleailags the sensitizer so that
sunlight can be used as the light source. Theedimylygen generated reacts
with the cell components of the pathogen such@ddiof the membranes,
amino acids, proteins, and nucleic acids leadinth¢ocell death. Since the
lifetime of singlet oxygen in water is low comparedother solvents, for the
effective inactivation of microorganisms in aqueausgdium require the
pathogen’s affinity to sensitizer. This is usuallyough an electrostatic
association between the bacteria and the sensiBesause of the presence
of lipopolysccharide in the outer membrane mostthef bacteria have a



negative charge in the outer shell at physiologdl values. Therefore,
cationic dyes are effective in the photodynamigoactompared to neutral
and anionic dyes. Solubility and stability of thessnsitizers in water is an
important criteria for effective use in disinfectio

The present thesis reports a study of a clasatadrac triarylmethane
dyes hither to have not been known as singlet axggasitizers. These are a
group of bridged highly planar triarylcarbocatidireown as trianguleniums
having remarkable thermal stability. Triangulenghis trivial name given to
a group of molecules having, six membered ringangred in a triangular
fashion. In 1963 Martin and Smith reported the Begiwn Triangulenium
salt, trioxatriangulenium (TOTA tetrafluroborate. Triangulenium cations
are very stable in aqueous medium and generally stiability of a
carbocation is expressed in terms of itsp¥alue. The TOTA has a pl&+
value of 9.05. The structurally similar N bridgedition known as
triazatriangulenium is another group of trianguleni ions that show
remarkable stability in a wide range of pH’s. Thazatriangulenium cations
with various alkyl chain lengths are reported ire thterature, but are
insoluble in aqueous medium. For potential biolabapplications solubility
in particular water solubility is an important erita. In the present thesis we
report the synthesis of a few water soluble triaaagulenium cations and
results of the studies on their photophysical priog®e and singlet oxygen
generation properties in aqueous and non-aqueouwliume The main

objectives of the thesis are

s To synthesize water soluble triazatriangulenium tssalby

incorporating polar functional groups

s Study their photophysical properties
% Study the efficiency of Triplet state formationdasinglet oxygen

sensitization



+ Synthesis and study of lipophilic triazatrianguleni cations in

microheterogeneous medium

% Tether covalently or intercalate triazatriangulenisalts to solid
supports or layered materials

« Study the singlet oxygen production by these begemneous

sensitizer systems

s Study the photodynamic action of singlet oxygenegated by these
heterogeneous sensitizers and explores theiryahilidisinfection of

contaminated water.

The thesis is divided in to five chaptefShapter 1 of the present
thesis is a review on the generation and applicatiof singlet oxygen as
well as the chemistry and applications of triazaigulenium cations. In
Chapter 2 we report the synthesis, photophysical and singbeggen
generation studies of a few water soluble triaaaggulenium (TATA)
cations (Chart 1).

R = -(CH,),OH

n=2456

H-TATA 1- 4

Chart 1

The photophysical studies such as steady — statdirae - resolved
absorption and emission spectroscopy were caruéthovater as well as in

acetonitrile. The respective absorption maximaglsinand triplet state



energy levels, their lifetimes and quantum yieldsrevdetermined. The
triplet state properties were determined using saoond laser flash
photolysis studies. The photophysical propertieSATA™ in the triplet state
shows that it can be effectively used as s singigtgen sensitizer. The
guantum efficiency of singlet oxygen generation wasmated by chemical
actinometry using disodium-9, 10-anthracenedipnojgioacid and 1, 3-
diphenylisobenzofuran as the chemical actinomedatsrose bengal as the
reference. The apparent quantum yield for singbgtgen generation by

these cations was found to be 0.36 in water antli®.acetonitrile.

Chapter 3 is the studies of triazatriangulenium cations in
microheterogeneous medium. The lipophilic derivegivshow significant
distortion in planarity in their ground and excitgdte. This is indicated as a
progressive shift in their emission maximum asrecfion chain length of the
N-alkyl substituent. The theoretical calculatioms also done for confirming
the observed change in the geometry. The strigtff¢he compounds are
shown in Chart 2.

, h-butyl

, h-hexyl

, h-octyl

, h-dodecyl

AOWON-

TATA 1-4

Chart 2

In chapter 4, a series of triazatriangulenium cations covaieatichored
to silica surfaces were prepared and their singbeggen generation
efficiencies were compared. The synthesis of hewmsitizers gain

attention in recent times and found applicationmany fields including



photosensitized disinfection of waste water as ti@ye many advantages
over the homogeneous photosensitizers. Among therdeensitizers
silica gel supported organic compounds receivedtgagtention. Silca is
cheap, inexpensive, thermally stable and biocorbpeati The main
objective of this work is to synthesize a heteragmrs photosensitizer in
which triazatriangulenium covalently anchored oficai The silica is
functionalized with amino groups using the aminggttimethoxysilane
and with a mixture of aminopropyltrimethoxysilane nda
methyltrimethoxysilanes. The starting material fdne synthesis of
triazatriangulenium cation is tris-(2,6-dimethoxgplyl) carbenium
tetrafluroborate. The tris-(2, 6-dimethoxyphenydrlmenium tetrafluroborate
is cyclised with amino functionalized silica resudf in the loading of
triazatriangulenium on the silica surface. The lgihgxygen production
capacity of the triazatriangulenium-silica compesitan be monitored using
the molecular probe disodium-9,10-anthracenedipropi acid. The
disinfection studies are also conducted in order determine the
effectiveness of the synthesized triazatriangul®rsilica composites for the
waste water treatment. All the four types of sysibhed triazatriangulenium-
silica composites produced the singlet oxygen as ievident from the
photobleaching of molecular probe disodium-9, lfyatenedipropionic
acid. By the use of four types of synthesized &taangulenium-silica
composites there is large decrease in the surgiviahcterial pathogens as it
is evident from the disinfection studies. The de of the

triazatriangulenium loaded on silica is represemetie following Chart.



S|I|ca\N N/Slllca

|
Silica

Chart 3

Chapter 5 of the thesis is a study on the triazatriangulenaations supported
non-covalently by intercalation on the clay mingsraduch as sodium
montmorillonite and Cloisite93a. Clay minerals a@mposed of multiple
layers of tetrahedral and octahedral sheets. Simdgtie clay minerals are 2:1
type, in which a layer of Al or Mg octahedra sanciveid between two layers
of Si tetrahedra. Isomorphous substitution in tHagers may create negative
charges, which are compensated by exchangeabdmgatypically located in
the interlamellar space as hydrated cations. Tlaeybe replaced by almost
any type of organic or inorganic cation via ion lexege. We tried to
intercalate the triazatriangulenium salts of vagyiohain length in clay
materials through the cation exchange process. &We $elected the two clays
with different interlayer distance. From the XRDafysis it was concluded
that the intercalation occurs in the case of dmisiay with an increase in the
interlayer distance of 6 %A The photophysical properties of all the clay
supported triazatriangulenium cations were studrethe case of intercalated
material red shift in the emission was observed. tA¢ clay supported
compounds shows absorption maximum in the saméigosis we obtained
in the case of a homogeneous solution in acetenitfihe results of the
photophysical studies and singlet oxygen generatiodies of these materials
were presented and discussed in detail. The singtggen generation
efficiencies and the photodynamic action®@oli were also studied. It was

found that the cloisite93a is a better supportriazatriangulenium 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 fotasomg life on
earth accounts for nearly half the mass of theheatist, two-third, the mass
of the human body and nine tenth, the mass of wéateygen identified by
Carl Wilhelm Scheele and by Joseph Priestly inléte 18" century, is a
colourless, odourless and tasteless gas with tHecular formula @and
referred to as dioxygen at standard temperature presisure. The linear
combinations of the atomic orbitals from two indival oxygen atoms result
in the formation of molecular orbitals with a bomdier two. The bonding in
oxygen occurs in such a way that the two unpaitedtrens are distributed
in the highest occupied degenerate state. Thiswobed pair of electrons
classified oxygen as a triplet in its ground stafbe molecular orbital
diagram of oxygen is given in figurgl. This triplet multiplicity is the
reason why most of the reactions of oxygen withaorg molecules do not
proceed at room temperature even though they amgemic 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 grdstate

According to Hund'’s rule, when two electrons arstributed in a
degenerate level, the triplet state has the lowergy with molecular term
symbol 32‘9. There are two higher energy excited states ples$dr the
molecular oxygen and they are denotedtdayn symboFAg and12+g, with
both these excited states having singlet multiglicihe latter is known as
the sigma oxygen and the former is called singlstgen. The transition
from the'A, state to théxy state is spin forbidden and the transition from
'3*;to the'Aqis a spin allowed transition. This reflects in ithifetime
data; 45 min and 7-12 seconds being the radiaifiegnhes in the gaseous
phaserespectivel{iThe molecular orbital diagram of the molecular cayg
in the excited state is shown in figuke.
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Figure 1.2 The molecular orbital diagram of oxygen in the teatistate

The three electronic states, the triplet grouradesand two singlet
excited states of molecular oxygen differ onlyhe spin multiplicity and the
occupancy in two degenerate antibondtg@rbitals. The three electronic
states of molecular oxygen are represented indity3t

States of molecular Electronic Energy above
oxygen configuration Ground state
Y ; 4 | 31.5 kcal mol-
Al -1
1Ag 3 22.5 kcal mol
hv
1270 nm
SZg T J

Figure 1.3 The three energy states of molecular oxygen

Singlet oxygen was first detected and reportedrtizsche in1867
in his study of transformations of naphthacenehim presence of light and
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oxygen. He found out that one of the product formegon heating
regenerated the napththacéne.those era, the chemical structures of both
naphthacene and the product of the photochemieatiom were unknown.

In 1924, Lewis predicted the unpaired electroniacdtire and the possibility
of a spin paired electronic state for the molecobaygen® Katusky in 1930
reported the presence of a metastable intermedjmeies in some of the
photooxygenation reactions he has studiafii these experimental evidences
along with Mulliken’s prediction using molecularbaial theory about two
low-lying oxygen excited states}AQJ and 1Z+g) initiated research on the
chemistry of singlet oxygetiThe development of novel luminescent singlet
oxygen probe&? the time-resolved detection of,@Ay) in a transmission
microscope? the first time-resolved measurements of singleyger
luminescence in vivd:are some of the recent advancements in this field o

research.
1.2. Methodsfor the generation of singlet oxygen

1.2.1. Chemical methodsfor singlet oxygen generation

Several chemical methods of generation of sirmtggen are known.
The most common method is the aqueous phase neacficdhydrogen
peroxide with sodium hypochlorité.

H,0, + NaOCl —— 0O,(*A) + NaCl + HO

The thermal decomposition of triethylsilyl hydiottide generateth
situ by the reaction of triethylsilane with ozone cah a@s a source of singlet

oxygen®

(C,Hy)sSiH + 0y —> (CH;5);SI000H —= (C,Hs);SiOH + O('A,)

Similarly phosphite ozonides are also a sourcéngfist oxygen-*
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(RO)3P + 03 - (RO)3PO3

(RO)3PO3 (RO)3PO + 02( ! Ag)

Nardello et al, reported a Lanthanum (lll) casely
disproportionation reaction that involves the deposition of hydrogen
peroxide into singlet molecular oxyg&hThe method has the advantage that
this source can generate the singlet oxygen irchasutral and even slightly

acidic condition.
1.2.2. Direct optical excitation

The transitions between the ground state and twglet excited
states(lAg andlzg) of molecular oxygen are spin forbidden. Howeverthie
condensed phase interactions mfygen molecule with other atoms or
molecules in its vicinity can cause changes in & symmetry and can lead
to the breakdown of the selection rules. In sudtenario, the direct optical
excitation can lead to formation of excited molacubxygen in very low
yields!®The most adequate light sources for direct opégaltation of°O, are
lasers. Some are: Nd: YAG and Nd-baset, Yb-based® He-Ne?'%
semiconductor (diodé€f;?° Raman-shifted!*®and dye-base®:*’lasers.

1.2.3. Photosensitization

Photosensitized generation is simple and conbiglanethod for the
production of‘O,; requiring only oxygen, light of an appropriatewgtength,
and a photosensitizer capable of absorbing andjubiat energy to excite
molecular oxygen to its excited state. The photeisiegation of singlet

oxygen is illustrated in the following Jablonskadgram (figuré.4).
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Figure 1.4 The photosensitized production of singlet oxygealidsline
indicate radiative transitions and courly lines adiative transitions, IC:

internal conversion, ISC: intersystem crossing)
1.3. Types of Singlet oxygen Sensitizers

A number of molecules have been identified as gandlet oxygen
sensitizers. A good singlet oxygen sensitizer shduhve the following
qualities.(1) High molar absorption coefficienttime spectral region of the
light used for the excitation, (2) the excited stahergy should be greater
than 22.5 kcal mdiso that energy transfer should be exergonic,(8hauld
have high triplet quantum yield and have long &tpifetime, (4) it should be
thermally and photochemically stable, (5) it shomtd react with the singlet
oxygen as well as the other components in the meditiere it is used
Based on the molecular structure, the sensitizees gaouped as dyes,
aromatic molecules, porphyrins and transition mepahplexes.
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1.3.1. Organic dyes and aromatic hydrocarbons

Among dye based sensitizer systems, most commosgd are
methylene blue, rose bengal, eosin blue, fluoresaiythrocin B etc. Rose
bengal is a common sensitizer that can be usediarwit is a xanthene dye
with intense absorption at 549 nm in water. Theupac properties of rose
bengal are large molar absorption coefficieg)t lfigh solubility and high
guantum yield of singlet oxygen generation (0.T6s soluble in water up to
a concentration of IOM but at higher concentration H-type aggregates are
formed with lower molar absorptivifi?**In non-polar solvents rose bengal

is photochemically not stable compared to thatalapprotic solvents.

Methylene blue is another water soluble dye, belungo the
phenothiazinium class that has been used for sire{ggen and related
photooxygenation studies. It also forms aggregatdsigher concentrations
which limits its application&® Methylene blue exhibits a moderate triplet
guantum yield of 0.52 in water but not an exclusirgylet oxygen generator
as it also produces superoxide radical iriAnother example is the family
of Rhodamine dyes. But, high fluorescence quantigetdyand low triplet

quantum yield limits its utility’®

The singlet oxygen production capacity of variousonaatic
hydrocarbons has also been reported. Naphthalematfyracenes, and
biphenyls are studied in this regard. In theses#sere occur a competition
between charge transfer interaction with the enewayysfer pathway: Many
aromatic hydrocarbons reacts with singlet oxygesh thas not considered as
good for photosensitization. Dicyanoanthracenespexial case, where, both
the singlet and triplet state of the molecule poasduthe singlet oxygen. The
singlet oxygen production occurs by the energystfierfrom the singlet state

of the molecule to the triplet oxygen with or withidhe production of triplet
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state of the molecule. An alternative path is themal intersystem crossing
from singlet state to the triplet followed by theeegy transfer to the triplet
oxygen. The singlet oxygen quantum vyield of the enole is 2.0 in
acetonitrile and 1.56 in benzefte.

The aromatic ketone, phenalenone is used as amaivsinglet
oxygen reference sensitizer. It is soluble in gdanumber of solvents and
has high singlet oxygen quantum yield which is elés unity® In protic
solvents, the triplet state of the molecule competéh the hydrogen atom
abstraction from the solvents. Because of thiseumdntinuous irradiation

in polar protic solvents it is not a sensitizechbice.
1.3.2. Porphyrins, phthalocyanines, and related tetrapyrroles

Porphyrins, phthalocyanines, and related tetrapgsrare groups of
singlet oxygen sensitizers which are well studiéith wespect to their role in
oxidative damages to living cells as many molecubésthis class are
naturally occurring. They are known to produce Eh@xygen and have
been used as a singlet oxygen sensitizer in atyaoé medium and
application domains. The strong absorption in tistble region, low dark
toxicity, high triplet quantum yield are the maidvantages of the porphyrin
based systems. Though their long wavelength abhearpainds have smaller
values ofg, they are sensitizers of choice under physiologamaiditions.
These long wavelength absorption (> 600 nm) is vedlbve the light
absorption limit or filter effect by living tissuéS Haematoporphyrin,
tetraphenylporphyrin, phthalocyanine are the mosmmonly studied

sensitizers of this clags.

In phthalocyanines, the presence of peripheralzd®® gives
extended absorption than porphyrins. Metallophitydaines containing

diamagnetic metal ions such as’Zar AI** have relatively good lifetime and
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triplet quantum yield. Zn (ll) phthalocyanine tetudfonate, has a long triplet
lifetime, 245 us, and a moderate triplet quantuneldyi of 0.56%
Napthalocyanines are another group of macrocyclesing longer
wavelength absorption compared to phthalocyariihes.

1.3.3. Transition metal complexes

Transition metal complexes of Ruthenium (1), ane most studied
group because of the straight forward synthesahilgly of the complexes
with polypyridyl type ligand and excellent lightsdoption propertie$® They
have relatively strong absorption in the uv-visioeg of the spectrum. Many
Ru(ll) diimine complexes can photosensitize formatdf singlet oxygen.
Tris(bipyridine)ruthenium(ll) chloride, is the welinown sensitizer among
this class of molecules with a singlet oxygen quantyield of 0.86"
Pefkianakis et al., in 2013 synthesized and studiegries of Ru(ll) based
photosensitizers as singlet oxygen sensitizer§he ligand used to
coordinate ruthenium waspyridine—quinoline hybrid bearing an anthracene
moiety and it was combined with 2,2’-bipyridine (Bgor the preparation of
heteroleptic complexes. The singlet oxygen productn these complexes
was studied by monitoring the photobleaching ofdighenylisobenzofuran
at 410 nm. The complexes shows the singlet oxygemtgm yield higher
than those in the parent [Ru(bglyjcomplex.

The singlet oxygen production from the mixed ligasomplexes of
Pt(Il) and Pd(ll) with halides and pseudohalidesrenalso reported.
Anbalagan et al., synthesized eight new complexethe formula [M(X-
X)(DPA)] where M is Pd(I11) or Pt(ll), DPA is 2,2’halyridylamine and X-X
are various dianions of catechol and its derieatf The synthesized new
complexes sensitize the oxidation of 2,2,6,6-teéttuyl-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 variagstems,
analytical tools are required to detect the preseamdd quantify the amount
of singlet oxygen produced. Since it is a highlyaatere species the
identification and quantification is a difficultdla. There are various methods
used in the literature for the detection and meaments. It involves the
direct methods and indirect methods. Direct meihedlves the detection of
the weak phosphorescence emission from the simgleted state to the
triplet ground state appearing at 1270 nm. Indireethods make use of
spectrophotometric, fluorescent or chemiluminascgmbbes for the
measurement of singlet oxygen. Chemical actinomsttye commonly used

method for the singlet oxygen quantification.
1.4.1. Direct Methods
1.4.1.1. Emission spectr oscopy

The characteristic phosphorescence emission oflesinoxygen
observed at 1270 nm was frequently used for itsedafiein and
characterizatiof®It is a forbidden transition and is weak. Anothexyws to
monitor its dimol emission (the simultaneous enoissfrom two singlet
oxygen molecules upon collision) which is obserasd red glow at 603 nm
and 730 nm. This is possible only when there isgh ltoncentration of
singlet oxygen present in the medium. To understhadkinetics of singlet
oxygen production, time-resolved experiments aredusMolnar et al.,
studied the singlet oxygen generation of haemafdpom derivatives and
protoporphyrin derivatives in liposomes using théshnique’’ Since the
emission at 1270 nm is a weak emission, a cryogéyicooled germanium-
diode detector is used. This is necessary to mgarttie background signal

due to thermal effects. The sensitivity of thisedédr is poor and this limits
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the application of this detect8tThe low signal to noise ratio observed in the
detection at NIR region is another limitation oktprocess. The methods
have the advantages such as the signal obtairdidtiisct and not mistaken
even with solvent change. The luminescence froneropecies usually
occurs at wavelength lower than 1000 nm. RecentlR Nensitive
photomultiplier tubes were used with very good tirasolution so as to be
used in a time-resolved emission spectroscopy nrodddition to the steady
— state emission measurements. Such sensitivetaisté@ve also been used
in imaging techniques where singlet oxygen in usada luminescent

probe?®
1.4.1.2. Time-resolved thermal lensing (TRTL)

In this method the heat released through the naatreel processes of
the excited state molecule is detected and anafyskdinvolves the
calorimetric determination of the minute temperatgradient induced by the
relaxation of the excited speci®sThe enthalpy changes associated with a
photophysical or photochemical reaction can be noreds using this
technique. This method has the advantage that lselwe yield of the
transient species can be understood from the erpatiwithout the help of
a standard reference compound. The photophysicahysers can also be
extracted directly. The relaxation dynamics of hgxygen in water can be
studied using this technique. Cheng et al., studiex lifetime, absolute
guantum yield and the singlet oxygen generatioitieficy of 1H-phenalen-

1-one in various solvents.
1.4.1.3. Laser-induced optoacoustic calorimetry (LIOAC)

The absolute quantum yield of singlet oxygen caddiermined with
the laser-induced optoacoustic calorimetry (LIOA@)ethod>® In this

method the pressure wave formed by the expansigonleént due to release
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of heat during a non-radiative process is measumgda piezo-electric
transducer. In its measurement a comparison of ojpt@acoustic wave
signals generated by the sample and a photocaloitmeference is made. If
they are of identical shape, absolute value of tumaryield of singlet oxygen
generation can be obtained from the optoacoustiewaaximum.Oliveros

et al., determined the absolute quantum yieldrajlst oxygen production by
phenalenone using this technigdein 1, 4-dioxane and in N,N'-
dimethylacetamide they have reported singlet oxygemtum yields as 0.99
and 0.87 respectively. The experiment confirms #ygplicability of

phenalenone as an efficient singlet oxygen sessitiz
1.4.2.Indirect Methods

Indirect method for detection and analysis of Ehgxygen involves
a specific chemical reaction of singlet oxygen tnf a product. The
progress of the reaction is monitored by a spectqus or chromatographic
technique to extract kinetic information. In methodthat use
spectrophotometry or fluorescence spectroscopy fineduct of the
oxygenation reaction and other component/s shooidhave any overlapping
absorption or emission. If the reaction system umsedt this condition, then a
sensitive and convenient method for the detectibnsinglet oxygen is
possible. The common trap molecules are dienesblad efficient [4+2]
cycloaddition with singlet oxygen to produce anaetoxide. For a molecule
to act as a probe there are certain requiremehts should react with singlet
oxygen in a 1:1 stoichiometry without any side tems, (2) the product
formed should not have overlapping absorption /simms with other
components of the reaction which produce singlgtger, (3)The product
formed should neither react with the probe nor i singlet oxyger The
commonly used chemical probes are, 9,10-dimethylacéne, 2,5-
dimethylfuran, anthracene-9,10-diyldiethyl diswdfatbis-9,10-anthracene-(4-
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trimethyl-phenylammonium)dichloride (BPAA), antheane-9,10-
divinylsulfonate (AVS), anthracene-9,10-bisethalfesic acid (AES),
anthracene-9,10-dipropionic acid (ADPA), and 1,8hainylisobenzofuran
(DPBF). In organic solvents DPBF is the commonlgduprobe. It has the
largest rate constant for the reaction with singtetygen>® 2, 5-
dimethylfuran is only soluble in lipid matrices aA@DPA is widely used in

aqueous medium.
1.4.3. Chemical Actinometry

Quantum vyield determination is very important inofsensitized
singlet oxygen production. For the quantum yieltedwaination the incident
photon rate should be known. Actinometry is the huodt for the
determination of the incident photon rate for ateysof specific geometry
and in a well-defined spectral domain. Chemicalhachetry is based on the
behaviour of a reference substance (chemical antgter) for which the
guantum vyield is known. Theoretically any substamtech by irradiation
undergoes a photochemical transformation and whosatum yield® is
known can be used as a chemical actinometer. Thueiregnents of a
chemical actinometer are well defined. A chemicatirmmeter should
satisfy the following requirements. (1)The photatemn considered should
be reproducible, controllable and the quantum ymshduld be accurately
known for a large number of wavelengths of irraiai (2) The chemical
components should be thermally stable, (3) They#inal methods adopted
should be simple and the direct spectrophotomatralysis is preferred, (4)
The system should display large sensitivity towarddght, (5) The
actinometric molecules should be easily availabhel @hould have the

highest possible puriy’.
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Chemical actinometry can be used for the quaatifi of singlet
oxygen. An ideal actinometer for singlet oxygen rjifecation should have
the following qualities: (1)The absorption spect& actinometer and
sensitizer must not overlap,(2) No ground statexaited state interactions
between actinometer and substrate should exsisth@Yyeaction between the
actinometer and ﬂlAg) must be the only reaction path and role of ptalsi
guenching must be negligible,(4)The presence oinacteter does not
change the quantum yield of singlet oxygen genmmdfi The different
kinetic phenomena that occur in the case of a [geoisitizer in the presence
of oxygen and the actinometer are given below.

(1) Light absorption by the sensitizer:
IS + hy —= g%

(2) Intersystem crossing:
lS* — 3S*

(3) Energy transfer:
30, +3s* —= 10, +'s

(4) Singlet oxygen deactivation by the solvent (ratestant k):
102 — 302

(5) Physical quenching dD, by actinometer (rate constan)k
0, + A — A +30,

(6) Actinometer oxidation byO, (rate constantg:

0, + A — A0,

Upon continuous stationary irradiation with light iatensityl,s, [*OJ] is
constant and the differential equations describittge changes in

concentrations of actinometer and singlet oxygeetits are:
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d[ '0,]
dt

= (Dslabs - kR[A] [ 102] - Kp [A][ 102] - kd[ 102]
=0°Lps — (kg +kp)[A][ "0,] —kq[ "0,] =0

i 1 —_ (Dslabs
[70.] = (kr+kp)[Al+ kg
d[A]

T —kg[A][ '0,]

CDSIabs

—kg[A] (kp+kp)[A]+kg

Under conditions WheﬁkR + kp)[A]<<kd,the change in actinometer

concentration is simply expressed as

D3,ps D3,ps
_— = —kR[A] k—db = —k; [A], Whereks = kR[A] k—db

—In[A] = In[A]o—k,t

ie., the kinetics of the actinometer bleaching banome first order
and this can be employed in the estimation of egpgaguantum vyield of
singlet oxygen generationb(.,). The singlet oxygen quantum yield of a
particular sensitizer is determined by relativarexhetry in the presence of
a chemical actinometer and compared with a referseasitizer of known
singlet oxygen quantum yield under identical caod# of irradiation.
Kinetic profiles for the actinometer consumptioe abtained for the sample
and reference. Slopes of the kinetic profiles foe tsensitizer and the
reference were determined by linear regressionsarglet oxygen quantum
yield of the sensitizer is determined by comparihg slopes for the
sensitizer and the reference. Using the absoldte\at @, reported for the
reference compound the quantum yield of singletgexygeneration of the

sensitizer can be calculated by the equati@nThis method of estimation of
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d,.p, is valid only when the solvent induced deactivai®much faster than
the scavenging or deactivation of singlet oxygerth®yactinometer. Ifby,
the quantum yield of the reference is knowy,, is determined using the
equationl.l.

Dgen = chikaSkeg (1.1)
Wherekge, andky are the first order rate constants of the actirteme
disappearance induced by sensitizer and the reereaompound
respectivelyl¢., and IR are the total intensities absorbed by the sensitize

and the reference respectively.
1.5. Reactions of singlet oxygen

Even though singlet oxygen is a highly reactivecsgs it is a reagent
for oxidation/oxygenation in synthetic organic chstny. The major
chemical reactions of singlet oxygen are: [2+2] fheR] cycloaddition, ene
reaction, and heteroatom oxidations (Schérhg
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The [4+2] cycloaddition leads to formation of epdooxides. These
endoperoxides are versatile intermediates that lmartransformed via a
variety of synthetic procedures to specifically gagated product®:**The
[2+2] cycloaddition is observed with electron riatkkenes especially those
which do not have or geometrically inaccessibldylial hydrogens. The
dioxetane products are often sensitive moleculasstiiermally decompose in
a fascinating chemiluminescent process to carboagipound$? The ene
reaction generates allylic hydroperoxides which da@m converted to

synthetically valuable allylic alcohofs.
1.5.1. Reactions with biomolecules

Because of this versatile reactivity of singlet gy with alkenes,
aromatics and heterocycles, it do react with tloenolecules such as lipids,
proteins, nucleic acids, etc. If singlet oxygergenerated within the cell, it
can interact with the biomolecules and cause damagels are susceptible
to oxidative damage due to reaction of lipids widlactive oxygen species
(ROS) (lipid peroxidation).These lipid peroxidatianth singlet oxygen is
implicated in haemolysis of erythrocytes, damagecaodiomyocytes and
degeneration of cellular membranes. Since lipidoxidies are polar they
disrupt structure and functions of cell membrandsere are evidences for
the involvement of singlet oxygem vivo in the etiology of certain
disease&? Also other toxic products of lipid peroxidation stk DNA®
Oxidation of amino acids having sulfur or heterdicygroups by singlet
oxygen produce sulphoxides and endoperoxides whenth to formation of
other ROS’s, which are toxic to cells. Among aminoids, histidin,
tryptophan, methionine, and tyrosine are more neactowards singlet
oxygen. Oxidation of crystallins, the proteins béteye, by singlet oxygen
produces high molecular weight cross links leadingataract’ DNA reacts
with singlet oxygen causes strand breakes and tamaf altered bases.
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Bases like guanosins, which is the most succeptlidse undergoes
cycloaddition mechanism has high reactivity withgée stranded DNA. This
change of guanosine has serious biological effécisexample, termination
of DNA replication occurring at the position of mbeld guanine results in
misleading by DNA polymerase which results in metagsis and

carcinogenesi®
1.6. Applications of singlet oxygen
1.6.1. Organic Synthesis

The versatility and the high degree of stereociefy make singlet
oxygen as powerful reagent in synthetic organiaxikey. Pinocarvone (2)
is an important compound as it can be used as Hlihgiblock for
antimalarial peroxides and chiral ligands for cgdad. It can be synthesized

by the singlet oxygen mediated photooxygenation agbinene (1f°

(Schemel.2)
02 TPP,hv O
solvent
2

a—Pinene Pinocarvone

Scheme 1.2

Artemisinin (7) and its semi-synthetic derivativaa® the drugs used
againstPlasmodium falciparurmalaria®® Its synthesis involves a continuous
flow conversion ofdihydroartemisinic acid (4) into artemisinin (7) lay
three-step reaction sequence. It consists of dingkygen mediated
photooxidation, acid —catalyzed Hock cleavage amitlation with O,.
(Schemel.3).
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H : H : (1) EtOC(O)CI/K,CO5
: RuCl, [(R)-dtbm-Segphos](DMF), cat. 5 CH,C1,20°C2 h
MeOH, H, (22 bar)/18 h () water

"'H  esterification-isolation

HOOC reduction HOOC
3 4
Artemisinic acid Dihydroartemisinic acid
TPP/Air/CH,Cl,
TFA.-10 °C to RT NaHCO;
—_—
photooxidation Water washes
isolation
5 7
Artemisinin

The synthesis of rose oxide (13), an importangrikace chemical
involves the photooxidation @kcitronellol (8) in methandi’ The mixture of
secondary and tertiary hydroperoxides thus obtaioedreduction with
bisulfite, yields the corresponding alcohols. Acatalyzed ring closure of
the main tertiary product (1, 7-diol) leads to xtumie of the stereoisomeric
rose oxide (13). (Schenied).

102 +
— OOH
HO | HO N HO
HOO
8 9 10

p-Citronellol Hydroperoxides
reduction H* + Unregcted
W HO N o OH 0™ 116 dl
HO
1 12 13
1,7-Diol 1,6-Diol Rose oxide

Scheme 1.4
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Yao et al., in 2002 used the [4+2] cycloadditidrsimglet oxygen to
a triene to construct the 3, 6-dihydro-1,2-dioximgrin his 18 step synthesis
of the bioactive natural products and16 (Schemel.5).°® The product was
a mixture of diasteriomeric endoperoxides formedtihg photooxidation
followed by the reaction with diazomethane. Theboaylic acid derivatives

of the endoperoxide have cytotoxic and antifungaiiy.
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Scheme 1.5

Maras et al., reported the use of ene reacti@ingiet oxygen for the
synthesis of DLvibo-quercitol (20) and Dltalo-quercitol (21)*° In the TPP
sensitized photooxidation of dioxolan&7) to DL-vibo-quercitol (20) and
DL-talo-quercitol (21), the hydroperoxide product of time eeaction18) on
reduction with thiourea to form an alcoholl9] with the desired

stereochemistry (Scherhé).
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Tropones and tropolones are examples for highjygemated natural
products widely seen in nature. The TPP sensitgedhesis of tropolone
compound was (27) reported by Dastan et®aHere the tricyclic
endoperoxide was formed (23) in about 94% vyield vealiced to the enol
(24) by thiourea (Schenier).
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1.6.2. Photodynamic therapy (PDT)

Cancer is a group of diseases that account for %6 & the death
among world population. It involves abnormal cetbwth often detected by
the formation of a tumour, and invade or spreadther parts of the body.
The preliminary step in the cancer treatment iskilimg of malignant cells
in order to prevent the spread of cancer. The itapbrcancer treatment
modes are surgery, radiation therapy and chemgherBhotodynamic
therapy is used to treat some cancers and precarscepnditions such as
skin, head, neck, mouth, lung and gullet cancehss Treatment modality
involves the combination of light, a light sens#tidrug (photosensitizer) and
oxygen leading to the production of singlet oxygapable of inactivating
the malignant cells. The mechanism of photodynahecapy is represented

in the following Schemé.8.

The chemical is injected The chemical concentrates
into the body. at the tumor site.

The chemical is
activated by the light.

The tumor is selectively
destroyed.

Scheme 1.8 The mechanism of Photodynamic therapy
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The advantageous feature of photodynamic therapy In the
localization of the sensitizer drug in the tumond d@he ability to control the
activation of the photosensitizer drug by illumionat only in the tumour
region. This selected area activation keeps a ndissae unaffected during
the treatment, which is a major goal in the camiEatment. There are three
major steps involved in the photodynamic therapitidlly the drug i.e., the
photosensitizer is administered orally, topicallyiatravenously. Then the
drug equilibrates for a limited period of time imder to get maximum
tumour/normal tissue differentiation. Using a liglitsuitable wavelength the
tumour is then irradiated. Finally the lethal agegg:nerated from the excited

photosensitizer destructs the tumour without aiffigcthe normal tissue.

A compound used as a sensitizer for photodynanmecagly should
satisfy certain conditions. The compound shouldehainimal dark toxicity.
The compound should selectively accumulate in tihmaour. Amphiphilic
compounds are preferable photosensitizers in plotodic therapy. A
water-soluble compound containing a hydrophobicrimas a suitable
candidate for photodynamic therapy because thisureafacilitates in
crossing the cell membranes. For easy and fastvanadter the treatment
the compound used as photosensitizer should havemomn in vivo
stability. The absorption in the visible region hvihigh molar extinction
coefficient is a favourable criterion to act ani@ént sensitizef: The
absorption band of the sensitizer should not opetiti@ absorption bands of
other chromophores present in the tissues. The congs should be stable
and stable in body’s tissue fluids.

Haematoporphyrin derivatives are the first geim@rgphotosensitizers
used for PDT. They exists as mixtures consistinghohomers, dimers and
oligomers. In the case of photofrin the intensitly light absorption at

maximum wavelength is low as a result the tissueepation length is only
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2-3 nm. The long term phototoxicity is another doaek of this drug. It is an
approved drug for head, neck, skin, breast andiaareancer. Porphyrins
are the second generation photosensitizengtatetra(hydroxyphenyl)
porphyrin was 25 to 30 times as potent as haemgibgon derivatives in
tumour photonecrosis when irradiated at 648*hth5-aminolevulinic acid is
an approved drug for non-oncological PDT treatma&nactinic keratosis.
Chlorins are another class of molecules belongth¢éosecond generation
photosensitizers. Chlorins differ from the porphgrby the presence of two
extra hydrogen atoms in one pyrrole ring. As altealbathochromic shift in
the absorption from 640 nm to 700 nm was obsefVdgenzoporphyrin
derivative monoacid ring A(BPD-MA)netatetra(hydroxyphenyl) chlorine
(mTHPC) are examples for molecules belongs to tlassc BPD-MA has
the advantage that it requires a lower time inteo¥akin phototoxicity than
Photofrin/? Pthalocyanine metal complexes are used to treatasto, lip,
skin and breast cancEfLong term skin phototoxicity is the limitation dfis
class of molecules. Non porphyrin photosensitizgesalso involved in the
PDT. Hypericin is a naturally occurring anthraquieaderivative, known to
produce the reactive oxygen species. It is usedrdat squamous cell
carcinoma and basal cell but the results are giaatory and needs more
optimization studie$!Methylene blue which belong to the phenothiazinium
family shows positive PDT action against melanorei cultures’> Rose
bengal, the water soluble xanthene dye is an exgeatal agent for PDT
treatment of breast carcinoma and metastatic melaftiMerocyanine 540,
a cyanine based dye targets leukemia and lymphettsf €Third generation
photosensitizers uses tumour targeting moietieshvhave the advantage of
direct delivery of the PDT agent to the tumour uessThis is achieved
through the conjugation of the photosensitizerh® biomolecules such as
monoclonal antibodies (MAB).The tumour cells haedl surface antigen
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that is different from normal cells. The mAB attadhto the photosensitizer
specifically bind to the tumour tissue and caus&rdetion of tumour tissue
specifically. Avidin-biotin system can be used fthre delivery of the
photosensitizer specifically to the tumour tis&te.

Dos.Santos et al.,, in 2017 reported that methylbhee (MB)
photodynamic therapy induces selective and masslledeath in human
breast cancer cell§Even in the middle of the technological advancesast
cancer is a serious health problem for women. Tdwa pfficiency in killing
the cancer cells in the primary treatment is thesoe for the failure of
complete eradication of the disease. In this stimdy selected the breast
epithelial cell lines MCF, an ER, PR and HER-2-positive, luminal A cell
line; MDAMB-231, a TNBC cell line; and MCF-10A, ammal-like cell line.
The cell lines are irradiated with 20 uM MB for Brs. The treatment shows
considerable effect on malignant cells. The higloe$it death was reported
(98 %) in the TNBC cell line followed by MCF-7 cdihe (93 %). Even the
low concentration of MB cause massive cell death,ab the same time the
normal cells were less sensitive to MB-PDT. Thefgrential lysosomal
localization of MB was reported instead of mitoctioan or the nucleus.
The authors argue that apoptosis may not be thdopr@ant process that
mediates cell death induced by PDT. They propospilated necrosis
pathways (i.e. necroptosis) as more relevant mesmmasninvolved in MB-
PDT induced cell death. The authors conclude thBtMDT could be an

effective alternative to surgery for the breastoesn

Hill et al., reported a series of selenorhodamineseful in a
combination therapy to treat Colo-26 cells in vitfdhe chartl.1 shows the
structure of the synthesized rhodamines. Sinceatnates are delocalized
lipophilic cations, they are concentrated in theéochondria of the cancer
cells. The preferential uptake of the rhodamineyg beataking place because
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of the electrostatic interaction of the positivelyarged rhodamine dye and
the mitochondria of the cancer cells. The cancdis deave an altered
mechanism of increased mitochondrian membrane pakéh The
selenorhodamine obtained by the incorporation ¢énsem atom in the
xanthylium core of the rhodamines sholwsax > 600 nm and the singlet
oxygen quantum yield of the dyes was reported 44. .hese are favourable
for a photosensitizer used in PDT. Among the syi#esl molecules
thioamide derivatives are effective photosensitizsrd have the potential to
be used in PDT.

RiRo=Et, Z=Cr RR,= Et, Z=PFg

R1,R2 = (CHp)s, Z=CI R1,R2 = (CHp)s, Z=PFg’

Chart 1.1

Rose bengal, is an anionic xanthene dye having gend singlet
oxygen quantum yield. It is a Type Il photosensitiZ’> The photodynamic
action of oxygen proceeds through a Type | procgsthrough a Type I
process. Type | pathway involves electron or hydrogatom transfer,
producing radical forms of the photosensitizer be tsubstrate. These
intermediates may react with oxygen to form peregjdsuperoxide ions, and
hydroxyl radicals, which initiate free radical chareactions. Type |I

mechanism is mediated by an energy transfer proeaébs ground state
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oxygen>! Because of the anionic nature, in the absence cdrder, RB

shows decreased efficiency in crossing the cell branes. It has been
observed that PDT can cause cell death by apoptasi®phagy and
necrosis. The rose bengalacetate (RBAc) which trdphobic can easily
cross the cell membrane and can produce ROS itisedeell when treated
with green light. RBAc-PDT produces apoptosis tigtointrinsic, extrinsic,

endoplasmic reticulum stress and caspase indepepadmvays in HelLa

cells®

Ramaiah et al., reported that squaraines dyes doeldiseful for
PDT3 The halogenated squaraines like bromo and iododuses
cytotoxicity and genotoxicity of Chinese hamsteiaigv cells. The mouse
lymphoma cells proliferation was inhibited by phetoited bromo and iodo
derivatives of squaraine dyes. In the absencegbt bnly a few mutations
was observed. The bromo derivative produce micrhenuthat cause
photogenotoxicity in the absence of light in congam to the iodo
derivative and the iodo derivative is recommendedPDT applications.

1.6.3. Water purification and disinfection

Clean water to drink and clean air to breath arsemsal for
sustaining a healthy life. The water sources atengepolluted day by day.
In December 2016, the UN General Assembly adopted resolution
“International Decade (2018-2028) for Action — Wafer Sustainable
Development” to help put a greater focus on wateing ten year&> A very
large section of the world population still lackfedg managed water for
drinking purpose. This UN intervention points otieturgent need for
developing new practical methods for the waterndesition. The first solar
water disinfection studies were reported in 1904er@ some fluorescent

dyes have the potential to inactivate the microoigas when exposed to
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sunlight® It was based on the studies of acridine dye onmpecé. The term
photodynamic action was coined after this repod @uen the role of ROS in
photodynamic action was well-studied. Chlorinatiozpnization, and UV
irradiation are the conventional method for theewatisinfection. But these
methods face limitations like production of harmhby-products, involving
high cost, limited water volume, and long time diorm The simplest
procedures for reducing the microbiological contzation of very small
volumes of water are either boiling water or make of solar disinfection
process. Solar disinfection method (SODIS) involtresscombined action of
solar UV radiation and the temperature inside éldfitled with water. As a
result of this, the inactivation of many water b®rmpathogenic organisms
occur by the ROS generated within the microorganiBne method has the
advantages like zero cost, use sunlight as theggrseiurce, absence of the
adverse effect of the taste of the treated wateabthe same time faces the
limitations like limited effectiveness against @@nt viruses and protozoa,
relatively long treatment time, the limited wateslwme and the climatic
dependence. Even with these limitations, SODIS otkth currently used by

more than 4.5 million people in 55 countrfés.

Solar disinfection method can be used along wighsimglet oxygen
sensitizer$®®> Many water-soluble singlet oxygen sensitizers aseduin
PDT and antimicrobial photodynamic treatments a@flized infectior?>
Since the removal of the sensitizer are esserital the treatment, supported
sensitizers are favourable for the water disinfectiMost of the previous
work, make use of rose bengal, methylene blue amdesporphyrin
derivatives. In order to perform as a good photsiizer for water treatment
the compound should have high absorption coefficieong lived triplet
excited state, good photostability, broad spectairaction, low toxicity in
the dark. A factor which influences the phototrestinof water is the
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concentration of the photosensitizer. The inacivatrate of bacteria
increases with increase in the photosensitizer emmation’®°’Another
factor that affect the phototreatment of watehis pH. With methylene blue
as the photosensitizer, Acher et.al observed beairicrease in pH from 7.1-
7.6 to 8.6 to 8.9 improves the inactivation effrag but Cooper et al.,
observe that the change in pH from 7 to 10 had ignifcant effect on
disinfection with same photosensitizZ&F° The wavelength and the intensity
of incident light also affect the photodisinfectigmmocess. Visible light
absorbing sensitizers scores better and a cleaheasdurbid water ensures

better transmission of solar radiation facilitatgiginfection process.

Singlet oxygen mediated water disinfection hasateradvantages
compared to other methods. Organic dyes are comynuseld singlet oxygen
sensitizers as it shows absorption in the visiblgian with high absorption
coefficients and in this case lower amount of pketsitizing materials are
required. The 3-4 us lifetime available for singtetygen in the aqueous
medium is enough to interact with the microorgarsisifhe targets within
0.1 um from the point of generation of singlet caygare exposed to attack,
and at the same time non toxic towards other miga@sms. As an

oxidizing species singlet oxygen is more selective.

Bartusik et al.,developed a microphotoreactor having device to
generate bubblé§’ The bubble carries the singlet oxygen generatedahas

concentration at a level toxic to bacteria and fismg
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E. coli bacteria

Figurel5 The schematic representation of a bubble generating
microphotoreactor (Adapted from reference 100)

The advantage of the singlet oxygen bubble tecyyois that there is
no waste or by products generated as a resuleafetiiction. The device was
loaded with phthalocyanine sensitizer particles aag coupled to a diode
laser via an optical fiber and to an @as tank via a feed tube. Oxygen gas
flows over the sensitizer particles while the pdes, kept dry by a
polyethethylene membrane, are illuminated with 669 laser light. From a
comparative study of the inactivation of tBscherichia coliandAspergillus
fumigatesin deaerated, air saturated, and oxygenated epfutit was
concluded that the singlet oxygen bubble toxicigsvinversely proportional
to the amount of dissolved oxygen in solution. @ photoinactivation of
bacteria two mechanisms were proposed. The firghar@sm propose that
the inactivation occurs by an oxygen gradient fatnmeside and outside of
the bubble, the singlet oxygen formed is solvated diffuses through the
aqueous solution until it reacts with the targegamism. The second
mechanism involves the interaction of the singbeggen directly with the
E.coli that accumulates the gas —liquid interface. Theslmnism operates at
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a slower rate compared to the first mechanism. dtteal mechanism is
determined by the addition of detergent molecutes@&" ions. The results
reveal that the second mechanism is operated ddhiegnactivation of

bacteria through singlet oxygen bubble technology.

Villén et al., reported the use @f solar photocatalytic reactor to
generate’0,'** The reactor was fabricated with an aim to provi@alyd
domestic water disinfection for people in the lésgoured regions of the
planet. A ruthenium (INtris—chelate complex sugpdron porous silicone
acts as the singlet oxygen sensitizer. Pilot erpanis have been carried out

using the solar reactor containing a compound diabollector (CPC).

Figurel.6 Solar photoreactor for water disinfection test hwithe
photosensitizing material into the glass tubes leé CPC.
(Adapted from reference 101)

The efficiency is tested with two CPC prototypeghwdifferent
configuration of the photosensitizing material, méyna coaxial- and a fin-
type one. The water containing the pathogenic miganismsEscherichia
coli or Enterococcus faecaliwith a flow rate of 2 L/min was subjected to
the photocatalytic treatment for 5 hrs. The avenage for the disinfection

was similar for both the photoreactor designs. duation of 1 % and 0.1 %
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of the initial bacterial concentration was reporfed Escherichia colior
Enterococcus faecaliespectively. The inactivation rates of microorgams
were low and can be improved by higher loadinghaf $ensitizer, longer

exposure time and increasing the areas of the patatiytic material.

Alves et al., synthesized a nano magnet porphyrin hybrid for
photodynamic inactivation of microorganistf$The hybrid contains porphyrin
covalently linked to silica-coated iron oxide £B¢) nano particles. The hybrid
materials have the peculiar properties such astmgmnetic behaviour provided
by the metal core, the silica shell prevents thggegation and the tendency of
oxidation, the possibility of functionalization aadplatform to introduce broad

spectrum of photosensitizers.
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Figurel.7 The structure of the nanomagnet-porphyrin hybridldapted
from reference 102)

A 4.8 log reduction in the cell viability dE.coli was observed with
the hybrid having Fe in the core. The hybrid with @etal in the core also
shows efficient bacterial inactivation. The capaat the hybrid’s recycling
and reusability was also reported. The study waslecied by taking marine

bacteriumAliivibrio fischeri as a model. The compounds were found to be
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highly stable and sustain their magnetic behaviaod photoinactivation
efficiencies for several cycles.
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Figure 1.8 Schematic illustration of the nanomagnet-porphiaghrids
recycling (Adapted from reference 102)

Fouling of membranes by bacteria, fungus and algaeproblem in
the reverse osmosis based water purification systéincombined water
disinfection and anti-fouling method has been psggo Here, a singlet
oxygen sensitizer present on the membrane prevaotsimulation of

pathogens on the membrane when used in conjuniibriight.'**%®

The waste water discharge from industries such @serp dye
manufacturing and from refinaries contains toximpounds such as phenol
and its derivatives. The photosensitized oxidatidnphenol was studied
using the photosensitizers such as eosin, roseahengethylene blue,
riboflavin, and Zn(ll) tetraphenylporphyrin. Nowakseka et al., reported the

oxidation of phenol using immobilized rose benJaiGerdes et al., studied
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the same using immobilized phthalocyani®@Gerdes et al., used Al(llI),
Zn(Il), and Ga(lll) complexes of 2,9,16,23-tetrdesphthalocyanine, as well
as 5,10,5,20-tetrakis(4-carboxyphenyl)porphyrirsertbengal, methylene blue,
and di(N,N,-trimethylammonium-propylene)-3,4,9, penebiscarboxyimide
for investigating degradation of phenols and motaraphenols in aqueous
solution*'! Sulfide salts are the by-product of industrial ggsses such as
petroleum refining, tanning, coking, natural gasrifmation, and food

processing so the oxidation of sulfide salts tdade$ are also important in
waste water treatment. Photosensitized singlet exygediated conversion
of sulfide to sulfate was shown by almost all phdbhganines, exception of

the Co (I1) complexe§t?3
1.7. Immobilized singlet oxygen sensitizers

Most of the above mentioned application scenarinsparticular
water treatment using singlet oxygen require imndidtion of singlet
oxygen sensitizers on solid and inert supports. mae advantages for the
supported sensitizers are we can control the aggoegand self quenching
of the sensitizer, increasing the photostabiligrrging out the reactions in
various medium including water, easy separatiothefproducts, conducting
solvent free reactions and deploying in water pratfon systems. Various
supports are reported in the literature for theglsinoxygen sensitizers. The
basic requirement for a photosensitizer carrieth&t it should not quench
singlet oxygen. When the photosensitizer is attdche the support
aggregation of the sensitizer is prevented andrtberomeric forms prevail.
The photosensitizers adsorbed on porous medium sheduced singlet
oxygen quantum vyield because of the reduced oxggé&msion. Commonly
used solid supports are polymers, silica, clayaplgene, chitosan, silicone,
cellulose membranes etc. The immobilization prodaskides adsorption,
dissolution, casting, covalent bonding and eletatasattraction.
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1.7.1. Polymer supported singlet oxygen sensitizers

Several polymer supports have been used for theopar for

1415 golyurethane 7 and

example, polystyrene derivativesilicone,
polyethylené'® etc. Common methods of attaching sensitizerse@tiymer
support are via polymerisation of a sensitizer rmo@Q covalent grafting of
the sensitizer in a post functionalization procass dopping while casting of
the devices.The applications of polystyrene based supports lianged
because of its hydrophobic nature. A way to overothis is to use
copolymers with monomers having polar side chamgroups. Rose bengal
attached to a copolymer of chloromethylstyrene aralhacrylate ester of
ethyl glycol was found to be efficient for photogenation in aqueous
medium. In biomedical applicationglastics used to fabricate instruments
used in hospitals mainly contain methylene blue toididine blue to aid
photochemical disinfection proceSé:*'®Electrospinning technique is used
to dop polymeric surfaces with pthalocyanines tdkenphotoantimicrobial
surfaces****'Many attempts have been reported in the literatlmere such
supported sensitizers have been successfully appiee the photo-

disinfection of both gram positive and gram negathacterid?®>*>3
1.7.2. Silica supported singlet oxygen sensitizers

Silica materials offer the advantages of largdéaser area, modulated
porosity and mostly inert to many application sc&sa Roy et al., reported
a novel system in which photosensitizer molecutescavalently attached to
organically modified silica nano particl&$. The photosensitizer molecule
retains its photophysical properties after the ipocation and effectively
produces the singlet oxygen. The tumour cells tagethe synthesized
particles and effective phototoxic action was régabr The main advantage

in this system is that drug is not released duthmgy systemic circulation.
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Ronzani et al.,, synthesized and characterized tlsikea immobilized

organic photocatalysts based on rose bengal, apiim@ne-2-carboxylic
acid, and a cyanoanthracene derivatiVeAmino-alkylated silica supported
halogenated porphyrin was synthesized by Pineiroalét® Guoet al.,

synthesized a heterogeneous singlet oxygen semssiica nanoparticles
decorated with rose bengal to inactivate gram-pesibacteria, including
Methicillin-resistantStaphylococcus aureudMRSA), with high efficiency

through photodynamic actidh’ A series of silica immobilized singlet
oxygen photosensitizers are prepared by immobgizhthalocyanines on
aminopropyl groups on silica lengthened by graftiredditional

propyleneimine units. Singlet oxygen generationcifcy did not changed
with the length of the spacer but the photobaatilcfunction markedly
increased with length of the spacét.

1.7.3. Zeolite supported singlet oxygen sensitizers

Zeolites are aluminosilicates characterized by tavokk of silicon
and aluminium. Li et al., in 1996 reported the sele oxidation of olefins
within the dye cation exchanged Zeolité%The singlet oxygen is generated
within the Zeolite by irradiating the thiazine dgetrapped within the zeolite.
Smolinska et al., reported a methylene blue—zediigbrid system to
generate singlet oxygen and show photoinactivatmin pathogenic
microorganisms® In another immobilization strategy a trisphenanihe
iridium (Ill) complex was prepared by a Ship-in-atite synthesis routine
and singlet oxygen generation property was studiga the degradation of
9,10-dimethylanthraceré!

1.7.4. Clay supported singlet oxygen sensitizers

Clays are layered materials of natural origin anel abundant. They

are suitable and cost effective supports if a sigesican be intercalated in
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the interlayer space. Cationic photosensitizers arainly used and
intercalated via an ion exchange process. Ceneak, éh 1988 reported the
photooxidation of tryptophan by the methylene kidsorbed on clay?5, 10,
15, 20-tetrakis(4-carboxyphenyl)porphyrin was shawimtercalate in Cloisite
30B, a monotallow bis(hydroxyethyl)ammonium-modifieanontmorillonite
clay. The material was used for the photooxidatdnphenol in aqueous
solution**Madhavan et al., reported the oxidation of a sefegialkyl, alkyl
and aryl sulfides to the corresponding sulfoxidengiclay bound methylene
blue** The triphenylmethane dyes encapsulated in clay used in the
preparation of a carbonless copying paper. Hegetioxygen generated in a
photosensitized process is used for developingntages:->> Methylene blue
adsorbed clay particles are found to be very efflead antimicrobial treatment.
However, aggregation of the dye molecules on thg slrface reduced the

singlet oxygen production but showed anti-microbilvity **°

1.7.5. Graphene oxide supported singlet oxygen sensitizers

Graphene oxide has been extensively studiedhfeitro andin vivo
drug delivery due to its low cost, scalable produgt simple
functionalization, high stability in biological einenments:*"**Graphene
oxide contains functional groups such as epoxidegbonyl groups,
carboxyllic acids and isolated double bonds. Thay be used in covalent
anchoring of sensitizers. The methylene blue-graploxide nano composite
prepared found to have the potential photodynaroivity against human
breast cancer® In another report Wojtoniszak et al., showed methgl
blue-graphene oxide composite can be obtained k& rnbncovalent
functionalization. He has demonstrated an enhansedjlet oxygen
generation capacity for the composite comparedhé pristine methylene
blue*® Zhou and co-workers reported a novel GO-hypocrdlihybrid
prepared by the noncovalent adsorption. The stabiff the hybrid was
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superior compared to free hypocrellin-A. Better ¢wm targeting and
significant cell death was demonstrated and sugtiestcomposite as a
promising drug for clinical photodynamic theraldy.

1.8. Cationic Singlet Oxygen Sensitizers in PDT and Photochemcial
Disinfection

Photodynamic antimicrobial treatment involves tloenbined use of
photosensitizers, visible light and oxygen to kHle pathogens. Among
bacteria, there are Gram-positive bacteria and Gnagative bacteria. A
common pathogen encountered in the potable wat&r isoli which is a
gram negative bacteria. Gram-positive bacteria lygreerally been sensitive
to photoinactivation but gram-negative bacteriaeh&een reported to be
relatively insensitive unless the photosensitizare administered in the
presence of additional substances, for example,|Cais-EDTA, or
polymyxin B nonapeptide (PMBN), that alter the peahility of the outer
membrané??** The difference in the reactivity is mainly becawfethe
structural difference between the two types of &a&t(figurel.9)
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Figure 1.9 Schematic representations of the cell wall and pigmic
membrane structure in gram positive and negativeteba.
(Image taken from www.water.me.vccs.edu)
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The insensitivity of gram-negative bacteria to folactivation was
attributed to the presence of an outer membrarie indipopolysacharide
(LPS) which is highly negatively charged. This meam® generally limit the
permeability of external drug molecules comparetha&d of usual biological
membranes, containing a thick and permeable pegtidan layer:*® Within
this LPS there are many negatively charged groupshnendow the surface
of gram-negative bacteria with a strong negativargi*’ ***Inorder to
improve the efficiency of the photosensitizer ie tfisinfection of the gram
negative bacteria two features are to be importéht:the presence of
positive charge on the photosensitizer that pronaotght interaction with

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

Costa et al., tested the effect of six cationxeppyrin derivatives
with two to four charges on the photoinactivatiof a sewage
bacteriophagé®® The rate of bacteriophage photoinactivation and th
efficiency of the photosensitizer appeared to waityh the charge and with
the substituents in thmesepositions of the porphyrin macrocycle. Tetra-
and tricationic porphyrins were, therefore, recomdesl as a new method
for inactivating sewage bacteriophages. A similarkyvn this direction by
Orlandi, et al., used two dicationic 5,15-di(N-dtdypyridyl) porphyrins in
the antibacterial photodynamic treatment. The tesof the study showed
the importance of lipophilicity along with positivaharge in the disinfection

of gram negative bacterta*
1.9. Triazatriangulenium Salts

A carbocation is a molecule in which a carbon atbears three
bonds and a positive charge. In carbocaticeadon atom typically adopts
sp® hybridization at the cationic carbon center, wihtrigonal planar

molecular geometry. They are often very reactivernder to complete the
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octet of valence electrons and to be neutral. Taleilgy of a carbocation is
expressed in terms of its pKvalue. It is a thermodynamic parameter that
expresses the affinity of a carbocation towardsrdwide ions. It is the
equilibrium constant for the acid-base reaction tweaverts a carbenium ion
into the corresponding carbinol. The higher th&.pthe more stable the
carbocation towards nucleophilic attack. In othesrds, it means that a
carbocation of which the pK value is 9.0 would be 50 % converted into its
carbinol at pH 9.0.

_ [RsC*]
pKR+— pH + |Og m)
R3C+ + H20_> R3COH + H+

In 1902 J.F. Norris, F. Kehrmann and F. Wentzelcalsred
independently that colourless triphenylmethanolegdeep yellow solutions

in concentrated sulfuric actd®*>®
Ph3COH + HzSO4 . Ph3C+HSO4- + H20

Similar coloured triaryl cations like triarylmetlwyin, acridinium and
xanthenium cations were subsequently discoveredtadfind applications
as dyes in chemical, medical and biological fiel8®me of the specific
application includes use as colorants in photogcabhfood, textiles and
cosmetics industry. They are also used as lasex ayd fluorescent probes

for clinical and biological purposés**°®

Triangulene is the trivial name for the class ampounds
characterized by a ring system of six, six-memberegs fused in a
triangular fashion (Chart.2). In 1963 Martin and Smith synthesized the
triangulenium system which is a planarised tripheagion having O-bridges

connecting phenyl rings called a trioxatriangulemigTOTA") cation or a
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sesquixanthylium® According to systematic naming it is a dibenzopgr@1)
and named as 4, 8, 12-trioxa-4,8,12,12c-tetrahyloleodofcd, mijpyrenium.
TOTA" was noted by the research community for its progers a highly
stable carbocation with &g value of 9.05.

30 31
Chart 1.2 Triangulene system with numbering used in the ngmof

derivativesg0), trioxatriangulenium tetrafluroborate (TOT)A31).

Changing the bridge atom in heterocyclic carbenioms from oxygen
to nitrogen significantly increases the cation iitgbHence, on going from the
9-phenyl-xanthenium ion (32) (p1.0) to the 10-methyl-9-phenyl-acridinium

ion (33) (pks+11.0) the stability increases by tengpkinits*>***°

I
98¢ i
—_——
: (I
Ph Ph

32 33

pKg: 1.0 pKg.: 11.0

34

Chart 1.3 Structures of 9-Phenyl-xantheniun82), 10-methyl-9-phenyl-
acridinium @3) and triazatriangulenium tetraflurobora84)
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In a similar way changing the bridge atom in th®@TR" with
nitrogen resulting in a very highly stable heteizycompound known as
triazatriangulenium salts (Chatt3).**°The present thesis reports the design,
synthesis and studies of a series of water solultaeatriangulenium salts.
Among the triphenylmethane dyes triazatriangulenistompounds gain

attention due to its high stability withKp. value 23.7.

Laursen et aft®®*!reported the synthesis and Dileesh et &f,
reported the photophysical and electron transfepgnties of a series of N-
alkyl substituted triazatriangulenium salts. Theqursor for the synthesis
of this class of triangulenium cations is the aoatiaris-(2,6-
dimethoxyphenyl) carbenium ion and the general lsstit procedure is

shown in schem#.9.*®’

Li

Li
HsCO OCHs 60 hr HsCO OCH;  (C2Hs0),CO
+ \©/ E,0 N, CeHes, 90-100 °C

35 36

3days N
37

Scheme 1.9

The transformation of tris-(2,6-dimethoxypheny§rieenium ion to
the triazatriangulenium ion is effected throughedes of consecutivey@r
reactions where the six orthomethoxy groups presenthe tris-(2,6-
dimethoxyphenyl) carbenium tetrafluoroborate sexsdeaving groups when
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nucleophiles like primary amines are used (Sch&m@. In these reactions
the steric bulk of the methoxy groups protectsddetral carbon atom in the
tris-(2,6-dimethoxyphenyl) carbenium tetrafluorcdier from nucleophilic

addition.

Scheme 1.10

By controlling the reaction temperature, it is bk to obtain
products having one, two, or three nitrogen bridgespectively. Room
temperature stirring of tris-(2,6-dimethoxyphengdrbenium tetrafluroborate
with primary amine give the monoazabridged ca#fn A temperature rise
upto 100°C and heating for 45 minutes yield diaza-bridgetiooadl. The
triazatriangulenium catio®4 is obtained when heating the reaction above
160 °C with excess primary amine for longer durationfie Tdecreased
reactivity associated with the introduction of set@nd third nitrogen atoms
is because of the delocalization of the positivargh on the central carbon
to the new bridging N atom leading to a reducedtedphilicity of aromatic
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rings. As a result the \@r reactions are irreversible. The proposed

mechanism for this@\r reaction is given in Schenie11.*®*

Scheme 1.11

An alternative pathway for the production of taazangulenium salt
is through trioxatriangulenium sHit again in a stepwise process resulting
into azadioxa(42), diazaox4g) and triazatriangulenium catiold] (Scheme
1.12).
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42 43 34
Scheme 1.12

The crystal structure and the packing modes akatriangulenium
salts were also reported in relation to the elstatc and spacefilling
requirements of the ions. In the case of n-propyTA and n-octyl-TATA
the cation forms staggered dimé¥sThe staggering forces the alkyl groups
away from the plane of the ring system and as altrése dimers become
isolated. The dimers formed in the case of n-prd@yT'A and n-octyl-
TATA are shown in the figur#.10.

wm&gﬁiw

Figure1.10 Stereo view showing the dimmers of n-propyl- TATAdan-
Octyl-TATA (Adapted from reference 161).
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1.9.1. Applications of triazatriangulenium salts

The remarkable stability along with visible ligithsorption properties
of these cations prompted researchers to explomouga application
scenarios. Laurson et al., and Dileesh et al., Istveied the photophysical
and electron transfer properties of these cationdetail®®*The trioxa
triangulenium cation was found to intercalate WIINA and under light it
led to strand cleavagé® Cyril Nicolas et al., reported the use of N-alkyl
substituted triazatriangulenium salts with varyiogain length in phase

transfer catalysi&®*

R= (CH2)2CH3;
R=(CH3)sCHs

R=(CH,);CH3;

Chart 1.3

The efficiency of phase transfer catalysis wasdbto depend on the
cations partition ability between aqueous and dogamedium. The
applicability of these compounds as a successtalysh for several classical
organic reactions under basic and nucleophilic tmmd has been
demonstrated. The biological applications of triaaagulenium salts were
also reported. Sgrensen et al., reported the appic of
azadioxatriangulenium salt in anisotropic assaytlier detection of binding
events of large sized biomolecufé3The major limitation of biofluorescence
anisotropy is that the label used should be conyata the tumbling time of
the biomolecule which is labelled. In this studyew fluorescent label for
high molecular weight biomolecule based on azadi@eulenium motif was
used. The esterified form of triangulenium was ugajed toanti-rabbit

Immunoglobulin G which has the long fluorescent&tiine matches with the
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high molecular weight antibody and it complexeshwibbit Immunoglobulin
G. Shivalingam et al., reported that triangulentompounds can be used as a
unique fluorescent probe for studying the existeacd invivo functions of
nonduplex topologies adopted by the nucleic aéftBince this probe can be
usedin vivo it points towards the possibility of live-cell igiag studies. A
continuous glucose monitoring device was reporteg dpnjugating
triangulenium dye to ovalbumin. The assay showgingrintensity with the
glucose level ranging from 0-500 mg/#l’The limitations of glucose sensing
technology of ConA-beased glucose sensors is owverdny conjugation with

the red emitting long lifetime azadioxatriangulenidye to ovalbumin.

Though these triazatriangulenium cations showeexé stability in
both acidic and alkaline conditions but their sditjpin many solvents are
poor. This has prevented using these cations feersie applications in
material science or in medicine. Solubility in ague medium is an
important criteria required in the biological agliions. Polar substituents
or substituents having polar end groups at suitpbtions can enhance the
solubility of triazatriangulenium salts. Moreovénge present known studies
have not explored the properties of these catigngotential singlet oxygen
sensitizers as they possess high triplet yieldiggnand lifetime suitable for

being a good singlet oxygen sensitizer.
1.10. The Objectives

The main objectives of the thesis are

R/

% To synthesize water soluble triazatrianguleniuntsday incorporating
polar functional groups

K/

«  Study their photophysical properties in the agsenedium

K/

« Study their efficiency of singlet oxygen genematioby
photosensitization
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Synthesis and study of lipophilic triazatrianguleni cations in
microheterogeneous medium

Tether covalently or intercalate triazatrianguliemi ions to solid
supports or layered materials

Study the singlet oxygen photosensitization pribgerof these
heterogeneous sensitizer systems

Study the applicability of these heterogeneous isssrs in the
photodynamic disinfection of water containing pajas.
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CHAPTER 2

Synthesis, Photophysical and Singlet Oxygen Geneiait
Studies of a Few Water Soluble Triazatrianguleniunfalts

2.1. Abstract

In this chapter we report the synthesis, studiespbotophysical
properties and singlet oxygen generation of a fewatew soluble
triazatriangulenium (TATA) cations. The photophgsicstudies such as
steady — state and time - resolved absorption amss@n spectroscopy were
carried out in acetonitrile as well as in water.eTiespective absorption
maxima, singlet and triplet state energy levelsjrthfetimes and quantum
yields were determined. The triplet state propsrisere determined using
nanosecond laser flash photolysis studies. Thetqomagfficiency of singlet
oxygen generation was estimated by chemical acttryrasing disodium-9,10-
anthracenedipropionic acid (ADPA) and 1,3-diphesogenzofuran (DPBF) as
the chemical actinometers and rose bengal as teeenge. The apparent
guantum yield for singlet oxygen generation by ¢éheations 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 aqueodaimet 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 suitableiteccstate
properties to act as a singlet oxygen sensitizer.

6. No reactivity to singlet oxygen and other reactoseygen species
such as peroxides, hydroperoxides or dioxetane®rgd from
singlet oxygen induced reactions of substrates rotian the

sensitizer

The commonly used singlet oxygen sensitizers gmeesented in Chagt.1

45

Methylene blue

46

Tris(bypyridine)Ruthenium(ll) complexes

47

Tetraphenylporphyrin
Chart 2.1

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

oxygen sensitizer widely used as a reference ssmsias light active agent
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in photooxidation, photodynamic therapy or in disgtion reactions. It is
soluble in water withnmax 549 Nnm. The peculiar properties of rose bangal are
large molar extinction coefficienjgh solubility and high quantum vyield of
singlet oxygen generation (0.76). It is solublevater up to a concentration
of 10° M but at higher concentration H-type aggregatesfammed with
lower molar absorptivity* In non-polar solvents rose bengal is
photochemically unstable compared to the situatiopolar protic solvents.
The uptake and intracellular localization of a misensitizer in cells is
crucial to the photodynamic procesghe low lipid solubility and anionic
nature of rose bengal limit its capacity to crogsdgical barriers such as
cell membranes. Consequently, its clinical applicaremains limited, but
with the help of drug carriers such as liposomess® of the acylated rose
bengal derivative this sensitizer have been useéld same success in some
of the photobiological applicatiofs.Photobleaching was also observed in

the case of rose bengal during irradiation espgdiaqueous solutiors.

Methylene blue (MB) is another water-soluble aattodye used in
the clinical applications of photodynamic therapie high molar extinction
coefficient, good singlet oxygen quantum yield, mmal dark toxicity are its
advantage$.’°The dye is prone to aggregation at higher concéotrsand
also it is not a specific type Il photosensitizdiype | photooxidation
pathways are also reported for this sensitizeraBse of the poor cell/tissue
accumulation and low biological activity in thedrenolecular form its use in

invivo PDT of cancer is limitedt™®

Porphyrin derivatives are well known singlet oxygseansitizers
because of their unique photochemical and photaghiyproperties: The
delocalized 18 electrons present in the porphyrin system is nesibte for
the large absorption and strong emission charatteyiin the visible

region’®> Among the porphyrins tetraphenylporphyrins (TPR) the widely
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used molecules. It possess some disadvantagesasyabor solubility, low
singlet oxygen efficiency and photodegradatidAggregation is another

limitation possessed by the porphyrin derivatites.

The unique properties of the transition metal caxes make them
as a suitable platform for making new singlet oxygensitizer$® These
compounds undergo rapid intersystem crossing becafisheavy atom
effect’® Transition metal complexes of Ruthenium (Il) witlolypyridyl
ligands are the most studied group because oftthrgylst forward synthesis
and excellent visible light absorption properfi®sThe photoinitiated
decomposition arising from the population of therying dd states limits
the use of rutheniumpolypyridyl complexes in phbemical applications:
Poor water solubility is another problem observed many ruthenium
complexes. The Ru(bpy) undergoes photooxidation in aqueous acidic

solution containing the dissolved oxygén.

Aggregation of the sensitizers, pH or ionic stréngtffects,
competitive formation of superoxide ions are thamm@aoblems associated
with the singlet oxygen sensitizers in aqueous itmmd The main
applications of singlet oxygen sensitizers are imtew disinfection,
photodynamic therapy and in organic synthesis.fébes of the thesis is the
development of photochemcally and thermally stabletosensitizer systems
with a wide range of pH stability when used in ampuge media. Also
sensitizers with specific type Il photooxidationttpsay are also important
for the apoptotic cell death than the necrotic wath where the reactive
enzymes in the cells spread easily to other lonatia the tissue. Another
desirable factor is the control of solubility anigophilicity by suitable
chemical modifications. Also chemical modificatiotts achieve tumour or
carcinoma targeting with minimal dark toxicity iscaterion while choosing

sensitizer systems for photobiological applicatidfsr example presence of
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positive charges, conjugation to nanoparticles,plygae and other 2D
layered materials, monoclonal antibodies etc. wierend to have added
advantages in tumour targeting. In the presenttehage propose the use of
a well known triazatriangulenium cation as a pa&nsinglet oxygen

sensitizer. The known derivatives are insolublevater and have very poor
solubility in non-aqueous media. A series of trtaaagulenium cations are
designed such that it has high solubility in wateth groups to control

lipophilicity. Being cationic we expect triazatrgulenium cations can have

better tumour targeting as well as activity towagdsm negative pathogens.

To improve solubility of the proposed dye we ptanntroduce polar
groups such as hydroxyl, amino, carboxylic acidfosic acid or phosphoric
acid group either on the aromatic rings or as phthe N-alkyl side chains.
Substitution of the aromatic rings with polar greups synthetically
demanding as the synthesis of the parent triarigbrtaequires protection
deprotection strategies. Such substitution mayp aker the electronic
properties of the triaryl cation and may not undesfficient aryl-aryl
bridging reaction to produce the triangulenium aati Substitution of the
side chain is a viable synthesis strategy to aehiery good solubility in
polar medium. This strategy is not syntheticallyndeding and one can use
a modified synthesis strategy that uses the metbpdrted by Krebs and
coworkers’®?*In the present thesis we propose to use aminoalEals the
reagents for the aromatic nucleophilic substitutiased bridging reaction of
the three phenyl rings in the triphenyl cation dative 39). The structures
of the proposed cations are given in chart 2.2.
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R = -(CH,),,OH

n=24,56

Chart 2.2
2.3. Results and Discussion

2.3.1. Synthesis of hydroxyl group bearing triazatangulenium cations
(H-TATA 1-4)

Tris-(2,6-dimethoxyphenyl) carbenium tetraflurobtm @9) is
synthesized according to a reported proceffufithe N-alkyl substituted
triazatriangulenium cationsH(TATA1-4) were prepared fron89 using
literature procedure reported by Krebs, F. C. aoworkers (Scheme
2.1).23’24

H,N-(CH,),-OH
D —
N, 190°C
9 hrs
R = -(CH,),OH
39 H-TATA 1-4 nN=2456
Scheme 2.1

These cations were initially formed as their ttraborates and
were soluble in agueous medium. However, tetrafinorates are not very
stable in agueous medium as these anions are kbtoviaydrolyse under
acidic and alkaline pH and ambient temperat@t€ne of the product of this

hydrolysis reaction is HF where solvent moleculeesia nucleophilic
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displacement of fluorine on the tetrafluoroborateion?’ This is not
desirable for potential applications of this molecas a sensitizer because,
the product HF is corrosive and may interfere witle chemistry under
study. An alternative is to do an ion exchange Bingit KPk where a
saturated solution of KRkn water was added to an aqueous solution of the
tetrafluoroborate salt. The hexafluorophosphate wat insoluble in water
and precipitated and was purified by repeated wagshvith water. The
hexafluorophosphate was found to dissolve in agasatine medium (0.1 M
NaCl) with 1-1.5 mg/mL solubility with the cationating six carbon side
chain showing maximum solubilityd-TATA PFg (H-TATA1- 4) thus
prepared were characterized usitty NMR, *C NMR, FT-IR and mass
spectrometry (ESI-MS).

2.3.2. Photophysical studies
2.3.2.1. Absorption spectra of triazatrianguleniunsalts

Absorption spectra of the tri-N-alkyltriazatriadgoium salts in
acetonitrile were reported earlier by Laursen aneb?*H-TATA 1-4 were
also showing a similar spectral profile. The compsi show absorption
bands in the 250-570 nm region. The absorption laaadnd 270 nm is very
intense and sharp. There are two relatively wealdgaone at 350 nm and
the other centered around 530 nm. The absorptieatgmm ofH-TATA1-4
in water (0.1 M NaCl) and acetonitrile is shownfigure 2.1.The spectral
profile observed in acetonitrile was similar to thee reported for the N-
butyl bridged triazatriangulenium cations. In wat@.1 M NaCl) the
spectrum is red shifted by 5 nm compared to thahdetonitrile with the
shoulder band at 505 nm. A concentration dependencspectral profile
was studied by recording the absorption spectruraabus concentrations

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

Since at higher concentration the spectrum is idewb any profile
changes one can rule out the aggregation of dyeruhd concentration range
used for our studies. Figue2 and2.3 show the spectra obtained f+TATA
1 at two different concentrations in acetonitrile avater (0.1 M NaCl).

3.5 1 " 1 " 1 " 1
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1
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0.5 7\ / \

0.0 T v T
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Figure 2.2 Absorption spectra of H-TATA 1 in acetonitrile af410°M (- - -)
and 1.7x16 M (5
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Figure 2.3 Absorption spectra of H-TATA 1 in water at 1.7X1M (- - -)
and 1.7x16 M (5

2.3.2.2. Fluorescence spectra of triazatriangulenm salts

The fluorescence emission spectra of the H-TATAoocat were
recorded in both acetonitrile and water (0.1 M Nasyl exciting at 480 nm.
All compounds exhibited the fluorescence in the-300 nm region with no
significant changes in the emission spectral pofiligure2.4 is a typical
fluorescence spectrum recorded HHTATA 1 in water (0.1 M NacCl) and
acetonitrile. The compound shows a red shifted gionisat 571 nm in water
(0.1 M NaCl) compared to the emission maximum & B& in acetonitrile.
In solutions saturated with nitrogen the emissiotensity was marginally
increased by about 15% of the corresponding selutioder air saturation.
All the fluorescence experiments were carried autair equilibrated

solutions.
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Figure 2.4 Normalized emission spectra of the compound H-TATIA

acetonitrile(---) and water-{-), Aex=480 nm

The fluorescence quantum vyieldbd) of the compounds was
determined in water (0.1 M NaCl) and acetonitrile using the method of
relative actinometry. Optically matched solution Bfhodamine-6G in
ethanol was used as the standard and the folloetu@tion was used for
calculation.

_ AsFuyNg

DO, =
F™ AyFsNZ

X Dg (2.1)

Where the subscriptss* and U' represent the standard and unknown
respectively. A and A,, are the optical densities at the excitation
wavelength. E and kg, are the peak areas of the fluorescence specMgm.
and N, are the refractive indices of the solvents used dngd is the
fluorescence quantum yield of the standard. We hmsezl a value o=
0.90 for the standard in etharfdl.
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The fluorescence decay profiles of the compouneise wbtained by
the method of Time Correlated Single Photon cogn{ihCSPC) in water
(0.1 M NaCl) and acetonitrile. The decay was fotmde monoexponential
for all compounds in both solvents and no signifitcachanges in
fluorescence lifetime was observed in the absericairo The figure2.5
shows a typical fluorescence decay profile obtaifoedH-TATA 1 in water
(0.1 M NaCl) and acetonitrile.

Water

10000
] Acetonitrile

1000

Counts

100

-l

T T
2000 3000 4000

Time,ns

T
1000

Figure 2.5 The fluorescence decay profike.f&= 510 nm &Aem = 560 Nm)
for H-TATA 1in acetonitrile and water (0.1 M NacCl).

The radiative and non radiative rate constantldhe samples were

determined using the equatidh® and2.3.

(2.2)

(2.3)



74 Chapter 2

Where® andt are the fluorescence quantum yield and fluoreschfetine

respectively.

The photophysical properties of the compouhtiIATA 1-4 in
acetonitrile and water (0.1 M NaCl) are summarirethble2.1 The singlet
state energy for the compoundsTATA 1-4 was estimated from the point
of intersection of the absorption and fluorescespectra and the value
obtained was 53 kcal ™

Table 2.1 Absorption maximuninax (abs)), extinction coefficienta(nax),
emission maximumgad{em)), singlet lifetime 1) and singlet
guantum yield® of triazatriangulenium salts in acetonitrile and
water (0.1 M NaCl). Values given in parentheses these
obtained in acetonitrile.

XM - Kn (S
Compounds Amax(abs) e Amax(€M) o TENS k() nlr)(s
nm 1,5 nm F F x10? 2
(log ¢) x10
530 571 0.15 11

H-TATA 1 4.6(5) 1.36 | 7.72
(525) (558) | (0.20) | (8.1) | (2.46) | (9.8)

530 571 0.15 | 10.9
H-TATA 2 4.6(5) 137 | 7.79
(525) (558) | (0.20) | (8.1) | (2.46) | (9.8)
H-TATA 3 530 4.6(5) 571 0.15 10.5 1.42 8.09
(525) ' (558) | (0.20) | (8.2) | (243) | (9.7)

530 571 0.15 | 105
H-TATA 4 4.6(5) 1.42 | 8.09
(525) (558) | (0.20) | (8.1) | (2.46) | (9.8)

2.3.2.3. Phosphorescence spectra of triazatriangui@m cations

The low fluorescence quantum yield of the prepaatibns suggests
alternative modes of deactivation of their singdetited states. This has

prompted us to look for phosphorescence emissiothefcations. It was
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observed that the compounds exhibited the phospbenee at 77 K in
ethanol glass with an emission maximum at 563 nhe ghosphorescence

spectrum obtained fdd-TATA 1 at 50us delay after the excitation flash in
ethanol glass at 77 K is given in figuzes.

2 L 1

Intensity,a.u.

T T T T T
550 600 650 700
Wavelength,nm

Figure 2.6 Phosphorescence spectrum of triazatrianguleniun-$alATA 1)
in ethanol glass at 77 K

The triplet energy of 49.72 kcal Mvas estimated from the point of
intersection between the normalized excitation pimolsphorescence spectra,
i.e., the wavelength corresponding to the 0-O0 bauition in the
phosphorescence spectrum. The photophysical stilies enabled us to
determine the energy levels of first singlet anpleét excited states of these
compounds. A schematic diagram showing the singiet triplet energy
level is given in figure2.7. The S-T energy gap for the compounds is

estimated as 3.28 kcal'M
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Figure 2.7 Schematic representation of various energy lesels
triazatriangulenium salts.

2.3.2.4. Thermally Assisted Delayed FluorescenceADF) in
triazatriangulenium cations

The effect of oxygen on the fluorescence intensitg the small
singlet - triplet energy gap in these moleculesnpted us to investigate on
the occurrence of a delayed emission. Such snmajleti— triplet energy gap
can cause thermally assisted reverse intersystessiog between triplet and
singlet states leading to the observation of aygeleemission as shown in
figure 2.8 This reverse intersystem crossing is thermallyvated and its

efficiency increases with decrease in the singkeiplet energy gap.

Reverse Intersystem

Crossing
E (kcal mol-") /
530 |+ S
2977 | 1 S T,
ISC
hvpe
hv DF
0 1 S

Figure 2.8 Energy level diagram showing TADF emission in the
triazatriangulenium cations
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Delayed emissions were recorded on a Phosphoresspectrometer
with a pulsed xenone lamp and the spectra werededaat a delay of 10 -
50 ps after the excitation pulse. All compounds werevwshg delayed
emission both in acetonitrile and water. The Iifedi of the delayed
fluorescence was also recorded in these solvent®tin air saturated and
nitrogen saturated solutions. To confirm the exiséeof reverse intersystem
crossing and the observation of the delayed emmssi® have recorded the
emission spectrum of an air saturated solutionraindgen saturated solution
with the pulsed xenon lamp as the excitation soufiege we have observed
an approximately four fold enhancement in the elmissntensity for
nitrogen saturated solutions. This result indic#itesquenching of a fraction
of the triplet states by oxygen in air leading tceduction in the population
of triplet states in comparison to the solution emditrogen saturation. This
oxygen quenching leads to a decrease in the nuofbeolecules adopting
the pathway leading to thermally activated revensersystem crossing and
results in a reduced intensity for the delayed siwiis(figure2.9 and2.10).
This confirms the role of triplet states in the ay@d emission and the
observed emission is an E-type delayed emissioa.ehfission decay profile
was also recorded after an initial delay ofy&5for nitrogen saturated and air
saturated solutions dfl-TATA 1. The decay profiles were analysed and
fitted to exponential decay function. Fig@d1show the decay profiles and
the fitted curves. Both decays gave good fit tangle exponential function
and obtained emission lifetimes as [l and 4pus respectively for the
nitrogen saturated and air saturated solutions. Vdlae obtained in the
absence of air is very close to the value of ttikifetime 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 satad ()
and nitrogen saturated solution in acetonitrite) (
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Figure 2.10 Delayed emission observed for H-TATA 1 in air satad ()
and nitrogen saturated solution in water (0.1 M N&C)
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Figure 2.11 TADF decay profiles of H-TATA 1 recorded in water) @nd
acetonitrile ¢)

2.3.2.5. Laser flash photolysis

Laser flash photolysis experiments are carriedtowharacterize the
triplet excited state properties of the triazatgialenium compounds. These
data are essential to assess the feasibility pletrioxygen sensitization by
these dyes. From the calculated triplet state gndrgs clear that these
compounds have suitably placed triplet excitedestat facilitate energy
transfer to molecular oxygen. The flash photolgsiperiments were carried
out in argon saturated acetonitrile and water (d.INaCl) as solvents.
Excitation of the compounds was made by using tB8 Bm second
harmonic output from a Nd:YAG laser and the tramsiehanges in the
concentration of the ground and excited state spegere probed by using a
kinetic spectrometer. The pulse width of the lase&xs 7 ns and used
focussing optics for an orthogonal excitation of ttamples. The kinetic
spectrometer used a 150 W pulsed xenon lamp amlsrsce changes were
monitored at 10 nm intervals using a monochroma®diT and a digital

storage oscilloscope. The spectra obtainedHfGATA 1 in acetonitrile and
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water (0.1 M NaCl) at various time intervals atfee laser pulse are given in
figures 2.12 and 2.13 respectively. All compounds showed similar transien
absorption spectrum and did not show any significhkange according to the

length of the side chain.
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Figure 2.12 The transient absorption spectrum of H-TATA 1 aetanitrile
recorded with different time delays after laser ietion.
(Aex=532 nm)
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Figure 2.13 The transient absorption spectrum of H-TATA 1 inteva
(0.1 M NacCl) recorded with different time delayseaflaser
excitation. fex= 532 nm).
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The transient absorption spectrum thus obtainedadetonitrile
showed absorption maxima at 370 nm, 420 nm anch@5With a bleaching
in the 450-600 nm region. The bleaching in the 8B80- nm region
correspond well with the ground state absorptiontted compounds. A
similar spectrum was also obtained for the compsumdwater (0.1 M
NaCl). Figures2.14 and 2.15 show the transient decay profiles obtained at
650 nm and at 530 nm for HATA 1 in acetonitrile and water (0.1 M NaCl)
respectively. The decay profiles obeyed first ordecay kinetics and the
estimated triplet excited state lifetime was 1.85and 21.6us in acetonitrile

and water (0.1 M NacCl) respectively.
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Figure 2.14 Kinetic profiles of H-TATA 1 in acetonitrile recoed at (a)
650 nm and (b) 530 nm.
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Figure 2.15 Kinetic profiles of H-TATA 1 in water (0.1 M NaCitecorded
at (a) 650 nm and (b) 530 nm.
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Triplet excited states interact with oxygen whillso has a triplet
multiplicity leading to quenching of the tripletagts. This interaction can be
both a physical deactivation to the ground stataroenergy transfer to the
oxygen singlet state. This energy transfer proéegsossible because the
calculated triplet energy of these cations lie vablbve the singlet energy of
oxygen molecule. All compounds show efficient ipfjuenching indicated
by a faster decay in both air saturated and oxggéurated solutions. Hence,
the observed bands in the transient absorptiontrsjpecan be assigned to
the triplet state of these compounds. The obsenvati a bleach or negative
difference absorption corresponding to the absmmptmaximum of the
studied compounds lead us to determine the molamation coefficient of
triplet — triplet absorption (T-T absorption) byethmethod of singlet
depletion?®In this method it is assumed that the optically pethmolecules
completely return either to they State or populate the lowest triplet state
within the time scale of observation. Under thesedttions, the change in

optical density can be expressed by equdlidn
AOD = (€T -€9) [*M] | (2.4)

In equation2.4, [*M] is the concentration of the triplet states pregse
at the time of observation, | is the optical pathdth of the solutiorgsis the
extinction coefficient of the &S, absorption at the monitoring wavelength
andé&T is the extinction coefficient of the T-T absorptianthis wavelength.

If the bleaching minimumig largest negative absorption) coincides with the
absorption maximum of the compound, then it is gaheassumed that the

triplet does not absorb at this wavelength (£g5 0). Under this condition

equation2.4 reduces to equatichb.

AOD (M) = -€4*M] | (2.5)
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In equation2.5 AOD is the change in the optical density due to

singlet depletion a;. Since€sat; is known, the concentration of the triplet

species (M]) can be calculated using equati@rb. If [*M] is known, €T at
all wavelengths can be calculated using equatidnUsing this method, we

obtained a value around 5400*Mn™ for €1 at 650 nm for the compounds

in water and around 8100 Mm* for €1 at 650 nm in acetonitrile. Once the

extinction coefficient of the T-T absorption is kmo, the triplet quantum
yield (®1) can be estimated using the method of relativénamtetry>°
Decay profiles at respective T-T absorption maxiofizoptically matched
solutions at excitation wavelength (532 nm), far teference compound and
the compounds studied were obtained. Triplet quantueld @) was
estimated by using the equatids6.

ORrAODTE
Or = —ROTER (2.6)
AODRET

In Equation2.6, T refers to the triplet of the compounds and Rreefe

to a reference compound’s are the quantum yields, s are the extinction

coefficients and\OD's are the end-of pulse optical densities otthesients.
In our study we have used an aqueous solution ef This-(2,2'-
bipyridine)Ruthenium(ll)chloride([Ru(bpylf*) as the reference. For the

reference, we have usebr=0.95 ander= 27300 M'cm? at 370 nm in

acetonitrile and water to estimate tlder values of triazatriangulenium
caitons®® Using these values, we obtained the quantum yieldtersystem
crossing or the quantum yield of triplet excitedtst as®t= 0.64 in
acetonitrile anddr= 0.68 in water for the compounds. The triplet estat
properties of the compountsTATA 1-4 are summarized itable 2.2
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Table 22 Triplet-triplet absorption maxima.{a(@abs)),extinction coefficients

(STmax),TripIet guantum vyieldby), triplet lifetime ¢1), Triplet
energy (E),oxygen quenching rate constant (keg))Ofor H-
TATA 1-4 in water. Values given in parenthesis are those
recorded in acetonitrile.

A max(@bs) | €7 nax(abs) kq(O:

nm M~ emit D7 TTUS | EreV ML gl

650 543x1§ | 068 | 21.6 | 2.11 | 1.41x10

HTATAL (650) | (8.0x10) | (0.64) | (1.85) | (2.11)| (1.9x10)
HTATA 2 650 | 5.45x1G | 0.68 | 27.2 | 2.11 | 1.43x10
(650) | (8.1x10) | (0.64) | (1.52) | (2.11)| (1.9x10)
HTATA 3 650 5.43x16 | 0.68 | 21.6 | 2.11 | 1.41x10
(650) | (8.1x10) | (0.64) | (1.67) | (2.11)| (1.9x10)
HTATA 4 650 | 5.42x16 | 0.68 | 27.3 | 2.11 | 1.42x10

(650) | (8.1x10) | (0.64) | (1.95) | (2.11)| (1.9x10)

2.3.2.6. Laser flash photolysis studies: Triplet ggnching by oxygen

In order to study the kinetics of interaction dfet triplets of

triazatriangulenium cations by oxygen we have edrriout the flash

photolysis experiments in the presence of air, ery@nd argon. The

solutions used for the study was saturated witpeetsve gases. We have

observed that the triplet absorption du¢itd ATA 1 at 650 nm is quenched

very efficiently by oxygen indicated by faster dgodynamics in air or

oxygen saturated solutions. The decay rate corsstagre estimated by using

the triplet decay profiles as well as the grouradesbleach recovery profiles.

The decay rate constants obtained under these éhgggen concentrations

were analysed by Stern - Volmer method and caledl#te rate constant for

oxygen quenching. The bimolecular quenching ratestamts were obtained

by plotting the data according to equatiid.
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Kobs= kot K'q [Q] 2.7)

In equation2.7 ko = (1ho) is the decay rate in the absence of any
quencher anlz(Tq represents the triplet quenching constarite decay profiles
observed in argon, air and oxygen saturated sakutid these compounds in
acetonitrile and water (0.1 M NacCl) are presentedigure 2.16 and 2.17
respectively. The solubility of oxygen in higheragetonitrile than in water.
The kTq values obtained for the prepared triazatriangutanoations were of
the order of 10M™ s'and indicating a very efficient quenching interati

with oxygen. The values obtained are given ingatf.

1 L 1 L | s 1 L |

0.05 | —O0mM

] ——1.9mM
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0 2 4 6 8
Time,pus

Figure 2.16 Decay profile at 650 nm for H-TATA 1lin acetonitril@g) Argon
saturated [@] = 0 mM, (b) Air saturated [¢) = 1.9 mM and
(c) Oxygen saturated [>= 8.3 mM.
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Figure 2.17 Decay profile at 650 nm in the flash photolysidBTATA 1 in
water (0.1 M NacCl). (a) Argon saturated,,J& 0 mM (b) Air
saturated, [¢] = 0.26 mM and (c) Oxygen saturatec,]® 0.46
mM.

Representative examples for the Stern - Volmersdiot oxygen quenching

are given in figur€.18and2.19

81
71 y =8.8063x + 1

ToT

0 2 4 6 8 10
[O,], MM

Figure 2.18 Stern -Volmer plot for oxygen quenching of H-TATAriplet
excited states in acetonitrile



Synthesis, Photophysical and Singlet Oxygen Generation Studies...... 87

26

21 y = 45.076x + 1.0187

16

ToT

11 |

0 0.1 0.2 0.3 0.4 0.5
[02], mM

Figure 2.19 Stern - Volmer plot for oxygen quenching of H-TATAiplet
excited states in water.

Oxygen quenching rate constant is found to be DOM™ s'and 1.4x10
M™ sin acetonitrile and water respectively as showrabie2.2

2.3.3. Singlet oxygen generation studies

Photosensitization is the most popular methodttier production of
singlet oxygen. The singlet oxygen generation isegally occurs via an
energy transfer to molecular oxygen. Triazatriaegwm cations possess the
required triplet state energy for an effective ggetransfer to molecular
oxygen to produce singlet oxygen. By laser flashtplysis experiments, it
was showed that triplet states of these cationseHigently quenched by
molecular oxygen. In addition, the delayed emissodiserved for these
cations was also affected by the presence of mialeoxygen indicating an
oxygen quenching process for the triplet excitedest The energy profile
diagram for the photosensitized production of shgkygen by HFATA is
represented in figur2.20
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Figure 2.20 The energy profile diagram for the photosensitigemtiuction
of singlet oxygen byH-TATA

The quantum vyield of singlet oxygen is a paramélat describe the
potential of a sensitizer in generating singlet gety. Triazatriangulenium
cations are having high triplet yield{~=0.68 in water) and is expected to
be a good singlet oxygen sensitizer. Sch@rRelescribes possible pathways

of interaction available for an excited sensitwagh molecular oxygen.

ISC
Sen h—V> 'Sen* ————» 3gen*
Sen + !0,
y
k
3Sen* + 30, . Ka Sen™ + Oy
/ kr \
k
D kisc keisc Sen + 302

Scheme 2.2The interaction of photo excited sensitizer withl@ecalar
oxygen
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The quantum yield of intersystem crossidgsd) provide information
on the quantum efficiency of triplet state formatidhis parameter however
will not imply the quantum efficiency of singlet ygen formation as there
are various other pathways for the deactivatiotheftriplet other than the
energy transfer to molecular oxygen. The triplestestdeactivate @&
radiatively by emission of phosphorescence chargeté by the rate
constant ‘K’ and non-radiatively via an intersystem crossiaghe ground
state (l¢). The interaction of triplet states with molecuakygen (k) can
lead to energy transfer k generating singlet oxygen, an electron transfer
generating superoxide anioncgkor an enhanced intersystem crossing to
sensitizer ground singlet stateg{®. Therefore, for a sensitizer with a

quantum vyield of intersystem crossin@isc the quantum efficiency of
energy transfer to oxygen and the quantum vyieldswifglet oxygen
generation are given by the equations:
3
ke [*0;] _ kol’02l Kk, _ Fo, T f,7

der = =
" ket kq[PO;] Kt kg [30,] kg

Dy = Digeder = PiscFo,fA
where, %ZT is the fraction of triplet states quenched by ce(ygndeT is the

fraction of the triplets quenched by oxygen yietdsinglet oxygen. Because
of these possibilities it is imperative that onewd determine the actual
quantum vyield of singlet oxygen by an appropriatethnd. Moreover, an

ideal singlet oxygen sensitizer should not haveaction with oxygen that
lead to superoxide radical anion either from thegleit sate or from the
triplet excited state. The laser flash photolysigi-TATA in air saturated

solutions did not reveal any new transient othantthe band due to the

triplet state. An estimation of the free energyetéctron transfer between
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singlet and triplet excited states IdfTATA 's with molecular oxygen was

also made using the Rehm — Weller equation (Equatig)®' >3

AGe = [23.06 (ES, o= Ea) - ] - g (2.8)

WhereEg+/D is the oxidation potential of the don(yf/A_ is the

reduction potential of the acceptor, e is the ebeit charges is the
dielectric constant of the solvent, ‘a’ is the nwlkar diameter ang,, , is the
energy of the singlet/triplet state from which #iectron transfer takes place.
The oxidation potential of structurally similar dlkysubstituted
triazatriangulenium cation (£ = 1.20 vs SCE in acetonitriléf and the
reduction potential of oxygen {@.,O0.,-) = - 0.82 V vs. SCE in
acetonitrile)>® was used for the calculation. A value of 10was assumed
for the molecular diameter ‘a’ for the triazatriatgnium cation. A singlet
energy of 53 kcal/mol and a triplet energy of 49¢al/mol for acetonitrile
medium was used for the electron transfer fromlstngnd triplet states of
the triazatriangulenium cation. The estimated valuere -6.41 kcal/mol
from the singlet and -3.1 kcal/mol from the tripl&hese values show that
the electron transfer to singlet oxygen is exergamd the formation of
superoxide anion cannot be ruled out. Darmanyaaml.etearlier studied
singlet oxygen sensitization by molecules with nratidy to highly feasible
electron transfer between the sensitizer tripletestand molecular oxygéh.
The study revealed the role of exciplexes in thggern quenching process
along with energy transfer and electron transferillastrated in schem2.2
the exciplex further proceed towards enhanced syséem crossing to
sensitizer (singlet) ground state. According torép@ort, the rate constant for
energy transfer 9 and rate constant for electron transfey) (re in the
order of diffusion rate constants (<i017's%). The rate constant for the

enhanced intersystem crossingisk when such exciplexes are involved is
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estimated as 3xIGs*. Therefore, in such molecules the singlet oxygen
generation could compete with electron transferwadl as the oxygen
enhanced intersystem crossing and the quantum weldinglet oxygen

generation could be lower than the valuebgf would imply.

For a molecule to be an ideal sensitizer it shoubd have any
interaction or reaction with the singlet oxygenngegenerated. To verify this
we have attempted to record the singlet oxygenrnestence in aqueous as
well as acetonitrile medium using the NIR sensilv&aAs detector cooled
to 77 K. However, due to the very short singlet gety lifetimes in these
solvents and also due to an overlapping of a taiielayed emission we
could not successfully observe the singlet oxygemimescence and its

lifetime.

The singlet oxygen quantum vyield is defined as thenber of
molecules of singlet oxygen generated per numberhotons absorbed by
the sensitizer. As discussed earlier the singlgger quantum yield depend
on the quantum efficiency of energy transfer are ftlaction of the triplet
state quenched by oxygen yielding singlet oxygéerdfore the quantum yield
of singlet oxygen generation is either close tod®Qeor less. In rare cases it is
higher than thebis; value, for example it is ~2 for dicyanoanthracéd€A).%’

In this case both singlet and triplet states geéeesmglet oxygen. There are
direct and indirect methods available for the deieation of singlet oxygen
guantum vyield. The direct method includes timedkesb near-infrared (NIR)
luminescence, time-resolved thermal lensing (TRTapd laser-induced
optoacoustic calorimetry (LIOAC}™*' Chemical trapping and oxygen
consumption methods are the indirect methods dilailfor singlet oxygen
guantum yield determination and termed as cheractalometry. Based on the
trapping species selected the chemical traps weomitored by changes in

fluorescence, EPR, absorption and otfi&t3We have adopted the chemical
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actinometry method using 1,3-diphenylisobenzofurd®PBF) as the
actinometer in acetonitrile and disodium salt otheacene-9,10-dipropionic
acid (ADPA) in aqueous medium. Both actinometersdpce oxygenated
products that do not have overlapping absorptioth wie actinometers
(Scheme2.3 and2.4). This enabled us to monitor the disappearancéef t

actinometers as a function of irradiation time.

= . 0 O

48 49 50
Scheme 2.3

51 52
Scheme 2.4

The method chemical actinometry and the deterimonabf the
singlet oxygen quantum yield have been describ&lieean chapterl, 1.4.
Since the solubility of the triazatrianguleniumtsand the rose bengal was

sufficiently high we were able to prepare solutiath absorbance > 2 at 530
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nm. This enabled us to use total absorption camstifor the actinometry
experiments. Besides this another advantage waghbie was no overlap
between the absorption band of the actinometergrandensitizers enabling
us to monitor the disappearance of the actinomet@th maximum

sensitivity.

We have used ultrabright green LED light as thatlisource for the
excitation of the sensitizer cations and rose blettlga reference compound.
The LED has the advantages that it gives narrowd b@omnochromatic
emission, low power consumption and stable intgrilight emission. By
using the ultrabright green LED with an emissionximmaum at 530 nm
selective excitation of the sensitizer was possiite emission spectrum of the

used LED light used in the actinometry experimenghown in figure.21

70000 -
60000; n
50000;
40000;

30000

Intensity,a.u

20000

=\

0

g T g T g T y
200 400 600 800 1000
Wavelength,nm

Figure2.21The emission spectrum of the ultrabright green Ligbt used

for the excitation of the sensitizer

Chemical actinometry was used to determine thel@rdi photon rate

reaching the solution used for photooxidaitons. ile&dent photon rate was
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monitored periodically using aberchrome 670 asdhemical actinometer.
Aberchrome 670 is a photochromic actinometer apples in the uv and
visible region. The compound is t(i)-3-(Adamantan-2-ylidene)-4-[1-(2,5-
dimethyl-3-furyl)ethylidene]dihydro-2,5-furandiorie), which under
irradiation in the spectral range 316-366 nm, yidié highly dark red
cyclised form (DHBF)84) (Scheme.5).**

0

uv 7 N

-— 0
Vis 0

\\““‘J
53 54
Scheme 2.4
The incident photon rate was calculated using the&on?2.9.
Anpc
Por = 525 (2.9)

Where B, is the incident photon rate at the excitation &@mgth,Anac is
the number of actinometric molecules which are texhauring a given
irradiation period* t'®,.; is the quantum yield of the actinometer at the

excitation wavelength. Ana. was calculated using the equatiaQ

NVAODs 16
An,. = ——= 2.1
AC T 10380 | (2.10

N is the Avogadro number, V is the total volumetioé solution
irradiated, AODs,4 is the variation in the absorbance at 519 nmlyamg

wavelength) during the irradiation of cyclised for(Bx10* M) with

ultrabright green LED in a 2 mm cuvettg;gis the extinction coefficient at
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519 nm, | is the optical pathlength of the cuvatiewhich AODs;g is
measured. Using equatio899 and2.10 the incident photon rate under our

irradiation conditions is calculated as 9.5 (+5)x10"° photons 8.

0.5

Absorbance

0.0 T T Y T U T
300 400 500 600
Wavelength,nm

Figure 2.22 Change in the absorbance of (DHBF) (5 %M) during the
irradiation with ultrabright green LED

2.3.3.1. Determination of singlet oxygen quantum gld of H-TATA 1-4
in acetonitrile

For determining the singlet oxygen quantum yieldh& compounds
H-TATA 1-4 chemical actinometry was used with rose bengal stendard
and DPBF as the chemical actinometer. DPBF saisfilethe requirements
of the chemical actinomefé’ except that it showed a fluorescence
guenching interaction with the triazatrianguleniucations. Since the
concentration of the DPBF used were very small wgeeted a minor role
for this quenching interaction in the overall segtgbxygen sensitization
process. A blank irradiation in the absence ofdesitizer was also carried

out which did not show any change in the conceotmadf the actinometer
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used. An air saturated solution HETATA 1 (1.5x10* M) in acetonitrile
containing DPBF (5.3xI® M) was irradiated using 530 nm light. The
photooxidation of DPBF was monitored spectrophotwoicedly. During the
irradiation, no change in the absorbance of the syetions was observed
indicating that no photobleaching occurred underesyperimental condition.
Under identical condition the reference rose beng@l3x10°> M) also
irradiated in the presence of DPBF (fig@23. For total absorption of the
incident light the absorbance at the irradiatiorvél@ngth was ensured to be
above 2 absorbance units. Figze24 to 2.27show the evaluation of
absorbance dfi-TATA 1-4 during the irradiation at 530 nm of a solution of
DPBF andH-TATA .
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Figure 2.23 Change in absorbance during the irradiation at ®@0of a
solution of DPBF (5.3x1®M) and rose bengal (8.3x20/) in
acetonitrile
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Figure 2.24 Change in absorbance during the irradiation at ®30of a
solution of DPBF (5.3xI®M) and H-TATA 1(1.5x1d" M) in

acetonitrile
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Figure 2.25 Change in absorbance during the irradiation at ®@0of a
solution of DPBF (5.3x1®M) and H-TATA 2(1.5x1d" M) in

acetonitrile
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Figure 2.26 Change in absorbance during the irradiation at ®30of a

Figure 2.27

solution of DPBF (5.3x1®M) and H-TATA 3 (1.5x1d M) in
acetonitrile
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Change in absorbance during the irradiation at ®30of a
solution of DPBF (5.3x1®M) and H-TATA 4(1.5x1d M) in

acetonitrile
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The rate constant for the consumption of singkggen by DPBF can
be calculated in the presence of the triazatriamgum dye as well as the
reference sensitizer rose bengal. The ratio of catestants for the dye and
the reference sensitizer is proportional to thaitios of singlet oxygen
generation efficiency. Rose bengal has a singlggex quantum yield of
0.42 in acetonitrilé® From these data the apparent quantum yield ofeting
oxygen generation can be estimated using the egquatil Figure 2.28
shows comparison of a plot of absorbance at 410asma function of

irradiation time.
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Figure 2.28 Comparison of the decrease in the absorbance ahdl6f
DPBF in the presence of rose bengal and H-TATA 1 in
acetonitrile

The apparent singlet oxygen quantum yield FBTATA 1-4 in

acetonitrile was determined using the equa®idri.

d kTATA
Pp=—R5— (2.19)
R
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Where®, is the singlet oxygen quantum yielély is the singlet
oxygen quantum vyield of the referendgi®™ is the rate constant for the
disappearance of the actinometer in the presenGABA, kRB is the rate
constant for the disappearance of the actinometehe presence of rose
bengal. The apparent quantum vyield of singlet orygeneation by the
triazatriangulenium cation in acetonitrile was mstied as 0.21.Tablg.3
shows the values df, for all the synthesized triazatriangulenium cagiam

acetonitrile.

Table 2.3 The values of singlet oxygen quantum yiedg, J obtained for the
compounds H-TATA 1-4 in acetonitrile.

Compound D,

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 gld of H-TATA 1-4
in aqueous medium

The singlet oxygen quantum yield in water is deieed using
disodium salt of 9, 10-anthracenedipropionic acid #he chemical
actinometer. In order to understand whether ADPArfere with the excited
state of triazatriangulenium salts, the emissietsp ofH- TATA 1(1.0x10°
M) were recorded at various ADPA concentrationgjirag from (1.4x10 M
- 2.6x10%M). It is shown in figure2.29
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Figure 2.29 Emission spectrum of H-TATA 1(1.0xfoM) in water in the
presence of increasing concentrations of ADPA (104 -
2.6x10*M). Aex =480 nm

ADPA satisfies all the requirements of the chemamiinometet®>2

and it is not interfering with the excited stategesses of the sensitizer. A

blank irradiation in the absence of the sensitizas carried out which did

not show any change in the concentration of thenacteter used. An air

saturated solution oH-TATA 1 (1.6 x 10* M) in water (0.1 M NaCl)
containing ADPA (1.8x18 M) was irradiated with ultrabright green LED
light. The photooxidation of ADPA was monitored spephotometrically
and indicated by a decrease in the absorbanceiratige of 350 — 400 nm.

During the irradiation, no change in the absorbaote¢he dye solutions

indicates that photobleaching of the dye has nkéntaplace under such

experimental condition. Under identical conditiase bengal (4.0x1M) the
reference sensitizer, was also irradiated in thesgmce of ADPA (figure

2.30. For total absorption of the incident light thésarbance at the

irradiation wavelength was ensured to be abovesdrélance units. Figure
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2.31 to 2.34shows change in absorbance TATA1-4 during the
irradiation at 530 nm of an aqueous solution of ADdhd H-TATA.

2 L 1

Absorbance
=Y
1

. : . : .
300 400 500 600
Wavelength,nm

Figure 2.30 Change in absorbance during the irradiation at B80 of a
solution of ADPA (1.8x18 M) and rose bengal (4.0x20) in

water

2

Absorbance
i

T T y T
300 400 500 600

Wavelength,nm

Figure 2.31 Change in absorbance during the irradiation at ®30of a
solution of ADPA (1.8x1dM) and H-TATA 1(1.6x1d M) in

water
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Figure 2.32 Change in absorbance during the irradiation at B80 of a
solution of ADPA (1.8x1d M) and H-TATA 2(1.6x10 M) in

water
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Figure 2.33 Change in absorbance during the irradiation at 680 of a
solution of ADPA (1.8x1d M) and H-TATA 3 (1.6x1d M) in

water
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Figure 2.34 Change in absorbance during the irradiation at 880 of a
solution of ADPA (1.8x1d M) and H-TATA 4 (1.6x1d M) in

water.

The rate constant for the consumption of singlatgen by ADPA
can be calculated in the presence of the triazegukenium dye as well as
the reference sensitizer rose bengal. The rati@tef constants for the dye
and the reference sensitizer is proportional tdr tiaios of singlet oxygen
generation efficiency. Rose bengal has a singlggex quantum yield of
0.76 in watef® From these data the apparent quantum vyield ofleting
oxygen generation can be estimated using the equatil Figure2.35

shows comparison of a plot of absorbance at 400asma function of

irradiation time.
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Figure 2.35 Comparison of the decrease in the absorbance atrGf
ADPA in the presence of rose bengal &hTATA 1

From the ratio of rate constants the apparenttguanyield of singlet
oxygen geneation by the triangulenium ions wergneged as 0.36 in water.
Table 2.4 shows theb, values of all the synthesized triazatriangulenium
cations in water.

Table 2.4 The values of singlet oxygen quantum yiedel,J obtained for
the compoundBl-TATA 1-4 in water.

Compound (OJ%

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 oxyen in dye sensitized
photooxidation

The competition kinetics between ADPA and a singbet/gen
quencher N (NaNs) was carried out to establish the role '6% in dye
sensitized photooxidation. The presence of azidegisenches th&0, such
an experiment reveal whether the dye sensitizedopl@ation proceeds
through*O, mechanism or through a free radical intermediBigure 2.36
shows the results of the competition between ADRA & in the presence
of TATA as the sensitizer. The rate of singlet oxygconsumption has
steadily decreased as a function of the azide avagentration establishing

the role of singlet oxygen in the photooxygenatdADPA.

1.02 L | " 1 L 1 L 1 s 1 L 1

i —a— 0M
1.00 + —e— 1x10°M
0.98 —— 1x10“M

0.96
0.94
0.92
0.90
0.88
0.86
0.841

0.82 T T T T T T L T J T T T
0 10 20 30 40 50 60

Time,min

Absorbance at 400nm

Figure 2.36 Competition for singlet oxygen between ADPA anglifthe
presence of TATA with various quencher concentretio

2.4. Conclusions

In this chapter we have described the synthedmtophysical

properties and singlet oxygen generation efficiemadf a series of water
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soluble triazatriangulenium salts. The propertiéstrese compounds in
water and acetonitrile are compared. Both singhet @iplet lifetime of the

compounds are higher in aqueous medium. Using ptigny fluorescence
and phosphorescence spectra, the energy levelseosihglet and triplet
excited states of the triazatriangulenium salts determined. The singlet
oxygen generation capacities of the synthesizedpoomds are determined
using ADPA and DPBF as the chemical actinometedsrase bengal as the
reference. The singlet oxygen quantum vyield is ébtmbe higher in aqueous

medium.
2.5. Experimental Section

2.5.1 General Techniques

All reactions were carried out using oven driedsglavares. The
solvents used were distilled and dried prior to.ul# reagents were
purchased from either Sigma —Aldrich or Spectrochevh Ltd and were
used as received. ADPA is synthesized based omefierted procedur®.
Aberchrome 670 was purchased from TCIl Chemicals Rdt Absorption
spectra were recorded using Evolution 201 UV-vesibpectrophotometer.
Fluorescence, Phosphorescence and Fluorescendendifestudies were
carried out using Jobin-YvonFluorolog3-211UV-VisRI fluorescence
spectrometer with a TCSPC attachment. IR spectra veeorded on JASCO
4100 model, FTIR spectrometer. Th¢ NMR spectra were recorded on 400
MHz on Bruker FT-NMR spectrometer with tetrametigise(TMS) as
internal standard. Chemical shifts were reportegarts per million (ppm)
downfield to TMS. Molecular mass was determinedVgters 3100 mass
detector with an Electro-Spray-lonization unit. éasflash photolysis
experiments were carried out by employing an AgpRhotophysics model
LKS-60 laser kinetic spectrometer equipped with @R=12 Series Quanta
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Ray Nd:YAGlaser. The analysing and laser beams visezd at right angles
to each other. The laser energy was 90 mJ at 532 Singlet oxygen
guantum vyield was determined by chemical actinoyndty using 1,3-
diphenylisobenzofuran in acetonitriile and disodiusalt of 9,10-
anthracenedipropionic acid in water as the chenaicahometers respetively

and rose bengal as standard.

2.5.2. Synthesis of Tris-(2,6-dimethoxyphenyl)carloéum tetrafluroborate

(39).

Tris-(2,6-dimethoxyphenyl) carbenium tetrafluroder @9) was
synthesized according to a reported proceffudeld: 52%. MS (ESI,
m/2):423. Mp 164°C. FT-IR (cm®) 3450, 1596, 1487, 1262, 1085, 810, 643.
H NMR (400MHz, CDC4) & (ppm):7.620-7.557(t, 1H), 6.546-6.525(d,
2H),3.596(s, 6H*CNMR(400MHz,CDCH4,)d (ppm):162.69, 142.47, 125.37,
104.96.

2.5.3. Synthesis of 4,8,12-Tri-hydroxyethyl-4,8,1Riazatriangulenium
tetrafluoroborate(H-TATA 1) >*

In a round bottom flask tris-(2,6-dimethoxyphenydarbenium
tetrafluroborate (1.0 g., 2.0 mmol) is mixed witthamolamine (3.0 g., 49
mmol). The reaction flask was fitted with a reflcondenser and heated to 190
%C under nitrogen atmosphere for 9 hr. The resubiligl was then triturated
several times with dichloromethane and hexane. ctBede crystallization
occurred from methanol to give 0.40 g of compouhd ATA 1. Yield:
40%.MS (ESI,m2): 414.mp:>300°C.FT-IR (cm')3318, 2919, 2858, 1625,
1532, 1330, 1057, 857, 820,788.NMR (400 MHz, DMSOJ (ppm):
8.046-8.004 (t, 1H), 7.479-7.458 (d, 2H), 5.131605.1t, 1H), 4.556 (s, 2H),

13
3.926-3.914 (t, 2H).CNMR (100 MHz, DO) & (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, ,812-triazatriangulenium
(H-TATA 2)

In a round bottom flask tris-(2,6-dimethoxyphenytarbenium
tetrafluroborate (0.2 g, 0.38 mmol) is mixed witamhino-1-butanol (1 g, 11
mmol). The reaction flask was fitted with a reflo@ndenser and heated to
190 °C under nitrogen atmosphere for 9 hr. The resulsiolid was then
triturated several times with dichloromethane anexame. Selective
crystallization occurred from methanol to give cauapdH-TATA 2. Yield:
35%. MS (ESI,m/2): 498. mp: >300°C. FT-IR (cm")3418, 2924, 2860,
1620, 1330, 1030, 835,768H NMR (400MHz, DMSO)3 (ppm): 8.032-
7.990 (t, 1H), 7.317-7.295 (d, 2H), 4.649 (s, 1#p92 (s, 2H), 3.553 (s,

13
2H), 1.808 (s, 2H), 1.718-1.687 (t, 2H).C NMR (100MHz, CDQ,)
& (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 2-triazatriangulenium
(H-TATA3)

In a round bottom flask tris-(2,6-dimethoxyphengtioenium
tetrafluroborate(0.2 g, 0.38 mmol) is mixed witha®ino-1-pentanol
(2.179,11 mmol). The reaction flask was fitted wétlieflux condenser and
heated to 198C under nitrogen atmosphere for 9 hr. The resukivligl was
then triturated several times with dichloromethamel hexane. Selective
crystallization occurred from methanol to give cauapdH-TATA 3. Yield
42%. MS (ESI,m/2): 540. mp: >300°C. FT-IR (cm')3396, 2934, 2867,
1616, 1530, 1337, 1073, 837, 762.NMR (400 MHzDMSO)d(ppm):
8.034-7.992 (t, 1H), 7.291-7.269 (d, 2H), 4.46845.4(t, 1H), 4.248(s,

13
2H),3.462-3.443 (t, 2H),1.752 (s ,2H), 1.559-1.588 4H). C NMR
(L00OMHz, DMSO0,)3 (ppm): 139.51, 137.58, 109.47, 104.92, 79.40, &0.5
46.99, 32.08, 24.34, 22.64.
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2.5.6. Synthesis of 4,8,12-Tri-hydroxyhexyl-4,8, 1iazatriangulenium
tetrafluoroborate(H-TATA 4)

In a round bottom flask tris-(2,6-dimethoxyphecghbenium
tetrafluroborate (0.2 g, 38 mmol) is mixed with i&ao-1-hexanol (1.28 g.,
11 mmol). The reaction flask was fitted with a weflcondenser and heated
to 190°C under nitrogen atmosphere for 9 hr. The resuliolid was then
triturated several times with dichloromethane anexame. Selective
crystallization occurred from methanol to give caupdH-TATA 4. Yield
40%. MS (ESI,m/2): 582. mp: >300°C. FT-IR(cm®) 3408, 2928, 2857,
1615, 1333, 1080, 840, 7624 NMR (400MHz, DMSO) (ppm):8.001-
7.959(t, 1H), 7.254-7.234 (d, 2H), 4.415-4.3911), 4.196 (s, 2H), 3.445-

13
3.405 (t, 3H), 1.717 (s, 2H), 1.545-1.417 (m, 6HE NMR (100 MHz,
DMSO) &(ppm): 139.63, 137.64, 109.63, 104.96, 60.56 ,3243F7.

10 9 8 7 § 6 5 4 3 2 1 pPPM

Figure 2.37 *H NMR spectrum of tris-(2,6-dimethoxyphenyl)carheni
tetrafluroborate (39)
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Figure 2.39'H NMR spectrum of H-TATA 2
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Figure 2.41'H 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 obpHipc
triazatriangulenium cations in microheterogeneougdiom. To vary
lipophilicity symmetrically substituted triazatrignlenium cations having N-
alkyl groups with varying length of alkyl chains fn4, 6, 8 and 12) were
prepared. The photophysical properties of the dtigngulenium cations
were studied in anionic, cationic and neutral nhésel Triazatriangulenium
cations showed changes in the photophysical priegerthat can be
correlated with the length of the alkyl side chaBolubilization of the
cations having long alkyl chain substituents (nnél 42) led to a progressive
shift in their respective absorption and emissicaximum. This change in
absorption and emission property is attributed thstortion in the planarity
of the structure upon binding with the micellareasblies. This conclusion
was supported by temperature dependence of emigsigperties, time
resolved emission studies, and theoretical studyth@ir geometry and
electronic properties by DFT calculations at 6-8d,gp) level.

3.2. Introduction

Microheterogeneous media such as micelles, micrtzoms and

liposomes serve as mimics of biological membraméss is because of the
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resemblance between the interfacial propertiehe$d microheterogeneous
media with those of biological membranes and semsea model for
biological studies of certain drug molecules. Inagter 2 we have
demonstrated that triazatriangulenium cations cargdod singlet oxygen
sensitizers and are potential drug candidateshierphotodynamic therapy.
The photodynamic action of the molecules dependsonty on the singlet
oxygen production but also on other factors suclhbiadistribution of the
dye molecules in the cytoplasmic and mitochondmaémbranes, the
retention and the nature of binding inside the.t@he properties of the dye
molecules inside the cell are complex and this afégct their photophysical
properties. Hence, using micelles or liposomes amnieca of the cell one
must develop an understanding on the photophygicaperties of these
cations. This insight on the nature of interactiom the localization of these
cations inside the cell will be valuable to predibeir suitability as a
potential dye for photodynamic applications. Amonigelles, liposomes and
microemulsions, micelles are the best primary model to ease of handling

and preparation compared to liposomes and micrdseoms.

Micelle is a self assembly of amphiphilic surfadtamlecules with
distinct hydrophilic and hydrophobic regions. Inuaqus solution the
surfactant molecule self assemble in such a waythieahydrophobic groups
align and exclude water molecules to create thssirdit hydrophilic and
hydrophobic regions. Typically in a normal miceltee polar head groups
align towards the surrounding water molecules &edhlydrophobic regions
form the inner core. Similarly, in reverse micelldge hydrophilic head
groups are oriented inwards and the hydrophobiogg@re oriented towards
the non-aqueous solvent bulk. Since micelles haameters of 10-80 nm
range, it do not sediment under gravity and progaeedium with long term
stability. In solution the self assembly leads he formation of colloidal
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clusters in which 40-100 surfactant molecules abserno the micellar
assemblies and are characterized by a critical llmicgoncentration (CMC)

and aggregation number.

Surfactant Surfactant
Tail N Head
’\/./
é) CMC
j’.
POV TR
o
Surfactant Monomers Micelle

Figure 3.1

The number of surfactant molecules in a micell&knswn as the
aggregation number. The concentration at which rieelle formation
begins is known as critical micelle concentratiddMC). Micelles are
normally spherical in shape however, other shapesh ss cylindrical
assemblies or lamellae are also possible. The shagethe size of the
micelles depend on the factors suctsagactant concentration, temperature,

pH and ionic strength. The various types micellessaown in figure3.2.

.....
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00000000

Spherical Cylindrica Lamellar

Figure 3.2 Various types of micelles

The surfactants are classified based on differactofs such as their
origin, structural features, behavior in solutiets. A typical classification is

based on the type of head group they possess. Bastds the surfactants
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are classified into four types: anionic, catiomonionic and zwitterionic. In
an anionic surfactant the head group is negatigierged and is electrically
neutralized by an alkali metal cation. The well Wmoexamples for anionic
micelle are soaps (R-COMR’) and alkyl benzene sulfonates(RHZSOs
Na’). The cationic surfactants have a positively cedrhgead group. Long
chain amines (RNEIX") and quaternary ammonium salts [RN @FFX]
belongs to the group of cationic surfactants. Nmme surfactants do not
possess any significant electric charge on theiarpbead group. The
examples for nonionic surfactants are alkyl pheatiioxylate, alcohol
ethoxylate, polyoxypropylene glycols. Zwitteriorsarfactants possess both
positive and negative charge on their polar headmrlauryldimethylamine
N-oxide, amidosulfobetaine-16, hexadecylphosphaohattc. are examples

for this group of surfactants.

Hydrocarbon
central core (~25A)

Gouy Chapman Layer Stern Layer (<10A)
(~100A)

Figure 3.3A cross section of an ionic micelle

The cross section of a typical ionic surfactantetiér assembly is
given in figure3.3. The micelle formed by the self-assembly of ‘nimaer
of surfactant molecules has liquid like core catirsis of the hydrophobic

alkyl chains with the ionic head groups projectmg to the aqueous bulk.
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The charged region with the ionic groups formed imeer part of the
electrical double layer surrounding the hydrophotuce is termed as the
Stern layer. Along with the ionic head groups taiger also contains the
respective counter ions. The outer and more diffusgdrodynamic shear
surface containing some of the counter ions andviter molecules is called
the Gouy — Chapman layer. The hydrophobic corethaedstern layer forms
the kinetic micelle. Here the surfactant molecwsleni equilibrium with the
micellar assembly. The association constant foratmenic micelle formed
from SDS is 7800 M with the rate constant for association of the aent
molecule is ~ 1x1OM™s* and the dissociation rate constant of x40
! These thermodynamically stable self-assembliesusfactant molecules
solubilize molecules especially those ones havingpar solubility in the
bulk medium in which the surfactants are assembldt: micropolarity
gradient in these assemblies also assist the ipaitif of the solutes. For
example, polarity of aqueous bulk decreases gridfraim the bulk to the
surface and then to the hydrocarbon core. Theitocalf the solute in these
dynamic assemblies is difficult to predict and oalfime average loci can be
assumed based on the changes in spectroscopicrigepaf the solute. In

anionic micelle the possible locations for the sediare:
a. adsorption at the micellar surface or in the Slayer
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. inthe inner hydrophobic core

Typically solubilization in the micelle is indiead in the UV-Vis,

Fluorescence or NMR spectral properties etc. Fampte, molecules having
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polarity dependent absorption and emission speitteasolubilization of the
solute is indicated by changes in the absorptionemission maxima,
guantum yield or lifetime of fluorescence emissibhese changes are often
used in the determination of binding constants lt# solutes with the

micellar assemblies.

Most of the dyes proposed for photodynamic appbosat were
studied in these micro heterogeneous media to eenv understanding on
how these dyes are distributed in a true biologroakrix and how their
properties change due to interfacial phenomena. §pectroscopic and
photophysical properties of some rhodamine dekmeati (Chart 3.1)in

cationic, anionic and neutral micelles was repobgdal et af:

COOR™ & DR=CHR=H
O \ . 2)R=CH,, R'=Br
HoN o NH> 3) R = (CH2);CH3 R'=Br

R' R'
Chart 3.1

The studies are conducted in anionic sodium dodedyate (SDS),
the cationic cetyltrimethyammoniumbromide (CTAB)daneutral triton X-
100 (TX) micelles. The results showed a substitwE@gendent interaction
between these dyes and the surfactants. The ititaragas predominantly
electrostatic when anionic SDS micelles are usdd @ye |. The dye-SDS
aggregate formation was found at lower SDS conagatr but monomeric
form of the dye was observed above critical micet@ncentration. Dye 2
and 3 showed interaction with the cationic micellesned from CTAB.
Here, the hydrophobic interactions dominated okierdoulombic interaction

whereas, in Dye 1 the coulombic interaction isdbminating factor.
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Thiazine dyes or azure dyegShart3.2) are promising photosensitizers
for PDT? These dyes are more soluble in aqueous mediaauhirast to MB
they do not undergoes demethylafioravelcova et af, studied the

photophysical properties of these dyes in aqueoluien and in micelles

1) R1 =N(CH3), R2 = N(CHj3),

/C[Nm 2) R1=N(CH,3), R2 = NH,
R, S R, 3) R1 = N(CHj3), R2 = NH(CH3)
4) R1 = NH(CH3) R2 = NH,
Chart 3.2

Depending on the pH of the solution these dyesvséxcited state
protonation, deprotonation behavior. The transepdctra of these cations
are characterized by the unprotonated and protdnaiplet states and
radical cations with absorption maxima at 370 n2Q 4am and 520 nm
respectively. This absorption profile obtained e tmicellar medium was
similar to that observed in water. The triplet etaaire effectively quenched
by oxygen and singlet oxygen production was obskrieanionic surfactant
(SDS) the lifetime of the triplet state is increhsdhe singlet oxygen
guantum vyield of these dyes is found to be incrasemicellar medium
compared to those in water. Similar results weggonted in the case of

methylene blué.

The photophysical properties of a series of xamhstyes Chart3.3
in SDS, CTAB and pluronic P-123 micellar medium weagorted byPellosi

et al®
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O O Br 0 Br
) (I
HO (0] OH
O O Br Br
HO (0] OH

. Eosin Y
fluorescein

baY
O |
HOgO‘OH
| |

Erythrosin B

Rose Bengal B

Chart 3.3

The partition coefficient values were determineddt the dyes and
concluded that eosin, erythrosine and rose beragbh amphiphilic nature.
For all the xanthenes dyes investigated there sc@ued shift as the medium
change from water to micelle. The emission maxinwas red shifted by 8-
10 nm in P-123 micelles and 12-15 nm in CTAB butchange reported in
the case of SDS micelles. At physiological pH valtiee ability of the dyes
to be positioned inside the micelle and the natfrenteraction with the
micelle depends not only on the hydrophobicity leé tye but also on the
micellar surface charge. The Stern—Volmer analyguenching interaction
with a quencher molecule confirms the existencéheferythrocin and rose
bangal inside the micelle. Since these dyes arenanin nature the dye —
micelle interaction was maximum in neutral P-123] arationic CTAB

micelles. Solubilisation of the dye in micellar esblies is indicated by a
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high fluorescence quantum yield. Erythrosin ancerbengal are found to

show enhanced singlet oxygen generation upon dzlatoon in the micelles.

In the present work we have used micellar medisna anodel to
study the properties of a series of lipophilic zaaiangulenium cations
(TATA 1-4, Chart3.4) so that an understanding on the behavior of these
cations in a true biological system can be obtain€de studies are
conducted in anionic sodium dodecyl sulfate (SD®)e cationic
cetyltrimethylammoniumbromide (CTAB) and neutraltan X-100(TX)
micelles. As given in the chaBt4, the cations chosen for the present study
are planar with Bh symmetry and contain linear N-alkyl side chaiasihg
4, 6, 8 and 12 carbon atoms. The cationic-triarrgatgpodal nature of the
molecule is expected to prevent the binding inteévacwith the micelle but,
the presence of long alkyl chains are expectedatour the binding
interaction. Lengths of the alkyl chains are vatiedune the hydrophobicity
and solubility in non-aqueous medium. The -catidrniemgular-tripodal
molecule with side chains of sufficient length ipected to associate with
the micelles with a “spider-on-the-apple” like bimgl topology.

R= 1, n-butyl
2, n-hexyl
3, n-octyl
4, n-dodecyl

TATA 1-4

Chart 3.4
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3.3. Results and discussion
3.3.1. Synthesis of lipophilic triazatrinaguleniumcations (TATA 1-4)

Tris-(2,6-dimethoxyphenyl) carbenium tetraflurodter @9) was
synthesized according to a reported procedufee N-alkyl substituted
triazatriangulenium cationsTATA 1-3) were prepared fron89 using
literature procedure reported by Krebs, F. C. awavorkers (Scheme
3.1).1%* A similar procedure was adopted for the syntheSBATA 4 using

n-dodecylamine as the primary amine for the azagomiglreaction.

T R= 1, n-butyl
N, 190°C 2, n-hexyl
2 3, n-octyl
9 hrs 4, n-dodecyl
39 TATA1-4
Scheme 3.1

These cations were formed as their tetraflurolesraind showed
moderate solubility in acetonitrile (~1 mg/mL farATA 1-3 and ~0.5

mg/mL forTATA 4) and were insoluble in aqueous medium.
3.3.2. Photophysical Studies

3.3.2.1. UV-Visible absorption properties of triaz&riangulenium salts in
micellar medium

The solutions for the photophysical characterizatio micellar
media were prepared by mixing 1-iQ of a concentrated stock solution in
acetonitrile with an appropriate volume of the fiesolution (100 mM) in
water. Distribution of the solute in the micelle dnen was ensured by
stirring or ultrasound sonication prior to spectagEc experiments. Among

the three micellar medium, in anionic micelle tlmdusons were stable and
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did not become turbid. The solutions prepared tronac and neutral micellar
medium were less stable and showed increasinglityrion standing. In terms
of solubility, solutions with dye concentration tap1x10°M in anionic micelle
medium could be prepared. The better stabilitythed solutions in the
anionic micellar medium can be ascribed to thetedstatic association of
the triazatriangulenium cations with the anionidattant molecules. Due to
the poor solubility behavior in cationic and neltracelles we have chosen
the anionic micellar medium for the detailed phdtggical studies.

Absorption spectra of the tri-N-alkyltriazatriangonlum salts in
acetonitrile were reported earlier by Laursen amdbk!® Similar spectral
profiles and maxima were observed T0ATA 1-4 in the same solvent with
absorption maxima at 270 nm, 350 nm and at 525 fgaré 3.4). All
compounds showed similar spectra and did not shogvariation in the
absorption maxima or spectral profile as the lengftithe alkyl chain is
varied.H-TATA 2, the newly prepared cation reported in chaptef the
present thesis are soluble in aqueous medium d@strgjn in water is also
presented for comparison. In aqueous medium triapgulenium
chromophores shows a red shift of 5 nm for the lagelength absorption
maximum and other bands are relatively unaffectgdhe change in the
polarity on moving from acetonitrile to water. Tladsorption spectra of
TATA 1-4 were also recorded in 100 mM solutions of the @igicSDS
micelle, cationic CTAB micelles and neutral Trit®?100 micelles and are
presented in figure3.5, 3.6and3.7.
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Figure 3.4 Normalized absorption spectrumDATA 1-4 in acetonitrile
andH-TATA 2 in water

In the anionic micelleTATA 1-4 showed a chain length dependent
absorption spectrum. It showed a progressive refll ishthe absorption
maximum of the long wavelength transition with &se in the alkyl chain
length. In cationic and neutral micelles this shsftless prominent and is
limited to TATA 4, the cation having the dodecyl chains as the pols.
absorption maxima and the molar absorption coetfiits of these cations in

the micellar media are summarized in tahle
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Figure 3.5Absorption spectra oFATA 1-4 in anionic micelle (SDS)

1.2 - ' . ' :
—Butyl

Hexyl
e O ctyl
== Dodecyl

1.0 1

0.8 -

0.6

Nor.Absorbance

T T I
400 500 600 700
Wavelength,nm

Figure 3.6 Absorption spectra oFATA 1-4 in cationic micelle (CTAB)
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Figure 3.7 Absorption spectra afATA 1-4 in neutral micelle (Triton X-100)

3.3.2.2. Emission properties of triazatrianguleniunsalts in micellar
medium

Emission spectra of the tri-N-alkyltriazatriangulen salts TATA
1-4) recorded in acetonitrile were similar to the d&gaorted by Gopidas and
coworkers-* The compounds exhibited the fluorescence in the 7T nm
region(figure3.8) with a maximum at 558 nm in acetonitrile. The ssion
spectrum of the water soluble derivatideTATA 2 is also given in figure
3.8 for comparison. This molecule too has similar siaédeatures but with a

13 nm (571 nm) red shifted emission maximum in wate
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Figure 3.8 Normalized emission spectra DATA 1-4 in acetonitrile andH-

TATA 2 in water.le= 480 nm

The emission spectral properties of the lipopHiliazatriangulenium
salts were also recorded in the anionic micelle §pDcationic micelle
(CTAB) and in neutral micelle (triton X-100) soloiis. The spectra obtained
are given in figures3.9, 3.10 and 3.11 As observed in the absorption
spectrum of these cations the solubilization inrtheellar medium is evident
from their respective shifts in the emission speutrin the anionic micelle
solution the data showed a clear dependence ochtiia length of the alkyl
substituents. In this case the cations having @otgl dodecyl chains showed
a clear red shift in the emission maximum with avpace of the new band
at 629 nm. In cationic micelle and neutral TritorlB0 solutions too the
emission spectra of the cations withoctyl and n-dodecyl derivatives
indicated red shift in the emission maximum indrogtsolubilization of

these cations in these micelles.



132 Chapter 3

n 1
e— Buty|

1.0+ Hexyl
. 0.8
S
T
>
= 0.6
®
c
]
-
£ 04-
0.2
0.0 - T T T " T T T
500 550 600 650 700

Wavelength,nm

Figure 3.9 Normalized emission spectra of the compoliAd A 1-4 in

anionic micelle (SDS)ex=480 nm
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Figure 3.10 Normalized emission spectra of the compoliAd A 1-4 in
cationic micelle (CTABJe,=480 nm
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Figure 3.11 Normalized emission spectra of the compoliAd A 1-4 in
neutral micelle (triton X-100),=480 nm

3.3.2.3. Fluorescence quantum yield of lipophili¢riazatriangulenium
cations (TATA 1-4) in SDS micelles

Typically solubilization in micelles modulates ditescence quantum
yield (®F) as the dye molecules due to a more rigid envienmtmscreening
from potential quenchers such as water moleculetuerto polarity effects.
In order to find out how the fluorescence quantueidyof these lipophilic
cations gets affected due to this micellar mediuenhave determined the
absolute fluorescence quantum vyield by using aregnating sphere
accessory. The data obtained are presented in 3abld@he results show a
decreasing trend in the fluorescence quantum ymith increasing
lipophilicity. This is contrary to the commonly assed phenomena for
majority of molecules in such medium. This resuwints to the fact that
there exist other channels for the deactivatiothef excited chromophores

when they get associated with anionic micelles.
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3.3.2.4. Fluorescence lifetime measurements of liplilic
triazatriangulenium cations (TATA 1-4) in SDS miceles

The fluorescence decay of all the compounds wemmrded in
acetonitrile and in the anionic micellar medium twe method of Time
Correlated Single Photon Counting (TCSPC). The ykecabserved in
acetonitrile were monoexponential and did not slaoy dependence on the
length of the alkyl chains. However, in anionic aliar medium the decays
obtained were found to be emission wavelength digranand fitted well

with a biexponential model.

10000 MeCN(TATA 1) Ll ——MeCN (TATA 2)
Micelle Micelle

10004 1000
2 2
[ c
3 3
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100 100
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Figure 3.12 The fluorescence decay profile in acetonitrile @amdanionic
micellarmedium (SDS). The excitation and monitoring
wavelength were 480 nm and 560 nm, 563 nm, 616629,
nm for TATA 1-4) respectively
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The figure 3.12 shows the fluorescence decay profiles TATA 1-4

recorded in acetonitrile and in anionic micellardien at their respective

emission maximum. The average lifetime observeth@micellar medium

showed an increasing trend from 1.69 ns for thewrdiavingn-butyl side

chains TATA 1) to 4.72 ns for the cation with-dodecyl side chains

(TATA 4).

Table3.1 Absorption maxima Mna{abs)),extinction coefficien,ax),

fluorescence

emission

maximumg(em)),
guantum vyield @g) average fluorescence

fluorescence
lifetimetry),

radiative rate constant Jkand non-radiative rate constant,(k
of triazatriangulenium salts in anionic micellar dnen(SDS).
Values given in parentheses are those in acetenitri

Compound }“maé(ribs) I\l/lglméxm ;“m";]xiﬁm) @ TFr%V)' (ls<' rl) (léplr)
(x109) x10% | x10*

TATA 1 (ggg) 7.0 (ggg) 0.21 (19'39; 124 46
TATA 2 (ggg) 7.6 (ggg) 0.15 (29' .14‘; 70 | 3.9
TATA 3 (ggé) 9.0 (gég) 0.10 (S:i) 38 | 34
TATA 4 (ggg) 10.1 (gég) 0.04 (‘;_742) 08 | 20

3.3.2.5. Time—-resolved emission spectra of lipopiail triazatriangulenium

cations (TATA 1-4) in SDS micelles

Analysis of the emission spectral properties okéheations reveals

that it has a complex emission behavior. This isl@v from the following

facts:

1. An alkyl chain length dependent red shift in thession maximum.

2. The observed emission spectrum appears as an paevelo two

emission bands
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3. The fluorescence decay profiles are emission wag#hedependent
and this is more prominent wWithRATA 3 and TATA 4 having n-
octyl and n-dodecyl side chains.

4. The fluorescence decay profiles fits well to a p@xential model

with two distinct lifetimes of emission

Such complex emission behavior is commonly obsknia
microheterogeneous medium. These properties whefuds analysed can
throw light on to the topology of binding and amothe dynamics of excited
state deactivation. The emission wavelength depgndeexponential
fluorescence decay profiles and the alkyl chaimgtlerdependent red shifted

emission band indicate the following:

1. Existence of two types of fluorophores in the maremedium each

having distinct photophysical behaviors.

2. An additional non-radiative process from the extistate leading to

the formation of a more stabilized excited state.

A clear understanding on the photophysical progerin such
complex systems can be obtained from the analykiginte resolved
emission spectra (TRES) of the surfactant soluti@fmES is a convenient
method that gives fruitful information regardingcded state dynamics and
reactions of fluorophores. In this method, a seTRES is obtained for the
fluorophore, which is analysed with respect toati#ht kinetic models that
represent the system under study. There are twbhanetof acquiring TRES,
one in which the decay profiles were accumulatedafdixed time and for
fixed wavelength steps and in the second methodhikia decay associated
TRES reconstruction from the steady — state sp&ctusing lifetime
information at each wavelength. In the first methtlte array of decay

profiles in 3D with both intensity and wavelengtkea are sliced to get the
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intensity — wavelength spectra for various timeaglsl after excitation.
Typical TRES spectra obtained f6ATA 3 andTATA 4 in SDS micelles
when excited at 510 nm are presented in fig@t@8and3.14 ForTATA 3

the TRES is characterized by a maximum at 575 nrd.46 ns after the
excitation pulse. The same solution shows a maximum620 nm at a time
delay of 5.95 ns after the excitation. TREST&TA 4, on the other hand
showed the maximum of emission at 620 nm, whicharerthe same even

after longer time delays.

The results of this study point to two possiblersrios. One in
which there is solvent relaxation in the excitegtest Such solvent relaxation
is typical for chromophores where there is a sigaift change in the
molecular dipole upon excitatidi.Another possibility is the existence of a
second emissive species and the observed steddyestassion spectrum
could be an envelope of emissions from these tvaxisp. In the case of
TATA 3, the results show that there is a short wavelerggtiitting
component which decays fast and a long wavelengtittieg component
that prevail at longer time delays after excitatiGiRES obtained by this
simple method of slicing the decays for differentigsion wavelengths is
less informative and limited by time resolution ahé number of emissive

states involved.
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Figure 3.13 The time resolved emission spectraT&TA 3 in SDS. The

excitation wavelength is 510 nm
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Figure 3.14 The time resolved emission spectraT&TA 4 in SDS. The

excitation wavelength is 510 nm
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3.3.2.6. Time-resolved decay associated spectraldnme - Resolved Area
Normalized Emission Spectra (TRANES) of lipophilic
triazatriangulenium cations (TATA 1-4) in SDS miceles

Time - resolved decay associated spectra are mbomemative and
can be obtained by a complex deconvolution analysibe array of decay
profiles acquired for a specific number of countsfiaed intervals of
emission wavelengths. Here, global analysis of dhay of decay profile
yields the various lifetime components and thespestive contributions to
the overall fluorescence decay. This analysis vesothe emission spectra
into different components which are associatedoeric lifetimes. Sum of
such spectra can give the steady — state spectitae afystem under study.
Further, results of the TRES analysis can be usetktive time — resolved
area normalized emission spectra (TRANES) by théhoaedescribed by
Periasamy, N. and co-workéefsThe TRANES is a model free method to get
conclusive evidence on the existence of multipléssive states (only up to
two) and are applicable to states that are kingticaupled either reversibly,
irreversibly or not coupled at all. The observatadran isoemissive point in
the TRANES spectra is the important feature thashene to conclude that
there are two states present that contribute tootiserved steady — state

emission spectrum of a complex system.

A similar study of the present complex systemriaizatriangulenium
cations TATA 3 and TATA 4 in SDS micelle was carried out. The
reconstruction of the decay associated TRES and NER\ involves
different steps. In the first step, the fluores@ndecays of the
triazatriangulenium cationSATA 3 and TATA 4 were obtained over the
entire fluorescence spectrum at 20 nm intervalexmjting at 455 nm using a
pulsed LED with a pulse width of 1.5 ns. The decagse accumulated for
upto 5000 counts along with the instrument respdosetion. The decay
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profiles thus obtained were deconvoluted using ittetrument response
function and fitted to a multiexponential decaydtion ((t), Equation 3.1)

by global analysis using up to two exponential fiorcs.
) =Yaelt,i=1-4 (3.1)

Where a; is the pre-exponential factor that represents fitaetion of

fluorophores with lifetime;.

The lifetime values found foFATA 3 were 5.5 ns for the short-lived
species and 12.64 ns for the longer lived speé¢ies TATA 4 they were
4.55 ns and 12.87 ns respectively. FigBuEs and3.16 represent the plot of
fitted decay functiond(t) for representative wavelengths obtained for

TATA 3 andTATA 4.
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Figure 3.15 Fitted intensity decay functions at different esos
wavelengths obtained after deconvolution of theeexpental
decays OfTATA 3 in SDS.A¢x = 455 nm.
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Figure 3.16 Fitted intensity decay functions at different ssmn
wavelengths obtained after deconvolution of theeexpental
decays OfTATA 4 in SDS.Agx = 455 nm.

Decay assisted TRES were constructed using theed fit
parametersy;(v)&t;(v) and the steady — state emission spectrum recorded
with 455 nm as the excitation wavelength for thepeetive cation in SDS.
The intensity at wavenumber(cm™1)for delay timet was calculated using

the following equation (Equati&m®).

-t
Xjajve /Tf(v)

Yjajv)Ti(v) (32)

(v, t) = I;;(v)

Wherel (v) is the intensity of the steady-state emissiom @m™1) and
a;j(v)&1;(v) are the fit parameters. FiguB17 and 3.18 are the TRES
calculated folTATA 3 andTATA 4 for various time delays. It is clear from
the TRES data obtained fGrATA 3 that its steady state spectrum is an
envelope of two bands, one with a maximum at 588(bA006 cni) and
another long wavelength band at 653 nm (15307)cin the case oTATA
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4 the TRES data did show the short wavelength eonsas a slight onset
with the long wavelength emission band at 631 n®84# cm') as the

principal component in the TRES data.
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Figure 3.17 Time — resolved emission spectra (TRES) calculfatedATA 3
in SDS at delays 0.5 ns, 1 ns, 2 ns, 4 ns, 5 N6 aBde,= 455 nm
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Figure 3.18 Time — resolved emission spectra (TRES) consullfcieTATA 4
in SDS at delays 0.5 ns, 1 ns, 2 ns, 4 ns, 5 n§ ast\¢,=455 nm
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Time-resolved area normalized spectra (TRANES)evsemstructed
for TATA 3 and TATA 4 in SDS by normalizing the area under each
spectrum in the TRES data with the spectrum obtbatd.5 ns. Figurd.19
and 3.20 are the TRANES spectra calculated T&xTA 3 andTATA 4 for

various time delays.
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Figure 3.19 Time — resolved area normalized emission spetRANES)
constructed folfATA 3 in SDS at delays 0.5 ns, 1 ns, 2 ns,4

ns,5 ns and 6 N&s=455 nm
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Figure 3.20 Time — resolved area normalized emission SpetRANES)
constructed folfATA 4 in SDS at delays 0.5 ns, 1 'ns, 2 ns,4
ns,5 ns and 6 n&¢,=455 nm
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TRANES spectra of botiATA 3 and TATA 4 in SDS solutions
showed isoemissive points at 16.31%&6i (613 nm). The observation of
the same isoemissive point in the TRANES spectBAGfA 3 andTATA 4
show that there exists two emissive states wheadtiiangulenium cations
with lipophilic groups are bound to anionic micsll&his fact also rules out
the solvent relaxation as the cause of redshifténemission spectrum in the
micellar medium. Moreover, iITATA the low energy electronic transition
involves a charge transfer from the filledorbitals of the phenyl rings and
the n orbital of the N atoms to the vacant p othia the central carbon
atom. Being symmetrical this electronic transitdmnot create large dipole

moment change that is responsible for a solveakagion phenomena.

3.3.2.7. Binding topology and “disc to bowl!” shapdransformation of
lipophilic triazatriangulenium cations (TATA) in SD S micelles

Binding interaction of the triazatriangulenium cais with the anonic
SDS micelle and the corresponding photophysicgbgnttes are summarized

below.
1. ared shift in the absorption spectrumT&TA 2 - 4
2. ared shifted emission maximum observedlATA 3 andTATA 4

3. astrong alkyl chain length dependence on absarpina emission

data
4. acomplex biexponential decay kinetics T&TA 3 andTATA 4

5. two clear emission maxima in the decay assistedS Bdia of
TATA 3

6. TRANES data revealed the presence of two possihisstve states

when associated with the micellar medium
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7. presence of a growth kinetics feature for the laagelength
emission band iTATA 3 andTATA 4.

Based on these results one can make an assessm#rg possible
location and mode of binding of the triazatriangulen cations in anionic
micelles. Based on simple polarity arguments wenctapredict the location
and mode of binding in this complex system. The species observed in
the TRANES data can be viewed as a bound catioraanghbound cation.
But the absorption maximum does not indicate tlesgmce of an unbound
cation, which is freely solvated by the aqueouskblillthis is the case, then,
the absorption maximum should have been similad tbATA , the water-
soluble triazatriangulenium cation. The observedogition maximum
however, is red shifted by a larger extent than thkie of 530 nm in

agueous medium.

Being cationic the most probable locationT&TA is the surface of
the micelle i.e, the Stern layer. This associatan be by two modes. One,
in which the plane of the molecule is tangentialite surface of the micelle
and another, as an intercalated cation betweeranienic sulfonate head
groups in the micelle. The absorption maximum abkows chain length
dependence. These changes in absorption and emigsaperties are
indicative of a destabilization of the ground statessibly a geometrical

perturbation as a result of association with theetfe.

Facts 2-6 are more related to the excited statbesfe cations when
dissolved in SDS micelles. Here the red shiftedssian maximum, complex
decay kinetics and alkyl chain length dependenckthe resolution of two
emission bands fomATA 3 with the presence of an isoemissive point
suggest two emissive states that are present wiese tcations are in the

micellar medium. FOTATA 3 andTATA 4 this is most visible and these
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are cations that are held closer to the micelle doethe higher
hydrophobicity of the longer alkyl chains. Combigithe two facts that
binding leads to destabilization of the groundestatd the corresponding red
shifted band in the emission spectrumT&TA 3 and TATA 4 reveal a
potential binding induced perturbation of the getsynélhis perturbation can
be attributed to tight binding of the alkyl grougpsthe hydrophobic core of
the micelle with the cationic disc of the triazabgulenium ion lying
tangential to the surface of the micelle or as é8pion-an apple” topology
as illustrated in the cartoon (figuBe21) Such a topology definitely affect the
planarity of the triangular disc of the cation antdisc — to — bow!” type of
geometric change can occurTATA 3 andTATA 4. Though this mode of
binding affects the geometry of the molecule therzalative mode do not
induce such changes. In this case the emissionrapeds not perturbed and
this could be the case observed T&TA 1 andTATA 2. The changes in the
ground state and excited state energies and thet effi the radiative transitions
are illustrated in the energy level diagram presebint figure3.22.

intercalative Tangential binding or

mode of binding “Sﬂ(izzoor}-s;-;ﬁzle”

Figure3.21 Cartoon showing spider-on-the-apple”and intercalative type
binding topology of triazatriangulenium — anionicicelle
association
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In all these cases of tangential bindi§TA-SDS assemblies could
exist as a loosely bound ensemble and anotheldraawhich is strongly
bound to the micelle. The relative proportiontuége fraction depend on the
length of the alkyl chain, as observed in the G&&€A 3 andTATA 4. The
growth kinetics observed for the emitting specie$29 nm is an evidence
for such loosely bound assemblies. In such lodselynd assemblies we can
safely assume an additional excited state deaittivathannel involving
a“disc—bowl” or “pseudo bowl — bow!” transformati@amd pyramidalisation
of the central sphybrid carbon atom (figur8.22 AandB). TATA 1-SDS
assembly, which shows photophysical properties \&@milar to that in
homogenous acetonitrile medium suggests that tiser® such structure
perturbation is affecting thiscation when gettingubd to SDS micelle. In
this case the binding could be purely from inteatiaé mode. FOTATA 2,
which shows a slight destabilization in the grousthte and no
destabilization in the excited state, the modeindling can be intercalative.
The absorption and emission from this assemblyeist ldescribed by the
energy level diagram figui@22 B Such dual emission was already reported
for structurally similar planarised triarylborangskiushidaet al*® In this
report the dual emission is explained by both themnrd experiment that
there exists a second minima for the excited switéisese molecules with a

pyramidal geometry.
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Figure 3.22 The energy level diagram showing effect of groutades‘disc —
bowl” geometric change and excited state “disc wlibohange
on the radiative transitions in TATA-micelle assdied

3.3.2.8. Effect of temperature on the fluorescencemission spectra of
lipophilic triazatriangulenium cations (TATA 1-4) in SDS micelles

To further support the “disc to bowl” shape tramsfation and the
pyramidalisation of the $ghybrid central carbon atom of the micelle bound
cation we conducted a temperature dependent emissgasurement for
TATA 3 andTATA 4 in SDS micelle. Typically, anionic micelle tend to
increase the rigidity of the assembly and compastneith increasing
temperature up to 55C and above that temperature they start to
dissociaté®!’ Interestingly this transformation was clearly seenthe
temperature dependent emission spectrda AfA 3 and TATA 4 in SDS
solutions. Figure8.23 and 3.24 show the temperature dependent emission
spectrum ofTATA 3 andTATA 4 in SDS micelle. At temperatures above
55 °C the spectra recorded start showing an increasieeiintensity of the
band at 558 nm and with a concomitant decreaskeeinntensity of the 620
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nm band. This observation supports the bindingheTATA 3 andTATA 4
with “spider-on-an-apple” topology. The temperatumguced disassociation
can release the strain on the triazatrianguleniatior favouring a reverse

“bowl to disc” transformation of the tightly bourwhtions resulting in the

observed changes in the emission spectrum.
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Figure 3.23 The temperature dependent emission spectrumAGiA 3 in
SDS micelleAg,=480 nm.
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Figure 3.24 The temperature dependent emission spectruiAdiA 4 in
SDS micelleAe=480 nm.



150 Chapter 3

3.3.3. Theoretical Calculations

From the photophysical studies it was concluded thamicellar
medium the triazatriangulenium cations with longyalsubstituent on the
bridging N atoms experiences a distortion in geoynapon binding with
micelles. This distortion is indicated by a redfisim the absorption spectrum
and appearance of a new emission band at 629 time iemission spectrum.
The distortion in the geometry could be a pyranigdgion of the sphybrid
central carbon atom bearing the positive chargeiagidated in TRES and
TRANES measurements in the micellar medium. Suaiarpidalisation of
the geometry and its role on the electronic propemvas reported earlier for
a structurally similar planarised triarylborartd$n order to further verify the
nature of geometrical perturbation we have carpetl DFT calculations
using model structural geometries of triazatriaegidm cation. All
computations were done at B3LYP/6-31+G* level. Modgstem chosen
was an N-ethyl substituted triazatriangulenium aratwith the assumption
that alkyl chains do not perturb significantly timelecular orbitals of TATA
series of cations under study. Test geometrieschosen with a view to
study how a planar - bowl geometry change affeetellectronic transitions.
A series of structure with a fixed geometry was sehmo where the angle
between a dummy atom placed perpendicular to eepbf the ring and the
C+ - C-phenyl bond is varied systematically to iogla planar to bowl shape
perturbation. The optimized geometry for these cstmes were computed
and presented in figurés25, 3.27and 3.29 The first test geometry has the
central carbon fixed at the plane of the molectileen for the second and
third geometry, an angle of 2 and 4 degrees wemsesh to ensure the
pyramidalisation of central carbon. Using the oed structure TD-DFT
calculations were carried out to compute the radiatransitions from

ground state to various excited states. The alkearmtalculated in this
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geometry is shown in figur.26 The absorption spectrum computed for the
planar cation consists of bands at 265 nm, 29032%,nm, 477 nm, 495 nm
which were in good agreement with the experimeabalorptions. The two
long wavelength (low energy) transitions are betwek¥®MO-1 to LUMO
and HOMO to LUMO.
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Figure 3.25 The optimized geometry of N- ethyl substituted TAWAen the
geometry is fixed with the central carbon at thanpl of the
molecule
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Figure 3.26 The calculated absorption spectrum of N- ethylstituded
TATA when the geometry is fixed with the centratlman at the
plane of the molecule
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The optimized geometry obtained when the anglevdet the
dummy atom and the plane of the molecule change@?avas used for
computing the radiative transitions from groundtestto various excited
states for this non-planar geometry. The transstibatween different states
computed by TD-DFT are given in figu@28. The computed spectrum
consists of bands at 265 nm, 290 nm, 325 nm, 482wirare the two long
wavelength transitions at 477 nm and 495 nm obsgeiwethe planar cation
was now became degenerate with maximum at 482 nArhus
pyramidalisation of the central carbon and the df@mmation of planar to
bowl shape affected the electronic transitions antipular the low energy

transition.

920

Figure 3.27 The optimized geometry of N-ethyl substituted TAWAen the
geogetry is fixed with the angle of central carladom shifted
to9
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Figure 3.28 The calculated absorption spectrum of N-ethyl stied
TATA when the geometry is fixed with the angle antral
carbon atom shifted to 82

Further pyramidalisation was induced by forcing tngle between
the dummy atom and the plane of the cation fb B4e optimized geometry
for this structure was used for TD-DFT computatioh the absorption
spectrum (figure.30). The absorption spectrum consists of bands at 865 n
290 nm, 325 nm, 504 nm. All other transitions excié® one at longer
wavelength (504 nm) were unaffected by the incree@seamidalisation. Only
the long wavelength transition got red shifted & @m. Thus a small
distortion from a planar geometry to bowl shapengetoy can lead to a
significant change in the absorption properties dipophilic
triazatriangulenium cations. This study validatas arguments on the “disc —

to — bowl!” shape geometrical change upon assoaiatith micelles.
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Figure 3.29 The optimized geometry of N-ethyl substituted TAWAen the
geogetry is fixed with the angle of central carladom shifted
to 9
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Figure 3.30 The calculated absorption spectrum of N-ethyl stlised
TATA when the geometry is fixed with the angle @ntral
carbon atom shifted to 84
3.4. Conclusions
The lipophilic triazatriangulenium cations show ichalength
dependent red shift in the absorption and emissjoectrum in anionic
micellar medium. The increase in the chain lengdkes the cations more
hydrophobic and strengthens the binding. The seobgnding perturbs the
geometry of the molecules as a result a planaotd bhape transformation

occurs as observed in the case of dodecyl sulestittrtazatriangulenium
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derivative. We can safely assume the topology tibrabinding with the

micelles as like a “spider sitting on an apple”hiis legs piercing the apple.

3.5. Experimental
3.5.1General Techniques

All reactions were carried out using oven drieasglvares. The solvents
used were distilled and dried prior to use. Allgeats were purchased from
either Sigma - Aldrich or Spectrochem Pvt.Ltd andravused as received.
Surfactant solutions (100 mM) were prepared by otlissy respective
surfactants in ultrapure water from Millipore wateurification system.
Absorption spectra were recorded using Evolutionl 2QV-visible
spectrophotometer. Fluorescence, Fluorescencenkfettudies, Time resolved
emission spectra, Temperature dependent emissixtrapwere carried out
using JobinYvonFluorolog3-211UV-Vis-NIR fluorescergpectrometer.

The triazatriangulenium saltFATA 1-4) were prepared based on
the reported procedufelhe following spectroscopic data are obtained for
the compoundsTATA 1 Yield 30 %. MS (ESI, m/z): 450. Mp: >300. FT-
IR (cm') 3435, 2925, 1618, 1446, 105BATA 2 Yield 32%. MS (ESI,
m/z): 534. Mp: >300c. FT-IR (cm') 3436, 2924, 1615, 1455, 105ATA
3 Yield 28 %. MS (ESI, m/z): 618. Mp: >308. FT-IR (cm') 3447, 2931,
1616, 1335, 1048TATA 4 Yield 30%. MS (ESI, m/z): 786. Mp: >30%.
FT-IR (cm%) 3437, 2924, 1617, 1390, 1088. NMR (500MHz
CDsCN) 6 (ppm): 8.010-7.976 (t, 1H), 7.237-7.220(d, 2H)98:2.260 (t, 2H),
2.143-1.281 (m, 23H)'C NMR (125 MHz, CRCN) &(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 sensitizas gained
much attention in recent times and has found var@pplications in areas
including photosensitized disinfection of waste avattaking into account
their advantages over the homogeneous photosemsitizAmong the
heterogeneous sensitizers, silica gel supportednargdyes have received
great attention. The chapter includes the synthedisheterogeneous
supported sensitizers in which triazatrianguleniarnovalently anchored on
silica. The silica is functionalized with amino gps using the (3-
aminopropyl)trimethoxysilane and methyltrimethoigses. The precursor for
the triazatriangulenium salts, tris-(2,6-dimethdxgpyl) carbenium
tetrafluroborate when cyclised in the presencenoina functionalized silica
resulting in the formation of triazatrianguleniumtion on the silica surface
as an organic — inorganic hybrid material. The Igingxygen sensitization
capability of the triazatriangulenium-silica compes was monitored using
the singlet oxygen probe disodium-9, 10-anthracgmepionic acid. The
study of disinfection of water containing pathogelpacteria was also carried
out to determine the effectiveness of the prep#iadatriangulenium-silica
composites for the waste water treatment. All ihar ttypes of synthesized
triazatriangulenium-silica composites produced leingpxygen, as it is
evident from the photobleaching of singlet oxygeobe disodium-9,10-
anthracenedipropionic acid (ADPA). The results le# disinfection studies
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using the four types of prepared triazatriangulengilica microparticle
conjugates shows that these materials are effeatividlling of bacterial

pathogens when used with light.
4.2. Introduction

The photophysical and singlet oxygen productionpprtes of
triazatriangulenium salts were discussed in theipus chapters. The issues
regarding solubility and isolation are two majoolpiems found in the study
of photosensitization reactions in homogeneous umedi Immobilized
photosensitizers found solution to both these mmis| allowing the
flexibility in the solvent selection and the eaggavery after the reactidn.
The immobilized sensitizers found applications iaste water treatment,
chemical synthesis and photodynamic processes asidADT and photo-
disinfection of pathogen contaminated wa&térSuch recoverable and
reusable heterogeneous catalytic systems are ffestive when compared
to methods such as ozonization, chlorination etterature shows a large
number of supports available for the photosensitimamobilization,
including polymers, glass plates, zeolites, silpal etc® Among these
various supports available, silica gel has an ingmbrposition. The main
advantage of using this inorganic matrix for themabilization is the more
rigid and inert environment and enhanced photoct@&mand thermal
stability compared to the organic polymer matrit&oreover silica is a
low-cost material with biocompatibility making ihaattractive material for
both industrial and biological applicatiohdhe heterogeneous sensitizers
have many advantages over the homogeneous serssitzé at the same
time they have some limitations too. Aggregatiorhaf sensitizer molecules
on the surface of the supports is a problem fagechény hybrid systems.
Since the aggregation shortens the triplet lifetbyenon-radiative processes

thereby affecting the singlet oxygen generatioiciefficy. But, a way out is



Synthesis, Characterization and Study of Surfacetfiered... 161

to use covalent anchoring of the photosensitizeteocube on to a solid
support The major disadvantages of using heterosensitizees the

decreased efficiency and occasional leaching ofpti@osensitizer into the
solution. The accessibility of oxygen to the phetwstizers may be affected
by the support used and the fast quenching of émemted singlet oxygen
by the support are two major issues regarding éterbsensitizers.

Kuznetsova et al., developed a series of heteragsngnglet oxygen
sensitizers by immobilizing cationic phthalocyanioe silica gel having
propylamine groups and propylamine groups grafteith wadditional
propyleneimine units (Chad.1).'"° The photophysical properties, singlet
oxygen generation capacity and the photobacteticatdivity of these
sensitizers in aqueous suspensions were studies spacer length has no
effect on the photophysical properties and the Isingxygen generation
efficiency but, the photobactericidal activity wémund to have increased

with increase in the spacer length.
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Chart 4.1(Adapted from reference 10)
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Pineiro et al., synthesized a heterogeneous semsiti whichhalogenated
porphyrin was covalently supported on aminoalkgasiiica’ The structure is
shown in the following figuré.1l. The influence of support on the singlet oxygen
guantum yield was studied by comparing it with aroheterogeneous sensitizer in
which the same halogenated porphyrin was attacbedhe¢ aminoalkylated
Merrifield resin. The photooxidation of-terpinene was tested with both the
heterogeneous sensitizers. Compared to the M&tnisin, a small decrease in the
singlet oxygen quantum yield was observed in tise cd silica supported sensitizer
because of the quenching due to the OH groupseosilita.

Silica

o NS

OH
Y

Figure 4.1 Halogenateporphyrin was covalently supported on aminoalkylate
silica. (Adapted from reference 9)

Magaraggia et al., developed a porphyrin silicacraparticle
conjugates in which a tetracationic meso-substit@ephiphilic porphyrin
was encapsulated within the silica partidleThe porphyrin-silica
microparticle conjugates show a complete stabibtyat least three months
when suspended in neutral aqueous medium and tedirphotobleaching
when exposed to the full spectrum visible light.eTkinglet oxygen

generation was observed when the particles wenenitiated with visible
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light. The microparticle shows a 4 log decreasehi@ survival of gram
positive bacteria with 20 minutes irradiation arte tsame effect was
observed in the case of gram negative bacteria a/BB minutes irradiation
in the presence of visible light. Albiter et ahcorporated a series of cationic
dyes into a silica matrix by using ultrasound iiation.” Methylene blue
(MB), safranin-O (SF), toluidine blue (TB), and tralired (NR), were used
in this work. The singlet oxygen generation efindg of these dyes were
monitored using photosensitized oxidation of 9, difbethylanthracene
(DMA). Among the four dyes doped on the silica mxatsilica-SF showed

high singlet oxygen efficiency.

Cantau et al., reported the singlet oxygen quantighl and singlet
oxygen lifetime at the gas—solid interface in silica g&. 9,10-
dicyanoanthracene (DCA), 9,10-anthraquinone and enzdphenone
derivative, 4-benzoyl benzoic acid were encapsdlate parallelepipedic
xerogel monoliths. The singlet oxygen quantum yialtl lifetime were
determined based on time-resolV& phosphorescence with 1H-phenalen-
1-one included in the same xerogel as a refereansitizer. The singlet
oxygen generation efficiency of the various phobtssiezers were compared
based on the photooxidation of dimethylsulfide. Tighest singet oxygen
efficiency was observed in the case of DCA encapsdl| parallelepipedic
xerogel monoliths.

The photosensitized oxidation of 9, 10-dimethyhaatene (DMA) in
acetonitrile via singlet oxygen was reported byitsibet al** They used a
safranin- O/silica composite and the reaction wasied out under visible
light. The only product formed was 9, 10-endopesiairacene. The initial
concentration of DMA, the intensity of the lightcanhe amount of the
composites are the factors affecting the rate efrdaction. The schematic

representation of the reaction is shown below.
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Figure4.2 Schematic representation of the photosensitizethtgn of DMA
using the SF/SiO2 composite. (Adapted from referer®)

The need for the clean water is a worldwide pnobl&@he water
sources are heavily polluted by the hazardous atesand several kinds of
pathogens such as bacteria, fungi, moulds, viruetes making the problem
even more severe. Therefore, there is an urgent foedhe efficacious and
an environmentally safe technique for the wateffigation and disinfection.
Singlet oxygen-mediated photooxidation reactiongisBas the green
chemistry demands for the development of new tdognes for water
treatment specially for the decontamination of argapollutants and
germs-®'*Such processes make use of visible light (solaiatiath) and
oxygen(from air) as oxidant in the presence of at@bensitizer. Many
known hybrid systems based on singlet oxygen medliphoto-disinfection
models use dye molecules which have limited stgbiin agueous
environments. The mode of attachment of the seesiton to the
heterogeneous support should also have stabilitydemunaqueous
environments. Some of the known anchoring straieggs ester or amide
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linkages, which are susceptible to hydrolysis aathing of the sensitizers.
Such leaching of these toxic sensitizers is alsmha for the environment

and health. In the present work, we propose theatriangulenium cation
as a stable and visible light active sensitizerabently anchored to the silica
surface. The method adopted for anchoring is uniguehich the sensitizer
is strongly attached to the surface via the azagibrg reaction used for the
synthesis of the triazatriangulenium cation. Thananfunctionalized silica

react with tris-(2,6-dimethoxyphenyl) carbeniumraétiroborate producing

new triazatriangulenium-silica composite. This dleap describes the
synthesis, characterization, singlet oxygen pradocénd the antibacterial

activity of the new triazatriangulenium-silica coosges.
4.3. Results and Discussion

4.3.1. Functionalization of silica surface

Two types of amino-functionalized silica partigl&APTMS and S-
APTMS+MTS were prepared. S-APTMS was prepared by¢action of (3-
aminopropyl)trimethoxysilane (APTMS) and silica fiaes. In this case an
appropriate ratio of APTMS to the silica particleas chosen to ensure a
higher density of amino functional groups on thefee of the silica
particles. In S-APTMS+MTS the ratio of APTMS withiga particles was
moderated with the addition of methyltrimethoxysda(MTS) so that the
surface density of amino groups are minimum toexient that there could
be isolated amino groups present based on theteebproceduré&>General
representation of the functionalization of silisalllustrated in the following
scheme4.1 and4.2.
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Scheme 4.2(Adapted from reference 15)

4.3.2. Synthesisof Tris-(2,6-dimethoxyphenyl) carbenium
tetrafluroborate (39)

The precursor for the synthesis of triazatriangulen salt tris-(2, 6-
dimethoxyphenyl) carbenium tetrafluroborate wasppred by a reported
procedure and discuss elsewhere in the thesist@hap.5.2)°

4.3.3. Synthesis of triazatriangulenium- silica composites

Prior to the reaction of the amino functionalizélcca particles with
the tris-(2,6-dimethoxyphenyl) carbenium tetrafluwoate, the amine
capacity of the functionalized silica was measuiidds was made by using
acid-base titration method and was found that SM8T samples

functionalized with (3-aminopropyl)trimethoxysilaa®ne contains 1.7 mmol/g
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free amino groups and S-APTMS+MTS samples fundizethwith mixture of
(3-aminopropyl) trimethoxysilane and methyltrimetisilane contains 0.9

mmol/g free amino groups.

Triazatriangulenum cations are readily formed hugy teaction of tris-
(2, 6-dimethoxyphenyl) carbenium tetrafluroboratéhwprimary amines. In
the synthesis of triazatriangulenium — silica cosifes we adopted a similar
procedure and the amount of tris-(2, 6-dimethoxygt)e carbenium
tetrafluroborate was taken according to the amiapacity of the silica
material used in the reaction. Here the primarynangroups on the amino
functionalized silica were used as the N-nucleashin the aza-bridging
reaction. Four types of triazatriangulenium - silsomposites were prepared.
The first oneS1 (S1-APTMS-TATA) is the composite where all the -
bridges on the triazatriangulenium cation formedusyng surface amino

groups. Schem#3 illustrates its formation on the silica surface.

190 % reflux

+ >
NMP 10 hrs
N2
NH
H,N_ H2N 2 _NH,
H,N % % Kl/
\K SI /N Sl

O- S'\o/ 07 "OH

HO?????

Functionalized silica

Scheme 4.3 Synthesis of SIIAPTMS-TATA (S1)
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The second hybrid materi@®2 (S2-APTMS-EA-TATA), is prepared
by first forming an acridinium ion by using one fauwe amino group on the
aminofunctional silica, thereby anchoring the aatio the silica surface. The
resulting material was further heated in the preseof ethanolamine to
complete the second and third N-bridging reactiolms form the
triazatriangulenium cation. ComparedSb in S2 there is only one covalent
anchor to the silica surface wherea$irthere are three covalent anchors for
a singlet cationic dye. The synthesis$# is explained in schen4.

overnight

+
Y

NMP N, -
Silica

O -Si- O// \O/SI OH

HO?????

Functionalized silica

N
Excess ethanolamine O . ‘

-
f

190 % reflux N N
¢ HO > “Silica
10 hrs N,

Scheme 4.4 Synthesisof S2-APTMS-EA-TATA (S2)

The remaining two materialS3 (S3-APTMS+MTS-TATA) and4
(S4-APTMS+MTS-EA-TATA), were prepared by using thamino-
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functionalized silica S-APTMS+MTS having lower sagé density of amino
groups. HereS3 uses all surface amino groups for the formatiomlbthe
three N bridges in the resulting cation. Whereas the surface amino
group is used in the first bridging reaction forgithe acridinium ion
followed by second and third bridging reaction lsyng added ethanolamine.
The synthesis of these two samples are illustriatéioe scheme4.5 and4.6.

190 % reflux

+
\J

NMP 10 hrs
N2

HoN NH,

k ,CHB iHac\ S|K//
08{0?0/0 "OH

‘HO?????

Functionalized silica

Scheme 4.5 Synthesis of SS-APTMS+tMTS-TATA (S3)
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overnight
+ N, NMP
HoN NH,
H,N ’/[/
C
k CHy o
,OS' OS|O/ O/ “OH
HO
P ? ree
Functionalized silica
OH
N
Excess ethanolamine O © O

190°C N,

N N
10 hrs HO™ > O “Silica

Scheme 4.6 Synthesis of S&-APTMS+MTS-EA-TATA (4)

4.3.4. Characterization of triazatriangulenium- silica composites
4.3.4.1. CHN Analysis

Introduction of organic functional groups on thécsi surface was
made by chemical functionalization and the extdnibading of these the
aminopropyl groups and subsequent covalent attachmef
triazatriangulenium cations can be estimated by CaiNilysis of the
prepared materials. CHN analysis was carried oud aesults are
summarized in tabld.1l. The results show that the carbon and nitrogen
atoms are present on both S-APTMS and S-APTMS+Ma@ptes. As

expected the chemical grafting of aminopropyl gsu@and the
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corresponding percentage loading of Nitrogen was en APTMS+MTS
sample compared to that on S-APTMS. This indicaekesser surface
density of the aminopropyl groups on S-APTMS+MTSnpkes. Upon
reaction of S-APTMS samples with tris-(2,6-dimetipienyl) carbenium
tetrafluroborate, sampl81 was obtained with triazatriangulenium cations.
This lead to a ~ 7% higher amount of carbon on s$ari&p without much
variation in the percentage of Nitrogen. This shadhest the formation of
the covalently anchored cations was efficient oAFS-MS. In contrast, for
sample S3, the similar reaction of S-APTMS+MTS with tris-(%-
dimethoxyphenyl) carbenium tetrafluroborate ledotdy a lesser increase
of 3.6% of carbon. This low loading of the catiooutd be due to a less
efficient anchoring and bridging reaction resultingm a very low surface

density of aminopropyl groups.

The preparation o652 and S4 was a two step process when the
initial anchoring and bridging reaction to form theridinium ion followed
by a second step involving two aza bridging reactising amino groups of
excess ethanol amine added to the reaction mixtneong these two
samples the samp&? show very small increase in the carbon and nitmoge
content indicating a less efficient formation ofethacridinium ion.
Whereas, in sampl&4 there is dramatic increase of carbon loading and a
very minor increase in the nitrogen loading. Thisows an efficient
formation of the acridinium ion but a less effidesubsequent bridging

reaction with ethanolamine.
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Table 4.1 Elemental composition of functionalized silica

Sample C% N% H%
SAPTMS 6.62 2.25 2.42
SAPTMStMTS 4.32 14 1.64
SI-APTMSTATA 14.02 2.26 2.96
S2-APTMSEA-TATA 7.92 2.3 2.53
S3-APTMS+tMTS-TATA 7.02 1.46 2.12
HA-APTMStMTSEA-TATA 12.12 1.6 1.9

4.3.4.2. IR spectral studies

FT-IR spectra were recorded as KBr pellets ofttadl silica samples
prepared to study and verify the introduction ofiraopropyl groups and the
formation of triazatriangulenium cations. Figdt8 shows the FT-IR spectra of
three kinds of silica particles: silica alone,csilifunctionalized with APTMS
and silica functionalized with a mixture of APTM8ABMTS. All the FT-IR
spectra present similar features. The intense sevatiband appearing at 1081—
1122 cm' is corresponding to the asymmetric stretchingatibns of Si—O-Si
and the one at 800 ctis due to the symmetric stretching vibration ofGBiSi.
The band at 3300- 3600 &nis responsible for the Si-OH stretching vibration
and the isolated hydroxyl group stretching by hgdrobonding. The presence
of adsorbed water was reflectedv§§d-H) vibration around 3446 citand 1640
cm *. By comparing the FTIR spectra of silica and anfimtionalized silica,
the decreased intensity of absorption at 3500 along with the formation of
new bands at 2947 ¢and 2834 ciit are observed for amine functionalized
silica particles. The presence of asymmetric anthsgtric stretching vibrations
of —CH; on amine functionalized silica particles indicatee grafting of
aminopropyl groups of APTMS on the surface of aittc’ The band at 1270

cmi' is due to the C-N linkage present in the samples.
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Figure4.3 FT-IR spectra of free silica, silica functionatizeith APTMS(S-
APTMS) and silica functionalized with mixture of AMIS and
MTS(S-APTMS+MTS)

The IR spectrum of the triazatriangulenium s&t-TATA 1) is
shown in the figuré.4. The triazatriangulenium salts show the charastieri
peak in the range of 1615 ¢ 1625 crif range corresponding to aromatic
—C=C- stretching. The —OH stretching was obserme84i28 crit.The band

at 2930 crit indicates the asymmetric stretching vibration 6fH- groups.
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Transmittance

Wavenumber cm'1

Figure4.4 FT-IR spectra of triazatriangulenium salt (H-TATA

The IR spectra of the triazatriangulenium —silicanposites are
shown in the figurd.5 to 4.8. In all the composites, the appearance of a peak
at 2947 crit along with the peak at 1615 cm 1625 cm' range was
observed. The new peak at 1615 &fi625 cni range observed in all the
cases is the characteristic peak of the triazajuemium and is a clear
evidence for the formation of triazatrianguleniumsilica composites. The
band at 2947 cthindicates the asymmetric stretching vibration GfH-

groups.
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Figure4.5.The FT-IR spectra of S1I-APTMS-TATA (S1)
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Figure4.6.The FT-IR spectra of S2-APTMS-EA-TATA (S2)
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Figure4.7The FT-IR spectra of S3-APTMS+MTS-TATA (S3)
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Figure4.8.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 freacailand
chemically modified silicas were observed in ortteridentify changes in
their surface morphologies. The SEM micrographldis the rough and

porous nature of the silica surface.

20kV  X1,500 10pm 0000 1147 SEI 20kV  X1,500 10pm 0000 1147 SEI

Figure 4.10 SEM images of S-APTMS (b) and S-APTMS + MTS(c)
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Figure4.11 SEM micrographs of S1-APTMS-TATA (S1) (a), S2-APTM
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 ofllenparticles or
size reduction as a result of the surface funclipaiion reactions. It also
reveals the unagglomaration of the silica gel pkrtafter the treatment.
Other than this there is no other significant moipbical 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 sssdbe
microstructural changes if any has happened durthg surface
functionalization reactions. TEM images reveal thatrostructures of all
the samples consists agglomerates of particlezeflsss than 20 nm and are
porous in nature. This morphological feature wasaftected significantly
due to the surface functionalization reactions. THivages obtained for

various samples are shown in fig4r&2 and4.13.
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Figure4.13 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)
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4.3.4.5. Thermo gravimetric analysis

Thermogravimetric analysis (TGA) was conducted teasure the
thermal stability of the four triazatrianguleniuntica composites. The TG
curves of silica are displayed in figu4el4. As it can be seen from curve 1,
silica gel shows two mass losses attributed to loksadsorbed water
molecules and also due to the condensation ofddilgmoups bonded to the
surface respectively. The weight loss below £00in all the samples was
found to be decreased compared to unfunctional&iéch. This indicates
that the surface has become more hydrophobic durtrémuction of organic
groups. Silica gel shows a weight loss of 4% in286°C — 600°C. All the
triazatriangulenium-silica composites exhibited aight loss between 200
°%C — 600°C.The compositesSl, S2, S3, S4shows weight loss of 18%, 11%,
12% and17%, respectively. This may be due to tlewreosition of the

triazatriangulenium cations loaded on silica swefac
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Figure4.14 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. Absor ption spectral properties

Since the triazatriangulenium cations loaded on dhdace of the
silica samples are indicated by appearance ofseteed colour. This colour
change itself shows that there is a significaningjtyaof triazatriangulenium
cations on the surface of the samples. The preseintreazatriangulenium
ions is indicated as absorptions in the diffus¢éectdnce spectrum with the
characteristic absorption bands and the spectmil@rappearing in the
region of 400 nm — 600 nm (Figu#el5). Only the sampl&l showed the
absorption spectral profile similar to the triamatgulenium cation in
acetonitrile solutions. The absorption maximum obsg for this sample
was at 485 nm with a shoulder at 510 nm. This maxins slightly blue
shifted compared to that observed for free molecireacetonitrile and this
may be due to the hydrophobic nature of the orgédlgianodified silica
surface. SampleS2 and $4 showed additional band at 600 nm. Sanf8e
also presented with a broad absorption up to 600 Tire presence of the
new band suggests the presence of another spetbeg avith the
triazatriangulenium cation (1). This is possible ewhthe aza bridging
reaction is either incomplete or due to a competirg bridging reaction
leading to the formation of a diaza-oxatriangulemication (2) as shown in
Chart 4.2. This cation also possess a red shiftstration maximum as

reported by Krebs and coworkéfs.
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Figure4.15 Diffuse reflectance spectra of S1-APTMS-TATA (SBH2-
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 propertydivass indication for
the presence of triazatriangulenium cations orstiace of the modified silica
samples. The emission spectra of the triazatrianguh-silica composites

obtained on excitation at 480 nm were presentéakifigure4.16.
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Figure4.16 Emission spectra of S1-APTMS-TATA (S1), S2-APTMS-EA
TATA (S2), S3-APTMS+MTS-TATA (S3) and S4-
APTMS+MTS-EA-TATA (S4).Aex = 480 nm

The emission maximum in the visible region of th&zatriangulenium
cations was found to be 558 nm in acetonitriletsmiu A similar maximum was
observed for sampl&l, but some variations are observed for other sanpla
S2 and$4 two emission maxima were observed at 565 nm, &bamd 570 nm,
655 nm respectively. This observation, once agaggest the presence of a
mixture of cations on the surface of these silamages as shown in Chart 4.2.

4.3.5.3. Lifetime M easur ements

The fluorescence lifetimes of all the samples wtermined by the
method of Time Correlated Single Photon countinG@{PC) in solid state
by using a 510 nm pulsed laser diode as the eimitatource. The
fluorescence decay profiles of the compounds whove in figure4.17.
SamplesS1 andS3 the data fitted well with monoexponential decaydtion
whereasS2 and4 followed a bi-exponential decay function. Thisuleslso
suggests presence of two emitting species presenhe surface of these

samples.
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Figure4.17 Fluorescence decay profile of S1-APTMS-TATA (S1p-S
APTMS-EA-TATA (S2), S3-APTMS+MTS-TATA (S3), S4-
APTMS+MTS-EA-TATA (S4)

The photophysical properties of all the preparetatriangulenium-

silica composites are tabulatectable 4.2.

Table4.2 Absorption maxim@\max (@bs)), emission maikma{em)),

singlet lifetime €F) of modified silica samples

Amax(@D9), | Amax(€M), nm | 1F, NS(Ae=510
nm (hex=480 NM) nm)

S1-APTMS-TATA(S1) 485 560 2.3
S2-APTMS-EA- 525,620 565,651 2.5,0.42
TATA(S2)
S3-APTMS+MTS — 570 562 1.6
TATA(S3)
S4-APTMS+MTS-EA — 523,620 570,655 1.30, 0.26
TATA(S4)
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4.3.6. Singlet oxygen generation studies

The applicability of the prepared composites imgkt oxygen
generation by photosensitization was assessedduiation and detection of
singlet oxygen using the singlet oxygen scavengeDPA The
triazatriangulenium- silica particle suspensionsrewerradiated with a
monochromatic light at 530 nm using and ultrabrigihéen LED in the
presence of ADPA. Singlet oxygen generated if aoyld/react with ADPA
forming the endoperoxide leading to the decreasdsbdrbance due to ADPA.
The progress of the reactions was monitored asnatifun of time of
irradiation. The evolution of absorption spectruanidg the photooxygenation
reaction for the four silica-triazatrianguleniumaggosites are given in figures
4.18 to 4.21. Bare silica samples were also irradiated in thesgnce of
ADPA and no absorbance change was noted suggelksémgle of anchored
cations in the generation of singlet oxygen (fighi2?2). The incident photon
rate was kept constant in all the cases and it evesured by chemical
actinometry as described in chapter 2 and the simeradiation is also fixed
to study the initial kinetics of the photooxygewoati process. All the
composites produced singlet oxygen as it was ecibbiy the decrease in

the absorbance of ADPA over a period of 120 minutes
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Figure4.18 The decrease in absorbance of ADPA (1.8%¥) during the
irradiation of S1-APTMS-TATA (S1) in aqueous sobutiwith
ultrabright green LED light.
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Figure4.19 The decrease in absorbance of ADPA (1.8kW) during the
irradiation of S2-APTMS-EA-TATA (S2) in aqueous sgtbn
with ultrabright green LED light.
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Figure4.20 The decrease in absorbance of ADPA (1.844) during the
irradiation of S3-APTMS- MTS-TATA (S3) in aqueous
solution with ultrabright green LED light.
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Figure4.21. The decrease in absorbance of ADPA (1.8 during the
irradiation of S4-APTMS- MTS-EA-TATA (S4) in aquesu
solution with ultrabright green LED light
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Figure4.22 The absorbance of ADPA (1.8x1®1) during the irradiation in the
presence of bare silica particles using ultrabiggééen LED light

4.3.6.1. Comparison of singlet oxygen production of triazatriangulenium-
slica compositesin the presence of ultrabright green LED light

The singlet oxygen productions of the four comassiwere
compared under identical conditions of incident tphorate ensured by
aberchrome-670 actinometry at the irradiation wawgih. The Kkinetic
profiles obtained for the all the samples are preskin figure4.23. Among
the four samples, sampl&l and $4 showed the highest efficiency in the
singlet oxygen generation. This is due to the higbading of the cations on
these two samples compared to thaGdfand S3 where the cation loading

was less.
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Figure4.23 Kinetic profiles of photooxidation of ADPA (1.8xT) with
triazatriangulenium silica composites in aqueoustsm.

4.3.7. Photosensitized inactivation of bacteria

The oxidation capacity of singlet oxygen is welbkm. It can easily
oxidize unsaturated double bonds, sulfides, pheaoisno groups and other
electron-donor groups in organic compoufids Water disinfection is an
important application of heterogeneous photosemesgi and is achieved
through the photodynamic action of oxygen. Thetptignamic action of
oxygen generally proceeds through either Type Tyge Il process. Type |
mechanism involves hydrogen-atom abstraction artree-transfer between
the excited sensitizer and a substrate, yieldieg fiadicals. These radicals
can react with oxygen to form an active oxygen mmesuch as the

superoxide radical anion.



190 Chapter 4

Sen* + A T Sen™® + A™*

Sen* + A — Sen *+ A**

Sen* + AH — (Sen H)* + A®

In a Type Il mechanism, singlet oxygen is generaiadan energy transfer

process during a collision of the excited sengitvzih triplet oxygen.

Sen* + 30, — Sen + '0,

1()2 + A — A02

Sen* is the sensitizer in the triplet excited stateis the substrate

which reacts with the sensitizer in the tripletitea state.

The different steps involved in the photodynamaticam are the
following. The first step is the accumulation oktphotosensitizer in the
bacteria and upon irradiation with light of suitblvavelength reactive
oxygen species are generated. In singlet oxygenateedreaction singlet
oxygen causes the lethal damage through the dastruof DNA or
cytoplasmic membrane (figure24). In the case of supported sensitizers the
accumulation of the dye in the cells of the patimogermally do not occur.
In this case the singlet oxygen generated in theaepellular region has a
significant diffusion length during its lifetime dncould meet with a
pathogen cell causing photooxidative damage. Onpaoimg the use of free
and supported sensitizers, supported sensitizerse heduced efficiency.
Rose bengal supported on a poly (ethylene glycolyrper shows reduced
efficiency in the heterogeneous form compared &éhbmogeneous forAi.
Pthalocyanines shows a four fold reduction in tHieiency, when attached
to silicagel® Halogenated porphyrin derivatives which arecov#yesttached
to aminoalkylated silica and aminoalkylated Meelifi polmer also show

reduced efficiency compared to the free férm.
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Figure4.24 Mechanism of destructive action of photosensiirain the
cell: P — photosensitizer,, P- excited state of photosensitizer
afterabsorption of light;O, — singlet reactive oxygen (Adapted
from reference 25)

The antibacterial activity of the four triazatrgaienium-silica
composites was investigated by using the gram megdiacteria,E.coli
contaminated water. The bacterial inactivation issidvere performed by
using a suspension containing the 1 mg/mL of thalifieal silica. The
bacterial inactivation rate was determined by thlmy counting method.
The incubation of bacteria with the heterogene@mnsitizers under study in
the absence of light did not lead to reductiorhenumber oE.coli colonies
suggesting that these materials are nontoxi€&.twli. Incubation of the
bacteria with bare silica particles was taken astrod In this case too no
significant reduction in the number Bfcoli colonies was observed. Under
exposure to sunlight for 30 minutes a significaatiation of the number of
E.coli colonies was noted in the presence of preparedosigupsensitizer
materials. The counts obtained for various sampieshe presence and
absence of the light is given in tabl. The plate images is also presented
in figure 4.25 and4.26.
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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

Figure4.26. 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 foB3ninutes.
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Table4.3 The number ofE.coli colonies observed by incubating the
bacteria with the heterogeneous sensitizer in #mk dnd after
keeping with 30 minutes in the presence of sunlighie
presented data is a mean of the triplicate wittaadard deviation

(SD) of<5%.

Dark(x108 CFU/ML) | Light(x10® 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 tBatsuccessfully inactivateH.coli

through the photosensitization process. The baatgierwent 99.9% decrease

in cell viability upon exposure to full spectrunsiale light for 30 min.
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Figure 4.27. The cell survival whei.coli treated with ControIS1-APTMS-
TATA, S2-APTMS-EA-TATA, S3-APTMS+MTS-TATA,S4-

APTMS+MTS-EA-TATA
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In the case o062 only 37% decrease in the inactivation of bacteria
was observed. This is due to the fact that the anoutriazatriangulenium
on the surface was low, and hence the generati@ingfet oxygen is also
very low. A 58% decrease in the inactivation ofrgraegative bacteria was
observed ir53. In this case too the cation loading was very tmmpared to
S1.In the case o#4, 97% reduction in the cell viability of bacteriaasv
observed. Among the two triazatriangulenium sikcaface modified with
APTMS and MTS this material show higher efficienay bacterial
inactivation.

4.4. Conclusion

In the present work four types of triazatriangulemni silica
composites were synthesized and characterized. Phetophysical
characterization of all the four synthesized triaaagulenium-silica
composites were also carried out. The singlet axygeoduction of the
triazatriangulenium-silica composites during expesuo sunlight was
monitored by the singlet oxygen scavenger ADPA. @isenfection studies
were also conducted in order to determine the ®¥fmress of the
synthesized triazatriangulenium-silica composites the treatment of
pathogen-contaminated water. The Gram-negativeebaainderwent 99.9%
decrease in the survival of bacteria upon expogufall spectrum sunlight

for 30 min during the irradiation in the present&hb.
4.5. Experimental

All solvents used were of reagent grade and usiidout further
purification. Reagents were purchased from Signdriéh and Spectrochem
Pvt. Ltd, and were used as received. Silicagel0e1B0 mesh size procured
from Spectrochem Pvt.Ltd was used as the preparatio the hybrid

materials. ADPA was synthesized based on a repopesteduré®
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Elemental analysis was performed using ElementaioVEL Ill model
instrument. Infrared Spectra were recorded on aCIAETIR Spectrometer
using KBr pellets in the range 400-4000 tnThe SEM images were
obtained using JEOL ModelJSM - 6390LVScanning HEtettMicrograph
with an attached energy-dispersive X-raydetectoEMT images were
obtained using JEOL JEM 2100 HRTEM at SAIF, CUSAhe diffuse
reflectance UV-Vis spectra of the solid samplesemacorded using UV-
Vis-NIR Ocean Optics fibre optics Spectrophotome&d 2000model
equipped with a diffuse reflectance probe. TG aialyvas performed on
Perkin Elmer Pyris Diamond 6thermogravimetric/diéfietial thermal
analyzer by heating the sample at the rate diCIfin from 40°C to 730°C
under N atmosphere. Fluorescence and Fluorescence lifettodies were
carried out usingJobinYvonFluorolog3-211UV-Vis-NIRfluorescence
spectrometer. Absorption spectra were recordedguBiolution 201 UV-
visible spectrophotometer.
45.1. Synthessof Tris-(2, 6-dimethoxyphenyl) carbenium

tetraflur oborate(39)

Synthesis of this cation is described elsewhergha thesis (see
chapter 2.Section 2.5.2.)

4.5.2. Functionalization of silica surface

Silica surface was functionalized with amino grolny (3-
aminopropyl) trimethoxysilane and using a mixture (8-aminopropyl)
trimethoxysilane and methyltrimethoxysilane based the reported
procedure? Prior to functionalization the silicagel was refagkin water (25
mL per g of support) forl hr and after cooling thaterial was collected by
filtration and washed with toluene (20 mL/g). Thestwmaterial was
suspended in toluene (100 mL/g) and dried by aapmtrdistillation (2.5
mL/g). After cooling to ambient temperature pureTAFS (3.6 mL/g), MTS
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(2.8 mL/g) or a mixture of silanes were added ®ghrry. The mixture was
vigorously stirred for 14 hrs at room temperaturee residue obtained was
filtered, redispersed in fresh toluene (100 mL/gy aefluxed for 1lhr. The
solid was collected by filtration and washed wgbpropanol (20 mL/g). The
functionalized material was placed in a Soxhletaapus and refluxed with a
2:1 diethyl ether: acetonitrile mixture for 24 hihe functionalized material

was dried at 373 K in vacuum oven.
4.5.3. Estimation of -NH, group capacity

The amine content of functionalized silica wasneated via aqueous
HCI consumption using the acid—base titration metAcypically, 100 mg of
functionalized silica was suspended in 30 mL of BLIHCI solution and
stirred at ambient temperature for 24 hrs. Theati#t was titrated with NaOH

solution(0.1 M) using phenolphthalene as the irtdica
4.5.4. Synthesis of triazatriangulenium silica composites
4.5.4.1. Synthesis of SI-APTMS-TATA (S1)

Silica functionalized with APTMS (1 g) was reflukat 190°C with
a solution of tris-(2,6-dimethoxyphenyl) carbeniugtrafluroborate(0.3 g,
0.56 mmol) in NMP(10 mL) under Natmosphere for 10 hrs. The resulting
red suspension was filtered, washed with chlorofamd then with water
(0.1M NacCl) in order to remove any starting matsriand the unbound
triazatriangulenium photosensitizer. Soxhlet exioacwas also performed

again with chloroform and dried overnight underwan at 80°C.
4.5.4.2. Synthesis of S2-APTMS-EA-TATA (S2)

Silica functionalized with APTMS (1 g) was stirrexvernight at
room temperature with a solution of tris-(2, 6-dihexyphenyl) carbeniumt
etrafluroborate (0.9 g, 1.7 mmol) in NMP (10 mL)den N, atmosphere. The
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red coloured suspension was refluxed with ethaniole (ImL 16 mmol) at
190°C for 10 hrs under Natmosphere. The resulting material was filtered,
thoroughly washed with chloroform followed by wa(érl M NacCl) in order
to remove any starting materials and the unboumakzatriangulenium
photosensitizer. Soxhlet extraction was also peréat again with

chloroform and dried overnight under vacuum af®0
4.5.4.3. Synthesis of S3-APTMS-TATA (S3)

Silica functionalized with a mixture of APTMS andT@ (1 g) was
refluxed at 190C with a solution of tris-(2,6-dimethoxyphenyl) banium
tetrafluroborate (0.15 g, 0.3 mmol) in NMP(10 mider N atmosphere for
10 hrs. The resulting red suspension was filtevemkhed with chloroform
and then with water (0.1M NacCl) in order to rema@rey starting materials
and the unbound triazatriangulenium photosensit@exkhlet extraction was
also performed again with chloroform and dried aigitt under vacuum at
80°C.

4.5.4.4. Synthesis of S&-APTMS-TATA (4)

Silica functionalized with a mixture of APTMS aMITS (1 g) was
stirred overnight at room temperature with a solutiof tris-(2,6-
dimethoxyphenyl) carbenium tetrafluroborate (0.91g, mmol) in NMP (10
mL) under N atmosphere. The red coloured suspension was eeflwith
ethanolamine (1 mL 16 mmol) at 18G for 10 hrs under Natmosphere.
The resulting material was filtered, thoroughly g with chloroform
followed by water (0.1 M NacCl) in order to removeyastarting materials
and the unbound triazatriangulenium photosensitexhlet extraction was
also performed again with chloroform and dried aigint under vacuum at
80°C.
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4.5.5. Studies on photosensitized production of singlet oxygen

The studies on photosensitized production of singkygen by the
prepared hybrid materials are carried by using ensipns of the silica
supported dyes in a 1.8x1®01 solution of the singlet oxygen scavenger
disodium-9, 10-anthracenedipropionic acid (ADPA)v&ume of 3 mL of 3
mg of the suspension was stirred continuously wihiladiating with
ultrabright green LED lightA=530 nm). The progress of the oxygenation
reaction was monitored by recording the absorptgpectrum of the
suspension every 30 min. The suspension was alléwveeéttle for 10 min
prior to recording the absorption spectrum. A blaxdperiment was also
performed in the absence of the silica-dye comessit
4.5.6. Photobactericidal studies on microbial cell cultures with the

triazatriangulenium-silica particles

Using aseptic techniques, a single pure colony tvaassferred into a
200 mL of nutrient broth, capped and placed in fratar overnight at 37C.
After incubation, using aseptic preparation, tuitgicof suspensions was
calculated and adjusted using McFarland standardsreference. The 10 mg
of samples (concentration-1 mg/mL) were added tonL®f culture and one
set was incubated at dark and other set was inedbatsunlight. A control
tube was also kept as a reference. After the intwbhathe tubes were
serially diluted and plated on nutrient agar. Thetgs are incubated for 24
hrs at 37°C. The plates were observed for colonies and ttaé tount was

determined.
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CHAPTER 5

Synthesis, Characterization and Study of | nter calated
Triazatriangulenium Cationsin Layered Materials

5.1. Abstract

This chapter includes the study on the triazagudgnium cations
supported on the clay minerals such as sodium numitomite (Mt) and
Cloisite 93a (Ct). Clay minerals are layered matsriand composed of
tetrahedral and octahedral sheets. Their interlag@ace is negatively
charged and contains exchangeable charge compensations. These can
be exchanged by using organic or inorganic catMmasionexchange. We
attempted this strategy to intercalate the catidanazatriangulenium salts
(H-TATA 1 and H-TATA 4) in these layered clay maats through an ion
exchange process. From the XRD analysis it was leded that the
intercalation occurred in the case of cloisite dlagicated by a 6 Aincrease
in the interlayer distance. All the materials weoharacterized by
spectroscopic and photophysical studies. The chajge reports the results
of the studies of their singlet oxygen generatiofiiciencies and

photochemical disinfection & coli contaminated water samples.
5.2. Introduction

Clay is omni present and is generally formed bgaking and
chemical decomposition of igneous rocks with fiegttire of particle size

less than 2 um. Clay minerals are members of thdlgsilicate or sheet
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silicates family consisting of hydrated aluminaesites. Tetrahedral silicates
and octahedral hydroxide sheets are the basic ibgilblocks of clay
minerals. Based on the arrangement of tetraheddl cectahedral sheets,
various types of clays exist, such as 1:1, 2:1,Bte 2:1 clay consists of an
octahedral sheet sandwiched between two tetrahsbeats (e.g., smectite,
chlorite and vermiculite). Based on the metal ipnssent in the octahedral
sheets, clay minerals are divided into two grougasmely dioctahedral and
trioctahedral. Divalent metal ions such aé'fend Md* lead to formation of
a trioctahedral clay and trivalent metal ions sashAPf* form dioctahedral
clay. Clay minerals are either positively chargednegatively charged,
which is the main reason for their ion exchangeactayp. The cationic clay
minerals possess a negative charge and are wi@espr@ature. Smectite is
an example for the cationic clay. The anionic cfagerals possess a positive
charge and are relatively uncommon. The catioray chinerals are again
classified into two, such as expanding and non mdipg’ Various types of

expanding and non expanding clay minerals are shoigure5.1.
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Figure 5.1 Expanding and non expanding cationic clay mingpatiapted
from reference 1)

Smectites are widely used clays by virtue of thieigh cation
exchange capacity, excellent ability to swell, hghtelet aspect ratio and
ease with which their surface can be modifistbntmorillonite belongs to
the family of 2:1 smectite minerals. It is basigalcomposed of
aluminosilicate layers, where one octahedral alansheet is sandwiched
between two tetrahedral silica sheets. The distartgeen the two layers is
known as interlayer distance or gallery height, nghe the interlayer
distance plus thickness of a single aluminosilidayer constitutes the basal

spacing as shown in figuee2.



204 Chapter 5

>

Aluminosilicate layer

aoedg |eseg

++++++++++++

Interlayer cations

@
<

Interlayer distance

Aluminosilicate layer

Figure5.2 Showing interlayer distance and basal spacingontmorillonite
(MMT). (Adapted from reference 2)

In the aluminosilicate layers, partial isomorphsusstitution of Sit
ions by trivalent metal cations and*Alons by divalent metal cations causes
a charge deficit. To balance this charge deficihuanber of exchangeable
hydrated alkali and alkaline earth metal cationsupg the interlayer space
of montmorillonite (MMT). These cations in the ifdsger space are highly
exchangeable, thereby making montmorillonite abladcommodate various
guest molecules in its interlayer space. The iayen space of
montmorillonite can be varied by introduction of myaorganic surfactant
species and robust metal oxides as pillars (pdlalays), which push apart
the clay layers, thereby increasing the surfacea agenerating a large

platform to accommodate other cationic speties.

Cation exchange capacity (CEC) is the characiemsbperty of soil
provided by clay and organic matter. It is exprdsas meqg/100gt is the
capacity of the soil to hold cations, like3AIC&*, Mg®*, Mn?*, Zr?*, CUf*,
Fe*, Na', K" and H.* It is understood as the quantity of positively rcjeal
ions held by the negatively charged surface of ayeral. But in general
most of the clay minerals tend to have a negatharge, due to substitution
of silica cation (Sk), by aluminum cation (A[) in the clay sheet structure.
This phenomenon, referred to as isomorphous subetit produces the

capacity in clay sheets to hold positive charges.



Synthesis, Characterization and Study of Intercalated.... 205

Smectites have attracted much attention becaugs pbtential to
be intercalated by various types of cationic organolecules between the
aluminosilicate layers by ion exchange process Wwimtroduces different
applications for these host -guest systéfidydrophobic or organophillic
surface modification of clay mineral particles bgarostatic interaction
of montmorillonite with cationic surfactants, mainly quaternary
alkylammonium compounds, have been widely practinettie last decade.
Cationic dyes are another group of organic compsumitich are used as an
intercalant and their luminescence properties h&éeen extensively
investigated®® The interaction of cationic dyes with clay minesairfaces
changes the spectroscopic properties of the dyeculds. Metachromasy,
characteristic change in the colour, caused bgratisn and aggregation of
dye molecules on clay layers is one of the mostlistl photo-physical
processes to probe the clay surfad@rogress in controlling photophysical
and photochemical properties of clay—dye hybridsdléo production of
advanced materiaf§:** Also montmorilloniteis considered as an efficient
and low cost adsorbent for dye removal from coldunastewaters due to
the high absorption capacity for cationic dye moles!*** Coloration of
polymeric matrices and printing inks were preparesing cationic dye
intercalatedmontmorillonite!® Raha et al., reported that the colour stability
of the MMT /rhodamine B nanopigmentin polypropylemas improved
more than ten times compared with the pure dyet@tige protection offered
by the silicate layers to the intercalated dye mualles'’ Validi et al., studied
the intercalation of methylene blue into montmonite at different
conditions. They reported that the intercalatioacpss was only dependent
on intercalant concentration. Other factors sucld@asition of the process
and clay concentration had no effect on the obthin@sal spacing. They
found a trend of increase in basal spacing witheiase in methylene blue

concentration but this trend was leveled off whée toncentration of
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intercalant reached an amount equal to 1.3 timescation exchange

capacity'®

Madhavan et al., reported a series of photoreastio clay medid’
Methylene blue/ rose bengal bound to the bentarldg was used for the
photooxidation ofelectron-rich substrates such as quinol, 1-naph#mal
anthracene to the corresponding 1, 4-quinones wWwabed in acetonitrile
medium. A [4 + 2] cycloaddition between singlet ggyp and the substrate,
followed by its subsequent cleavage is the predantimeaction with clay-
supported sensitizers. Even though [4 + 2] cycldand is the favoured
pathway, in the case of anthracene, there is alplitysof electron transfer
reactions also. Among the series of phenol derieatiselected only quinol
and 1-naphthol are found to be oxidised efficieiigh bentonite-bound
methylene blue as the sensitizer. The percentageecsion of both the
compounds increases with increase in the irradiatime. In the cases of
quinol and anthracene the percentage conversionsstiown at longer
irradiation times. This may be because of the dsgein substrate
concentration and also to the light absorption by tfphotoproducts.
Madhavan et al., also reported the photooxidatiodialkyl and alkyl aryl
sulfides to corresponding sulfoxides with the dieyund methylene blue in

acetonitrile®®

A new type of hybrid photosensitizer was obtair®d efficient
adsorption of a 5,10,15,20-tetrakis(4-carboxyphgrorphyrin by Cloisite
30B* It is a monotallowbis(hydroxyethyl) ammonium modii
montmorillonite clay. The structure of the porphmyrcloisite hybrid material
is represented in figurg.3. After the treatment of clay with the porphyrin,
the basal spacing was found to be decreased fromAf8o 15.4 A. This is
because during the synthesis of hybrid sensitiz&stnprobably the

rearrangement or partial leaching of the surfactamh the alumonosilicate
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layer occurs. The obtained material was found to de efficient
photosensitizer for the oxidation of phenol in amuse solution under
irradiation with the visible light 470 nm). The dye-sensitized
photooxidation of phenol occurs with the participatof singlet oxygen.

montmorillonite

PO W e o T o O layers
) g g‘} ‘% _ surfactant
. v ' v
ee porphyrin
photosensmz%[ structure molecule
o]
Do e G
\/\fﬁa\" /\‘*‘X\/
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o ./}\/ =,
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Figure5.3 Structural Formula of 5, 10, 15, 20-Tetrakis (4bcatyphenyl)

porphyrin (Po) and Structure of Cloisite 30B. (Atkp from
reference 21)

The potential of clay minerals in the field ofidigction was reported
by bujudak et al., in 200%.The antimicrobial activity of methylene blue is
found to be enhanced when attached to clay minef&le singlet oxygen
produced as a result of visible light irradiatios fiesponsible for the
antimicrobial activity but due to molecular aggrega the methylene blue
attached to the clay lost the ability to produce #inglet oxygen. The
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contradiction between the significant antimicrolpabperties of MB in clay
colloidal systems and lowO, formation can be explained in terms of the
photosensitization mechanism as well as facilitaiio the contact between
microorganism cells and photoactive MB. Althougk thye directly bound
to the clay surface exhibits significantly redugatbtoactivity, the presence
of clay mediates the delivery of dye molecules ba surface or inside

cells??

Literature shows the instances of supported seesst for singlet
oxygen production. The previous chapter discusses dinglet oxygen
production by the triazatriangulenium supportedsdita. Clays find wide
range of applications in various areas of scienoe tb their natural
abundance and propensity with which they can benadadly and physically
modified to suit practical technological neéds the current chapter we
present a novel hybrid system in which water s@ublazatriangulenium
cationsH-TATA 1 andH-TATA 4, with different chain length, (Cha%tl)
was applied as the photoactive component and sodiantmorillonite (Mt)
and Cloisite 93a (Ct) was used as a support. @o&da was chosen for that
purpose because it is one of the most commonly asgahoclay mineral. It
is a methyl dihydrogenated tallow ammonium montitasrite. The hybrid
photosensitizer was characterized using XRD, CHHly&sis, SEM, TEM
and thermogravimetric analysis. The photophysicalperties of the clay
supported triazatriangulenium salts were also iga®ed. The singlet
oxygen generation capacity was monitored using Weter soluble
actinometer ADPA in aqueous suspensions. The didioih properties of

the new hybrid photosensitizer were also studied.
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Chart 5.1

5.3. Resultsand 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 dfl-TATA 1 and H-TATA 4 with
sodium montmorillonite gave a pink solid (Mt-H-TATAand Mt-H-TATA
4). The samples were analysed by powder XRD for @mnges in the
interlayer structure. The low angle XRD patterrtteé product is shown in
figure 5.4, together with that of sodium montmorillonite (MBRD pattern
gives the values of basal spacing. Wheri as were replaced by organic
cationic ion in the clay gallery, the reflectionsoaddened and shifted to
lower angles, i.e. larger d spacing and hence tadggances between the
silicate layers will be found. The basal spacing ohmodified
montmorillonite clay is termed as initial basal sipg (9.93 &R at @ =
8.95). After modification of clay, the basal sparicthanged. In the case of
H-TATA 1 and H-TATA 4 the basal spacing is found to be slightly
increased (9.98 Aat 2=8.85, but this is not a significant change to be

considered as there is intercalation of the dyes.
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Mt-H-TATA 4 ' '

1
Mt-H-TATA 1

Intensity

20

Figure5.4 The XRD pattern of sodium montmorillonite (Mt), Saich
montmorillonite modified wittH-TATA 1(Mt-H-TATA 1) and
H-TATA 4 (Mt-H-TATA 4)

A pink solid was also obtained by the intercalatieaction between
H-TATA 1 andH-TATA 4 with Cloisite 93a to get the materials named as
Ct-H-TATA 1 and Ct-H-TATA 4 respectively. In thesmof cloisite 93a the
basal spacing is found to be 25.9 @& X = 3.51. After treating the cloisite
clay withH-TATA 1, the diffraction peak shifts to lower angle. 20 = 2.82
and basal spacing increases from 25°10831.3 A. In the case dfl-TATA
4 the basal spacing is found to be decreased to 23.&t @ = 3.56
compared to free cloisite 93a. The low angle XRRegpa of the products is

shown in Figuré.5, together with that of free cloisite 93a.
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Ct-H-TATA 4]

Intensity
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20
Figure5.5 The XRD pattern of Cloisite 93a (Ct), Cloisite 98adified with
H-TATA 1(Ct-H-TATA 1) andH-TATA 4 (Ct-H-TATA 4).

The scattering maximum of Sodium montmorillonitehe(t 001
reflection) is usually found in the range of 0.98-Inm (9.5-14 A),
depending on both cation exchange capacity (CE@)waater content of the
sample. When Naions were replaced by organic cations in the galjery,
the reflections broadened and shifted to lower es)gl.e. larger d spacing
and hence larger distances between the silicagrdayill be found. In the
case ofH-TATA 1 andH-TATA 4 an increase in the basal spacing of 0.05
A% is observed. Hence, both dyes did not penetratetire interlayer space
and possibly the dye must have adsorbed takeneoexternal surface of the
clay by weaker hydrogen bonds or Van der Waalgant®ns between dye
molecule and the O-plane of outer surface of thg l&yer.

For Cloisite clay, actual d-spacing was found todgg= 25.1 A. In
the case oCt-H-TATA 1 a large increase in d spacing was obtainetE(
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6.2 A). This indicates thati-TATA 1 molecules penetrated inside the clay
layer and possibly located inside the clay layeowegver from the
characterization methods available, the arrangemifetiie molecules cannot
be directly deduced. Ito et al., in his study dénsalation of cationic dyes to
various clay minerals found that better dye intitot@n was observed for

tetraalkylammonium ion exchanged clays as the sugfo

In H-TATA 4, d-spacing of cloisite 93a is shifted teygt 24.8 A.
This decrease of d spacing shows some interacfidgeomolecule with the
clay. Since dye molecules have necessarily a réititeshape a parallel mode
of intercalation of these molecules within thecsite layers cannot be ruled
out. This decrease of d-spacing may also be daerséaluction of surfactant
modifiers in the Cloisite clay removed as a reetithe intercalation process.
It is observed that the peak shape changed fronowagreak to a broad peak
after being treated with organic dye. Based onethresults one can assume
that the sample obtained after the intercalatiactren ofH-TATA 4 either
contain surface adsorbed molecules or it is a mextd both intercalated and
surface adsorbed molecules, with a higher proportiaving more of the
cations on the outer surface of the Cloisite claypong Ct-H-TATA 1 and
Ct-H-TATA 4, the role of alkyl chain length on tlivgercalation behaviour is
evident from these results. A shorter alkyl chadenss to be beneficial for
obtianing the H-TATA intercalated Ct-clay sampléeTollowing figures (5.6,
5.7 and 5.8) represent the possible modes of attsoiand intercalation of the

H-TATA molecules into the clays.
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Figure5.6 Surface adsorbed H-TATA 1 and H-TATA 4 on sodium
montmorillonite.
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Figure5.7 H-TATA 1 intercalated into the cloisite 93a. (montitonite
layer structure adapted from reference 37)
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Figure5.8 Parallel mode of intercalation of H-TATA 4 into txoisite 93a.
(montmorillonite layer structure adapted from refere 37)
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5.3.1.2. CHN Analysis

The results of CHN elemental analysis of pure slayd those
modified with triazatriangulenium salts are showrnable5.1. As expected
the carbon content of Mt is negligible. There isimerease in the amount of
carbon content in all cases after the intercalateaction indicating the
adsorption of the dye molecules to the clay. Sitheeclay dye composites
were washed repeatedly to remove excess and lavsetd dye molecules,
the majority of carbon content may be attributedntercalated molecules.
The discrepancy in the C/H ratio could be the d#ifee in the level of
moisture content in these samples. In the casela§i® 93a sample the
change in C and N content do not show a significiwainge. This may be
attributed to the loss of some of the tetraalkylanmm surfactant
molecules from the interlayer spaces of the orgdag-during the process of
intercalation with théd-TATA dyes.

Table 5.1Elemental composition of pristine and organicallydified clays

N% C% H%
f/loc()jrllltjrrnnorillonite 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 essem@bhmeter required to

be assessed for determining potential technolog@aplications and
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processing conditions of organically modified clags a given temperature
the modified montmorillonite weight loss is dirgctelated to the rate of the
modified montmorillonite  decomposition  procé8s. The thermal
decomposition of montmorillonite along with thReTATA-1 andH-TATA

4 intercalated samples are represented in fi§ige

— Mt
100 ——Mt- H-TATA 1
——Mt- H-TATA 4

Weightloss (%)

80

100 200 300 400 500 600 700
Temperature,OC

Figure 5.9 TGA plots of Mt, together with Mt-H-TATA 1 and M#-TATA 4

Xie et al., divided the decomposition of the ormyeay into four
parts; (a)the free water region in the temperabalew 200°C(b) the region
where organic substances decompose in the tempenange 200-508C
(c) the structural water region in the temperatarge 500-808C and (d) the
region between 800-100C.*?° Na-MMT is usually highly hydrated due to
its large hydrophilic internal surfaé&Hence, free water (water between
particles and sorbed on the external surfacesystals) are released at the
temperature of below 10T #’ The total weight loss in this region was found
to be 6%. The second step of decomposition ocdurseademperature range

of 400-700°C. This is due to the structure water in the clinded OH that
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undergoes dehydroxylation. The total weight los¢hat region is 4%. The
H-TATA 1 intercalated montmorillonite clay shows a weigbsd of 8%
below 100°C and in the second step ie the decomposition ghroc
substance shows a weight loss of 8%. THeTATA 4 intercalated
montmorillonite clay shows a weight loss of 10%advel100°C and in the
second step ie the decomposition of organic substainows a weight loss of
8%. The weight loss of organic substances indicdyesmolecules adsorbed

on the surface of the sodium montmorillonite clay.

The thermal decomposition of cloisite 93a alonthwhheH-TATA-1
andH-TATA 4 intercalated samples are represented in figu@
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Figure5.10 TGA plots of Ct, together with Ct-H-TATA 1 and CEFATA 4

The weight loss below 208C refers to the first degradation step
which is related to the dehydration of physicaldsarbed water and water
molecules around metal cations in the interlayée otal weight loss in the
first degradation step was low in the case of @m®i83a and two modified
samples were compared to sodium montmorillonitee Tmset for the

decomposition of organic matter occurs around ZD@vhich corresponded
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to the decomposition of the surfactant within thedified montmorillonite?®
The H-TATA 1 intercalated cloisite 93a clay shows a weight lo549%
between 206C to 500°C where asi-TATA 4 intercalated cloisite 93a clay
shows a weight loss of 18%. The pristine clay shawseight loss of 24%.
The decrease in the weight percentage of organttemaay be due to the
leaching out of the surfactant during the interafa procedure. Similar
observations were reported by Drozdet. al., during intercalation of
porphyrin molecule to Cloisite 309.

5.3.1.4. Scanning Electron Microscopy (SEM) studies

SEM is used to investigate the morphology of oogarodified clay.
It is of importance to reveal that there are nohynaorphologic differences
observed between organoclays despite the obviauestiea observed in the
XRD measurements. Figubell and5.12 shows the morphology of sodium
Montmorillonite clay before and after intercalatidfigure 5.13 and 5.14

shows the morphology of cloisite 93a clay before after intercalation.

20kV  X3,500 5um 0000 1144 SEI

Figure5.11 SEM image of Sodium montmorillonite(Mt).
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20kv  X3,500

Sum 0000 1149 SEI 20kVv  X3,500 S5um 0000 1149 SEI

Figure5.14 SEM images of Ct-H-TATA 1(b) and Ct-H-TATA 4 (c)
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5.3.1.5. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was usedjualitatively
analyze the structure of the clay-dye complex.

Figure5.16 TEM images of Mt-H-TATA 1(b) and Mt-H-TATA 4 (c)
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Figure5.17 TEM image of cloisite 93a

Figure5.18 TEM images of Ct-H-TATA 1(b) and Ct-H-TATA 4(c)

TEM images obtained for Mt - H-TATA hybrids do natlicate any
morphology changes upon dye adsorption. Wheredkercase of cloisite
clay these images visually confirm the existenclgér structure. In cloisite
clay layer structure is retained after the dye ipoaation. It was reported
earlier that the layer-structure images of untaBdoisite N& cannot be
observed with TEM. It was supposed that for the odifred clay, there is
water adsorbed on exchangeable cations such agJNder high vacuum of
TEM imaging conditions and due to the impact ofhigh-energy beams, the



Synthesis, Characterization and Study of | ntercalated.... 221

adsorbed water can be expelled making the collajptie layer structure. This
forbids the structures from being readily observe@EM images’ However,
with the present materials, the unmodified Cloisited clay modified with

triazatriangulenium salts the TEM images reveaiayructures.
5.3.2. Photophysical properties
5.3.2.1. Absorption spectral properties

The diffuse reflectance spectrum showing visig@tl absorption by
the prepared clay -triazatraingulenium cation hydrare given in Figure
5.19 and5.20. Both spectra are characterized by an absorptaom lin the
region of 450-550 nm with a typical spectral p@8imilar to that of the free
triazatriangulenium cationsl-TATA 1 or H-TATA 4. In the case oH-
TATA 1 andH-TATA 4 supported on Na-MMT the absorption maximum
obtained was at 526 nm and 520 nm respectivelydter (0.1 M NaCl),
bothH-TATA 1 andH-TATA 4 showed a maximum of absorption at 530
nm. A shift of 4 nm and 10 nm was observed wherdffes are adsorbed on
to the Na-MMT clay.
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—— MtH-TATA 4
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Figure 5.19 Absorption spectra of Mt-H-TATA land Mt-H-TATA 4.
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Figure 5.20 Absorption spectra of Ct-H-TATA land Ct-H-TATA 4

In the case oH-TATA 1 on Cloisite clay which shows evidence for
intercalation in the XRD, the absorption maximunmaated was at 525 nm
in comparison to 530 nm in agueous solutions. Haneor H-TATA 4 on
Cloisite, it showed a maximum of absorption at B2 without significant

changes to the spectral profile.
5.3.2.2. Emission spectral properties

ForH-TATAL1 andH-TATA 4 supported on Na-MMT, the emission
spectrum is characterized by a band with maximu®m6atnm and 543 nm
respectively. In water (0.1 M NaCl), botH-TATA 1 and H-TATA 4
showed the emission maximum at 571 nm. A majoreckfice observed in
this case is the observation of a blue shifted igmismaximum observed for
theH-TATA 1 andH-TATA 4. Sicne there is no corroborative evidence in
x-ray diffraction on intercalation, we cannot catesi this as an evidence for
an intercalative binding. Moreover, the weak intgnsf emission observed
prevents us from making a conclusion on the possifilercalaiton in the

interlayer spaces of Na-MMT.
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Figure5.21 Emission spectra of Mt-H-TATA land Mt-H-TATA 4.
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Figure5.22 Emission spectra of Ct-H-TATA land Ct-H-TATA 4
rex =480 nm

Upon intercalation oH-TATA 1 on to the interlayer space of Cloisite
clay the emission spectrum showed a dramatic riédo$ti9 nm compared to
that for the free molecule in water (0.1 M NaCl).h&kas,H-TATA 4
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showed a blue shift of 9 nm that observed in wathis can be considered as
an evidence for the intercalative binding obserigdthe H-TATA 1. This
observation is similar to that observed earliergi@ar 3 figure3.9) for the
TATA 4 cation, where, the emission band red shift duegerturbation to the
polarity of the molecule. Here too the intercalatied to an increase in the
interlayer space which suggest a mode of inteioalathat is either
perpendicular or somewhat angular with respecthé lane of the layers.
Such a mode of binding may introduce a strain erptane of the ring and can

lead to the observed changes in the emission bamdiatercalation.
5.3.2.3. Lifetime M easurements

The fluorescence decay profiles of the sampleg wbetained by the
method of Time Correlated Single Photon countinG$PC) in solid state.
Fluorescence lifetime is another parameter thahgba significantly upon
adsorption to the clay minerals. The long lifetiofe-10 ns observed for the
free cations in aqueous solutions has been shartsigmificantly due to
binding to clay surface. This may be attributeémoenhanced interaction of
vibrational modes of bonds on the clay surface Wit organic cations

facilitating a higher non — radiative deactivatjmmocesses.
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Figure 5.23 Lifetime measurement of Mt-H-TATA land Mt-H-TATA 4.
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Figure 5.24 Lifetime measurement of Ct-H-TATA land Ct-H-TATA 4

The photophysical properties of the modified clages summarized in

table5.2.

Table5.2 Absorption maxim@max (@bs)), emission makma{em)),
singlet lifetime €;) of modified clays.

A max(abs)(nm) A max(em)(nm) 7 (N9)
Mt-H-TATA 1 526 567 0.12
Mt-H-TATA 4 520 543 0.26
Ct-H-TATA1 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 triazagulenium salts
were discussed earlier in chapter 2. The singlgg@x generation capacity of
clay supported triazatriangulenium salts were stadied in aqueous solutions
using the water soluble actinometer ADPA. As alyediscussed, in the
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presence of singlet oxygen ADPA undergoes phot@atixid to corresponding
endoperoxide. Since the endoperoxide formed doesbsorb in the region
where ADPA absorbs the photochemical conversiorbeamonitored by UV-
Vis absorption spectroscopy. The singlet oxygenegsion capability was
demonstrated by taking the 1 mg/mL of the supposedsitizer in the
presence of ADPA (1.6x11M) in water. The irradiation was carried out with
the help of ultrabright green LED for the selectexeitation of the sensitizer.
The incident photon rate was kept constant inh&lldases and it was ensured
by chemical actinometry as described in chaptdih2. duration of irradiation
is limited to observe the initial kinetics of theaction. The decrease in the
absorbance of ADPA (1.6xT0) was observed in all the cases over a period
of 120 minutes of irradiation. FigurB.25 to 5.28 shows the change in
absorbance of the ADPA bands upon irradiation ab 58n. Control
experiments were performed using clay sample dewbtdazatriangulenium
cations does not show change in the absorbanc®BRA
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Figure5.25 The decrease in absorbance of ADPA (1.6XM) during the
irradiation of Mt-H-TATA 1 in aqueous solution witkitrabright
green LED light.
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Figure5.26 The decrease in absorbance of ADPA (1.6kM) during the
irradiation of Mt-H-TATA 4 in aqueous solution with
ultrabright green LED light.
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Figure5.27 The decrease in absorbance of ADPA (1.6XW) during the
irradiation of Ct-H-TATA 1 in aqueous solution witittrabright

green LED light.
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Figure5.28 The decrease in absorbance of ADPA (1.6%W) during the
irradiation of Ct-H-TATA 4 in aqueous solution witittrabright
green LED light.
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5.3.4. Photosensitized inactivation of bacteria

Under aerobic conditions, the singlet oxygen potida of clay
supported triazatriangulenium salts were evideotnfrthe conversion of
ADPA to its corresponding endoperoxide. This realliws the application
of these supported sensitizers as a disinfectienta@s a photo-antimicrobial
material. The active chemical speci&; is formed by the energy transfer
between the excited state of photosensitizer andngr state of molecular
oxygen. It can easily oxidizes organic matter asdable to damages
significantly, the structure of cell walls of theganism and also deactivate
the antioxidant enzymé8.The high antimicrobial efficiency ofO, was

demonstrated in the literatutk.

The penetration of photosensitizer molecules mside cells or
atleast their adsorption onto the cell walls iseaesial for the singlet oxygen
mediated antibacterial efficiendy>*The adsorption of cationic dyes on clay
mineral surface brings about the charge reversal ctay mineral
particles’** This results in the antibacterial efficiency of ttlay minerals
intercalated with cationic singlet oxygen sensi8zén this case for the outer
surface adsorbed triazatriangulenium cations to®y ensure an electrostatic
interaction between the negatively charged granatnegbacterial cell walls

with photosensitizers.

The antibacterial activity of the four clay supedrtriazatriangulenium
salts was investigated by using the gram negatieeteba, E. coli
contaminated water. THe.coli counts of irradiated and unirradiated samples
were determined by colony counting method. A 1 mgAuspension of the
prepared hybrid materials were used for the badtamactivation studies.
The incubation of bacteria with the heterogeneamnsitizers under study in
the absence of light did not lead to reductiorhenumber oE.coli colonies

suggesting that these materials are nontoxi€.taoli. Incubation of the
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bacteria with clay alone was also taken as a cbhiim significant reduction

in the number oE.Coli was observed while keeping the control in the dark
and in the presence of sunlight. The variation lté humber ofE.coli
colonies in the presence of clay supported hetewmes sensitizers in the
presence and absence of the light is shown in @Bleand5.4. The plate
Images are shown in figu®29, 5.30, 5.31 and5.32. The reduction in the
cell viability in the presence of heterogeneousséier is shown in figure
5.31 and5.34.

Figure5.29 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 Ecoli treated with control (a),Mt-H-TATA 1(b), Mt-H-
TATA 4(c) kept in the sunlight for 30 minutes



230 Chapter 5

Table5.3 The number ofE.Coli colonies observed by incubating the
bacteria with the heterogeneous sensitizer in #mk dnd after
keeping with 30 minutes in the presence of sunlighe
presented data is a mean of the triplicate wittaadard deviation
(SD) of <5%.

Dark(x10° CFU/mI) Light(x10° CFU/mI)
Control 7.1 7.1
Mt-H-TATA 1 7.1 3.3
Mt-H-TATA 4 7.0 5.8
8
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Figure5.31 The cell survival wherk.coli treated with Control (a),Mt-H-
TATA 1(b), Mt-H-TATA 4 (c)

In the case oH-TATA 1 intercalated to sodium montmorillonite
samples show a 53% reduction where adheATA 4 intercalated samples
show 17% reduction in tHe.coli count.
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Figure5.32 The E.coli treated with control (a), Ct-H-TATA 1(b), Ct-H-
TATA 4 (c), kept in the dark

Figure5.33 The E.coli treated with control (a), Mt-H-TATA 1(b),Mt-H-
TATA 4 (c) kept in the sunlight for 30 minutes

Table5.4 The number ofE.Coli colonies observed by incubating the
bacteria with the heterogeneous sensitizer in #r& dnd after
keeping with 30 minutes in the presence of sunlighiie
presented data is a mean of the triplicate wittaadard deviation
(SD) of<5%.

Dark(x10° CFU/ml) Light(x10° CFU/mI)
Control 2.1 2.1
Mt-H-TATA 1 2.1 0.6
Mt-H-TATA 4 2.1 0.59




232 Chapter 5

N
n

W Dark
H Light

=
= wn N
. . .

Cell Viability(X106CFU/mI)
o
(0]

control Ct-H-TATA 1 Ct-H-TATA 4

Figure5.34. The cell survival wheik.coli treated with(a) Control(b) Ct-H-
TATA 1, (c) Ct-H-TATA 4

The better activity was observed in triazatriaeguim intercalated
with cloisite 93a samples. In both the cases 75%watton in the cell

viability was observed.

5.4. Conclusions

The water soluble triazatriangulenium cations watsorbed on to Na-
montmorillonite and Cloisite clay surfaces in ausioh phase intercalation
method. The powder XRD data and the photophystodies reveal that only
H-TATA 1 in Cloisite clay showed intercalation belwur whereas, all other
materials may have surface adsorbed triazatrianigmieions. The long size of
the alkyl chain (n=6) on H-TATA 4 could be a detetrto intercalation on
Cloisite clay. All the prepared materials show Ehgoxygen generation
capability indicated by the photooxidation of ADR#Ader irradiation at 530
nm. All hybrid materials show photo-antimicrobiattigity againstE. coli
bacteria with Cloisite based hybrid materials simgvetter activity. This higher
activity may be due to a higher loading of the aragiin comparison to Na-

montmorillonite clay based hybrid structures.
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5.5. Experimental

All solvents used were of reagent grade and usidowt further
purification. Reagents were purchased from Signthiéti and Spectrochem
Pvt.Ltd. and used as received. Montmorillonite K \@s purchased from
Sigma-Aldrich. Cloisite 93 A, a modified clay miaér was sourced from
Southern Clay Corp, USA. Elemental analysis wadopeed in Elementar
Vario EL 1l model instrument in SAIF, CUSAT. Infred Spectra were
recorded using JASCO FTIR Spectrometer using KBetsan the range 400-
4000 cm'. The SEM images were obtained using JEOL ModelJSM
6390LVScanning Electron Micrograph with an attachatkergy-dispersive
X-raydetector. TEM images were obtained using JEGM 2100 HRTEM at
SAIF, CUSAT. The diffuse reflectance UV-Vis spectfathe solid samples
were recorded using UV-Vis-NIR Ocean Optics fibptics Spectrophotometer
SD 2000model equipped with a diffuse reflectancab@r TG analysis was
performed on Perkin Elmer Pyris Diamond 6thermagnatric/differential
thermal analyzer by heating the sample at theafal® °C/min from 40°C to
730°C under N atomosphere. Fluorescence and Fluorescence lifstingkes
were carried out using JobinYvonFluorolog3-211U\sWIR fluorescence
spectrometer. Absorption spectra were recorded &slution 201 UV-visible
spectrophotometer. XRD analysis was performed wRigaku X-ray

diffractometer.
5.5.1. Synthesisof H-TATA 1and H-TATA 4

Synthesis o0H-TATA 1 andH-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 1and H-TATA 4 intercalated
montmorillonite

The Nd exchanged montmorillonite clay was prepared hyistj 19
of the clay (Montmorillonite K10) with 50 mL 0.2 Molution of sodium
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nitrate solution at 78C for 12hrs. It was then allowed to settle dowterfied
and washed several times with water till free froitnate. It was then kept in
the vacuum at 88C over night. Intercalation dfi-TATA 1 andH-TATA 4
into montmorillonite was carried out by the conwvenal ion-exchange
method in which an aqueous suspension of sodiuntmuailonite (1 g in
80 mL) was mixed with an aqueous solution (0.1 NCNaf theH-TATA 1 or
H-TATA 4(20 mg in 20 mL) and the mixture was allowed toctear one
day at 70°C. After centrifugation, the resulting pink solicasvwashed with
water and dried. Soxhlet extraction was performéd whloroform in order
to remove any trace amount of triazatrianguleniumthe clay surface. It was

then kept in the vacuum at 80 over night.
5.5.3 Preparation of H-TATA 1and H-TATA 4 intercalated Cloisite 93a

Intercalation ofH-TATA 1 andH-TATA 4 into the modified clay
cloisite 93a was also done by a similar procedescidbed in section 5.5.2.
The samples thus obtained were characterized byd@owRD, CHN
analysis, thermogravimetric analysis, SEM, TEM, VM- DRS and

fluorescence spectroscopy.
5.5.4 Studies on photosensitized generation of singlet oxygen

The production of singlet oxygen by the triazatgalenium-clay
particles was determined using the singlet oxygawenger disodium-9, 10-
anthracenedipropionic acid (ADPA). Typically, 1 mmd/ of the clay
supported triazatriangulenium composites were adloleth aqueous solution
of ADPA (1.6x10*M). The particles were exposed to light at 530 momf
an ultrabright green LED for 120 minutes with pdi@monitoring of UV-
visible absorption spectrum of the experimentalisoh. Control experiment
was also performed using clay sample devoid otatizangulenium cations.
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555 Photobactericidal studies of microbial cell cultures with the
triazatriangulenium-clay composites

Using aseptic techniques, a single pure colony tveassferred into a
200 mL of nutrient broth, capped and placed in fratar overnight at 37C.
After incubation, using aseptic preparation, tuitgicof suspensions was
measured and adjusted using McFarland standarasedsrence. The 10 mg
of samples (concentration-1 mg/mL) were added tonL®f culture and one
set was incubated at dark and other set was inedbatsunlight. A control
tube was kept. After the incubation, the tubes vgerelly diluted and plated
on nutrient agar. The plates are incubated forr8ah37°C. The plates were
observed for colonies and the total count was chsr



236

Chapter 5

5.6. References

1.

2.

10.

11.

12.

13.

14.

15.

16.

Ghadiri, M.; ChrzanowskiV.; Rohanizadeh, FRSC Adv2013, 00, 1.

Xi, Y.; Frost, R.L.; He, H.; Kloprogge, T.; BostronT.Langmuir.
2005, 21, 8675.

Alexandre, M.; Dubois, RViater. Sci. Eng2000, 28, 1.
Greenland, D.JJ. Colloid Sci1963, 18, 647.
Wang, X.; Liu, B.; Yu, PJ. Nanomater2015, 1, 4.

Sandri, G.; Bonferoni, M.C.; Rossi, S.; Ferrari,Aguzzi, C.; Viseras,
C.; Caramella, AnWound Healing Biomaterial2016, 1, 385.

Paiva, L.B.; Morales, A.R.; Diaz, F.R.Xppl. Clay Sci2008, 42, 8.

Gao, S.; Zhu, J.; Zhang, Y.; Wang, Q.; Jing, Meng, C.R. Soc.
open sci2017, 4, 171258.

Garfinkel-Shweky, D.; Yariv, SClay Miner. 1999, 34, 459.

Valandro, S.R.; Poli, A.L, Correia, T.F, Lombar&oC.; Schmitt, C.C.
Langmuir 2017, 33, 891.

Ley, C.; Brendlé, J.; Miranda, M.; Allonas, X. Langmuir 2017, 33, 6812.

Shinozaki, R.; Nakato, MicroporousMesoporous Mate?008, 113
81.

Boh&, P.; Bujdak, JClays and Clay Miner2018, 66, 127.
Liu, P.; Zhang, LSep. Purif. TechnoR007, 58 32.

Almeida, C.A.P.; Debacher, N.A.; Downs, A.J. Cadité¥lello C.A.D.
J. Colloid Interface ScP009, 332 46.

Fischer, H.; Batenburg, L.F. US patent n(2@)3, 648 959.



Synthesis, Characterization and Study of Intercalated.... 237

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Raha, S.; Ivanov, |.; Quazi, N.H.; Bhattacharyd.3ppl. Clay Sci
2009, 42, 661.

Validi, M.; Bazgir, S.; Saeid Rashidi, A.; Yazdaeshs, M.E.
Ceramics-Silikaty2012, 56, 152.

Madhavan, D.; Pitchumani, K. Photochem. Photobiol. 2002, 153
205.

Madhavan, D.; Pitchumani, Retrahedror2001, 57, 8391.

Drozd, D.; Szczubiatka, K.; Skiba, M.; Kepczynd¥i,, Nowakowska,
M. J. Phys.Chem 014, 118 9196.

Bujdak, J.; Jurecekova, J.; Bujadakova,H.; Lang,KBersen F.
Environ. Sci. TechnoR009 ,43, 6202.

Ito, K.;KoushiFukunishi,M.K.; Fujiwara, YDyesPigm1996, 34, 297.

Hoidy, W.H.; Ahmad, M.B.; Al Mulla, E. A.; IbrahimN. Am. J.
Applied Sci2009, 6, 1567.

Xie, W.; Z. Gao, K.; Liu, W.P.; Pan, R.; VaidhermochimicaActa
2001,367, 339.

Arroyo, M.; Lopez-Manchado, M.A.; Herrero, Bolymer2003, 44,
2447.

Magaraphan, R.; Lilayuthalert, WCompos Sci. TechnoR001, 61,
1253.

Cervantes-Uc, J.M.; Cauich-Rodriguez, J.V.; Vazeqlezes, H.;
Garfias-Mesias, L.F.; Paul, D.Fhermochim. Acta2007, 457, 92.

Ensafi, A.A.; Heydari-Bafrooei, E.; Dinari, M.; Makpour, S. J.
Mater. Chem. B2014, 2, 3022.



238 Chapter 5

30. Wainwright, M.; Crossley, K. Blnt. Biodeterioration Biodegrad
2004, 53, 119.

31. Wainwright, M.; Phoenix, D. A.; Laycock, S. L.; Wamg, D. R. A;;
Wright, P. AFEMS Microbiol. Lett1998, 160, 177.

32. Phoenix, D. A.; Harris, FTrends Mol. Med2003, 9, 283.

33. O'Neill, J.; Wilson, M.; Wainwright, M.J. Chemother2003,15, 329.
34. Eren, E.; Afsin, BDyes Pigm2007, 73, 162.

35. Eren, E.; Afsin, BDyes Pigm2008, 76, 220.

36. Icli, S.; Demig, S.; Dindar, B.; Doroshenko, A.Oljmur, C J.
Photochem. Photobiol..2000, 136 15.

37. Jayrajsinh, S.; Shankar, G.; Agrawal, Y.KakB, L. Journal of
Drug Delivery Sci. and Tecf017, 39, 200.



SUMMARY AND CONCLUSION

The thesis entitted 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 towardseasing the use of a well
known cationic and highly stable triangulenium dy& a potential singlet
oxygen generator for photodynamic processes. THermajectives of the

thesis were:

% To synthesize water soluble triazatriangulenium tssalby

incorporating polar functional groups
+« Study their photophysical properties

« Study the efficiency of Triplet state formationdasinglet oxygen

generation

% Synthesis and study of lipophilic triazatrianguleni cations in

microheterogeneous medium

« Tether covalently or intercalate triazatriangulemisalts to solid

supports or layered materials

% Study the singlet oxygen production by these hgwmeous

sensitizer systems



240

+« Study the photodynamic action of singlet oxygenegated by these
heterogeneous sensitizers and explores theiryabilitlisinfection of

contaminated water.

Solubility of dyes in the medium required for pbaynamic
applications is a major requirement. In chaptere2vere able to demonstrate
that by introduction of a hydroxyl group in the Nad substituent can
significantly improve the solubility in water anal mon-agueous medium such
as acetonitrile. A comparison of the photophysicaperties reveal that, water
is ideal for obtaining a longer fluorescence lifegi a higher triplet quantum
yield, a longer triplet lifetime and a better seigloxygen generation
efficiency. In terms of singlet oxygen generatiofficeency, a limiting
phenomenon is the thermally activated delayed emnig§ ADF) due to the
small energy gap between the singlet and tripleitex states. Yet another
limiting reason is the possibility of photoinducetctron transfer between

oxygen and excited states of triazatrianguleniutiocs.

Chapter 3 of the thesis explore the photophysit@nges when a
series of triazatriangulenium cations having lipbphong alkyl substituents
on the bridging ‘N’ are solubilized in microhetessgpus medium such as
anionic, cationic and neutral micelles. The soitpiproperties indicate
anionic micelle is a suitable medium for these pipdic cations. The
photophysical studies show that the absorptioneanigsion spectra changes
as the length of the alkyl chain increases. Deda#¢udies using time
resolved emission spectroscopy (TRES), studies loa temperature
dependence of emission and the theoretical modellsing DFT and TD-
DFT calculations identified a “disc to bowl” geomeal change to the
structure of the cation when solubilized in aniomicelles. Based on these
results two possible binding modes has been proposEor

triazatriangulenium cations with smaller alkyl amiintercalation between
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the anionic head groups of the surfactant is tledepred mode of binding.
For cation having longer alkyl chains, the preférreode of binding is a

“spider-on-an-apple” type topology with its podsi\prating the micelles.

Covalent tethering is a well established stratiggrepare organic —
inorganic hybrid structures. The work presente@lvapter 4 is an attempt in
this direction. We have prepared and studied fowypes of
triazatriangulenium-silica composites. The studas the photophysical
properties show that the composite material S1lngathree point tether to
the silica surface has the matching characterisnidbd that of dye in
homogenous medium. This material has the highdstiezfcy for singlet

oxygen generation and photodynamic activity agdinsoli.

Intercalation in layered materials is another tegg for the
preparation of organic — inorganic hybrids. Claynemals are the most
studied layered materials for dye encapsulation dpplications such as
photocatalysis. Being cationic and planar, triaaagulenium cations are
having the perfect structural feature to be anraaf@tor in clay minerals.
The water soluble triazatriangulenium cations wedsorbed on to Na-
montmorrillonite and Cloisite93a clay in a solutigghase intercalation
method. The powder XRD data and the photophysitalies reveal that
only H-TATA 1 in Cloisite clay showed intercalatitsehaviour whereas, all
other materials may have surface adsorbed triapgwienium ions. The
long size of the alkyl chain (n=6) on H-TATA 4 cdube a deterrent to
intercalation on Cloisite clay. All the prepared terals showed singlet
oxygen generation capability and showed photo-aatobial activity
againstE. coli bacteria with Colisite based hybrid materials simgwbetter

activity.
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