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Thesis Layout

The thesis has been divided into eight chapters. Chapter 1 provides a brief
introduction on various processes that follow photoexcitation of a molecule.
Different photophysical processes, like fluorescence, phosphorescence, excited
state proton transfer and energy transfer, are then discussed in this context. This is
followed by a discussion on the excited state acidity/basicity constant and its
estimation using different methods. The superiority of determination of excited
state prototropic equilibrium constant (pK*) by the kinetic method over the other
two methods is highlighted. This chapter also presents a discussion on what
motivates us to study the photophysical properties of the chosen molecules.
Chapter 2 provides the details of the materials, methods of synthesis, methods of
purification of the solvents, various methodologies for the sample preparation for
different experiments, instrumentation and methods of data analysis. Chapter 3
deals with solvent mediated excited state intramolecular proton transfer of
ellipticine. Chapter 4 delineates excited state proton transfer kinetics and excited
state acidity constant of ellipticine in aqueous media. Chapter 5 deals with the
fluorescence behavior of 4-aminophthalimide using steady state and time-resolved
technique. Chapter 6 presents laser flash photolysis study on 9-
phenylxanthenium tetrafluoroborate. Chapter 7 deals with Triplet State
parameters of Ellipticine in different solvents. Chapter 8 summarizes the findings
of the present investigations by touching upon the scope of further studies based

on the present work.
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Chapter 1

Introduction

This chapter provides a brief introduction on various processes
that follow photoexcitation of a molecule. Different photophysical
processes, like fluorescence, phosphorescence, excited state proton
transfer and energy transfer, are then discussed in this context. This is
followed by a discussion on the excited state acidity/basicity constant
and its estimation using different methods such as, Forster cycle, Weller
method and kinetic method. The superiority of determination of excited
state prototropic equilibrium constant (pK’) by the kinetic method over the
other two methods is highlighted. This chapter also includes a brief
discussion on the molecules of interest, their importance and different
unknown properties, which motivate to study the photophysical

properties of those molecules.

1.1. Photoexcitation and fate of the excited molecule

A molecule has several electronic energy levels referred to as ‘states’ and
such state is associated with vibrational and rotational energy levels. On
photoexcitation by UV-visible light, a molecule originally residing in the ground
state absorbs a photon and gets elevated to the excited state. Once in an excited
state, the properties of the molecule will be quite different from those in the
ground state. An excited state molecule will often have different geometry,
reactivity and dipole moment compared to the ground state. A molecule in the

excited state is very short-lived. An excited molecule will ultimately decay to the



Introduction 2

more stable ground state unless it is involved in some photochemical process in
the short-lived excited state thereby losing its identity. An excited molecule
deactivating to the ground state can do so via several either radiative or non-
radiative dissipation processes. The possible fate of a molecule excited to the

lowest excited singlet state (S;) from the ground state (Sy) is discussed below.

Following the So—S; transition, the molecule return to the Sy state either
by radiative process (fluorescence and/or phosphorescence) or non-radiative
pathway (internal conversion and/or intersystem crossing).'” Deactivation from
S; to Sy state by radiative process yield fluorescence while non-radiative
deactivation is known as internal conversion. Molecule residing in S; state can
undergo intersystem crossing to populate the neighbouring T; state. In the T,
state, the molecule can undergo a whole host of excited state processes including
radiative and non-radiative decays to the ground state. If it decays radiatively to
the ground S, state, phosphorescence is observed whereas non-radiative decay can

yield an intersystem crossing.

After photoexcitation, molecule in the lowest excited state can undergo
absorptive transition to the higher excited state by using a second ‘monitoring’
light source. This kind of excited state absorption is called as transient absorption.
The transient absorption is possible from both lowest singlet and triplet excited
state leading to S;—S, and T;,—T, transition (where n>1) respectively. To
monitor T;—T, transition, the lowest excited triplet state should be sufficiently
populated. High intense laser sources are therefore popularly used to achieve the
triplet excited state population. Excitation by a high intense laser light source may

lead to photolysis of the molecule producing radical, radical anion or radical
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cation. These kinds of transient species and the processes that they undergo can be

studied by using pump-probe techniques, like laser flash photolysis.

Within the lifetime of the excited state, an excited molecule might also
undergo several photophysical processes that would yield entirely different
excited state species. These processes mainly include excited state proton transfer
(ESPT), excited state electron transfer, excited state energy transfer,
photoisomerisation etc. These reactions occur by non-radiative pathways and may
lead to generation of a new species affecting the several photophysical
parameters, such as fluorescence quantum yield, lifetime etc. of the molecule.
Studies on photoinduced processes have attracted a great deal of attention,
primarily because of their applications in different fields of chemistry and
biology. For instance, the concept of FRET (Forster resonance energy transfer)” is
widely used for understanding biological processes at microscopic level* and the
electron transfer process is the basis of design and development of luminescent

. . 5 . . 6-
systems for sensing environment,’ devices for solar energy conversion,®’

o 10-12 4 . 13,14
nanometer scaled wires, logic gates ™

etc. ESPT phenomenon is used in
chromosensors,”” imaging'® and white light emitting materials.'” While the

concept of photoisomerisation is involved in polymer vesicles and liquid

18-21 22,23

crystals, photoswitching etc. The work in this thesis is primarily based on
some of the processes described above and shall now be elaborately discussed in

the following sections.

1.1.1. Fluorescence
Fluorescence is emission of a photon by photoexcited (S;) molecule on its

return to ground state (Sp). The fluorescence spectrum appears on the red side of
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the absorption spectrum indicating that the energy of the photon emitted through
fluorescence is less than that of the photon absorbed. The change in energy is
termed as Stokes shift. The extent of this shift depends on several relaxation and
photophysical processes involved in the excited state. Solvent relaxation is the
one which commonly affects the extent of Stokes shift particularly in electron
donor acceptor molecule. With the change of solvent polarity, the extent of
solvent stabilization of excited state dipolar molecule changes which in turn alters

the energy of excited singlet state and the resultant Stokes shift varies.

The most common generalization in solution phase photochemistry is that
the photoreaction and luminescence occur from vibrationally relaxed molecule in
their lowest excited singlet state (Kasha’s rule). This implies that irrespective of
the excitation energy, polyatomic molecules should emit from the lowest excited
singlet state and hence, display a single fluorescence emission. The most
photochemical and luminescent events in solution occur from the lowest
vibrational level of the lowest excited electronic state, which implies that the
nonradiative decay rate is ordinarily faster than competing radiative deacy or

photoreaction from higher excited states.

Do g

Azulene Benz[a]azulene Benz[e]azulene Benz[flazulene Cyclopenta[eflheptalene

Chart 1.1.
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However, this conclusion is not absolute as one expects that photochemistry and
luminescence from higher excited states might be most easily observable when
radiationless deactivation rates are unusually slow or when radiative or
photochemical deactivation rates are unusually fast. Indeed, the best documented
example is the dual fluorescence of azulene (1 in Chart 1.1.).** This system emits
from both S; and S, states, as the energy gap between S, and S, is large making
the nonradiative S,wS; transition slower or comparable to the S,—Sg
fluorescence. Likewise, some benzene annulated azulene derivatives (2-4 in Chart
1.1.)**" and the derivatives of Hafner’s hydrocarbon (5 in Chart 1.1.)*® exhibit
dual fluorescence. S, emission from many other systems which include

acenaphthylene,” ketocyanine dye’® are also reported.

Multiple fluorescence emissions can also arise due to ground and excited
state processes. Ground and excited state complexation of a fluorescent system
with other species like DNA,*' cyclodextrin,*® solvent™ etc. may give rise to dual

34-37

fluorescence. Excited state processes, such as energy transfer, exciplex

38-40 41-43

formation and proton transfer also lead to dual emission. In this context,
excited state proton transfer phenomenon (ESPT) is one of the most extensively
studied processes. In a widely studied molecule 3-hydroxyflavone***> (Chart
1.2.), the proton moves from the hydroxy group to an adjacent carbonyl group on
photoexcitation producing dual emission. While in the case of 7-hydroxyquinoline
(7-HQ)*"** (Chart 1.2.), which contains both acidic (-OH group) and basic (-N=)
groups, it requires participation of protic solvent molecules in the ESPT process

to exhibit dual emission. Twisted intramolecular charge transfer (TICT)>*"

55 . .
process also leads to dual emission in electron donor-acceptor molecules.
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Grabowski and his coworkers explained the dual emission of 4-(N,N-
dimethylamino)benzonitrile (DMABN)*®*” (Chart 1.2.) by TICT mechanism.
According to this concept, the short-wavelength fluorescence of DMABN
originates from the locally excited (LE) state and the long-wavelength band from

the TICT state.

| N\ OH
=
3-hydroxyflavone 7-hydroxyquinoline
CH
H3C\ Ptk
N
CN
DMABN
Chart 1.2.

1.1.2. Phosphorescence

The radiative deactivation from lowest excited triplet state (T;) to the
ground state (Sp) is referred to as phosphorescence. The forbidden T,— Sy
transition is observed due to spin-orbit coupling. However, at room temperature
numerous collisions with solvent lead to radiationless deactivation via vibrational

relaxation to the ground state (Sy). Several methods have been used to restrict this
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collisional deactivation and enable the observation of phosphorescence. One of
the most common techniques is to supercool solutions to a rigid glass state usually
at the temperature of liquid nitrogen (77 K).>** At these very low temperatures,
molecular collisions are greatly reduced and strong phosphorescence signals are
observed. Phosphorescence signals in solution can also be quenched by dissolved
oxygen. For this reason, sample solutions have to be degassed prior to recording
the phosphorescence spectra. Various other methods have also been developed to

reduce the effect of dissolved oxygen on phosphorescence.”

Phosphorescence spectrum is located at wavelengths higher than the
fluorescence spectrum because the energy of the lowest vibrational level of the
excited triplet state (T;) is lower than that of the singlet state (S;). Since triplet to
singlet transition is forbidden by the prohibition against spin selection rule, the
spontaneous process occurs with low probability and continues relatively over a

longer period of time compared to fluorescence.

Generally phosphorescence refers to transitions between T;— Sy states.
However, in some cases like fluoranthene and ferrocene (Chart 1.3.), T,— Sy
(n>1) transitions have been reported.®*®" Phosphorescence can also be observed
by inserting the molecule of interest into a rigid polymer matrix. The
phosphorescence of coronene, triphenylene and fluorene (Chart 1.3.) embedded in
a poly(methylmethacrylate) matrix can be observed but only after the removal of
the oxygen molecules, which may have diffused into the matrix.*> However,
phosphorescence of benzil (Chart 1.3.) is observed in non-degassed imidazolium
ionic liquids due to low solubility of oxygen in these highly viscous ionic

liquids.*® Recently, phosphorescence is being used as a technique to detect singlet
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oxygen in various molecular sensors and photodynamic therapeutic drugs.®*®’ In

this thesis phosphorescence has been employed to calculate triplet state energy of

the molecule of interest.

9 =
Fe
&

Fluoranthene Ferrocene

o

S0

Fluorene

Triphenylene

sans

Chart 1.3.

Coronene

1.1.3. Excited state proton transfer

Ground state intramolecular H-bonded structures can be formed by the
molecules having both hydrogen bond donor and acceptor moiety in close
proximity. A redistribution of electronic charge in the intramolecular H-bonded
structure takes place on photoexcitation and as a consequence the proton gets
translocated from the hydrogen bond donor group to the hydrogen bond acceptor

group. This phenomenon is known as excited state intramolecular proton transfer
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(ESIPT). Excitation of an intramolecular H-bonded system usually leads to dual
fluorescence which is attributed to the normal form and the tautomer of the
molecule. This process has received a great deal of attention both experimentally
and theoretically and considered as one of the most important photoreactions in
chemical and biological systems.*****! ESIPT phenomenon is most commonly
monitored using fluorescence technique.'®”*** To understand the mechanism of
ESIPT, one has to focus on the interplay between the molecular structure and
potential energy surface.”* The tautomer fluorescence gets highly Stokes-shifted
(6000-10000 cm™) due to enormous change of the electronic distribution in the
excited state.*’ Consideration of a double-well potential energy surface depicted

in the Scheme 1.1 can give a better understanding of this phenomenon.

As can be seen from the Scheme 1.1, due to photoexcitation, there occurs
huge electronic change and consequently the proton moves on a double-well
potential surface as shown in the scheme. In the ground state there exists
significant energy barrier for proton transfer, whereas, in the excited state as the
barrier becomes smaller the proton is much easily transferred to generate the
excited tautomer species. The S'; — S'y energy gap of the tautomer is much lower
than that of the normal form, which accounts for the large Stokes shift of the

fluorescence originating from the tautomer.
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P.E.

Tautomeric form

AE,

Y

Normal form

Proton transfer coordinate
Scheme 1.1.

ESIPT requires hydrogen bond formation between the proton donor
(generally, a moiety containing —OH or —NH group) and the acceptor (generally, a
moiety containing =N— or =0 group). The dynamics of this ESIPT phenomenon,
on a symmetrical double-well potential, has been well reviewed in literature.”**!
The presence of an unsymmetrical double-well potential is often visualized as a
representation of nearly barrierless proton transfer.”! Quantum mechanical
calculations have shown the impact of tunneling effect and vibration dynamics of
the bonds involved in hydrogen bonded network on the proton transfer dynamics;
thus the potential energy surfaces have shown to be dependent on the nature of the

molecules.’>’*7
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In aprotic solvents, where solvent perturbation is negligible, ESIPT
phenomenon normally takes place through the pre-existing strong intramolecular
hydrogen bonded structure. However, in protic solvents the solvent perturbation is
expected to become significant, particularly when the intramolecular hydrogen-
bonding between the donor and acceptor moieties is weak. In the latter case, the
intermolecular hydrogen bonded network inhibits to some extent the ESIPT
phenomenon. The most striking feature of the ESIPT dynamics in aprotic solvents
is its ultrafast nature, occurring in sub-picosecond to few femtoseconds time

scale.

The ESIPT phenomenon has vast utility. Classical examples of these
include four-level dye lasers, energy or data storage devices and optical

8594 Raman ﬁlters,95 scintillation counters,96 polymer stabilizers.”’

switching,
Moreover, ESIPT molecules have also been used in metal ion chelates.” These
ESIPT molecules are known to possess photochemical stability, and are resistant
to thermal degradation. Low self-absorption of the tautomer fluorescence has

e . . 99
been utilised in electroluminescence.

From the mechanistic point of view, the ESPT phenomenon can be
classified into three groups,” (i) intrinsic intramolecular proton transfer, (ii)
excited state double proton transfer, and (iii) proton transfer through relay. Each

group is discussed separately as follows.
1.1.3.1. Intrinsic intramolecular proton transfer

This is considered as the simplest type of proton transfer, occurring in

systems in which five/six-membered intramolecularly hydrogen bonded structure
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is already present. Enormously studied, molecules like methyl salicylate,'**'%% 2-

hydroxybenzophenone,'*® salicylidenaniline,'®* 3-hydroxyflavone,***
105 2-(2'-hydroxyphenyl)benzimidazole,' %' 2-(2'-

and 2-(2'-

salicylamide,

hydroxyphenyl)benzoxazole'*’:19%11°

104,111

hydroxyphenyl)benzothiazole (Chart 1.4.) serve as good examples for this

kind of proton transfer. In each case, specific molecular structure and
conformation lead to specific behavior. Environmental and/or solvent-cage
perturbations are found to be quite significant in the ESIPT studies of these

2 113

molecules. Effect of media,''? substituted moiety'"” etc. on ESIPT reaction is

topic of interest till date.
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MeO Oy /H H /@
| 0" 8 TN |
° ® | ® |
Methyl salicylate 2-hydroxybenzophenone Salicylidenaniline
H,N __O H—0,
OO
(o] \
N
3-hydroxyflavone Salicylamide 2-(2'hydroxyphenyl)benzimidazole
H—0O H—=0
N N
OO0 -0
(o] S
2-(2'hydroxyphenyl)benzoxazole 2-(2'hydroxyphenyl)benzothiazole
Chart 1.4.

1.1.3.2 Excited state double proton transfer

Excited state double proton transfer (ESDPT) reaction is a very important
reaction in biology which involves the transfer of two protons across the two pre-
existing H-bonds in the system. The first reported example of this kind is 7-

azaindole (homodimer)''*'"’

(Chart 1.5.). At high probe concentration, in
addition to the violet emission from the ‘normal form’ of the molecule, another
green fluorescence is observed which is attributed to the double proton transferred
tautomer. Excited state double proton transfer is also observed in heterodimer like
7-azaindole-2-pyridone (Chart 1.5.)."® The ESDPT study involving heterodimer

is very important because it is relevant to DNA base pairs. It is reported that
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ESDPT plays a crucial role in DNA replication and hence in determining the
structure and properties of DNA bases.''"” Other molecule, which shows similar

biprotonic transfer is benzanilide (Chart 1.5.).120

Although there is large number of experimental and theoretical work to
find out the mechanistic details of ESDPT, like (i) whether the process is
concerted or stepwise and (i1) whether the process is reversible, there are still

some ambiguities in the literature regarding the mechanism of ESDPT

reaction.'?!"1%*

NS
N~ N 7 “N—H---0
E I N
H H TN N__
L \ A
N

8
\ 7

7-azaindole 7-azaindole-2-pyridone

T

benzanilide

Chart 1.5.
1.1.3.3. Proton transfer through relay

This is another type of proton transfer, where the proton donor group is at

a distance from the proton acceptor. A ‘molecular companion’, (say acetic acid,
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water or alcohol) must be involved in the form of a cyclic H-bonded complex,

where protons are transferred in a relay mechanism during the excited state

125-131 132,133

lifetime of the fluorophore. This is observed in case of lumichrome,
adenine and guanine’' where acetic acid is involved in the cyclic hydrogen
bonded complex (Chart 1.6.). ESPT of 7-hydroxyquinoline***”****(7-HQ) (Chart
1.2.) is used as a model system for understanding the mechanism of long distance
proton translocation mediated by a hydrogen bonded network due to the close
resemblance of this excited state process with proton relay over large distance.
The extensive studies on the ESPT dynamics of 7-HQ suggested the formation of
1:1 or 1:2 solute-solvent complex depending upon the solvent molecule.'** The
rate constant of ESPT in the complex is found to be dependent on the H-bond
donating ability of the alcohols, as measured by the Kamlet-Taft acidity (o) of the

alcohols.'*

In Chapter 3, the ESPT process of ellipticine (Chart 1.7.) is studied where
involvement of polar protic solvents leads to the formation of tautomeric form in
the excited state.*’ Various types of cyclic and noncyclic solute-solvent
complexes are also observed in ground and excited state in presence of ‘molecular

companion’ such as methanol.
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CH,
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Lumichrome Adenine Guanine

Chart 1.6.

1.1.4. Excited state energy transfer

Excited state energy transfer process is a well studied concept in
photophysics to comprehend various biological processes both at macroscopic
and microscopic level.! For instance, Forster resonance energy transfer (FRET)? is
widely explored to study molecular/protein dynamics'® and to estimate the
intermolecular distances in biomolecules,"*’ supramolecular associations'** and
assemblies. Excited state energy transfer mechanism between a donor and
acceptor molecule is based on Coulombic interaction and intermolecular orbital
overlap.! The Coulombic interactions consist of long range dipole-dipole
interactions (Forster’s mechanism) and short-range multi-polar interactions. The
interactions due to intermolecular orbital overlap, which include electron
exchange (Dexter’s mechanism) and charge resonance interactions, are short
range interactions. Generally Coulombic mechanism is effective at long distances
(up to 80—-100 A) whereas electron exchange is operative only at short distances
(<10 A) because of its orbital overlapping requirement. The motion of electrons

for the donor (D) and acceptor (A) involved in energy transfer process via
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Coulombic interactions and electron exchange mechanism are presented in

Schemes 1.2 and 1.3 respectively.

All types of interactions are possible in the case of singlet-singlet energy
transfer ('D"+ 'A — 'D + 'A"), whereas triplet-triplet energy transfer occur (D" +

'A—>'D+? A*) only due to molecular orbital overlap.

1.1.4.1. Singlet-singlet energy transfer

Though interactions of different kinds are possible in singlet-singlet
energy transfer, the Coulombic interactions through dipole-dipole interaction is
the topic of discussion in this section. In the case of dipole-induced dipole
mechanism, transfer of excitation energy requires dipole-dipole interactions
between donor and acceptor along with the spectral overlap criterion, where the
donor emission matches with acceptor absorption spectrum. The efficiency of this
energy transfer depends on the distance between the donor-acceptor partner
molecules and their overlap integral. Such transitions are coupled, i.e. they are in
resonance and known as Forster resonance energy transfer (FRET). The Forster
resonance energy transfer can be used as a spectroscopic ruler in the range of 10—
100 A. The distance between the donor and acceptor molecules should be
constant during the donor lifetime and greater than about 10 A in order to avoid
the effect of short-range interactions. The validity of such a spectroscopic ruler
has been confirmed by studies on model systems in which the donor and acceptor
are separated by well-defined rigid spacers. For example, Oligomers of poly(L-
proline) are used as spacers of defined length to separate an energy donor and
acceptor by distances ranging from 12 to 46 A. The energy donor was an a-

naphthyl group at the carboxyl end of the polypeptide, while the energy acceptor
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is a dansyl group at the imino end.'” Single molecular FRET study by Winkler et
al. along poly(L-proline) proves that longer proline oligomers are distinctly more

flexible.'*

1.1.4.2. Triplet-triplet energy transfer

As already mentioned, triplet-triplet energy transfer (TET) occurs (3D* +
'A — 'D + A") only due to electron exchange mechanism through molecular
orbital overlap (Scheme 1.3.). The theory of energy transfer by electron exchange
was given by Dexter. The mechanism of populating the triplet state of an acceptor
by the triplet state of a donor is called as photosensitization. For example, the
triplet state of thymine in frozen solutions was populated by energy transfer from
acetophenone.16 Scheme 1.4. illustrates the triplet-triplet energy transfer process

between a triplet donor and acceptor pair.

~ n
TET
T, \Z T s : )[
f.;' i.":";'(_ T1
hv

So So
Donor Acceptor

Scheme 1.4.
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The triplet state energy of the donor must be greater than that of the
acceptor for the energy transfer to occur. To avoid direct excitation, the ground
state absorption of the donor must be higher than the acceptor at the excitation
wavelength. The excited state triplet-triplet energy transfer is used as a tool to
populate the triplet excited state of an acceptor molecule where intersystem
crossing rate is very low due to high singlet-triplet energy gap (Scheme 1.4.). For
example, triplet state of acenaphthylene'’! was populated by this
photosensitization method.

Triplet state of the molecule needs to be characterized for many real life

applications such as photodynamic therapy,'**'*

which is widely used for cancer
treatment and to characterize molecule as an anticancer agent. These studies are
possible only when the triplet states of the drug molecules are well characterized.
However, in many cases poor triplet state quantum yield of the molecules hinders
these studies. Triplet-triplet energy transfer process made these studies possible
where different donor molecules, having high triplet quantum yield, are used to

transfer the triplet state energy to the acceptor drug molecule.

1.2. Excited state acidity/basicity constant (pK*)

In this section, acid-base properties of excited state aromatic compounds
are discussed in aqueous media. The occurrence of the excited state proton
transfer during the fluorescence lifetime of the molecule depends on competitive
radiative and non-radiative deactivation pathways of the molecule to its ground
and triplet states. The acidic or basic properties of a molecule change from the
ground to the excited state mainly due to change in the electronic structure. Hence

the excited state acidity/basicy constant (pK*) of a molecule completely differs



Chapter 1 21

from its ground state pK value and the difference will decide whether the
fluorophore gains or loses the proton in its excited state. Fluorophore loses a
proton in the excited state when pK~ < pK value and gains a proton in the
opposite case. For instance, 2-naphthol2 undergoes excited state deprotonation
(Scheme 1.5) reaction, resulting in a decrease in pK from 9.2 to pK* = 2.0,
whereas acridine undergoes excited state protonation reaction with an increase in

the pK value from 5.45 to 10.7 (pK') in the excited state.'*>'*

In general, due to
the presence of lone pair of electrons, electron donor groups such as -OH, —SH,—
NH,; strongly conjugate to the aromatic ring systems to make pK* < pK and the
molecules undergo excited state deprotonation reaction. On the other hand,
electron withdrawing groups such as —CO, and —COOH, having vacant 71—
orbitals increase the electron density of the molecule in the excited state and

weaken the excited state deprotonation reaction (pK* > pK).

* *

Y=g~

Scheme 1.5.

Acidity or basicity of a molecule in the excited singlet or triplet state (pK*)
can be determined by different methods. Concentrating on the work outlined in
the present thesis, methods of calculating excited singlet state pK are discussed in

the following sections along with their advantages and limitations.
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1.2.1. Forster cycle
The value of pK' can be theoretically predicted by popular Forster cycle'

(Scheme 1.6) in conjunction with spectroscopic measurements.

A_*
AH' I|I A
AH’ T
th_ (0'0)
hva, (0-0)
A_
AHO
|
AH
Scheme 1.6.
According to this cycle,
NoAvan + AH” = N,hv,- + AH? (1)

Where AH” and AH” are the standard ionization enthalpies of AH and AH',
respectively, Avapy and hva. are the energy difference (corresponding to the 0-0
transitions) between the excited state and the ground state of AH and A,

respectively, and N, is Avogadro’s number. The equation is rearranged as,

AH” — AH =N, (hv,- —hvan) )
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Taking an assumption that the ionization entropies AS® and AS” of AH and AH’,
respectively, are equal to the enthalpies AH and AH", respectively, the difference

in standard free energies AG” — AG” can be represented as,

AG?—AG” =AH’—~AH”"=RT In (K "/K)

3)
Where R is the gas constant and T is the absolute temperature. Rearranging
equation 3,
* _ NahC _ =
pK _pK__2.303RT (Va- = Van) “4)

Generally the wavenumbers v,y and v4- correspond to the 0—0 transitions of AH

and A respectively.

Forster cycle is a simple method, which explains why it has been
extensively used. One of the important features of this cycle is that it can be used
even in cases where the equilibrium is not established within the excited-state
lifetime. However, use of the Forster cycle is questionable when (i) the 0-0
transition energies for AH and A~ are not accurately measured; (ii) the electronic
levels invert during the excited-state lifetime (usually in a solvent-assisted
relaxation process); (ii1) the excited acidic and basic forms are of different orbital
origins (electronic configuration or state symmetry); and (iv) the changes in

dipole moment upon excitation are different for the acidic and basic forms.

For calculation of pKa* by Forster cycle it is necessary to calculate
accurately the 0-0 transition energies. But because of the fact that at room

temperature absorption and emission spectra of most of the molecules are
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characterized by broad bands, it is often very difficult to determine accurately the
0-0 transition energies from either absorption or emission spectra. However, the
best approximation is found by using the intersection point of the mutually
normalized absorption and emission spectra. Another important problem while
calculating pKa* by Forster cycle is the solvation which is often noticed by large
Stokes shift of the fluorescence band. Finding the 0—0 transition from intersection
point of the mutually normalized absorption and emission spectra is not possible
in those cases. The averaging of absorption and emission maxima, however,
eliminates such solvation effect if the energy of solvent relaxation in the two

states 1s same.

Forster cycle thus suffers from many disadvantages and it can be

concluded that pK, calculated using Férster cycle is mostly not reliable.

1.2.2. Weller method
The value of the excited state pK, can be determined by Weller

method'*"'*® based on the pH dependence of the fluorescence intensities.

k ] \
AH* + H0 —=———= A"+ H

kr + knr = 1/T0 k'r + k'nr = 1IT'0

K
AH + HO0 <—> A + HO

Scheme 1.7.
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In a schematic representation of excited state deprotonation of an acid
(AH), various processes involved in the dynamics are shown in Scheme 1.7. The
excited state lifetimes of the acidic (AH") and basic (A™) forms are represented by
tpand 7| (which are the inverse of radiative and non-radiative rate constants), and
k; and k_; are the rate constants for deprotonation and reprotonation, respectively.

k; is a pseudo-first order rate constant, whereas k_; is a second-order rate constant.

147

On the basis of simple steady state method, Weller ™" has shown that the

ratio of steady state fluorescence intensities at a given pH is given by

Iagr @ 1+k_q Ty [H307] 5)
(Iagdo o 1+ kyTo+k_q Th[H307]

IA—* _ CD, _ kl TO (6)
(IA—*)O o CDIO o 1+ k1T0+k_1 T6 [H30+]

Where @ and @' are the fluorescence quantum yields of AH and A", respectively,
in the absence of the excited state reaction and ® and @' are in presence of excited
state reaction. Eqn 5 and 6, the ratio of the quantum yields is divided by (1 +

k_, ty) and rearranged to get
(O/Do)(D/D') = 1/ (1+ R X 10" (7)
Where, R=k 10 Ky / (1 + k_; 73)

Now steady state fluorescence intensity versus pH plot for both acid and
its conjugate base gives sigmoidal curves and the point of inflection corresponds

to the pK* value.
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Weller method can be used to calculate pKa* value accurately only if (1)
equilibrium is established within the lifetime of the excited state species and (ii)
fluorescence lifetime of two species are equal and (iii) both the species are
fluorescent. Again, the pH at the point of inflection of fluorescence titration
curve cannot always be taken to be equal to pKa* even if both the species are
fluorescent. The pH at the inflection point will correspond to pKa* only when

excited state species is not quenchd by the added acid/base.

So in conclusion, steady state fluorescence method also suffers from some

serious limitations.

1.2.3. Kinetic method

It is already discussed in the previous sections that determination of pK,
either by the Forster cycle or Weller method suffers from several limitations
arising from drastic assumptions made in those methods. The most reliable way to
find out the actual pK, value is to look directly into the reaction process by
measuring the fluorescence decays involved in the reaction. Measuring the rate
constants involved in the reaction is the only way to know whether the excited
state equilibrium is attended or not. The determination of individual excited state
rate constants, such as k; and k_; (Scheme 1.7.) will yield the actual value of

pK, where the excited-state equilibrium constant is represented as
K =k_1/k; 8)

The time evolution of the fluorescence intensity of the acidic form AH"
and the conjugate basic form A™ following photoexcitation (Scheme 1.7.) is

obtained from the following differential equations:
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d[fif*] == (k + 1/T0) [AH"] + k_y [A™"] [H307] )
= )= (e (92071 + ) 1 10

After selective excitation of AH, the time responses of the fluorescence

intensities, under the initial conditions [AH*] = [AH*]O and [A'*] =0 (att=0) are

0= b ] = S8 [ e e
i (t) = K [A7] = % [e~ Pzt — =Pt (12)

Where k, and k, are the radiative rate constants of AH" and A™ respectively, and

[ and (3, are given by
1
Bon= 2 {X+ V) £ [(¥ = X)? + 4hsk_y [H307]]:) (13)
Where, X =ki + 1/; , Y=k [H;0*]+ 1/,
ere 1 /TO 1[H307] /To

Measurements of the lifetime of AH and A™ and pre-exponential factors
from the decay profiles recorded by time-resolved single photon counting
technique enable us to determine individual rate constants (Scheme 1.7.) and

thereby pK’ value.

Excited state deprotonation of carbazole was studied by Samanta et al.**
All the rate constants involved with this system were calculated and it was proved
that the equilibrium is not attained at the pK~ value when it was calculated by
steady state fluorescence intensity measurements. It is also reported that in excited

state protonation/deprotonation reaction of norharman involving three ground and
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four excited state species, the back reaction plays a significant role in its acid-base
chemistry."*®'* The excited state behavior of few green fluorescent proteins
(GFP), having different chromophores, is explained by using its excited state pK
value calculated accurately by the kinetic method."*"*! In Chapter 4 excited state
protonation of ellipticine, producing ellipticinium cation, is studied in a particular
pH range and all the rate constants involved with the excited state process are

measured to calculate the accurate pK_ value.

1.3. Motivation behind the thesis

The work embodied in this thesis deals with synthesis and exploration of
the photophysical properties of some important molecules in different media. The
molecules selected for this investigation (Chart 1.7.) are those whose ground and
excited state properties are sensitive to solvent polarity, pH and specific solute-
solvent interactions. The present thesis mainly comprises three different studies;
(1) effect of hydrogen bond donating and accepting ability of a solvent on the
proton transfer kinetics and hydrogen bonding interactions, (ii) effect of pH on the
proton transfer kinetics and (iii) characterization of new triplet states, triplet-
triplet energy transfer and relative actinometry studies. Photophysical studies have
been carried out using UV-visible absorption, steady state and time-resolved
fluorescence and phosphorescence and laser flash photolysis techniques.
Theoretical calculations based on density functional methods have also been

carried out in some cases for a better understanding of the experimental results.
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3

Ellipticine
o O
N-H N—/\/
H,N 5 H,N o
4-aminophthalimide (AP) N-butyl-4-aminophthalimide (N-BUAP)
—+

BF,

(2

9-Phenylxanthenium tetrafluoroborate

Chart 1.7.

Photophysical properties of ellipticine (5,11-dimethyl-6H-pyrido[4,3-
b]carbazole), comprising of both proton donating and accepting sites, have been
studied in different solvents using steady state and time-resolved fluorescence
techniques primarily to understand the origin of dual fluorescence that the
molecule exhibits in some specific alcoholic solvents like methanol and ethylene
glycol. Ground and excited state calculations based on density functional theory
have also been carried out to help in interpretation of the experimental data. It is

shown that the long-wavelength emission of this molecule is dependent on the
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hydrogen bond donating ability of the solvent, and in methanol, this emission
band arises solely from an excited state reaction. However, in ethylene glycol,
both ground and excited state reactions contribute to the long wavelength
emission. The time-resolved fluorescence data of the molecule in methanol and
ethylene glycol indicates the presence of two different hydrogen bonded species
of ellipticine of which only one participates in the excited state reaction. The rate
constant of the excited state reaction in these solvents is also estimated. It appears
that the present results are better understood in terms of solvent mediated excited
state intramolecular proton transfer reaction from the pyrrole nitrogen to the
pyridine nitrogen leading to the formation of the tautomeric form of the molecule
rather than excited state proton transfer from the solvents leading to the formation

of the protonated form of ellipticine.

Steady state absorption, emission and time-resolved fluorescence behavior
of ellipticine have been studied in aqueous media over a wide pH range. Time-
resolved fluorescence measurements have been carried out in aqueous alkaline
media to monitor the excited state protonation kinetics of ellipticine which is
possible by increased basicity of the pyridine nitrogen in the excited state. The
individual rate constants are evaluated from the excited state kinetics based on
which, for the first time, excited state protonation equilibrium constant of
ellipticine is calculated which provide the pKa* value of 12.7. The pKa* value
calculated from relatively simpler and popularly used Forster cycle showed
considerable deviation from the accurate pKa* value calculated from the kinetic
method. Weller method, based on steady state fluorescence intensity

measurements, could not be used to calculate pKa* value due to faster rate of
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excited state backward reaction than the radiative and non-radiative deactivation
of excited ellipticinium cation, as found by the time-resolved fluorescence

measurements.

Fluorescence behavior of 4-aminopthalimide (AP) and its imide-H
protected derivative (N-BuAP) has been reinvestigated in aqueous media to
address some of the points raised in a recent paper by Durantini et al.'>> The
results show that solvent assisted keto-enol transformation does not contribute to
the observed steady state and time-resolved emission behavior of AP in aqueous
media. Instead, the results reveal that the fluorescence of AP in aqueous media
arises from two distinct hydrogen bonded species. The deuterium isotope effect
on the fluorescence quantum yield and lifetime of AP, earlier thought to be a
reflection of the excited state proton transfer process,”>'> is now explained by
considering the difference between the influence of deuterated and undeuterated

solvents on the rate of non-radiative processes and also the ground state exchange

of the proton with the solvent.

Laser flash photolysis studies on a highly fluorescent and stable salt of 9-
phenylxanthenium cation in neutral environment has been carried out for the first
time. A new transient absorption band of this extensively studied system that most
probably remained buried under the fluorescence envelope and hitherto
undetected has been identified and attributed to the triplet state of the system. The
newly identified triplet—triplet absorption band of 9-phenylxanthenium cation,
which is insensitive to oxygen and appears in the visible region, is well-separated
from the absorption bands of 9-phenylxanthenyl radical or 9-phenylxanthenol

triplet and hence, interference from these species has been avoided.
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Triplet excited state of ellipticine in different solvents has been
characterized by using laser flash photolysis technique. The various triplet state
parameters (extinction coefficient and quantum yield) of the molecule are
estimated by triplet-triplet energy transfer and relative actinometry technique.
Interestingly, even though in polar aprotic solvent acetonitrile, the triplet-triplet
energy transfer from thioxanthone to ellipticine is observed, the process is found
to be inefficient in nonpolar methylcyclohexane. This observation is attributed to
the dependence of triplet state energy on the solvent polarity, which is confirmed
by low-temperature phosphorescence studies. In methylcyclohexane, the triplet-
triplet energy transfer process is observed from xanthone, having higher triplet
state energy, to acceptor ellipticine. Nearly 4-fold decrease in the triplet extinction
coefficient and a noticeable increment in the triplet quantum yield of ellipticine
are found on changing the solvent from polar acetonitrile to nonpolar
methylcyclohexane. Studies in 1,1,1,3,3,3-hexafluoro-2-propanol reveal complete
ground state protonation of ellipticine thereby producing transient of ellipticinium
cation. However, in 2,2,2-trifluoroethanol, where both neutral and cationic forms
are present the ground state, sensitized triplet absorption spectrum resembles that

of neutral ellipticine only.
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Chapter 2

Materials, Methods and Instrumentation

This chapter provides a brief description of different materials
used in this study including the synthesis and purification of 9-
phenylxanthenium tetrafluoroborate and N-butyl-4-aminophthalimide
employed in this work. Methods of purification of various solvents and
reagents used in this study are discussed. The sample preparation
procedure for the spectral measurements is discussed briefly in this
context. Different instrumental setups used in this work are also
discussed. Various methodologies like measurements of molar extinction
coefficient of a transient species by triplet-triplet energy transfer,
determination of triplet quantum yield by relative actinometry, data
analysis and construction of time-resolved emission spectra, theoretical

calculations etc. have been explained in detail.

2.1. Materials

Ellipticine was purchased from Fluka (for fluorescence, > 98% HPLC)
and Enzo Life Sciences (98%) and used without further purification. Ellipticine
was stored in a glovebox below — 20 °C and prepared solutions were kept inside
refrigerator. 4-aminophthalimide was obtained from TCI (Japan) and was
recrystallised from ethanol prior to use. 9-phenylxanthen-9-ol (Aldrich) was
recrystallized twice from cyclohexane prior to photophysical experiments.
Propionic anhydride (> 99 %, Aldrich), tetrafluoroboric acid 48 wt. % solution in

water (Aldrich), anhydrous diethyl ether (Merck), N-butyl amine (Merck) were



Materials, Methods... 42

used as received for synthesis. Thioxanthone (98 %, Aldrich), xanthone (98 %,
Aldrich) and benzophenone (Nice Chemicals, India) were recrystallized twice
from ethanol. Phosphate buffer tablets (pH = 7.0) were obtained from Fisher
Scientific, whereas buffer tablets of pH = 4 and 9.2 were purchased from
Qualigens. Aqueous solutions of different pH were prepared by adding sodium
hydroxide (NaOH) or hydrochloric acid (HCI). The purity of the compounds was
confirmed by thin layer chromatography (TLC), nuclear magnetic resonance
spectroscopy (NMR), Infrared (IR) spectroscopy and also by matching the

absorption and emission spectra with the literature.

The various drying agents and chemicals such as phosphorous pentoxide
(P,0s5), sodium metal, magnesium turnings and iodine used at different stages of
the purification procedure, were purchased from local companies. Calcium
hydride (CaH,) was obtained from Spectrochem (India). GR and spectroscopic
grade solvents were obtained from Merck (India) for synthetic and spectroscopic
purposes and their purification procedures are outlined in the following section.
Deuterated solvents, chloroform-d, methanol-d4 and acetone-d¢ used for NMR

spectral measurements were obtained either from Aldrich or from Merck (India).

2.2. Synthesis of 9-phenylxanthenium tetrafluoroborate

Tetrafluoroborate salt of 9-phenylxanthen-9-ol was prepared by following
the method of Dauben et al.'? A brief description of synthesis of 9-
phenylxanthenium tetrafluoroborate used in this study is provided here. 9-
phenylxanthen-9-ol (1.7 mmol) was dissolved in propionic anhydride (4.5 mL) at
50 °C. The temperature was maintained while addition of fluoroboric acid (0.33 g,

3.8 mmol), which immediately gave an yellow solution. The xanthylium
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tetrafluoroborate salt precipitated and collected by suction filtration. Finally the
salts were purified by repeated washing with cold, anhydrous diethyl ether to
yield bright yellow solid.

9-Phenylxanthenium tetrafluoroborate. 'H NMR data (CDCLs): & 7.75-7.95(m,
7H), 8.15(d, 2H), 8.4-8.54(m, 4H); °C NMR: & 155.5, 143.7, 132.5, 131.7, 130.5,
130.2, 129.1, 124.1, 123.5, 120.2, 116.5.

MP: 227 °C.

® Q|
OH Propionic anhydride BF4_ + HZO
G = OO
50 °C
fo) (0]

Scheme 2.1. Synthetic procedure of 9-phenylxanthenium tetrafluoroborate.

2.3. Synthesis of n-butyl-4-aminophthalimide

N-butyl-4-aminophthalimide (N-BuAP) was synthesized following a
standard procedure® which is briefly described below. Equimolar mixtures of 4-
aminophthalimide and n-butylamine in dimethylformamide (DMF) were heated at
80 °C for 10 hours. Water was added to the cooled reaction mixture and the
product was extracted with ethyl acetate. Removal of the solvent followed by
purification by column chromatography (silica gel column, hexane-ethyl acetate

mixture as eluent) yielded yellowish crystalline solids.

N-butyl-4-aminophthalimide. 'H NMR data (CDCL): & 0.9 (t, 3H), 1.4 (m, 2H),
1.6 (t, 2H), 3.7 (t, 2H), 6.8 (dd, 1H), 7.0 (d, 1H), 7.6 (d, 1H), 4.4 (s, 2H).
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MP: 120 °C.
0 0
. . N—/\/ Dimethylformamide _/\/
—H > N
H, 2 80 °C, 10 hrs H,
N N
I o} ) o}
H H

Scheme 2.2. Synthetic procedure of n-butyl-4-aminophthalimide.

2.4. Purification of the solvents
The solvents used at various stages of the study were purified using
standard procedures.*” Specifically, we adopted the following procedures for the

purification of various solvents.

Hexane and methylcyclohexane: The solvents were refluxed over metallic
sodium for 3-4 hrs and then benzophenone was added after cooling. The dark blue
solution was refluxed for another hour and distilled under dry condition. The
purified solvents were optically transparent in the spectral region of the

compounds of interest.

Acetonitrile (ACN): The solvent was stirred with CaH, overnight or refluxed with
P,Os for 3-4 hrs and then distilled. The distilled solvent was collected over

molecular sieves and stored in desiccator.

Dimethylformamide (DMF): The solvent was stirred with calcium hydride for 5-
6 h and distilled under vacuum at 80°C. The solvent was collected under dry

conditions.
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Ethyl acetate: After stirring with P,Os for 3-4 hours, the solvent was distilled out

under dry atmosphere

Ethanol, 2-propanol, 1-butanol and methanol: The protic polar solvents were
refluxed with stirring over anhydrous calcium oxide for 6 hours. The solution was
left at room temperature overnight. This was then distilled and dried over

magnesium and iodine and collected under dry atmosphere with molecular sieves.

Ethylene glycol (EG): This solvent was dried over freshly dehydrated sodium
sulfate. Then it was collected by fractional distillation under high vacuum

conditions.

2,2,2-Trifluoroethanol (TFE): The solvent was stirred with anhydrous potassium

carbonate overnight. This was then fractionally distilled at atmospheric pressure.

Water: Milli-Q water produced from Millipore, Synergy Pack was used for all the

experiments.

2.5. Sample preparation for spectral measurements

For measurements in conventional solvents, the solutions were prepared
such that the absorbance of the solution (1 cm pathlength) at the excitation
wavelength was around 0.1-0.2. The concentration of the probe molecules
corresponding to an absorbance value of 0.2 was found to be between 10 and 10"

M.

For laser flash photolysis experiments, quartz cuvettes with pathlength of
0.3 cm and 1 cm were used and the probe concentrations were maintained such

that the absorbance was around 0.4-0.5 at the excitation wavelength (355 nm or



Materials, Methods... 46

266 nm). The solutions were deaerated by purging argon gas into the sealed

cuvettes for about 20 minutes prior to the experiments.

The pH calibration was done using the phosphate buffer tablets (pH =
4.01, 7.0 and 9.18) by dissolving in 100 mL milli-Q water. Sodium hydroxide
(NaOH) and hydrochloric acid (HCl) were added to the buffer solution to achieve
solutions of specific basic and acidic pH respectively. Aqueous solution of
ellipticine at a given pH was prepared by adding concentrated ethanolic solution
of ellipticine to the respective aqueous pH solutions. It is to be noted that addition
of ethanol improved the solubility of ellipticine in aqueous media and that a
variation of the amount of added ethanol did influence the spectral characteristics

and lifetime values.

2.6. Instrumentations

The IR spectra were measured using Jasco FT/IR-5300 spectrophotometer
and all '"H and *C NMR spectra were recorded on a Bruker AVANCE 400 MHz
NMR spectrometer operating at 400 and 100 MHz, respectively. Steady state
absorption and fluorescence spectra were recorded on a UV-visible
spectrophotometer (Caryl100, Varian) and a spectrofluorimeter (FluoroLog-3,
Horiba Jobin Yvon), respectively. Phosphorescence spectra were recorded in the
same instrument employing a pulsed xenon lamp (FWHM = 3 ps). The low
temperature (77 K) studies were performed by directly immersing the solution
taken in quartz tube into a dewar flask containing liquid nitrogen. Both
phosphorescence and fluorescence emission spectra were corrected for the

instrumental response.
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2.6.1. Picosecond time-correlated single-photon counting setup

Time-resolved fluorescence measurements were carried out using a time
correlated single-photon counting (TCSPC) spectrometer (Horiba Jobin Yvon
IBH).® The block diagram of the setup is shown in Scheme 2.3. While nano LEDs
and PicoBrite diode lasers were used as excitation sources, micro-channel plate
(MCP) photomultiplier tube (Hamamatsu R3809U-50, 160-850 nm range) was
used as the detector. Two nano LEDs having output at 281 nm (FWHM = 960 ps),
439 nm (FWHM = 150 ps) and two PicoBrite lasers with output at 375 nm
(FWHM = 55 ps), 405 nm (FWHM = 50 ps) were employed in the present study.
While nano LEDs were operated at a maximum pulse repetition rate of 1 MHz,
PicoBrite laser sources were operated at 10 MHz repetition rate. Whenever it was
needed, neutral density (ND) filters were used to reduce the excitation intensity.
The experiment starts with simultaneous excitation of the sample and sending a
signal to the electronics (Scheme 2.3).” Constant fraction discriminator (CFD)
receives the excitation signal and accurately measures the arrival time of the
photon and then diverts the signal towards the time to amplitude convertor (TAC)
to start the voltage ramp. The second channel (CFD) which accurately measures
the arrival time of the emitted photon makes TAC to stop the voltage ramp. The
voltage ramp developed by TAC is proportional to the delay time between the
excitation and emission signals. Programmable gain amplifier (PGA) amplifies
the resultant voltage, which later is converted to a numerical value by analog-to-
digital convertor (ADC). The numerical value with the measured time delay is

stored as a single event and by repeating the process several times with a pulsed



Materials, Methods... 48

excitation source, histogram of the fluorescence intensity decay with time is

constructed.

The lamp profile was recorded by placing a scatterer (dilute solution of
Ludox in water) in place of the sample. The analysis of the decay curves and

construction of time-resolved emission spectra are discussed in a later section.

| iuisei iaser PMT

Excitation signal
Delayed signal

— Offset

— Gain

F@

time / ns

ﬂ )
photons

Scheme 2.3. Schematic block diagram of a TCSPC setup.
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2.6.2. Nanosecond laser flash photolysis setup

The transient absorption measurements were performed by a laser flash
photolysis (LFP) setup (Scheme 2.4.) which was equipped with a laser system (Q-
switched Nd:YAG, pulse width ~ 8 ns) from Spectra Physics (Quanta-Ray INDI
series) and a spectrometer from Applied Photophysics (model LKS.60). The
spectrometer consisted of a 150 W pulsed xenon lamp, a programmable f/3.4
grating monochromator, a digitized oscilloscope (Agilent, 600 MHz), and an R-
928 photomultiplier tube. The solutions were excited by the third (355 nm) and
fourth harmonic (266 nm) of the laser. A perpendicular configuration was chosen
for the excitation of the sample. Applied Photophysics LKS.60 Kinetic
Spectrometer workstation software was used for the collection and analysis of the

data.
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Scheme 2.4. Schematic diagram of the LFP setup

2.6.3. pH meter

All pH measurements were performed by pH meter (Hanna Instruments)
which was equipped with a double-junction pH electrode with gelled electrolyte
(HI 1230B) and a temperature probe. Two point calibrations were performed for
the pH electrode prior to the pH measurements. Along with the pH 7 buffer, pH
4.01 was used to calibrate the instrument when measuring the pH of acidic
solutions and pH 9.18 was used while measuring the pH of basic solutions. The
instrument was calibrated to the pH value corresponding to the measured
temperature by using the temperature probe. High concentrations of sodium ions
interfere in accurate measurements of pH in alkaline solutions. This kind of

interference is called alkaline error and affects the actual pH measurements. The
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pH value was corrected for the alkaline error by Hanna’s glass formulations given

with the instrument.

2.7. Measurement of photophysical parameters
2.7.1. Molar extinction coefficient of triplet-triplet absorption

This quantity was determined by energy transfer technique using a
reference molecule as the triplet energy donor. The quenching of the reference
molecule was assumed to be entirely dominated by exothermic triplet energy
transfer process. Experiments were carried out (355 nm and 266 nm excitation) in
different solvents containing both reference and the sample. The end of pulse

absorbance change (40D)R caused by the reference at its triplet-triplet

T
max

absorption maxima (A__ ) was compared with the absorbance change (AOD)., of

the sample at its corresponding K;ax. The &; value was calculated from the

following equation.®

R (A0D)., kops

&7 7 &5 = a0D)R(kops—ko) M

Where, &R is the extinction coefficient of the reference triplet-triplet absorption,
& 1s the ground state extinction coefficient of sample and k,5s; and ky are the rate
constants for the triplet decay of the reference in the presence and absence of

sample, respectively.

2.7.2. Triplet quantum yield

The triplet quantum yield (®;) was determined by comparative

actinometry method using benzophenone as a standard. The end of pulse
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absorbance change (40D), due to the triplet of the sample at A} was compared

T
max >

with the absorbance change (A0D)§ due to the triplet of the standard at its A
the latter being observed in a optically matched solution with that of the sample at

the excitation wavelength. As the triplet-triplet extinction coefficient (e;) was
dependent on solvent polarity, the triplet quantum yield (®;) calculated using it

was also found different for solvents of different polarities.

OF(40D)oef
(A0D)Rer

O = )
2.8. Data analysis of fluorescence lifetime

The fluorescence lifetimes of the samples were estimated from the
measured fluorescence decay curves and the instrumental profiles using a
nonlinear least-squares iterative fitting procedure (using decay analysis software
IBH DASG6, Version 2.2). This program uses a reconvolution method for the
analysis of the experimental data.” When the decay time is long compared to the
pulse width of the excitation pulse, the excitation may be described as a o-
function. However, when the lifetime is short, distortion of the experimental data
occurs by the finite decay time of the lamp pulse and response time of the
photomultiplier and associated electronics. Since the measured decay function is
convolution of the true fluorescence decay and the instrumental pulse, it is

necessary to analyze the data by deconvolution in order to get the actual
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fluorescence lifetime. The mathematical statement of the problem is given by the

following equation:
t
D() = [P(t)G(t - t)dt’ 3)
0

Where, D(t) is the fluorescence intensity at any given time t, P(t') is the intensity
of the exciting light at time t' and G(t-t') is the response function of the
experimental system. The experimental data D(t) and P(t') from the MCA were
fed into a personal computer (PC) to determine the lifetime. We used the IBH
program to analyze the multi-exponential decays. An excitation pulse profile was
recorded and then deconvolution started with mixing of the excitation pulse and a
projected decay to form a new reconvoluted set. The data was compared with the
experimental set and the difference between the data points was added, generating
x* function for fitting. The deconvolution proceeded through a series of such
iterations until an insignificant change of 3 occurred between iterations. The
inspection of reduced y?, a plot of weighted residuals and autocorrelation function

of the residuals allowed assessment of the quality of the fit.

2.9. Construction of time-resolved emission spectra

The time-resolved emission spectra (TRES) were constructed following a
standard procedure.’” The time-resolved emission decay profiles were collected at
5/10 nm intervals across the steady state emission spectrum. The wavelength
selection was made by a monochromator with a band-pass of 1/4 nm. Depending
upon the fluorophore, the total number of measurements was between 30 and 46.

Each decay curve was then fitted to a biexponential decay function with an
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iterative reconvolution program provided by the IBH, to achieve best fits with
x % around 1.0 — 1.3. This fitting procedure deconvolutes the measured decay from
the instrumental response to achieve effective time resolution of the experiments
to ~ 50 ps. For the construction of TRES, the impulse response function, I(A,t)
was then calculated from the best fitted curve at each monitoring emission
wavelength. To equate time-integrated intensity at each wavelength to the steady
state intensity at the same wavelength, a normalization factor, H(A), of the
following form’

H(ﬂ/) — ISS (ﬂ’)
2 ai(A)ri(4)
1

“)
was constructed, where, I;(4) is the steady-state fluorescence intensity, a;(A)
and 7;(4) are the preexponential factor and fluorescence lifetime respectively, at a
particular wavelength with ) a;(1) = 1. The TRES were constructed from the
normalized intensity decay functions, I'(A,t) for the given set of wavelengths and
different times, where I'(A,t) = H(A) x I(A,t). Nonlinear least squares fitting was
used to obtain the best fitted curves until successive iterations gave identical >

value.

2.10. Theoretical calculations based on density functional theory
Structural parameters and ground state dipole moments were calculated by

using density functional theory (DFT),'*"?

which is a more improved method of
calculations than the Hartree-Fock theory in the sense that it includes terms for
both exchange energy and the electron correlation. Instead of a pure DFT method,

a hybrid method in which the exchange functional is a linear combination of the
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Hartree-Fock exchange and a functional integral was employed in the
calculations. The structural parameters and energies of the various systems were
determined using the hybrid DFT functional B3LYP'*!* at the B3LYP/6-31G*
level. Charge density analysis was performed using the natural bond orbital

(NBO) approach based on the B3LYP/6-31G* wave function.'

Excited state calculations were performed within the time-dependent (TD-
DFT) framework'®'” in both vacuo and in presence of solvents. The excited state
calculations incorporating the solvents were carried out by self-consistent reaction
field (SCRF) method'® and using polarized continuum (PCM) model."” All these

calculations were performed using the Gaussian 03 program package.

2.11. Standard error limits

Standard error limits involved in the measurements are:

Amax (abs./fluo.) +2 nm

pH + 0.01 unit

¢ (> 1 ns) + 5%

¢ (< 1 ns) + 5-8% (depending on the excitation

source used)
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Chapter 3

Dual Fluorescence of Ellipticine: Excited State Proton Transfer
from Solvent versus Solvent Mediated Intramolecular Proton
Transfer

Photophysical properties of ellipticine (5,1 1-dimethyl-6H-pyrido[4,3-
bjcarbazole), comprising both proton donating and accepting sites, have
been studied in different solvents using steady state and time-resolved
fluorescence techniques primarily to understand the origin of dual
fluorescence that this molecule exhibits in some specific alcoholic
solvents like methanol and ethylene glycol. Ground and excited state
calculations based on density functional theory have also been carried
out to help in interpretation of the experimental data. It is shown that
the long wavelength emission of this molecule is dependent on the
hydrogen bond donating ability of the solvent, and in methanol, this
emission band arises solely from an excited state reaction. However, in
ethylene glycol, both ground and excited state reactions contribute to the
long wavelength emission. The time-resolved fluorescence data of the
system in methanol and ethylene glycol indicates the presence of two
different hydrogen bonded species of ellipticine of which only one
participates in the excited state reaction. The rate constant of the excited
state reaction in these solvents is estimated to be around 4.2 — 8.0 X 102
s1, It appears that the present results are better understood in terms of
solvent mediated excited state intramolecular proton transfer reaction

from the pyrrole nitrogen to the pyridine nitrogen leading to the
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formation of the tautomeric form of the molecule rather than excited
state proton transfer from the solvents leading to the formation of the

protonated form of ellipticine.

3.1. Introduction

Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole, Chart 3.1.), a
natural plant alkaloid, is long been known for its anti-cancer activity with brain
tumor specificity." In recent years, ellipticine and structurally related
compounds have found use in the treatment of obesity and tested for human pre-
AIDS treatment in association with other drugs.*’ Although the potential of
ellipticine as an anti-tumor drug was discovered in early sixties, its use is limited
for its low solubility in aqueous media and in many organic solvents.*"'' This
problem, however, is circumvented in recent years using modern drug delivery
technologies by attaching them with polymers, peptides or micelles.'*"”

Ellipticine and its derivatives, which belong to the family of
azacarbazoles, comprise both proton donating and accepting sites, and can exist in
different prototropic forms. Studies in living cells have revealed that ellipticine
exists both in neutral and protonated forms in aqueous cytoplasm, but only in its
protonated form in the nucleus.'®"
Much of research work on ellipticine is focused on its biological activity,

2030 Very few photophysical studies have so

sequence selectivity, and metabolism.
far been performed on this system.”'**'2? As ellipticine and its derivatives can
exist in different prototropic forms, understanding the influence of environment
on the prototropic equilibria is extremely important from the point of view of

understanding the photophysical behavior of the system, which, in turn, can help
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monitoring the transport of ellipticine to its target and its uptake and release

by/from the carrier.

Cyclic solute-solvent complex A representative blocked
solute-solvent (1:2) complex

Chart 3.1.

Chen and coworkers recently studied the solvent effect on the
photophysical properties of ellipticine.31 In this work, which involved several
media of a wide polarity range, solvent dependence of the absorption and
fluorescence spectral shift were studied for the estimation of change of dipole
moment on electronic excitation of the molecule. In addition to establishing the
polar nature of the emitting state of the molecule, it was found that specific
hydrogen bonding interaction between ellipticine and protic solvents led to a more
pronounced shift of the emission maxima in these media and contributed to a

longer fluorescence lifetime compared to nonalcoholic solvents. It was also found
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that ellipticine exhibits a second fluorescence band in methanol. Even though the
dual fluorescence was attributed to two different forms of ellipticine, the identity
of the two forms was not determined or speculated and no attempt was made to
find out whether the two forms arose from a ground or excited state reaction. The
issue of why methanol behaved differently from the other alcohols was also not
explored. Earlier Cabo et al. studied the photophysical properties of olivacine
(1,5-dimethyl-6H-pyrido[4,3-b]carbazole), a molecule differing from ellipticine
only in the position of a methyl group, and observed dual emission of this system

1.3* The second emission was attributed to the tautomeric form

as well in methano
of the molecule (Chart 3.1.), with the latter formed via solvent-assisted excited
state intramolecular proton transfer reaction from the pyrrole to the pyridine
nitrogen. Miskolczy et al., who later studied the photophysical behavior of
ellipticine and 6-methylellipticine, observed dual emission for both the systems in
methanol.”? They argued against the long distance, solvent-assisted excited state
proton transfer reaction proposed by Cabo et al. for structurally related molecule,
olivacine, and instead, based on the observation of dual emission in 6-
methylellipticine, which lacks the transferable hydrogen atom, attributed the dual
fluorescence of ellipticine and its 6-methyl derivative to excited-state protonation
of the pyridine moiety of the molecule by the solvent.’* The spectral behavior of
ellipticine in different solvents was correlated with the pK, values of the
respective solvents in dimethyl sulfoxide (DMSO).>* Even though this work
proposed a new mechanism for dual fluorescence of ellipticine observed only in
some selected alcoholic solvents, a number of important issues concerning the

excited state reaction were not addressed in this work, which necessitates further
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investigations. For example, neither the spectral data, nor the temporal data
presented in this work provides evidence of the excited state reaction in neat
alcoholic solvents. The dual fluorescence of ellipticine in methanol can very well
be due to excitation of the normal form and a second species (assigned as the
protonated form of ellipticine produced by reaction with the solvent), both of
which are present in the ground state.” The time-resolved fluorescence data of the
system also does not provide unambiguous evidence for the excited state reaction
as no lifetime component with a negative pre-exponential factor (rise component)
is reported. Secondly, the kinetics of the excited state reaction, which is so crucial
for understanding the mechanism of dual fluorescence in methanol, was not
investigated in neutral solvents using time-resolved fluorescence technique. As
the rate parameters were estimated in the presence of external acid and base, they
do not represent the reaction rates in neutral solvents. There are additional issues
discussed at later stages of the chapter, which require further investigation. The
objective of this chapter is to obtain a deeper insight and provide a more
comprehensive picture of the origin of dual fluorescence of ellipticine in methanol
taking into consideration additional experimental results and theoretical findings.
In this chapter, we have studied in detail the fluorescence decay behavior of the
molecule in several carefully chosen solvents, which include some mixed solvents
as well. It appears that solvent-assisted excited state intramolecular proton
transfer (from the pyrrole nitrogen to the pyridine nitrogen), which is similar to
that observed in other systems such as 7-hydroxyquinoline, where the proton
donor and acceptor sites are separated from each other by a large distance,’**

better explains the dual fluorescence of ellipticine.
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3.2. Spectral studies in neat solvents

The spectral behavior of ellipticine has been studied in nonpolar (hexane),
polar aprotic (acetonitrile) and polar protic solvents (2-propanol, 1-butanol,
ethanol, methanol, ethylene glycol (EG) and 2,2,2-trifluoroethanol (TFE)). The
polarity of these solvents, as indicated by their microscopic solvent polarity

39,40

parameter, EY values and the hydrogen bond donating ability of the solvents,

as characterized by the Kamlet-Taft’s hydrogen bond acidity parameter (c),””*°
are collected in Table 3.1. Representative absorption and fluorescence spectra of
ellipticine in these solvents are shown in Fig. 3.1. and Fig. 3.2. As can be seen,
the first absorption maximum of ellipticine appears at ~ 382 nm in n-hexane and
the band shows small bathochromic shift with increase in polarity of the medium.
In protic solvents such as 2-propanol, 1-butanol, ethanol and methanol, the
spectral shift is more pronounced compared to polar aprotic solvent such as
acetonitrile. This behavior is consistent with the literature and in accordance with
specific hydrogen bonding interaction with the protic solvents.’' It is interesting
to note the appearance of a new absorption band above 420 nm in EG (and also in
TFE), which has resulted from the interaction of ellipticine with the solvent in the
ground state. Miskolczy et al. attributed the new absorption band to the protonated
form of ellipticine as a similar absorption band was observed in more acidic
solvent, 1,1,1,3,3,3-hexafluoro-2-propanol (HFP).32 We are however not so sure
about this assignment as methanol and EG may not be acidic enough to protonate
ellipticine in the ground state. The 420 nm species can very well be due to the
hydrogen bonded complex of ellipticine, as hydrogen bonding also leads to the

formation of long wavelength absorption band.*** It should be noted in this
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context, contrary to the findings of Miskolczy et al., who observed a similar

absorption band in methanol as well,”> we did not observe this new absorption

band in methanol.
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Figure 3.1. Absorption [a] and fluorescence spectra [b] (Aexe = 375 nm) of
ellipticine in hexane (solid line), acetonitrile (dash), 2-propanol (short dash dot),
I-butanol (dash dot), ethanol (dash dot dots) and methanol (short dot). All spectra
normalized at their peak maximum.
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Figure 3.2. Absorption and fluorescence emission spectra (Aexe = 405 nm) of

ellipticine in ethanol (dash), ethylene glycol (dot) and trifluoroethanol (solid line).

All spectra normalized at their peak maximum.

The steady state fluorescence spectrum of ellipticine is characterized by a
broad band in all the solvents. The fluorescence displays a more pronounced red
shift compared to the absorption spectrum with increase in polarity of the
medium. This is due to the more polar nature of the emitting state of ellipticine
compared to the ground state.’’ In n-hexane, the emission maximum is observed
at 401 nm and it shifts to 432 nm in acetonitrile. A further red shift due to
hydrogen bonding interaction is observed in alcoholic solvents (Table 3.1.). The
most interesting aspect of the fluorescence behavior of ellipticine is that the
molecule exhibits a second emission band at a longer wavelength (A > 520 nm) in
methanol and EG. However, in 2-propanol, 1-butanol and ethanol, this long
wavelength emission band could not be observed. In TFE, the molecule exhibits
only the long wavelength emission band (Fig. 3.2). Miskolczy et al., who found

that in highly acidic HFP, ellipticine shows only the long wavelength fluorescence
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band similar to that observed in TFE, suggested that this emission band arises

from the protonated form of ellipticine.

Table 3.1. Spectral and temporal parameters of ellipticine in selected solvents of
different polarity (measured in EN scale) and hydrogen bond donor acidity
(measured in a scale).

Solvents EY o 2 fm A jam Decay ?;sr)aa?ters T
Hexane 0.009 0.00 382 401 15.3
Acetonitrile 046 0.19 392 432 11.2
2-Propanol 0.546 0.76 399 442 29.8
1-Butanol 0.586 0.79 399 444 28.2
Ethanol 0.654 0.83 400 444 29.5
Methanol 0.762 0.98 398 443, 521 d
Ethylene glycol 0.79 0.9 402,424 444,529 d
Trifluoroethanol 0.89 1.51 424 530 3.6 [0.009], 7.6 [0.99]
HFP 1.068 1.96 428° 525°¢ 6.4°

afrom ref.39, b from ref.40, < monitored at 435 nm, 4see Table 4.2, ¢ from ref.32.

We find the fluorescence excitation spectra of ellipticine corresponding to
the long wavelength emission in methanol and EG (Fig. 3.3.), which is such an
important experimental data, but was not recorded earlier, to be quite instructive.
These spectra clearly indicate that in methanol, the species responsible for the
second emission band is formed only in the excited state. This finding is contrary

to the earlier report.”? In EG, the species is, however, formed in the ground state.
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Figure 3.3. Fluorescence excitation spectra of ellipticine in methanol and
ethylene glycol. The monitoring wavelength was 575 nm (normalized at 396 nm).

3.3. Time-resolved fluorescence studies in neat solvents

In hexane, acetonitrile, 2-propanol, 1-butanol and ethanol, where only one
emission band is observed, the fluorescence decay behavior is found to be single
exponential with lifetime ranging from 11 ns to 30 ns (Table 3.1.). However, in
methanol and EG, where dual fluorescence is observed, the fluorescence decay
profiles corresponding to both the short and long wavelength emission are best
described by a sum of two exponentials. As can be seen from the decay
parameters collected in Table 3.2, the two measured lifetime components in
methanol in the short wavelength region (420-470 nm) are 2.2 (~ 20%) and 3.5 ns
(~ 80%).
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Table 3.2. Fluorescence decay parameters of ellipticine (Aexe = 405 nm) in
methanol and ethylene glycol (EG).

Monitoring Decay parameters Xz
Wavelength T; (ns) [a;]
(nm) in Methanol in EG MeOH EG

420 2.2 [0.185], 3.55[0.815]
430 2.17 [0.184], 3.57 [0.815]
440 2.21 [0.205], 3.58 [0.794]

1.1[0.632],3.4[0.367] 1.05 1.1
1
1
520 2.0 [-0.302],8.1[0.070] 1
1
1
1

[
[0.605],3.4[0.394] 1.08 0.9
[0.594],3.4[0.405] 1.01 1.1
[-0.051], 8.2[0.949] 1.12 1.01
[

[

[

530 2.2 [-0.36], 8.2[0.638

]
540 2.2 [-0.39], 8.2[0.601]
550 2.2 [-0.421], 8.2 [0.578]

1
2
1
1
2[-0.126], 8.2[0.873] 1.1 1.05
3[-0.157], 8.2[0.843] 1.13 1.07
2[-0.184], 8.3[0.815] 1.18 1.04

On the other hand, the fluorescence time profiles of the long wavelength
emission are characterized by a rise component (which is associated with a
negative pre-exponential factor) of 2.2 ns, along with a decay component of 8.2
ns. Representative decay profiles for the two emission bands along with the

biexponenial fits to the decay profiles are shown in Fig. 3.4.

Figure 3.4. Fluorescence decay
profiles (Aexe = 405 nm) of
ellipticine in methanol at 435 (a)
and 535 nm (b). The
experimental decay profiles are
indicated by the dots and the
instrument profile as dash. The
solid lines represent the best-fit
to the decay curves.

Time (ns)
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Figure 3.5. Time-resolved fluorescence emission spectra of ellipticine in
methanol (Aexe = 405 nm).

The time-resolved emission spectra (TRES) show time-evolution of the
two different components of ellipticine in methanol (Fig. 3.5.), in particular, it
clearly captures the evolution of the long wavelength component, thus providing
the first direct evidence of the formation of this species as a result of an excited
state reaction. In EG, where dual emission is also observed, the fluorescence
decay parameters (Acxe = 405 nm) shown in Table 3.2. suggest that the time-
dependence of the two emission bands is very similar to that in methanol.

However, when EG solution of ellipticine is excited at 439 nm, which
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corresponds to the long wavelength absorption band arising from ground state

interaction, no rise component is observed (Fig. 3.6.)
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Figure 3.6. Fluorescence decay profiles (Aexc = 439 nm) of ellipticine in ethylene
glycol at 550 nm. The experimental decay profiles are indicated by the dots and
the instrument profile as dash. The solid lines represent the best-fit to the decay
curves. The residuals are indicated below for the respective decay profiles.

In TFE, where only the long wavelength emission is observed, the decay
profile is best represented by a biexponential decay function with the
characteristic decay times of 3.6 and 7.6 ns (Fig. 3.7.) and no rise component is

observed.
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Figure 3.7. Fluorescence decay profiles (Aexe = 405 nm) of ellipticine in TFE at
520 nm. The experimental decay profile is indicated by the dots and the
instrument profile as dash. The solid lines represent the best-fit to the decay
curves. The residuals for the fit to the decay profile are indicated below.
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3.4. Spectral and temporal studies in mixed solvents
3.4.1. Addition of methanol

In order to understand the origin of the second fluorescence band of
ellipticine observed only in some alcohols and the nature of interaction
responsible for the formation of this species, the study has been extended to
mixed solvents containing controlled amount of protic solvent in a polar aprotic
solvent (such as acetonitrile, tetrahydrofuran (THF)). Fig. 3.8. displays
characteristic changes of the absorption spectrum of an acetonitrile solution of
ellipticine in the presence of various quantities of methanol. As can be seen,
addition of methanol leads to small changes in the absorbance value with a red

shift of the spectrum, but no isosbestic point is observed. Lack of isosbestic point
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is suggestive of the presence of more than two absorbing components in the

solution.
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Figure 3.8. Absorption [a] and fluorescence emission [b] (Aexc= 405) spectra of
ellipticine in acetonitrile for different concentration of added methanol (0-10 M).

As far as the emission is concerned, a small increase in intensity is
observed initially. However, subsequent addition leads to quenching of the short
wavelength fluorescence. It is important to note here that neither the second
emission band is observed, nor did we observe noticeable increase in the
fluorescence intensity in the long wavelength emission region (510-550 nm) even
when large quantity (~50 % by volume) of methanol was added. When THF is
used in place of acetonitrile, a similar result is observed. The time-resolved
fluorescence data in mixed solvents (Table 3.3.) did not show any rise component

associated with the long wavelength emission component.
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Table 3.3. Time-resolved fluorescence data of ellipticine (Aexc = 405 nm) in THF
monitored at 420 and 520 nm with various quantities of methanol.

Decay parameters/ 1; (ns) [a;]

2

% at 420 nm at 520 nm X
addition (420, 520 nm)
0%  21.0 213 1.1,1.14
1.2% 212 21.6 [0.89], 2.2 [0.10] 1.06, 1.08
6% 21.5[0.89],2.2[0.10] 21.7[0.86],2.2[0.13] 1.01, 1.01
10%  21.0[0.88],1.9[0.11] 21.2[0.84],2.0[0.16] 1.06, 1.04
15%  21.2[0.84],1.9[0.15] 21.1[0.81],2.0[0.18] 1.05, 0.98
24%  20.8[0.79], 1.8 [0.20] 20.8[0.75],2.2 [0.24] 1.02, 1.05
32%  20.0[0.66], 1.7[0.33] 20.0[0.62], 1.8 [0.37] 0.98, 1.02
42%  19.8[0.51],1.5[0.48] 19.7[0.49], 1.7 [0.50] 1.0, 1.06
3.4.2. Addition of EG

Addition of EG to an acetonitrile solution of ellipticine leads to the
appearance of a long wavelength absorption band around 420 nm and also, the
long wavelength emission band (Fig. 3.9.). No isosbestic point is observed in this
case also. The time-resolved fluorescence decay parameters in mixed solvents,
which are presented in Table 3.4. are in accordance with expectation. Similar
results were obtained on addition of EG to ellipticine dissolved in hexane,

toluene, N,N-dimethylformamide, etc.
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Figure 3.9. Absorption [a] and fluorescence emission [b] (Aexe = 415 nm) spectra
of ellipticine in acetonitrile for different concentration of added ethylene glycol

(0-7 M).
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Table 3.4. Time-resolved fluorescence data of ellipticine (Aexe = 405 nm) in
acetonitrile monitored at 440 and 550 nm with various quantities of ethylene
glycol (EG).

Decay parameters/ 1; (ns) [ai]

% Xz
addition at 440 nm at 550 nm (440, 550 nm)
0% 12 116 1.06, 1.1
0.08% 12 117 [0.89], 2.1 [0.10] 1.07,0.9
035% 11.3[0.87], 1.2[0.12] 112 [0.80], 2.0 [0.19] 1.08,0.9

0.75% 11.4[0.84], 1.20.15] 11.20.79], 2.0 [0.20] 1.0,1.0
1.72% 11.5[0.80], 1.2 [0.19] 11.30.78], 2.1 [0.21] 1.09, 0.9
36%  11.7[0.74], 1.2[0.25] 112 [0.74], 2.1 [0.25] 1.06, 1.1
10.5% 118 [0.67], 1.2 [0.32] 115 [0.77], 2.1 [0.23] 1.06, 1.06
24%  115[0.61], 13[0.38] 11.2[0.83], 1.8[0.15], 1.3[-0.01]  1.05,1.08
39%  11.2[0.50], 1.3[0.49] 11.2[0.58],1.7[0.23],1.2[-0.18]  1.09. 1.09

3.5. Theoretical calculations

The calculated energies corresponding to the optimized (B3LYP/6-31G*)
geometries of the normal and tautomeric forms indicate that in the ground state
the normal form of ellipticine is more stable than it’s tautomer by ~ 0.927 eV
(Fig. 3.10.) in the gas phase. Even though this energy gap between the two forms
decreases substantially in acetonitrile and methanol, it still remains much higher
than the thermal energy available at room temperature indicating that ellipticine
exists in its normal form in the ground state in these solvents as well. The excited
state calculations (TD-DFT, B3LYP/6-31G* level), however, show that the first
excited singlet state of the tautomer, whose energy is estimated by adding the
calculated excitation energy for the lowest energy transition with the ground state
energy, is energetically lower than that of the normal form of ellipticine by about

0.324 eV in vacuo. In acetonitrile and methanol, this energy gap is slightly higher
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(Fig. 3.10.). Thus the theoretical calculations indicate that the transformation of
the normal form to its tautomer is energetically feasible in the excited state.

Hence, the long wavelength emission can possibly arise from the tautomer of

ellipticine.

N — $0.324ev

— | JS—
™ VTt N sy
2.168 eV

342ev 3.247 eV 2.326 eV 3.246 eV 2.326 eV

o; v ! A A4
N—L—V"34re N ——05e8ev | Ne——{0573ev |
Vacuo Acetonitrile Methanol

Figure 3.10. Schematic representation of the potential energies of ellipticine for
both normal (N) and tautomeric form (T), as obtained by theoretical calculations.

The calculated lowest energy transition for the normal form of ellipticine

is found to be 3.247 eV in acetonitrile, which is comparable to the experimental

energy (3.166 eV) estimated from the Kiﬂ’;x value in acetonitrile (Table 3.5.). The

molecular orbitals associated with the lowest energy transition are also studied
and careful examination of the shapes of the molecular orbitals reveals the nature
of the transition. Three different excitations, HOMO-LUMO, (HOMO-1)
(LUMO+1) and (HOMO-1)-LUMO contribute to the first excited state of the
normal form in vacuum. In all cases, the excitation mainly arises from the
HOMO-LUMO transition indicated by the transition coefficients, having m-m*
character (Table 3.5.).
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Table 3.5. Lowest energy transition (B3LYP/6-31G*), oscillator strength and
nature of transition of the normal form of ellipticine in vacuo and in other
solvents.

Medium Transition Energy (eV) Osc. MOs involved Nature
Theory Expt. strength (Tr. Coeff)
Vacuo 3.420 0.0568 HOMO — LUMO (0.64414) T — 1t

HOMO-1 — LUMO+I (0.12850)
HOMO-1 — LUMO (0.12109)

ACN 3.247 3.166 0.0661 HOMO  — LUMO (0.65799) T
HOMO-1 —> LUMO+I (-0.10693)
MeOH  3.246 3.118 0.0654 HOMO  — LUMO (0.65779) T ¥

HOMO-1 — LUMO+1 (-0.10735)

3.6. Discussion

Let us concentrate on the findings in methanol and EG, the two solvents in
which dual fluorescence is observed. In all other solvents, where only one
emission band is observed, it is not difficult to figure out its origin. As the
theoretical calculations suggest that ellipticine exists in its normal form in the

ground state, it is evident that in not too acidic protic solvents (o < 0.83),*" th

e
normal form and its various hydrogen bonded forms are present in the ground
state. In highly acidic solvents such as in TFE and HFP, whose o values are
greater than 1.5,°** the basic pyridine nitrogen of the molecule is expected to be
protonated and hence, ellipticine is present in its protonated form in the ground
state.

Among all the alcohols, dual emission is observed only in neat methanol
and EG, whose a values (0.98 and 0.90, respectively) are in between these two

group of protic solvents. As the long wavelength absorption and emission bands

are related to the hydrogen bond donating ability of the solvent, it is quite
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reasonable to assume that these bands arise from the protonated form of
ellipticine, as Miskolczy et al. suggested.”” However, this picture presents the
following difficulties.

(1) Even though methanol has a higher hydrogen bond donating ability

G, ¥ the long wavelength absorption band (Amax ~ 424 nm) is

compared to E
observed in EG and in mixed solvents containing EG, but not in methanol. (i) A
higher intensity of the long wavelength emission relative to the short wavelength
emission (I w/Isw) is also not expected for the same reason. (iii) If solvent acidity
is the only parameter responsible for the formation of the long wavelength
emission band, one would have expected this emission in methanol containing
mixed solvents as well. However, the absence of this band in acetonitrile-
methanol mixture suggests that other factors also contribute to this emission. (iv)
A biexponential fluorescence decay behavior of the short wavelength emission
band with the kind of decay parameters observed cannot be explained if the
excited state reaction leads to the formation of the protonated form of ellipticine.
This is because if ellipticine undergoes protonation in the excited state and the
two species are in equilibrium, one would expect biexponential fluorescence time
profile for both the species with two identical lifetimes. On the other hand, if the
two species are not in equilibrium, one would expect single exponential decay for
ellipticine and biexponential decay (with one lifetime component same as that
observed for ellipticine) for the protonated species. However, as can be seen, the
experimental decay parameters (Table 3.2.) do not correspond to either of these

two possible scenarios.



Dual Fluorescence... 78

In order to understand the nature of the excited state reaction in methanol
and to determine the kinetics of the reaction, we begin by considering the
presence of the normal form of ellipticine and its hydrogen bonded forms, which
are represented as N in the following schemes, in the ground state. When excited,
these species give rise to the short wavelength emission and undergo reaction to
form another species (S*), which is responsible for the long wavelength emission.
S* can be the protonated form of ellipticine, or its tautomer (Chart 3.1 )P IEN* is
in equilibrium with S*, as shown in Scheme 3.1, then the time dependence of the
two species is given by eqn. (1) and (2), which imply that both the species would
exhibit a biexponential fluorescence time profile with the two decay times
associated with N * and S* are identical. However, the kinetic data (Table 3.2.)

for the present system is not consistent with this scheme.

k,
kl k2 kS k6
N S
Scheme 3.1.
(N = B [(2, - X)e Mt 4 (X — 2y)e 2] (1)
2=
[57] = Sl [o-hit — -hat) 2)
2=

Where, X=ki + k2 + k3, Y=ks+ ks + ks
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M= 2{E V)~ [0 - V)2 + 4k, 2]

N R

Jo = & +1) + [(X ~ 1) + sy )2}

However, if the equilibrium is not established in the excited-state and the
formation of S* from N* is represented by Scheme 3.2, then the time-dependence
of N* and S* is given by eqs 3 and 4. In this case, N* should show a single
exponential decay and S* should exhibit a rise time identical with the decay time

of N* and a decay time that is characteristics of the lifetime of S* under the

experimental condition.

ky |< ky ks| < kg
N S
Scheme 3.2.
Where, kn = k1 + ka2 ks = ks + ke
[N'] = [N"] ettt 3)
«1 — (_INTokp —krt _ ,—(kn+kp)t
[S*] = (kN+kp_kT> [e Tt — e~ \*NTKp ] (4)
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The kinetic data presented in Table 3.2, is however, not consistent with
this mechanism as well. An inspection of the decay characteristics reveals that
while the 1.1 — 2.2 ns lifetime component is connected with the excited state
reaction (as it is associated with both N* and S*), the 3.4 — 3.6 ns decay
component of N*, whose origin needs to be found, is not connected with the

excited state reaction.

Marks et al. studied the photophysical behavior of pyridocarbazole
derivatives, and observed dual emission of dipyrido[2,3-a:3’,2'-i]carbazole (DPC)
and 1H-pyrrolo[3,2-h]quinoline (PQ) in alcoholic solvents.** The short
wavelength fluorescence emission was attributed to the normal solute-solvent
complex and long wavelength band was ascribed to the tautomeric form of the
cyclic solute-solvent complex.** The long wavelength emission displayed a rise
component that matched with one of the decay components of the first emission.
The decay characteristics of the two emission bands indicated solvent mediated
excited state intermolecular proton transfer from a cyclic solute-solvent complex.
Interestingly, the presence of another species, which does not undergo excited
state proton transfer, was found and the same was attributed to the “blocked”
solute-solvent complex.** In fact, long distance solvent mediated excited state
intramolecular proton transfer has been proposed also for other amphoteric

molecule such as 7-hydroxyquinoline in methanol.**>*

Taking into consideration the above literature, the kinetic data of
ellipticine can be explained by suitably modifying Scheme 3.2. and proposing two
different types of hydrogen bonded ellipticine molecules. The first set of solvated

molecules of ellipticine, which does not undergo excited state reaction, is
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responsible for the long-lived (3.4 — 3.6 ns) component of N*. The ‘blocked’
solvated species, shown in Chart 3.1, is one of these species. The other set of
solvated species, which can form the “cyclic” hydrogen-bonded species (Chart
3.1.) during the excited state lifetime of ellipticine and facilitate the excited state
reaction across the hydrogen bonded chain, contributes to the short lifetime
component of N*. Essentially, the excited state reaction involves two steps; (i)
solvent reorganization around ellipticine to form the “cyclic” solvated species,
and (ii) rapid proton transfer (relay) along the chain. The rate constant of the
excited state reaction, estimated from the rise time associated with S* emission (8
x 10% s and 4.2 x 10* s™" in EG and methanol, respectively), obviously represents
the kinetics of the slowest of the two steps, which is clearly the formation of the
“cyclic” complex. The very fact that only one particular type of solvated N* (of
the two types present) undergoes the excited state reaction, as indicated by the
time resolved study, implies that S* is the tautomer of ellipticine. Had the excited
state process been a bimolecular reaction between ellipticine and solvent
molecules, it would not have been possible to think of two different types of

ellipticine of which only one undergoes protonation.

The excited state reaction mechanism proposed here is not only consistent
with the theoretical calculations, but can also account for the observations, which
cannot be interpreted in terms of proton transfer from the solvent. For example, a
higher I w/Isw in EG compared to methanol can be explained as follows. The
pyrrole hydrogen atom is far off (~7 A) from the pyridine nitrogen atoms. This
implies that at least three molecules of methanol are needed to form the cyclic

solute-solvent complex through which this proton can be transferred. However, in
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the case of EG, only two molecules are sufficient. A higher Iy w/Isw in EG
compared to methanol is a reflection of the relative ease of formation of the cyclic
solute-solvent complex involving two molecules rather with three molecules. This
also explains why the rate constant of the excited state reaction is higher in EG

compared to methanol despite better hydrogen bond donating ability of the latter.

Both spectral and time-resolved data has shown that the excited state
reaction of  ellipticine does not occur in mixed solvents
(methanol+acetnitrile/THF). This is another observation that cannot be explained
in terms of excited state protonation of the molecule. As cyclic solute-solvent
complex formation involving three methanol molecules is prevented by a large
number of nonalcoholic solvent molecules present in the medium, one can

account for this observation easily with the help of this new mechanism.

3.7. Conclusion

The origin of dual fluorescence of ellipticine as observed in some
alcoholic solvents is reinvestigated. The steady state and time-resolved
experiments presented here provide the first direct evidence of the excited state
reaction in ellipticine and the rate constant of this process in neat methanol and
ethylene glycol. Contrary to the earlier studies, which suggested the dual emission
of ellipticine in methanol to originate from the photoexcited normal and
protonated forms of the molecule with the latter produced as a result of proton
transfer from the solvent, the present results seem to indicate that the excited state
reaction involves solvent reorganization around ellipticine to form the “cyclic”
solvated species followed by rapid proton transfer (relay) along the chain and the

two emission bands arise from the normal and tautomeric forms of ellipticine. The
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measured rate constant of the reaction perhaps represents the kinetics of the
formation of the “cyclic” complex, which is the slowest of the two-step process.
The ease of formation of cyclic complex involving two molecules of EG
compared to that requiring three molecules of methanol explains why the excited
state reaction is faster in EG compared to methanol even though the hydrogen
bond donating ability of the latter is more than the former. The time-resolved
experiments also reveal the existence of a second set of hydrogen bonded
ellipticine molecules, which do not contribute to the excited-state proton-transfer

process.
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Chapter 4

Excited State Proton Transfer Kinetics of Ellipticine and Excited
State Acidity Constant

Steady state absorption, emission and time-resolved fluorescence
behavior of ellipticine have been studied in aqueous media over a wide pH
range. Time-resolved fluorescence measurements have been carried out in
aqueous alkaline media to monitor the excited state protonation kinetics
of ellipticine which is possible by increased basicity of the pyridine
nitrogen in the excited state. The individual rate constants are evaluated
from the excited state kinetics based on which, the excited state
protonation equilibrium constant (pK.') of ellipticine is calculated. The
PKa" value calculated from relatively simpler and popularly used Forster
cycle showed considerable deviation from that calculated from the kinetic
method. Weller method, which is based on steady state fluorescence
intensity measurements, was also attempted for the estimation of pK.'.
However, apart from the observation of the variation of fluorescence
intensity due to a change in the ground state concentration of the
species, no clear inflection point due to the excited state equilibrium

could be observed.

4.1. Introduction

Ellipticine was identified as an antineoplastic and anti-HIV drug in the
early sixties.''® Anti-cancer activity of ellipticine results mainly from its function
as a DNA intercalator due to its ability in n-m stacking, hydrogen bonding and
several other non-covalent interactions with the DNA base pairs and phosphate

groups.'"™ Ellipticine, with a m-excessive carbazole and n-deficient pyridine ring,
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has both the functional groups for acid-base chemistry and consequently two pK,
values corresponding to the equilibria depicted in Scheme 4.1. in the ground and
excited singlet state are of matter of interest.'*'® According to the literature, the
pKa, value of 7.4 for ellipticine is due to the transformation from cationic to
neutral form (Scheme 4.1.)."""* Hence, it is expected that at physiological pH (~
7.4) both cationic and neutral forms will be present. Under this circumstance,
where both prototropic forms are present, much stronger binding of cationic form
with DNA perturbs the equilibrium between neutral and cationic forms. The
environment of DNA is quite basic due to the negatively charged phosphate
backbone. This causes the enhancement of the pK, value to 9.1 for ellipticine
bound to calf thymus DNA as revealed through confocal laser
microspectrofluorimetry studies.”’ Interaction of ellipticine with different
biological macromolecules and organelles can also affect the protonation

equilibrium due to existence of specific local pH inside the cell.'”'®

Ellipticinium cation (AH,*) Ellipticine (AH) Ellipticine anion (A")

Scheme 4.1.
pH plays an important role in drug design and delivery. The change of pH
in extra and intracellular environment in tumor cell is used as a tool for targeted
delivery of drug molecules.'’ In some cases, drug binds strongly with the cancer

cell because of acidic pH in the extracellular tumor environment compared to that
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in normal cell."” Depending upon the pH, some drug molecules hydrolyse and
produce two structurally different forms. For instance, hydrolysis of camptothecin
produces the ‘ring opened’ carboxylate form from its lactone form at
physiological pH.?® As only the active lactone form (stable at pH < 5.5) can bind
to DNA, a local acidic pH environment is needed for the binding where the
concentration of its nonactive carboxylate form is very less. So it is inferred that
the pH is a key factor in anti-cancer drug chemistry. Exploring the drug’s
photophysical properties in acidic/basic environment is thus very important and
here fluorescence emission can be used as a spectroscopic tool to understand the

local environment.

In a patent article, Eren et al. have shown that ellipticine, a DNA
intercalating drug can also function as photosensitizer in photodynamic therapy
(PDT) and exhibit the properties of an anti-cancer agent.”’*> The mode of action
of any photodynamic therapeutic drug is the accumulation of the drug in the
malignant cell, absorption of appropriate wavelength of light and production of
reactive singlet oxygen. The above mentioned process involves the singlet and
triplet state photophysics of the photosensitizing drug and hence, to get an insight
into the mechanism of PDT, the ground and excited state properties of the

photosensitizer need to be studied, thoroughly.

Excited state properties of molecule are different from their ground state
properties mainly due to different electronic distributions. The ground state
protonation equilibrium constant of ellipticine (pK, = 7.4), which has a key role in
DNA binding, is also expected to change markedly in the excited state.'"* Though

it is already studied that the ground state protonation equilibrium of ellipticine is
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shifted when it is bound to CT-DNA," the effect of binding on the excited state

equilibrium constant is yet to be explored.

Though it is known that excited state equilibrium constant calculated by
Forster cycle rarely gives the actual pK, value due to several assumptions

423 including ellipticine,”® where

involved in this method,23 there are examples,
this method is used to calculate the pKa* value to analyze the excited state
properties of the respective molecules. This can lead to wrong interpretations of
excited state behavior of the molecules. Knowledge of exact value for pK, is
crucial for PDT drugs like ellipticine whose anti-cancer activities are mostly

related to the excited state characteristics.

It is with this intention the present work has been taken up, where
absorption, steady state and time-resolved fluorescence experiments of ellipticine
have been carried out in aqueous solutions over a wide pH range. Though there is
a possibility of excited state deprotonation, the stronger basicity of pyridinic
nitrogen leads only to the excited state protonation of ellipticine. The kinetics in
strong basic solution reveals the establishment of excited state protonation
equilibrium of ellipticine, based on which, the excited state protonation
equilibrium constant of ellipticine is calculated. The value obtained by this
method is then compared with that calculated using Forster cycle. Weller method
yielded a value which is similar to the ground state protonation constant of

ellipticine.
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4.2. Absorption and steady state fluorescence behavior

The absorption and emission behavior of ellipticine in various organic
solvents is discussed in Chapter 3. Here, the absorption and fluorescence emission
properties of ellipticine are studied in aqueous medium of pH ranging from 0 to

14 and even upto H_ 14.8.7

Absorption spectrum of ellipticinie at pH 4.2 is presented in Figure 4.1.
(1). According to the literature, ellipticinium cation is the dominant species in
acidic pH having a characteristic absorption band above 420 nm.”*** A
hypsochromic  shift of the absorption spectrum corresponding to the
transformation of the cation to the neutral ellipticine in alkaline solutions (pH
= 10.2) is observed (Figure 4.1. (ii)). However, ellipticine anion, which is

16,31

characterized by absorption band at longer wavelength region, is not observed

in strong alkaline solution upto H 14.2 (Fig. 4.2).

1.04 ——pH=12.8
e pH = 13.0
T pH=13.2
N 084 ——pH=13.4
= o 0149 pH=13.6
1 Q ——pH=13.8
S 0.6+ g pH=14.0
o @if (@) 5 ——H_=142
2 2
g 0.44 < 0,074
]
3 02
< ,’/\_/—\
0.0 v T v T v T v v 0.00 T T
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Figure 4.1. Absorption spectra of Figure 4.2. Absorption spectra
ellipticine at pH 4.2 (i) and 10.2 of ellipticine at highly alkaline

(i1). medium.
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In acidic aqueous solution (pH 4.2), a single fluorescence band due to the
ellipticinium cation having maximum at 540 nm (Figure 4.3 (i)) is observed.
However, dual emission is observed over a wide neutral to alkaline pH range of
pH 7.5-10.5 (Figure 4.3 (ii) to (vi)). The shorter wavelength band is assigned to
the neutral ellipticine based on literature and its similarity with the emission of
ellipticine in acetonitrile, and the longer wavelength emission band is attributed to

ellipticinium cation (Figure 4.3).2%%*

(i) —>= (vi) (i) ——pH=42

Flu. Int. (a.u.)

450 500 550 600 650 700
Wavelength (nm)

Figure 4.3. Fluorescence emission spectra of aqueous solution of ellipticine at
different pH values [Acx = 416 nm)].

A close look of Figure 4.3 reveals that as the pH changes from 7.5 to 8.5, there is
a slight increase in the fluorescence intensity of the neutral form but almost no
change of fluorescence intensity of the cationic form. This is quite unexpected if
the fluorescence intensity is governed only by the ground state protonation
equilibrium with a pK, of 7.4. This observation therefore suggests an excited state

protonation of the initially excited neutral ellipticine leading to the formation of
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the cation in the excited state. Though at higher pH, the concentration of H;O"
ions is insufficient to explain this rapid protonation, neutral ellipticine is expected
to abstract protons from water to form the cation.”> Comparing with structurally
related molecule norharman, we infer that another species that can contribute to
the long wavelength emission is the excited state anion.'*** An excited state pK,
of 7.7 for the transformation from neutral norharman to the anion is calculated by
Forster cycle using the ground state absorption maxima of neutral and anionic

1433 However, according to the literature on other B-carboline molecules, the

form.
pyridine ring nitrogen in the excited state is a much stronger base than the OH"
ion present in the medium.'®**** So the formation of the cation, from the excited
neutral form, by abstracting a proton from water is more favorable process than
formation of an anion by losing the pyrrolic hydrogen. Thus in the present case,
formation of excited state ellipticinium cation from excited neutral ellipticine is
much more feasible. The minimum variation of fluorescence intensity of the
neutral ellipticine, from pH 7.5 to 10.5, supports the above explanation as a huge
change in the fluorescence intensity of the neutral form would otherwise be

expected with varying pH if OH™ ions were involved in the loss of pyrrolic

hydrogen in the excited state mechanism.

In strong basic solutions (from pH 12.8 to H 14.2), though absorption
spectra remain unchanged (Figure 4.2), there is a decrease in total emission from
both neutral and cationic forms (Figure 4.4). The shape of the excitation spectra
recorded by monitoring emission at 420 and 580 nm however, remain

unchanged(Figure 4.5.). This behavior clearly indicates that the long wavelength
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emission of ellipticinium cation in highly basic solution is due to the excited state

reaction.

1.2x10°

1.0x10°4

8.0x10°4

Int.
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Flu

4.0x10°
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0.0

400 450 500 550 600 650 700
Wavelength (nm)

Figure 4.4. Fluorescence emission spectra (Aexe = 416 nm, isosbestic point) of
ellipticine at different pH values.
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Figure 4.5. Fluorescence excitation spectra of ellipticine at different pH values.
The monitoring emission wavelengths are 420 nm [a] and 580 nm [b].
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The change of ground state ratio of ellipticinium cation to neutral
ellipticine with varying pH is monitored through fluorescence excitation spectra
as the absorption spectra of poorly water soluble ellipticine (< 10°®) do not

provide much information at longer wavelengths.?***-2

The excitation spectra
reveal the isosbestic point at 416 nm, which clearly indicates the ground state
prototropic equilibrium between the neutral and cationic forms of ellipticine
(Figure 4.6). Thus aqueous solutions of ellipticine at various pH are excited at 416
nm in all cases.

4x10’

——pH=20
——pH=42
pH=55
——pH=62
pH=8.1
——pH=105

3x10"4

2x10°

Flu. Int.

Isosbestic point
1x10" 4

3&0 ) 460 ) 440
Wavelength (nm)
Figure 4.6. Fluorescence excitation spectra of ellipticine at different pH. The

monitoring wavelength is 480 nm.

4.3. Time-resolved fluorescence studies at specific pH range

Fluorescence decays of ellipticine in basic aqueous media (from pH 13 to
H 14.2) are measured at two different wavelengths (430 and 570 nm)
corresponding to neutral and cationic form respectively. The results of
fluorescence decay measurements are summarized in Table 4.1 which show that

the lifetime components present in both the wavelengths are quite similar.
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Representative decay profiles at pH 13.2 monitored at two wavelengths along
with the biexponenial fits to the emission profiles are shown in Figure 4.7. The
time-resolved florescence emission profiles at both the wavelengths and at
different pH values are well fitted to biexponential functions and the rates become
faster as the pH of the medium gradually increases (Table 4.1.). The short-lifetime
component monitored at 430 nm matches well with the initial rise time observed
at 570 nm and confirms the formation of ellipticinium cation through excited state
reaction in the monitored pH range. The long-lifetime component observed at the
decay profile measured at 430 nm suggests the backward reaction leading to re-

population the excited state neutral form.

Counts

T T 1
5 6 7 8

Time (ns)
Figure 4.7 Fluorescence decay profiles (Aexe= 405 nm) of aqueous solution of
ellipticine (pH = 13.2) at 430 (i) and 570 nm (i1). The instrument response
function (prompt) is shown as dashed line.
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Table 4.1. Fluorescence decay parameters of ellipticine (Aexe = 405 nm) at
different pH values monitored at 430 and 570 nm.

Decay parameters T; (ns) [a;]
pH At 430 nm At 570 nm v

13.0 0.59 [0.65], 1.71[0.35]  0.57[-0.46], 1.88[0.54] 1.2, 1.0
13.2 0.32[0.80], 1.24[0.20]  0.42[-0.47],1.38[0.53]  1.2,1.1
13.4 0.24 [0.75],0.87[0.25]  0.27[-0.43],0.93[0.57] 1.1, 1.0
13.6 0.19[0.71],0.61 [0.29]  0.24[-0.37], 0.68[0.63] 1.2, 1.1
13.8 0.097 [0.75],0.52[0.25]  0.093 [-0.301,0.54[0.70] 1.2, 1.0
14.0 0.053 [0.74],0.3 [0.26]  0.059 [-0.35], 0.38[0.65] 1.2, 1.1
14.2 0.051 [0.80], 0.23 [0.20] 0.057 [-0.31], 0.28 [0.69] 1.0, 1.2

To follow the kinetics of the excited state reaction we particularly
concentrated on the highly alkaline pH (from pH 13 to H 14.2) range where
neutral ellipticine is the only species present in the ground state. On
photoexcitation, neutral ellipticine, represented as AH, can undergo excited state
protonation reaction to produce cationic form of ellipticine (AH2+*) or
deprotonation to produce ellipticine anion (A'*) as presented in Scheme 4.2.
Following Scheme 4.2, (ki' + ky"), (k3" + k4") and (ks + k4) are the radiative and
non-radiative rate constants for the neutral, anionic and cationic forms of
ellipticine respectively. From Scheme 4.2, AH" is in equilibrium with AH,"
having ky, o (ku,0 = k2[H20]) and k; as the excited state forward and backward
rate constants and on the other hand, kop- and ke are the forward and backward

rate constant for the transformation of AH" to A™" in the excited state.
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As already mentioned in the previous section, on electronic excitation the

3334 and the excited state reaction

pyridine ring nitrogen becomes a stronger base
of neutral ellipticine producing ellipticinium cation by abstracting a proton from
water is expected to be the dominant process rather than the excited state anion
formation through deprotonation of pyrrole hydrogen by OH" ions present in the
medium. Thus in the present scheme (Scheme 4.2) the excited state kinetics are
mainly governed by the protonation equilibrium and deprotonation of excited

neutral ellipticine can be neglected.

k
AH,* £« 10 AH* LN Ak
k, : ke
ky+ky hv|| ky'+ k' k" +k,"
K K
a] ay
Scheme 4.2.

Following Scheme 4.2, the time dependence of the cationic and neutral

forms is given by equation 1 and 2.
-d[AH,"]/ dt = (ki + ks +ky) [AH,"] — k0 [AH'] (1)
-d[AH"] /dt = (ky,o +ks' +k &) [AH'] — ki[AH,"] 2)

By using the boundary conditions at t = 0, [AHf*] =0 and [AH*] = [AH*]O, the
concentration of excited state ellipticine and ellipticinium cation with time can be

obtained (eqn. 3 and 4).
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[AH],
[AH](t) ﬂ [(x- %,) exp(-2,t) + (&, — X) exp(-A,t)] &)

1 2
_k2[H20][AH*]O

[AH,*](t) = [exp(-A,t) - exp(-A,1)] 4)

17 ™
Where X =k3' + k4' + kHZOa Y =ks3 + k4 tki,
And 7\.1, 7\.2 = ’I?1_1, ’I?z_1
=X HY) £ [(Y X + 4k k0] (5)
4.4. Estimation of excited state pK,
4.4.1. Kinetic method
The kinetic data from the time-resolved fluorescence experiments can be
exploited to estimate the excited state prototropic equilibrium constant. Based on

the data from the previous section the individual rate constants can be evaluated

to calculate the excited state pK,.
AtpH =4, ky,o [AH'] = 0 and [AH] is very small so, k; <<kj + k4 and
eqn. 1 becomes,
[AH,"] = [AH>""]o exp[(ks + ka)t] (6)

Comparing eqn. 6 with the experimental data obtained after analyzing the
decay profile at pH = 4, the radiative and non-radiative decay constant (ks + k4) of

ellipticinium cation is found to be 1.64 X 10* 5™

Combining the values of A; and A, from eqn. 5,
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7L1+7L2=X+Y=k3'+k4'+kH20+Y (7)

Assuming [HyO] = [OH] at pH 13 to H_ 14.2 range, ko[H0]( ky,0) = ko[HO']
(kon), a value of 1.86 X 10" M s™! for k, is obtained from the slope of the plot of
(A + Ay) against [OHT] (Figure 4.8).

Aq+ag) X 107 (s71)
2.8 8

(]
ol

0

R I s e
00 02 04 06 08 10 12 14 16 18
[OH-]

Figure 4.8. A plot of (A; + ;) against [OH'], following eqn. 7.

Again from eqn. 5, multiplying A; and A, to get,

M2 = XY — ki kou (8)
After substituting the value of X and Y in eqn. 8

MA2 = (k3" +ka)Y + (k3 + ka) ko[OHT] 9)
Combining eqn. 7 and 9 gives

M+ ha= ks +ky +] 1- (ks + ka)/ (ks ka)]Y + 2222 (10)

ks +k,

According to eqn. 10 a plot of A;+ A, versus AjA; gives the value of radiative and
nonradiative decay (k;' + ky') of ellipticine, which is found to be 3.7 X 10° 5!
(Figure 4.9.).
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g+ 1) X 1078 (s-1)
3. @ 8

2]
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(=]

0 20 40 60 80 100
Ay X 10716 (52

Figure 4.9. A plot of (A; + A;) against A;A,, following eqn. 10.

Again a plot of LA, against [OH] (eqn. 9) gives a straight line (Figure 4.10).

00 01 02 03 04 05 06 07
[OH]
Figure 4.10. A plot of A;A; against [OH'], following eqn. 9.

From the intercepts of Figures 4.8 and 4.10, the value of k; was evaluated as 1.11
X 10° s'. All the rate constants are tabulated in Table 4.2. The excited state pKa

value was then calculated using
log (k; / k; ) =pK, + log Ky (11)

Thus, from the kinetic data of the time-resolved fluorescence experiments the

estimated pKa* value is 12.7
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Table 4.3. Rate constants of ellipticine and ellipticinium cation derived from
fluorescence decay parameters.

Rate
constants
ks + k4 1.64 x 10% ™!
k3 + ka' 37X107s"
k; 1.11 X 10° s
k, 18.6 X 10° M1 s!

4.4.2. Forster Cycle
Excited state pK, for the protonation equilibrium of ellipticine is

calculated using Forster cycle described elaborately in section 1.2.1. of Chapter
133

Nghc
2.303RT

pK' —pK = Var = Van,”) (12)

In this method, energy difference between the ground and excited states of
neutral and cationic forms is used for the estimation of excited state pK,. The
energy difference is measured through 0-0 transition energy, which is taken as the
intersection point of the absorption and emission spectra. The 0-0 energy for
neutral ellipticine at 411 nm and for the cation at 468 nm leads to the excited state
pK. value of 13.5. This value is somewhat higher than that estimated from the
time-resolved fluorescence studies (pKa* = 12.7). This difference can be explained

considering some of the limitation of the Forster cycle.
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4.4.3. Weller Method

Weller method®® described in section 1.2.2. of Chapter 1 is also
attempted for the calculation of the excited state pK,. According to this method
the excited state pK, is determined from the pH dependence of the fluorescence

intensities.
&/D,y =1/ (1+ R X 10°) (13)
Where R = k10 Ky / (1 + k_1 75)

Equation 13 suggests a plot of relative fluorescence quantum yield vs pH to yield

a sigmoidal curve, from which pKa* will be obtained at the inflection point.

In the present case relative fluorescence intensities of ellipticine and
ellipticinium cation are plotted over a large pH range (Figure 4.11.). The
inflection point at pH ~ 6.6 reflects the variation of the concentration of ground
state species and thus corresponds to the pK, value. However, at pH > 11, we
could not observe substantial variation of fluorescence intensities to allow

determination of pK, by this method.
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Figure 4.11. Plot of relative fluorescence intensity against pH of the solution for
ellipticine (i) and ellipticinium cation (ii).

4.5. Conclusion

Spectral properties of ellipticine in aqueous solutions over a large pH
range are investigated by steady state and time-resolved fluorescence techniques.
The studies presented here provide the first and most direct evidence of excited
state reaction of ellipticine in basic aqueous media. Kinetics of the excited state
reaction established the prototropic equilibrium of ellipticine. The pKa* value of
12.7 is obtained from the individual rate constants involved in the excited state
proton transfer process of ellipticine. The pK, value is calculated by applying
Forster cycle. However this value is slightly higher than that obtained using
kinetic method. Weller method was also attempted for the estimation of pKa*.

However, the inflection point could only be attributed to the ground state pK,.
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Chapter 5

Steady State and Time-Resolved Fluorescence Behavior of 4-
Aminophthalimide in Aqueous Media: A Reinvestigation of the
Role of Solvent and Isotope Effect

In this chapter the fluorescence behavior of 4-aminopthalimide (AP)
and its imide-H protected derivative (N-BuAP) has been reinvestigated in
aqueous media to address some of the points raised in a recent paper (J.
Phys. Chem. B 2013, 117, 2160 - 2168). The results show that solvent
assisted keto-enol transformation does not contribute to the observed
steady state and time-resolved emission behavior of AP in aqueous media.
Instead, the results reveal that the fluorescence of AP in aqueous media
arises from two distinct hydrogen bonded species. The deuterium isotope
effect on the fluorescence quantum yield and lifetime of AP, earlier
thought to be a reflection of the excited state proton transfer process, is
now explained considering the difference between the influence of
deuterated and wundeuterated solvents on the rate of non-radiative

processes and also the ground state exchange of the proton with the

solvent.

5.1. Introduction

Photophysics of 4-aminophthalimide (AP) has been studied extensively in
the past and in recent years and due to its attractive fluorescence properties (high
fluorescence quantum yield, long fluorescence lifetime and sensitivity of these
properties to the surrounding environment), the molecule is being used routinely

as a fluorescence probe for studies in solvation dynamics, estimating the polarity



Steady State... 110

of unknown media and probing the organized environments of complex chemical
and biological systems.'>® It is generally accepted that photoexcitation of AP
leads to enhanced separation of charge and the molecule emits from an
intramolecular charge transfer (ICT) state, whose energy is governed by the
polarity of the medium and also by the hydrogen bonding interaction with the
solvent.>®!” The fluorescence quantum vyield and lifetime of AP are also strongly

dependent on the medium.**!

In contrast to its behavior in aprotic media, where
AP is strongly fluorescent, it emits weakly and possesses a short fluorescence
lifetime in protic solvents. Even though solute-solvent hydrogen bonding
interaction was considered to be responsible for large Stokes shift of the
fluorescence maximum, low fluorescence yield and short fluorescence lifetime of
the molecule in protic media, an alternative explanation in terms of solvent-
assisted intramolecular proton transfer (Scheme 5.1.) was also proposed,
according to which the emission of AP originates from its enol form in protic

. 713,16
media.”'>

Even though no kinetic evidence in support of this transformation
was provided, a higher fluorescence lifetime and quantum yield of AP in D,O

compared to H,O was considered to be consistent with this mechanism. "

O-H O_H‘
\ o
/ o—H A\ H/O H
N—H »
H,N H,N
I 0 0

Scheme 5.1.
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However, even though subsequent studies have brought into light the
drawback of this mechemism,14 solvent mediated excited state keto-enol
transformation of the system is reinvoked recently to account for the excitation
wavelength dependence of the emission spectrum, and a progressive blue shift of
the emission maximum of AP with time in aqueous media.”> A bi-exponential
fluorescence decay behavior and time-dependent shift of the fluorescence
spectrum in aqueous media have been argued as direct kinetic evidence of the
excited state reaction of AP in aqueous media.”> As the excitation wavelength
dependence of steady state fluorescence spectrum of AP reported in this paper,*
could not be reproduced by us,” we had to comment that the mechanism cannot
be taken seriously. However, the kinetic data presented by Durantini et al. in
support of the excited state reaction’® required careful consideration as a bi-
exponential decay behavior and time-dependent shift of the emission spectrum is
not expected in the absence of an excited state reaction. Moreover, even though a
dynamic Stokes shift of the fluorescence spectrum due to excited state reaction is
common, a progressive shift towards higher energy is very unusual, if not
unprecedented. It is also puzzling why the spectral shift is not continuous but it is
observed only between 2 and 4 ns.** In order to investigate these important points
and establish once again beyond any reasonable doubt that excited state proton
transfer reaction does not influence the photophysics of AP in aqueous media, we
have studied and compared the steady state and time-resolved fluorescence
behavior of AP and its derivative N-butyl-4-aminophthalimide (N-BuAP, Chart
5.1.), where the imide hydrogen atom is replaced by an n-butyl group.
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H,N H,N

AP N-BuAP

Chart5.1.

5.2. Spectral studies in neat and mixed solvents
Figure 5.1. compares the steady state fluorescence spectra (Aex = 370 nm)

of AP and N-BuAP in aprotic (acetonitrile, ACN) and protic (water) solvents. It is

interesting to note that the large (~100 nm, Table 5.1.) difference in the A

values of AP in the two solvents, which led to the postulation of the emission
originating from the enol form of the molecule produced as a result of excited
state water-assisted transfer of the imide proton (Scheme 5.1.), is also observable
in the case of N-BuAP, which lacks the imide proton and hence, cannot emit from
its enol form. The strikingly similar fluorescence spectra of the two systems thus
clearly rule out the possibility of the enol form of AP as the emitting species in

protic solvents such as in water.
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Figure 5.1. Steady state emission spectra of (a) AP and (b) N-BuAP (A = 370
nm).

Table 5.1. Comparison of some of the fluorescence parameters of AP and N-
BuAP.

An | nm .
Solvent (Iap/IN-BuAP) @ (AP)
AP N-BuAP
ACN 460 472 1.2 0.63°
H,0 565 577 1.5 0.022°

Iap and In_puap are integrated area under the fluorescence spectra of AP and N-BuAP, respectively,
recorded under identical experimental conditions. °ref. 18.
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One can argue against the excited state solvent-mediated proton transfer
mechanism from another angle. There is no second opinion that in aprotic solvent
acetonitrile AP emits (Anax = 460 nm) from its normal (keto) form. Hence, if the
emission of AP in aqueous media (Amax = 565 nm) indeed originates from its enol
form, then on gradual addition of water to an acetonitrile solution of AP a
progressive increase of the fluorescence intensity of the 565 nm band at the
expense of the ~460 nm emission is expected. Considering low fluorescence
quantum yield of AP in water (compared to acetonitrile), one expects that the
decrease in intensity at 460 nm to be more pronounced than the increase in
intensity at 565 nm. However, the spectral behavior of AP and N-BuAP presented
in Fig. 5.2. shows a gradual shift of the emission spectrum towards a longer
wavelength instead of the expected trend thus disproving the excited state proton
transfer reaction of AP. Absorption spectra of AP and N-BuAP on gradual
addition of water to an acetonitrile solution is also presented in Fig. 5.3.
Moreover, a very similar time-resolved fluorescence response (Figure 5.4.) of AP
and N-BuAP, the latter lacking the imide hydrogen essential for the formation of

the enol form of the molecule, further reinforces our conclusion.
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Figure 5.2. Steady state emission spectra of (a) AP and (b) N-BuAP in
acetonitrile-water mixture (Aex = 370 nm).
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Figure 5.3. Absorption spectra of (a) AP and (b) N-BuAP in acetonitril-water
mixture.
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Figure 5.4. Fluorescence decay profiles of (a) AP and (b) N-BuAP monitor in
acetonitril-water mixture at 575 nm. Solid lines represent single-exponential fit to
decay profiles (Acx = 375 nm).

5.3. Isotope effect

As stated in the Introduction, a significantly higher fluorescence quantum
yield (¢f) and lifetime (t¢) of AP in D,O when compared with that in H,O was
thought to be consistent with solvent-mediated transfer of the imide hydrogen to

1622 However, as the results presented above clearly rule out

the carbonyl oxygen.
the possibility of an excited state proton transfer process contributing to the
fluorescence response of AP, it is necessary to reexamine the isotope effect
carefully and determine its origin. For this purpose, we first find out whether N-
BuAP, which lacks the imide hydrogen, also exhibits deuterium isotope effect or
not. It is interesting to note that like AP, the ®r and tr of N-BuAP are also found
higher in D,O by a factor of 2.0 and 4.5, respectively. We also observed a 2.9-fold
increase of ®¢ and t¢ for both AP and N-BuAP in CD3;OD compared to CH;OH.

As the isotope effect is real, but is clearly not due to proton transfer process, its

origin lies elsewhere.
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Deuterium isotope effect of the solvent on ¢f and 1 implies merely a
change in the rate of radiationless relaxation processes of the system on isotopic
substitution.’” This change expected to be most pronounced when solvent proton
participates in the excited state proton transfer reaction, which serves as one of the
nonradiative decay channels.”® However, the proton exchange process need not be
the only radiationless process. It is well known that solvent often plays a crucial
role in influencing the nonradiative relaxation (intersystem crossing and internal
conversion) rates by directly interacting with the solute.® A strong interaction of
the electronic motion of the fluorescent system with the nuclear motion of the
solvent provides a mechanism for the conversion of electronic energy of the
system into the vibrational energy of the solvent and can thus results in
radiationless interconversion®®*! leading to a change in the ®; and t¢ values. In
such situation, isotopic substitution in the solvent can influence the coupling
between the electronic motions of the solute and vibrational motion of the solvent

and thus can contribute to the isotope effect.

In the present case, one needs to consider an additional factor. While the
excited state proton transfer reaction contributing to the emission behavior of
these systems is completely ruled out, it does not necessarily mean that no proton
of the fluorescent system is exchanged with the solvent (H,O or D,0O) in the
ground state. Both AP and N-BuAP possess amino protons, which are sufficiently
acidic (due to the inductive influence of the carbonyl group) to be exchanged with
the H or D atoms of the solvents in the ground state. Evidence of this kind of
exchange process is often obtained from 'H-NMR measurements, where the

signals due to the acidic protons are seldom observed. One must note however
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that as these rates are much slower compared to the radiative/nonradiative rates of
the systems by several orders of magnitude, and that they play no noticeable role
in the fluorescence behavior of the systems. However, under this kind of situation,
in deuterated solvents, one is essentially dealing not only with the original
molecule, but is also dealing with partially deuterium-exchanged molecule. If the
fluorescence efficiency of a system and its deuterated analog are different due to
different rates of the nonradiative relaxation process (which is quite likely),’”*
deuterium isotope effect, can also arise due to this factor. Hence, in our opinion
the isotope effect exhibited by AP and N-BuAP arises from one or both the
factors described above.
5.4. Wavelength dependent fluorescence decay and time-resolved emission
spectrum

We now reinvestigate carefully the time-resolved fluorescence behavior of
the two systems and find out whether it is suggestive of an excited state reaction.
Considering the fact that the emission peak of the two systems in aqueous media
is observed at around 565 nm, we have measured first the fluorescence decay
profiles at this wavelength. These fluorescence intensity vs time profiles of the
two systems, which are shown in Fig. 5.5, can be fitted satisfactorily to a single
exponential decay function yielding lifetimes of around 1.10 ns, which is

consistent with literature.'>'®
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Figure 5.5. Fluorescence decay profiles of (a) AP and (b) N-BuAP monitored at
565 nm in water. Solid lines represent single exponential fit to decay profiles (Aex

=375 nm).

Considering the recent report”” of time-dependent shift of the fluorescence
spectrum we thought it pertinent to examine the time-resolved fluorescence
response of the systems in more details. As it is possible to construct the time

resolved emission spectra (TRES) of a system by measuring its fluorescence
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decay profiles at several wavelengths covering the entire emission spectra, we
measured the fluorescence decay profiles of the two systems at different

wavelengths and the results, which are presented in Fig. 5.6, are quite revealing.
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Figure 5.6. Wavelength dependent fluorescence decay profiles of (a) AP and (b)
N-BuAP in water (Aex = 375 nm).



Chapter 5 121

As can be seen, contrary to the decay profiles measured at the peak
maxima or at higher wavelengths, which are mainly characterized by a single
exponential decay function, those measured at shorter wavelengths are clearly
biexponential, consisting along with the short lifetime component of a ~1.1 ns
(major) and a long ~10.0 ns (minor) component as well. As the monitoring
wavelength is increased the contribution of the long component diminishes
gradually and as the emission peak position is reached, the long component
vanishes almost completely and one obtains a single exponential decay with a
lifetime around 1.1 ns, which is commonly taken as the fluorescence lifetime of
AP in aqueous media. We shall return to discuss about the origin of the two
specific lifetime components in the next section. However, having observed the
two lifetime components and their variation with the monitoring wavelength, the
blue shift of the TRES, as reported recently,”? became quite clear to us. The TRES
recorded at early times consisted primarily of the short component and those
recorded beyond 3 ns did not have any contribution from the short component,

thus making it clear why the blue shift was observed in the 3 — 4 ns time range.

5.5. Possible origin of the two lifetime components

While the dependence of the fluorescence decay profiles on the
monitoring wavelength (as observed by us) explains the blue shift of TRES (as
observed by Durantini et al),”* one does not expect decay profiles of this kind in
the case of an excited state reaction. The fact that the time-resolved behavior,
depicted in Fig. 5.7, is strikingly similar for AP and N-BuAP suggests
immediately that the emission of AP in aqueous media does not originate from the

enol form. The nature of the decay profiles is indicative of the presence of two
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separate emitting species that are not related through an excited state reaction.
Had the two species been related through an excited state reaction, one would
have observed a rise component in the fluorescence time profiles monitored at
longer wavelengths. It is also understood why the TRES do not shift much with

time and it is only during 2-4 ns the shift is observed.
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Figure 5.7. Time-resolved emission spectra of (a) AP and (b) N-BuAP in water
(Aex = 375 nm).
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Here we attempt to find out possible origin of the two lifetime components
in water. The fluorescence quantum yield and lifetime of AP in polar media
depend on the hydrogen bond donating/accepting ability of the solvents.'® These
values are low in polar protic solvents and is minimum in water.'"">'* The low
values in polar protic solvents are believed to be due to stabilization of the
emitting state of the system arising from strong hydrogen bonding interaction of
AP with the solvent and consequent increase in the nonradiative rate of the
emitting state. Two different kinds of hydrogen bonding interaction (Scheme 5.2.)
are documented in the literature.'® The most common being hydrogen bond
formation between the carbonyl oxygen of AP and hydrogen bond donating protic
solvents such as hexafluoroisopropanol, trifluoroethanol, which leads to a red
shift of the emission maximum and decrease in fluorescence quantum yield and
lifetime values.'® Another hydrogen bonding interaction that is possible between
the amino hydrogen of AP and hydrogen bond accepting solvents such as DMSO,
leads to an increase in fluorescence quantum yield and lifetime.'"® The solvents
such as alcohols and water, which can serve both as H-bond donor and acceptor,
can therefore interact with AP through both kinds of hydrogen bond formation
(Scheme 5.2.). As the hydrogen bonding interaction with the amino moiety
leads to a blue shift and that with the carbonyl moiety results in a red shift of the
emission spectrum, when one monitors at wavelengths corresponding to the
blue side of the spectrum, the molecules hydrogen-bonded at the amino end
(and are characterized by long lifetime) contribute more to the fluorescence. On

the other hand, as one moves towards the longer wavelength the contribution due
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to hydrogen bonded species with the carbonyl moiety dominates and one observes

only the species with short lifetime.

o 0.. .l.l\
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Scheme 5.2.

5.6. Conclusion

We have convincingly established in this paper that solvent-mediated
excited state proton transfer reaction does not contribute to the fluorescence
behavior of AP and its derivatives. We have also shown that the time-dependent
blue shift of the fluorescence spectrum of AP in aqueous media, which is recently
presented as evidence in support of the water-mediated excited state keto-enol
transformation of the molecule, arises simply because of the presence of two
different types of hydrogen bonded species of AP having distinctly different
fluorescence lifetimes in the aqueous media. The isotope effect on the
fluorescence properties of AP and its derivative is explained in terms of the
difference of the influence of two isotopes on the nonradiative rates of the
systems. It is suggested that ground state exchange of the amino hydrogen of the

systems with the solvent can also contribute to the isotope effect.
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Chapter 6

Laser Flash Photolysis Study on 9-Phenylxanthenium
Tetrafluoroborate: Identification of New Features Attributed to
the Triplet State of the System

This chapter deals with laser flash photolysis studies on a highly
fluorescent and stable salt of 9-phenylxanthenium cation in neutral
environment. A new transient absorption band of this extensively studied
system that most probably remained buried under the fluorescence
envelope and hitherto undetected has been identified and attributed to
the triplet state of the system. The newly identified triplet-triplet
absorption band of 9-phenylxanthenium cation, which is insensitive to
oxygen and appears in the visible region, is well-separated from the
absorption bands of 9-phenylxanthenyl radical or 9-phenylxanthenol

triplet and hence, interference from these species has been avoided.

6.1. Introduction
The carbocation intermediates are of considerable interest in physical and
organic chemistry.'® 9-Phenylxanthenium cation (PX+) is a highly fluorescent

and fairly stable species, whose photophysical properties have received noticeable

7-13

attention. PX+ can be generated from 9-phenylxanthenol (PX) in acidic

8,14,15

environment (pKgr+ = 1.0 = 0.5 for PX in water) (Scheme 6.1.) or by

photoexcitation of PX in polar (hydroxylic) solvent, where it undergoes adiabatic

dehydroxylation in the excited state surface.”'*"
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Scheme 6.1.

Wan et al. have shown that in the pH range of 3-12 water acts as a catalyst
in this photoinduced reaction and the quantum yield of formation of PX+ is 0.4 in
1:1 acetonitrile/water.*"> However, the catalytic activity of water was not
quantitative due to efficient quenching of the singlet excited states of both PX and
PX+ by water and the ground state interaction between PX and water. PX+ can
also be obtained as a stable species in other acidic environment such as in nafion
flims and zeolite matrices.'® The driving force of adiabatic dehydroxylation of PX
is its enhanced basicity in the excited state and strong conjugation of the oxygen
lone pair to the aromatic system. Although PX+ is less reactive in the ground
state, considerable increase of its electrophilicity is observed in the singlet excited
state.” The reactivity of PX+ in the first excited singlet state toward a series of
alcohols, amines and ethers has been measured by monitoring the strong

116 The fluorescence quenching rate constants have

fluorescence of the system.
been found to lie between 107 and 10" M s™. >''® As an electron deficient
system, photoexcited PX+ undergoes electron transfer reaction with a wide

variety of aromatic donor molecules producing 9-phenylxanthenyl radical.'®"



Chapter 6 131

The rate constants of photoinduced electron transfer reactions, which have also
been measured by monitoring the quenching of fluorescence, are close to the
diffusion limited values. However, the yield of net electron transfer (®¢) process
is found to be very small (< 0.02) due to efficient back electron transfer reaction
between the products of the photoinduced electron transfer reactions, i.e., 9-
phenylxanthenyl radical and radical cation of the corresponding reactant. Even
though the singlet excited state of PX+ has been studied extensively by
monitoring the fluorescence of the system, barring a couple of papers by Johnston

17,18
and Wong,'”

there is hardly any literature dealing with the triplet state of this
system. In these papers, the authors have characterized the triplet-triplet
absorption spectra of PX+ by generating this species from PX in the presence of
varied concentrations (1-10 mM) of trifluoroacetic acid.'”'® They found that the
triplet-triplet absorption due to PX+ shows maximum at < 300 nm and is
characterized by a lifetime of several microseconds. The exact lifetime depends
on the concentration of PX in the medium (which can be varied by adjusting the
concentration of the added acid) as PX+ triplet undergoes electron transfer
reaction with PX and produces 9-phenylxanthenyl radical, which can be
characterized by the 340 nm band in the transient absorption spectrum.'”'® This
triplet state of PX+ can also undergo electron transfer reaction with several arene
molecules.'® The lack of studies involving the triplet state of PX+ can partly be
attributed to strong fluorescence quantum yield of the species, which is reported
to be 0.8 in 2,2,2-trifluoroethanol,'® a value much higher than 0.42 reported by
Minto and Das (in acetonitrile containing 8% H,SO4).® A high fluorescence

quantum yield of the system not only implies a low yield of the triplet, but the fact
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that the intense and broad fluorescence covers a large portion of the visible region
makes observation of transient absorption due to triplet, if any, in this region a
difficult exercise indeed. Minto and Das further pointed out that in addition to
high fluorescence yield of PX+, rapid electron transfer between the parent alcohol
and singlet excited state of PX+ is responsible for the absence of triplet PX+.®
Herein, we attempt to probe the triplet state of PX+ by following a different
strategy. Unlike the earlier studies, which were performed on in situ generated
PX+ (from PX) in acidic environments, we have investigated here the triplet
excited state of PX+ in nonaqueous medium and in neutral condition by preparing
a stable borate salt of the cation.
6.2. Absorption and emission behavior

The absorption spectrum of yellow coloured acetonitrile solution of 9-
phenylxanthenium tetrafluoroborate is shown in Fig. 6.1. The spectrum consists
of a broad band with maximum ~ 445 nm (&nax/ 10°M ! em! = 4.7) and relatively
sharp and intense peaks at ~ 372 nm (31.9) and 259 nm (44.4). These spectral

features are consistent with the literature data.”'"'%!

The emission spectrum of
the system is characterized by a broad structureless band between 470 and 700
nm, with maximum around 540 nm. This emission behavior is also very similar to
that of an acetonitrile solution of PX acidified with 8-10% H,SO4 or with 6.5 M

TFA, as reported earlier.”"'*"

The measurement of the emission decay profile
and its analysis reveal that in acetonitrile the salt exhibits a single exponential
decay with lifetime of 29 ns, a value which is comparable to the literature value of

PX+ 7,8,10
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Figure 6.1. UV-vis absorption (solid line) and steady state fluorescence spectra
(dashed line) of 9-phenylxanthenium tetrafluoroborate in acetonitrile (not scaled).
Aexc 450 nm, for fluorescence measurements.

6.3. Transient behavior

The transient absorption spectra of 9-phenylxanthenium tetrafluoroborate
at early times (Fig. 6.2.) consist primarily of a negative signal in the wavelength
range of 400 - 700 nm. An inspection of the steady state absorption and emission
spectra of PX+ suggests that strong negative signal in the 470 — 700 nm range is
due to its fluorescence and relatively small negative signal between 400 and 470
nm is due to the ground state bleaching. The decay profile measured at 530 nm,
and is shown as an insert to Fig. 6.2 (a), yielded a lifetime of 29 ns, which is the
same as the fluorescence lifetime obtained from the single photon counting

measurements.*'? Interestingly, when the same wavelength region is probed at a
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later time (when the fluorescence has decayed completely), one can observe an
absorption band (480 — 600 nm) which is centered around 510 nm (Fig. 6.2 (b)).
We were really surprised how a strongly absorbing species like this one could be
missed by others, particularly when taken into consideration the large number of

investigations made on PX+."'*!>%
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Figure 6.2. (a) Transient absorption spectra of 9-phenylxanthenium
tetrafluoroborate in acetonitrile, recorded at t = 0 (i), 20 ns (ii) and 60 ns (iii) after
355 -nm laser pulse excitation. The inset shows the decay profile of the 530 nm
emission band. (b) Transient absorption spectra at 8 ns (i) and at 100 ns (ii)
following the 355 -nm laser pulse excitation of 9-phenylxanthenium
tetrafluoroborate in acetonitrile.
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We carried out several control experiments to establish that this transient
species is indeed a real one and not due to any impurities in the salt or in the
solvents used in the experiments. Moreover, we generated PX+ from an
acetonitrile solution of PX by adding trifluoroacetic acid (the way earlier studies
were conducted) and confirmed that the transient absorption behavior of the
resulting solution is also very similar to that observed with the salt solution.””"
11320 W soon figured out that this band was probably overlooked or missed due
to the strong fluorescence emission that dominates in this region, particularly in
the early time scale. This transient, as depicted in Fig. 6.3., survives for a
reasonably long time. The lifetime of the species is estimated to be ~ 2.1 ps under

the experimental conditions.
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Figure 6.3. Transient absorption spectra of 9-phenylxanthenium tetrafluoroborate

in acetonitrile recorded at t = 0 (i), 0.65 us (ii), 1.7 ps (iii), 5.2 ps (iv) after 355 -

nm laser pulse excitation. The inset shows the decay profile at 510 nm for the

triplet-triplet absorption.
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6.4. Nature of the transient species

This transient species responsible for this new absorption band can be 9-
phenylxanthenyl radical, triplet state of PX or triplet state of PX+. The first two
possibilities can be ruled out based on literature. Minto and Das reported that the
9-phenylxanthenyl radical absorbs around 345 nm and is a fairly long-lived
species (~ 150 ps in air saturated n-heptane) and the triplet of PX exhibits an
absorption maximum at ~ 440 nm with a lifetime of tr < 0.3 ps in acetonitrile.®
As the new transient absorption is neither due to 9-phenylxanthenyl radical nor is
it due to the triplet of PX, it must be attributed to the triplet of PX+. This
assignment is confirmed by expanding the wavelength range of the transient
absorption spectrum (Fig. 6.4.) and by observing another band ~ 300 nm, which is

17,18
718 and whose

previously characterized as a triplet-triplet absorption band of PX+
decay behavior is almost identical with that of the newly observed 510 nm band
(inset of Fig. 6.4). The triplet nature of the transient is further confirmed by
studying the effect of ethyl iodide (a heavy atom containing molecule) on the
transient absorption band and on the fluorescence behavior of the molecule. It is
found that addition of ethyl iodide leads to significant reduction of the
fluorescence lifetime of PX+ and quenching of the lifetime of the transient
species along with a decrease of the AOD value. The former is clearly a reflection

of the enhancement of S; — T; intersystem crossing rate and the latter is indicative

of the enhancement of the decay of the T state.
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Figure 6.4. Transient absorption spectrum of 9-phenylxanthenium

tetrafluoroborate in acetonitrile recorded 1 us after 355 nm laser pulse excitation.

The inset shows the comparison between the decay profiles at 300 nm (a) and 510
nm (b).

6.5. Effect of oxygen

Even though the fluorescence lifetime of PX+ is quite long, it is quite
insensitive to molecular oxygen.*'° The oxygen quenching rate constant (kg<5X
10 M s™) is much smaller than those observed for the singlet state of other
hydrocarbons (typically of the order of 10" M™ s').* The transient species
contributing to the new absorption ~ 510 nm, which we attribute to the triplet
state of PX+, is also reluctant to interact with oxygen (Fig. 6.5.). On purging
oxygen gas, the lifetime of the triplet state reduces from 2.1 us to 1.8 us. The rate
constant (kr) of quenching of the triplet state by molecular oxygen, estimated by
using the relation, kr = l/tr [05],>' where tr is the lifetime of the species

undergoing triplet-triplet absorption equilibrated with air and [O,] is the
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concentration of oxygen in solution, is found to be 1.8 X 10® M's™ in acetonitrile
(assuming [0>] ~3 mM under air saturation).”” This behavior, i.e., oxygen
quenching rate constant of PX+ triplet to be smaller than the observed diffusion

! s'l), is in accordance with the literature.”> Even

controlled values (~ 10" M
though the triplet state energy of molecular oxygen is much lower than that of
PX+ (48 kcal/mol),'’ the energy transfer between the two is not favoured as the
process requires formation of a charge transfer complex in which the electron

. . 11
deficient species, PX+ has to serve as an electron donor.
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Figure 6.5. The triplet absorption decay profiles at 520 nm of (a) deoxygenated
by purging argon gas and (tr = 2.05 us), (b) oxygen saturated solution (tr= 1.81
us) of 9-phenylxanthenium tetrafluoroborate in acetinitrile.
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6.6. Triplet-triplet energy transfer

One of the methods of characterization of the triplet state of a species and
determination of the triplet state parameters such as the extinction coefficient (1)
and quantum yield (@) is by triplet-triplet energy transfer process, in which the
energy is transferred from the excited triplet state of the donor molecule to the
triplet state of the acceptor. In order to characterize the newly observed band, we
attempted sensitization of the triplet state of PX+ using several donor molecules
with high triplet energies. Among the sensitizers chosen, benzophenone and
thioxanthone were expected to be quite appropriate for their high triplet
energies,” > but we encountered problems due to trace quantity of moisture
induced generation of PX (vide Scheme 6.1.) during the addition of the sensitizer
presumably because we avoided using any acid and preferred working with an
acetonitrile solution of the 9-phenylxanthenium tetrafluoroborate salt. As, a
solution of PX in 25% H,SOy4 consists entirely of the cation,16 we attempted
sensitization of PX+ triplet in acidic environment as well. However, in acidic
environment, as commonly used high-energy sensitizers like benzophenone or
thioxanthone, formed ketyl radicals from their triplet state, triplet sensitization of
PX+ was no longer possible. To circumvent this problem, we tried the arenes as
sensitizers as these are not so much affected in acidic environment. However,
high energy arenes such as naphthalene cannot be excited at 355 nm (excitation
wavelength) and for other low energy arenes even though it was possible to adjust
the concentration of the species to ensure that the donor to absorb 80-90% light,
we could not avoid a situation in which direct excitation of PX+ was completely

avoided. Secondly, these arenes are electron rich compounds, which undergo



Laser Flash... 140

510 Hence, this

facile electron transfer reaction with electron deficient PX+.
excited state reaction between arenes and PX+ competes with the triplet-triplet
energy transfer process. Thus sensitizers like phenanthrene, triphenylene,
coronene, fluoranthene, which possess high triplet energy, did not serve as donor
in the triplet-triplet energy transfer process. We are searching for a suitable
sensitizer for the triplet of PX+.
6.7. Conclusion

This laser flash photolysis study on 9-phenylxanthenium tetrafluoroborate
in neutral medium reveals a new feature that is attributed to the somewhat elusive
triplet state of PX+. The newly identified triplet-triplet absorption band of PX+,
which is insensitive to oxygen and appears in the visible region, is well separated
from the absorption bands of 9-phenylxanthenyl radical or PX triplet and hence,
interference from these species is avoided. The finding is thus expected to be

helpful in the exploration of the triplet state properties and a better understanding

of the photochemistry of PX+.
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Chapter 7

Characterization of the Triplet State of Ellipticine and Solvent
Dependent Triplet Energy Transfer Process Monitored by Laser
Flash Photolysis

This chapter is focused on the characterization of the triplet
excited state of ellipticine in different solvents by using laser flash
photolysis technique. The various triplet state parameters (extinction
coefficient and quantum yield) of the molecule are estimated by triplet-
triplet energy transfer and relative actinometry technique. Interestingly,
even though in polar aprotic solvent acetonitrile, the triplet-triplet energy
transfer from thioxanthone to ellipticine is observed, the process is found
to be inefficient in nonpolar methylcyclohexane. This observation is
attributed to the dependence of triplet state energy on the solvent
polarity, which is confirmed by low-temperature phosphorescence studies.
In methylcyclohexane, the triplet-triplet energy transfer process is
observed between xanthone (having higher triplet state energy) and
ellipticine. Nearly 4-fold decrease in the triplet extinction coefficient and
a noticeable increment in the triplet quantum yield of ellipticine are
found on changing the solvent from polar acetonitrile to nonpolar
methylcyclohexane. Studies in 1,1,1,3,3,3-hexafluoro-2-propanol reveal
complete ground state protonation of ellipticine thereby producing
transient of ellipticinium cation. However, in 2,2,2-trifluoroethanol,
where both neutral and cationic forms are present in the ground state,
sensitized triplet absorption spectrum resembles that of neutral

ellipticine only.
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7.1. Introduction

Ellipticine (5,11-dimethyl-6H-pyrido[4,3-b]carbazole), known to exhibit
antitumor and anti-HIV activity,' was discovered as a potent anti-cancer drug in
early sixties, but its use of this drug was limited.”* High cytotoxicity of ellipticine
made the molecule very interesting to the biomedical chemists in the initial years
of its discovery. Most of the research work involving ellipticine was about its
biological activity, sequence selectivity, metabolism, binding interactions etc.”™"
Difficulty arises in its in vivo use as the drug is almost insoluble in water. With
the help of modern drug delivery systems, the poorly soluble drug can be
transferred to the target site by help of polymer based nanoparticles, peptides,

. - 1,16-22
micelles and liposomes. ™

This kind of carriers not only enhanced the
therapeutic efficiency of this drugs but also circumvented the toxicity towards the
normal cells. Mode of pharmacological action of ellipticine is very complex
indicating several mechanisms involving DNA intercalation, inhibition of
Topoisomerase II, Inhibition of RNA polymerase I transcription etc.”?
Recently, the photophysical studies on this drug have attracted a great deal of
attention of many chemists. Photophysical and photodynamic properties of
ellipticine have not only been studied in aqueous and conventional organic

. ) 22,2526
solvents, the reverse micelles and bile salts are also used.” "

Ellipticine, which contains both proton donating and accepting sites,
exhibits very interesting fluorescence properties in different solvents. In neutral
aqueous medium, ellipticine exists in both neutral and cationic forms (pK, = 7.4)
and shows dual fluorescence. Chen and co-workers have reported photophysical

properties of ellipticine in different organic solvents of varying polarity.”” The
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authors have reported solvent dependent absorption and emission spectral
changes.”” Specific hydrogen bonding effect between ellipticine and alcoholic
solvents leads to more pronounced shift in emission maxima and longer
fluorescence lifetime compared to non-alcoholic solvents. It is also reported that
ellipticine exhibits a second fluorescence band in methanol.”> Even though the
dual fluorescence was attributed to two different forms of ellipticine, no attempt
was made either to identify the two forms or to clarify the existence of two forms
in ground or excited state. In Chapter 3, it is shown that the dual emission of
ellipticine in methanol is due to the solvent-assisted excited state intramolecular

proton transfer from the pyrrole nitrogen to the pyridine nitrogen.”’

Understanding the triplet state properties of ellipticine is also very crucial.
In a recent patent article ellipticine has been used as a photosensitizing agent in
photodynamic therapy (PDT).*** In generally accepted mechanism of PDT,
photosensitizing drugs are accumulated in the malignant cells and then irradiated
by light of appropriate wavelength and power. The photoexcited drug molecule
reaches its triplet state through intersystem crossing and produces highly reactive
singlet oxygen through triplet-triplet energy transfer (TET) process. This
extremely reactive singlet oxygen destroys the malignant cells. As the triplet state
of the photosensitizing drug is involved in the mode of action, a thorough
knowledge of the triplet state is absolutely essential. Though some reports provide

information on the singlet excited state of ellipticine,”"~°

studies involving the
triplet state of the molecule can hardly be found in the literature. Goérner et al.

have thrown some light on the triplet state of ellipticine by monitoring the
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quantum yield of singlet oxygen formation and this was the only literature found

regarding the triplet state of ellipticine.”’

In order to obtain details on the triplet state properties of ellipticine the
present study is undertaken in which the triplet state of the molecule is
characterized through both direct excitation and photosensitization processes. The
experiments have been carried out using nanosecond laser flash photolysis
technique and the studies are extended to solvents of different polarity. Different
photosensitizers have been employed to estimate the triplet state extinction
coefficient via triplet-triplet energy transfer process. Triplet quantum yield is
determined using relative actinometry method employing benzophenone as the
reference actinometer. The triplet state energy levels estimated through
phosphorescence studies at low temperature further support the triplet-triplet

energy transfer process

7.2. Transient Absorption Spectra
7.2.1. At Shorter Time Scale

In the shorter time scale, a negative signal was observed throughout the
transient absorption spectra (300-600 nm) of ellipticine irrespective of the solvent.
Representative transient absorption spectra in acetonitrile, recorded at different
times in the nanosecond time regime, are shown in Figure 7.1. It is evident that
the stimulated emission has major contribution towards the negative signal
compared to the ground state bleaching. Polarity and specific hydrogen bonding
ability of the solvent usually control the position of the emission band and the

same is manifested in the present case of stimulated emission of ellipticine. The
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fluorescence bleach recovery time obtained from the transient decay profile also

matches with the fluorescence decay time in the respective solvents.
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Figure 7.1. Transient absorption spectra of ellipticine in acetonitrile, recorded at t
=0 (1), 18 ns (ii), 30 ns (ii1) and 50 ns (iv) after 355 nm laser pulse excitation. The
inset shows the emission decay profile at 430 nm.

7.2.2. At Longer Time Scale

Transient absorption spectra at longer time scale of ellipticine mainly
consist of two bands in the 300-400 nm and 500-600 nm regions in solvents of
different polarity. The absorption decay profiles for two bands are quite similar,
having lifetime ~ 10-20 ps, depending upon the solvent. Representative transient
absorption spectra of ellipticine in methylcyclohexane, recorded at different
times, are shown in Figure 7.2, which indicates a maximum at < 300 nm. As the
polarity of the solvent increases, the triplet absorption maximum shifts towards

longer wavelength. In polar solvent such as acetonitrile, the red shifted transient
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absorption maximum is observed at 310 nm. The peak wavelengths observed in
other media are tabulated in Table 7.1. The intensity of the 300-400 nm band is
stronger compared to the 500-600 nm band. That both the transient bands are due
to triplet-triplet absorption of ellipticine is evident from the facts that (i) purging
of O, leads to the disappearance or a decrease of intensity of both the bands, (ii)
same lifetime of the transient species at both the regions and (iii) triplet

sensitization studies, which is discussed in the following sections.
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Figure 7.2. Transient absorption spectra of ellipticine in methylcyclohexane,

recorded at t = 1.5 ps (1), 6.3 ps (i1) and 14 ps (iii) after 355 nm laser pulse
excitation.
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Table 7.1. Triplet state parameters of ellipticine in different solvents.

Solvent ETN AZnax (nm) Tr ST(M‘1 cm™) (O
(us)

Methylcyclohexane  ~0.006 <300 10 0.9X 10’ 0.37

Acetonitrile 0.460 310 15 3.1X10° 0.26

Ethanol 0.654 317 21 47X 10° 0.15

TFE 0.898 340 40 0.1X 10’

HFP 1.068 520 3

7.3. Triplet Extinction Coefficient and Quantum Yield
7.3.1. Acetonitrile

Triplet quantum yield was determined by relative actinometry method that
required the knowledge of triplet extinction coefficient, which was determined by

a triplet-triplet energy transfer process where ellipticine served as the acceptor.

1.0

- Thoxanthone
— Ellipticine

Absorbance

Vet v T v T v T v T v T T v ]
300 320 340 360 380 400 420 440
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Figure 7.3. Absorption spectra of thioxanthone (1.2 X 10 M) and ellipticine (2.5
X 10 M) in acetonitrile.
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Thioxanthone was chosen as the donor for its high triplet energy (Et =
63.2 kcal/mol)* and the quenching of thioxanthone was assumed to be entirely
dominated by exothermic triplet-triplet energy transfer process. Triplet energy
transfer experiments were performed with solutions containing both energy donor
and acceptor in a proportion that ensured that maximum of incident light (355
nm) was absorbed by the donor. Figure 7.3. represents the absorption spectra of

thioxanthone and ellipticine used in triplet energy transfer process. The end of the
pulse absorbance change (A0D)R caused by thioxanthone triplet at 630 nm was

compared with the absorbance change (AOD), of the sample at 360 nm and the

triplet absorption decay of thioxanthone after addition of ellipticine was found to

match with the rise of ellipticine triplet at 360 nm (Figure 7.4).
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Figure 7.4. The triplet absorption decay profiles of (a) thioxanthone (1.2 X 107
M) monitored at 630 nm after addition of acceptor and (b) rise of ellipticine (2.5 X
10 M) monitored at 360 nm in acetonitrile after 355 nm laser pulse excitation.
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The &7 values were calculated using the following equation

£ — £ = ‘E‘TI3 (AOD)OO kobs
T ™ (A0D)R (kops — ko)

where £$ is the extinction coefficient of the thioxanthone triplet-triplet
absorption ( 8¥ =3x10*M' cm™ at 630 nm),** &g 1s the ground state extinction

coefficient of ellipticine (2.77 X 10° M cm™ at 360 nm)** and £, and k; are the
rate constants for the decay of thioxanthone triplet in the presence and absence of
ellipticine, respectively. The time-resolved absorption spectra of thioxanthone
after addition of ellipticine were recorded at different time scales. Figure 7.5
shows, a time-dependent decrease in intensity of the transient absorption of the
thioxanthone and a subsequent enhancement in intensity of the ellipticine
absorption in the 350-400 nm and 500-565 nm regions. The sensitized transient
absorption spectrum of ellipticne, which is presented in Figure 7.6, is found

1dentical to that obtained on direct excitation.
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Figure 7.5. The transient absorption spectra obtained by 355 nm laser photolysis
of thioxanthone (1.2 X 10™* M) in the presence of ellipticine (2.5 X 107> M) in
acetonitrile observed at t = 0 (i), 1.2 ps (ii), 2.8 ps (ii1), 3.5 ps (iv).

After determining the triplet extinction coefficient, the triplet quantum
yield (@) was determined by comparative actinometry method using
benzophenone as a standard (876 =6.2 X 10° M cm™ at 525 nm, CD}T2 =1).** Both
ellipticine and benzophenone were excited at the same wavelength (355 nm) at
which the absorbance values were maintained the same for both. The @ value
was calculated using the following equation

_ ®F(A0D)ef
T (40D)Ee;

The end of pulse absorbance change (A40D), due to the triplet of ellipticine at

AT 4 (310 nm) was compared with (4 0D)§ due to the benzophenone triplet at
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525 nm. The values obtained for triplet extinction coefficient and triplet quantum

yield of ellipticine in acetonitrile are tabulated in Table 7.1.
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Figure 7.6. Sensitized transient absorption spectrum of ellipticine in acetonitrile

obtained upon flash photolysis of thioxanthone in presence of ellipticine. The

spectrum was monitored 5 ps following the excitation at 355 nm. The inset shows

the decay profile at 310 nm.

7.3.2. Ethanol

Transient absorption spectrum of ellipticine in ethanol was found to be
very similar to that in acetonitrile. The absorption peak in ethanol is found to be
red-shifted by ~ 7 nm due to higher solvent polarity compared to acetonitrile as
well as the hydrogen bonding ability of the alcohol. The estimated values of the
molar extinction coefficient and triplet quantum yield in ethanol are tabulated in

Table 7.1.
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Figure 7.7. Phosphorescence spectra of ellipticine in (a) methylcyclohexane and
(b) ethanol at 77 K by excitation at 290 nm.

7.3.3. Methylcyclohexane

Interestingly, in a nonpolar solvent like methylcyclohexane, the absorption
due to thioxanthone sensitized triplet state of ellipticine could not be observed. No
quenching of thioxanthone triplet in the presence of ellipticine also clearly
suggests absence of energy transfer between the two species in
methylcyclohexane. To understand this surprising observation, we have estimated
the triplet state energies of ellipticine in different solvents from its low
temperature phosphorescence spectra. In polar media, the 0-0 transition peak of
the phosphorescence spectrum at liquid nitrogen temperature (77 K) provides a
triplet state energy of 60.7 kcal/mol for ellipticine. This value is ~ 3 kcal lower
than the triplet energy of thioxanthone. In methylcyclohexane glassy matrix at 77
K, the phosphorescence spectrum is found to be blue-shifted compared to polar
glassy matrix formed from ethanol (Figure 7.7.). The calculated triplet state

energy in methylcyclohexane (68.4 kcal/mol) is higher than the triplet state
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energy of thioxanthone (Et = 63.2 kcal/mol). Thus explains why energy transfer
from thioxanthone to ellipticine could not be observed in non-polar media. As
thioxanthone triplet is essentially lower than that of ellipticine in
methylcyclohexane (Figure 7.8.), we chose xanthone having a higher triplet state
energy in methylcyclohexane (Er = 74.1 kcal/mol)’® as triplet sensitizer of
ellipticine in this solvent. The triplet molar extinction coefficient calculated using

the already stated procedure by monitoring the end of the pulse absorbance

change (AOD)R due to xanthone triplet at 600 nm and with the absorbance

change (AOD), of the sample at 330 nm. The triplet-triplet absorption decay of
xanthone in the presence of ellipticine is found to match with the rise of ellipticine
triplet at 330 nm. The triplet quantum yield was calculated by relative actinometry

method and the value is tabulated in Table 7.1.

Tn
T
hv
SO —— SO et SO
Ellipticine Thioxanthone Ellipticine
(nonpolar) (polar/nonpolar) (polar

Figure 7.8. Schematic representation of the singlet and triplet state energies of
thioxanthone and ellipticine in nonpolar and polar solvents (not scaled).
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It is commonly believed that the molar extinction coefficients of the
triplet-triplet absorption are independent of solvent polarity.>> However, there are
some cases where this quantity is found to be dependent on the solvent polarity.
Our present study reveals that the extinction coefficients for the triplet-triplet
absorption of ellipticine are solvent dependent. The decrease in triplet quantum
yield in polar media suggests an increased rate of internal conversion processes in

those solvents.

7.3.4. 2,2,2-Trifluoroethanol

Although ellipticine is completely protonated in its ground state in
1,1,1,3,3,3-hexafluoro-2-propanol  (HFP), in less acidic solvent 2,22-
trifluoroethanol (TFE) it is not.”” The fluorescence excitation spectra monitored at
the low and high wavelength region of the fluorescence band of ellipticine in TFE

confirm the presence of two ground state species (Figure 7.9.).

0.24

o' 0 v v v v
300 350 400 450 500 550

Ex. Wavelength (nm)

Figure 7.9. Fluorescence excitation spectra of ellipticine in TFE. The monitoring
wavelengths were 470 nm (black) and 620 nm (red).
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The presence of two different species can also be ascertained by the study
of time-resolved fluorescence behavior. Fluorescence decay profile (Aexe = 405
nm) recorded at 470 nm, consisted of two lifetime components 1.8 ns (60.5 %)
and 7.5 ns (39.5 %), where as that recorded at 620 nm was best represented by a
single exponential function with lifetime of 7.5 ns. Considering the excitation
spectra, fluorescence decay profiles and related literature,” it is confirmed that in
TFE both neutral and protonated forms of ellipticine are present in the ground
state. The bleaching due to ground state absorption and stimulated emission are
observed in the early times in the transient absorption spectra. But no transient
absorption due to the triplet state could be observed in this solvent on direct
excitation. Triplet sensitization was attempted for determination of the triplet
extinction coefficient and to record the triplet sensitized spectra. Although both
thioxanthone and xanthone can serve as a triplet donor, the latter was employed in
this study.’? Despite the formation of xanthone ketyl radical by abstraction of
hydrogen atom from the solvent in this solvent, the triplet-triplet absorption due to
the donor molecule is found to be well-separated and can be monitored without

any difficulty.**
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Figure 7.10. The triplet-triplet absorption decay profile of (a) xanthone (2.3 X 10
4 M) monitored at 600 nm after addition of acceptor and (b) rise of ellipticine (2.5
X 10 M) monitored at 330 nm in TFE, after 355 nm laser pulse excitation.

Decay time at 600 nm for the triplet state of xanthone was found comparable with
the rise time (3 ps) of triplet state of ellipticine on addition of the latter (Figure
7.10.) and triplet extinction coefficient value is tabulated in Table 7.1. Triplet
state lifetime of ellipticine in this solvent, produced by sensitization, is longer
compared to other solvents. Sensitized time-resolved absorption spectra of
ellipticne in TFE, which are recorded at different time intervals (presented in
Figure. 7.11.) show a shift in the absorption maximum towards a longer
wavelength. Sensitized decay curves are well fitted to single exponential equation
and the two bands of the sensitized spectra possess same lifetimes. Although both
neutral and protonated form of ellipticne are present in the ground state, the
spectral position suggests that the triplet-triplet absorption in this solvent is due to

the neutral form of ellipticine. Absence of the triplet state of protonated form in
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sensitized spectra can be due to very low extinction coefficient of the triplet-
triplet absorption or low intersystem crossing rate in the protonated form of

ellipticine.
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Figure 7.11. Sensitized transient absorption spectrum of ellipticine in TFE

obtained upon flash photolysis of thioxanthone in presence of ellipticine. The

spectra were monitored at t = 9 ps (i), 15 us (i), 25 ps (iii), 35 ps (iv) following

the excitation at 355 nm.

7.3.5. 1,1,1,3,3,3-Hexafluoro-2-propanol

The transient absorption spectrum of ellipticine is also recorded in
1,1,1,3,3,3-Hexafluoro-2-propanol (HFP). It is stated in Chapter 3 that in this
solvent ellipticine is completely protonated in the ground state and hence, its
spectral behavior in singlet state is completely different from that in other polar
protic solvents.”” Transient absorption spectrum of ellipticine in HFP is also found
to be different. By direct excitation, no transient band around 300-400 nm and
500-600 nm could be observed in this solvent and instead, a new and very weak

band in the 460-600 nm region appeared. In Figure 7.12, the transient absorption
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showed maximum at 520 nm and the transient species is found to have a lifetime

of 3-4 us.

0.016 < (i)
0.012 < (IV)
Q: 0.008 <
(@)
<
0.004 -
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0.000 ~

460 480 500 520 540 560 580 600
Wavelength (nm)
Figure 7.12. The transient absorption spectra of ellipticine in HFP obtained upon
355 nm laser excitation. The spectra were monitored at t = 0 (i), 0.9 us (i), 2.7 ps
(111) and 4.8 ps (iv).

7.4. Conclusion

The triplet state of ellipticine is studied in different solvents using laser
flash photolysis technique by both direct excitation and triplet sensitization
process. Triplet state properties such as molar extinction coefficient of the triplet-
triplet absorption and triplet quantum yield are found to be sensitive to the media.
The energy of the triplet state is determined from the 0-0 transition in the
phosphorescence spectra (77 K) in both polar and nonpolar glassy matix. The
triplet state energy were found to vary by as much as 7.7 kcal/mol on changing
the solvent which explains the inefficiency of triplet-triplet energy transfer

between thioxanthone and ellipticine in nonpolar solvent, methylcyclohexane.
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Nearly 4-fold decrease in the triplet extinction coefficient and a noticeable
increment in the triplet quantum yield of ellipticine are observed on changing the
solvent from polar acetonitrile to nonpolar methylcyclohexane. The latter
indicated an enhancement of the internal conversion process in polar solvents. No
transient absorption could be observed in TFE, where both neutral and protonated
forms are present in the ground state, on direct excitation. Triplet sensitization by
xanthone however produces transient which resembles the triplet state of the
neutral form. On the other hand, in HFP, where ellipticine is completely
protonated in the ground state, transient absorption due to transition between the

triplet states of ellipticinium cation could be observed.
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Chapter 8

Concluding Remarks

This chapter summarizes the results of this thesis. The scope of further

studies based on the present findings has also been outlined.

8.1. Overview

The present thesis is devoted to the study of effect of hydrogen bond
donating and accepting ability of a solvent on the excited state proton transfer
kinetics, effect of pH on the protonation equilibrium and proton transfer kinetics
and characterization of the triplet states of molecular systems of interest. We have
chosen molecules with either m-deficient or both m-excessive and m-deficient
functional groups. Specifically, ellipticine, 4-aminophthalimide and 9-

phenylxanthenium tetrafluoroborate (PX+) have been studied.

While ellipticine and 4-aminophthalimide are obtained from commercial
sources, PX+ and N-butyl-4-aminophthalimide (N-BuAP) are synthesized and
purified for this study.

Photophysical studies have been carried out using UV-visible absorption,
steady state and time-resolved fluorescence and phosphorescence and laser flash
photolysis techniques. Theoretical calculations based on density functional
methods have also been performed in some cases for a better understanding of the

experimental results.
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The origin of dual fluorescence of ellipticine, observed in some alcoholic
solvents, is investigated in Chapter 3. Steady state and time-resolved fluorescence
studies provide a direct evidence of the excited state reaction of ellipticine.
Contrary to the earlier studies, which suggested the dual emission of ellipticine in
methanol to originate from the photoexcited normal and protonated forms of the
molecule, the latter produced as a result of proton transfer from the solvent, the
present results seem to indicate that the excited state reaction involves solvent
reorganization around ellipticine to form a “cyclic” solvated species followed by
rapid proton transfer (relay) along the chain. Thus two emission bands arise from
the normal and tautomeric forms of ellipticine. The measured rate constant of the
reaction represents the kinetics of the formation of “cyclic” complex, which is the
slowest of the two-step process. The ease of formation of the cyclic complex
involving two molecules of ethylene glycol compared to those requiring three
molecules of methanol explains why the excited state reaction is faster in ethylene
glycol compared to methanol even though the hydrogen bond donating ability of
the latter is better than the former. The time-resolved experiments also reveal the
existence of a second set of hydrogen bonded ellipticine molecules, which do not
contribute to the excited state proton transfer process. Theoretical calculations
based on density functional methods have also been carried out the results of

which support the experimental findings.

Spectral properties of ellipticine in aqueous solutions over a wide pH
range have been studied by steady state and time-resolved fluorescence
techniques in Chapter 4. In basic media, excited state protonation of ellipticine

thus producing ellipticinium cation is observed. Kinetics of the excited state
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process is investigated and excited state acidity constant (pKa*) is estimated from
the measured individual rate constants involved in the excited state proton transfer
process. The pK, value is also calculated by applying Férster cycle. However, the
value obtained by this method is found to be slightly higher than that obtained
from the kinetic method. The observation highlights the importance of the kinetic
method in the evaluation of the excited state behavior of the anti-cancer drug.
Weller method is also attempted for the calculation of pKa*. However, the
inflection point observed is only due to the variation of the concentration of the

species in the ground state.

The fluorescence behavior of 4-aminopthalimide (AP) and its imide-H
protected derivative (N-BuAP) has been reinvestigated in aqueous media in
Chapter 5. It is convincingly established in this study that solvent-mediated
excited state proton transfer reaction does not contribute to the fluorescence
behavior of AP and its derivatives. The time-dependent blue shift of the
fluorescence spectrum of AP in aqueous media, which is recently presented as
evidence in support of the water-mediated excited state keto-enol transformation
of the molecule, is shown to be simply because of the presence of two different
types of hydrogen bonded species of AP having distinctly different fluorescence
lifetimes in the aqueous media. The isotope effect on the fluorescence properties
of AP and its derivative is explained in terms of the difference of the influence of
two isotopes on the nonradiative rates of the systems. It is suggested that ground
state exchange of the amino hydrogen of the systems with the solvent may also

contribute to the isotope effect.
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Chapter 6 deals with laser flash photolysis studies on a highly fluorescent
and stable salt of 9-phenylxanthenium cation in neutral environment. A new
transient absorption band of this extensively studied system that most probably
remained buried under the fluorescence envelope and hitherto undetected is
identified and attributed to the triplet state of the system. The newly identified
triplet—triplet absorption band of 9-phenylxanthenium cation, which is insensitive
to oxygen and appears in the visible region, is well-separated from the absorption
bands of 9-phenylxanthenyl radical or 9-phenylxanthenol triplet and hence, the
observation opens up an opportunity for the study of the elusive triplet state of

this species.

Chapter 7 is focused on the characterization of the triplet excited state of
ellipticine in different solvents by using laser flash photolysis technique. The
various triplet state parameters (extinction coefficient and quantum yield) of the
molecule are estimated by triplet-triplet energy transfer and relative actinometry
technique. Interestingly, even though in polar aprotic solvent acetonitrile, the
triplet-triplet energy transfer from thioxanthone to ellipticine is observed, the
process 1s found to be inefficient in nonpolar methylcyclohexane. This
observation is attributed to the dependence of triplet state energy on the solvent
polarity, confirmed by low-temperature phosphorescence studies. Nearly 4-fold
decrease in the triplet extinction coefficient and a noticeable increase of the triplet
quantum yield of ellipticine are observed on changing the solvent from
acetonitrile to methylcyclohexane. In trifluoroethanol, where both neutral and
protonated forms of ellipticine are present in the ground state, no transient species

could observed on direct excitation. The use of a sensitizer (xanthone) however
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produces a transient species, which resembles the triplet state of the neutral form.
In hexafluoropropanol, the triplet-triplet absorption due to ellipticinium cation is

observed.

8.2. Future scope and challenges

Ellipticine, a plant alkaloid, is long known to scientists for its anti-cancer
activity by intercalating into DNA, inhibiting Topoisomerase II and as a
photosensitiser in photodynamic therapy (PDT). Photophysics of this potent
anticancer drug deserves detailed attention as the action of a PDT drug is heavily
dependent on its excited state properties. Considering the lack of such studies in
literature (the main focus so far has been mainly on the DNA and/or protein
binding interactions of the drug and biological activity), a detailed analysis of
excited state of ellipticine and the role of surrounding media in the regulation of
the excited state properties command immense attention. In this context we have
studied and understood the solvent mediated excited state proton transfer process
of ellipticine, which gives rise to dual fluorescence in some specific alcoholic
solvents. However, solvent mediated proton transfer in the presence of small
amounts of polar solvents in non-polar media still remains completely unexplored
and our work might serve as a template for such studies in the future. Study of
ellipticine in non-polar media with different amount of polar solvent is important
as biological environments consists of non-polar and polar (containing different
amounts of biological water) constituents which might affect the ground and

excited states of the drug.

Ellipticine contains both acidic and basic functional groups and it has a

ground state pK, of 7.4. Both neutral and cationic forms of the drug are present at
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biological pH of which the cationic form mainly intercalates into double-stranded
DNA. Though it is reported that the ground state protonation equilibrium of
ellipticine is shifted when it is bound to CT-DNA, the effect of binding on the
excited state equilibrium constant is yet to be explored. Our study on the excited
state protonation kinetics of ellipticine in aqueous media might help
understanding the fate of excited state protonation equilibrium when ellipticine is

bound to DNA and other biological entities.

PDT drugs usually damage DNA by generating highly reactive singlet
oxygen through energy transfer from its triplet state. Characterization of the triplet
state of a photosensitiser like ellipticine is thus very important from this point of
view. The triplet state properties of ellipticine such as triplet extinction coefficient
and triplet quantum yield explored by us are found to be sensitive to the
surrounding media. The fate of the triplet state of the drug in different biological
media, especially when intercalated into double-stranded DNA still remains to be
explored carefully and our results could serve well as a standard for such a
venture. Knowledge of the triplet state could be vital when undertaking such a

study and holds a lot of promise.

Ellipticine, like many other intercalating cancer drugs or dyes, may or may
not undergo photoinduced electron transfer with the DNA bases and this remains
largely unexplored. Interaction of anti-cancer drug ellipticine and DNA bases can

be studied using electrochemical and spectroscopic methods.

Although photophysics of 4-aminophthalimide (AP) has been studied

extensively in the past and in recent years, there are still some ambiguities
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regarding its behavior specifically in aqueous media. Additional studies on AP
and its derivatives in aqueous media and in mixed solvents are necessary for a

clear understanding of the excited state behavior of AP.

Our laser flash photolysis study on 9-phenylxanthenium cation reveals a
new transient absorption band due to triplet-triplet transition that perhaps
remained buried under the fluorescence envelope and left undetected. With this
finding, the triplet state properties and reactivity of this cationic species can be

reinvestigated.
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