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SYNOPSIS

It is well known that photoexcitation of a molecule generally induces changes in its electronic
and geometrical structures, which in turn lead to the changes in its interactions with the nearby
molecules and its environment. In many cases, the molecular interactions are greatly
augmented in the excited electronic state where the energy of excitation is used partly as the
driving force for the reaction dynamics, leading to various photophysical and photochemical
processes, which include electronic charge redistribution,'™ electron and proton transfer,'®
large amplitude intramolecular torsional motions,’ trans-cis isomerization,™” intramolecular

vibrational redistribution, intermolecular vibrational relaxation (vibrational cooling),'™"

12,13 1,2,14-16

internal conversion, solvation, etc. Ultrafast photoinduced intramolecular
conformational changes are omnipresent in chemistry and biology. Extremely high reaction
rates for such processes often faster than 10'* s™, arise mainly because the potential energy
curve in the excited state, as a function of reaction coordinate, lacks an activation barrier. Such
processes often constitute the nonradiative deactivation pathways for the excited state of the
molecule leading to its very low emission quantum yield. These large amplitudes motion are
strongly affected by the viscosity of the surrounding medium and thereby making such
molecules as the potential probes to act as the viscosity sensors for various environments
ranging from homogeneous to micro-heterogeneous media including biological systems.
Control of these large amplitude intramolecular movements is a prerequisite for the
development of the devices that would function through the motions at the molecular level.
Thioflavin-T (ThT), a benzothiazole based cationic dye, is one such molecule which is
understood to have an ultrafast intramolecular relaxation process in its excited state mediated
through large amplitude torsional motion. ThT is used as an extrinsic fluorescence sensor to
monitor and estimate the formation of amyloid fibril, a filamentous form of protein responsible

for several neurodegenerative diseases, like Alzheimer’s and Perkinson’s diseases.'” >’

XV



Although ThT in water is very weakly fluorescent,”' it shows a remarkable enhancement in

emission yield on its association with amyloid fibrils.'”

ThT is known to be very specific in
its binding with amyloid form of the proteins with no significant interaction with other forms,
namely, the folded or partially folded monomeric proteins.”? Detailed studies in several

1,'** polymer,” glass matrix,** etc., clearly

confined environments, like in amyloid fibri
indicate that the high local viscosity of the microenvironment around the dye is directly related
to the observed fluorescence enhancement of ThT dye in these systems. However,
understanding the basic molecular aspect of the process that is involved in the observed
fluorescence enhancement of ThT in the above microenvironments has still remained elusive.
Considering the molecular structure of ThT, it is hypothesized that in bulk water, due to the
low viscosity of the medium, an intramolecular bond twisting process possibly takes place in
the excited state of the molecule. This bond twisting process effectively introduces a very fast
non-radiative decay channel for the excited ThT molecule resulting its extremely low
fluorescence yield. In contrast, in a highly viscous medium, like in amyloid fibril, the above
bond twisting process in the excited dye is significantly retarded, reducing its non-radiative
decay channel. Accordingly there is a remarkable increase in the emission yield of ThT in a
highly viscous medium and hence its fluorescence sensor ability in amyloid fibrils. In the
present thesis a detailed study on the ultrafast fluorescence decay dynamics of the amyloid
sensing dye, Thioflavin-T and two of its tailor made derivatives has been carried out in
different solvents of varying viscosity to understand the basic molecular aspect responsible for
the fluorescence sensing activity of ThT and to understand the different relaxation pathways of
the excited ThT molecule.

Last two decades have witnessed the increasing significance of various organized

assemblies on biological and photophysical processes. Reactants embeded in molecular

assemblies like micelles, reverse micelles, cyclodextrins, vesicles, etc., achieve a greater

Xvi



degree of organization compared to their geometries in homogeneous solution and can mimic
many reactions in biosystems. They can also have potential applications in nanoparticle
synthesis, pharmaceuticals and many other uses. The local viscosity/rigidity within the
organized assemblies are appreciably different from that in the bulk liquid medium and as a
result, these systems can alter the photoprocess of the entrapped molecule quite drastically. In
the bulk state, water molecules form an extended intermolecular hydrogen-bonding network,
which is highly dynamic in nature in terms of both bond lengths and H-bond partners, and
accordingly this network structure fluctuations on picosecond to subpicosecond time

25,26
scales.”™

Because of the existence of this network, water is expected to be uniquely sensitive
to the presence of a surface or its confinement in a nanostructure. Much of the importance of
confined water comes about as many chemical and biochemical reactions do take place under
similar situation. Thus, it is important to understand how the observed slower solvent
relaxation dynamics in water nanodroplets influence the rate of various chemical reactions.
Further, understanding the ultrafast dynamics of the photoexcited ThT molecule under
different restricted microenvironments is very essential to understand the underlying molecular
aspects responsible for the enhancement of the fluorescence emission yield of ThT in amyloid
fibril. With this perspective, effect of the nanoconfined water in both anionic and cationic
reverse micelles on the ultrafast torsional dynamics of the photoexcited ThT molecules has
been investigated in detail. Extending this study further, the effect of bio-mimetic
supramolecular encapsulation of ThT into B-cyclodextrin cavity on the excited state relaxation
dynamics of the dye has also been investigated to understand the consequence of restricted
environment on the fluorescence enhancement of the dye.

The dynamic response of the solvent molecules to the photoinduced changes in the
charge distribution of the chromophoric solute molecule is of great research interest in

photochemical sciences. Unlike electronic response, the dynamic response of the solvent
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molecules is not instantaneous. The finite time required for the changes in solvent environment
towards an electronic perturbation is crucial in determining the dynamics of the excited-state
relaxation of the chromophoric dyes. The processes involved in such cases are quite complex
in general and their propensity and manifestation are controlled by both intra- and
intermolecular interactions of the dye and solvent environment. Wide varieties of fluorescence
probes have been used to understand the solvent relaxation dynamics following dynamic
stokes’ shift measurements and consequently to understand the nature of the local
microenvironments. A judicious choice of a fluorescent probe for such solvent relaxation
studies largely depends on the nature of the microenvironment under investigation. A major
bottleneck in studying solvent relaxation dynamics with large probe molecules is the
interference of several intramolecular processes in the excited probe that takes place in the
similar time scale of the solvent relaxation dynamics. The competing intramolecular processes
in the probe molecules that can significantly interfere the dynamic stokes’ shift measurement
for solvent relaxation studies are the twisting of the functional groups around a bond, cis-trans
isomerization, conformational change etc. Such an interference poses a tremendous challenge
to the experimentalists in distinguishing various contributions of the different types of the
relaxation processes in the observed results. In order to understand the actual dynamics of the
solvent relaxation process, it is thus very essential to separate out the contribution of the
interfering intramolecular processes in the probe from the solvent relaxation process. In the
present thesis a methodology has been devised to quantitatively distinguish and separate out
the effect of such a competing intramolecular process from the solvent relaxation process. The
methodology has been demonstrated using three coumarin derivatives, namely coumarin-153
(C153), coumarin-481 (C481) and coumarin-152 (C152) in acetonitrile solution.

Dynamic Stokes’ shift measurements for solvent relaxation study have been applied very

extensively to understand the structure and dynamics of different chemical and biological
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systems. For example, this method has been used to understand the nature of water molecules
in different micro-heterogeneous media, like micelles,”” reverse micelles, vesicles,”® DNA,”
protein,*® pluronic- surfactant mixtures,’' etc. In the present thesis our major focus is to explore
the pluronic-surfactant supramolecular assemblies using solvent relaxation dynamics as the
tool. Pluronics are an important class of tri-block copolymers made up of poly ethyleneoxide
(EO) and poly propyleneoxide (PO) blocks with general molecular formula (EO),-(PO)p-
(EO),. These water soluble tri-block copolymers have attracted considerable attention in last

two decades partly because of their complex behavior in solution®>*

and partly because of
their wide range of industrial applications, as detergent, lubricant and emulsifier.”>”® The
unique behavior of the pluronics in aqueous solution and their low toxicity have made these

3738 In several industrial

polymers highly useful in many pharmaceutical formulations.
applications, pluronics are often used in combination with other low molecular weight ionic
surfactants.”” This feature has prompted experimental studies on the solution behavior of these
mixed copolymer-surfactant systems.*’ Presence of two different classes of surfactants results
in the formation of complex microheterogeneous systems whose properties and solution
behavior are essential to be known to use them in a practical formulation. It is reported that
some pluronic micelles form unique supramolecular assemblies in the presence of an ionic
surfactant, for example, sodium dodecyl sulphate (SDS).**** In these supramolecular
assemblies, it is understood that the hydrophobic chains of the SDS surfactant molecules are
dissolved in the core of the pluronic micelles and the charged head groups of the SDS
surfactants are resided at the peripheral region of the core projecting into the hydrated corona
region of the micelles.* Because of this unique structure of these assemblies, a charged layer is
formed inside these mixed micelles. Accordingly, any solute having a charge opposite to that

of the charged layer inside these supramolecular assemblies, can experience an electrostatic

attraction towards the core-corona interface of the micelles. Such systems can thus provide a
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wide range of microenvironments for the dissolved solutes. Because of the availability of wide
range of microenvironments in these micelles, the solutes may also have quite different
physical and chemical properties depending on their locations in the micelle. Thus, by
changing the position of a solute in these micelles, it is possible to modulate the physical as
well as the chemical properties of the solute in these microheterogeneous systems. In the
present work we have studied the effect of ionic surfactant on the localization site of a
solubilized molecule in a polymer-surfactant supramolecular assembly. Our aim is to see if the
location of the solute in the micelle can be changed by changing the polymer-surfactant
composition of the supramolecular systems. Additionally, we also investigate how the
photophysical properties of the solubilized dye and the structure of water molecules around the
dye in the micelle change with a change in the dye location in the supramolecular system,
investigated using solvent relaxation dynamics as tool.

The results obtained for different systems investigated in the present research program
have been presented and discussed in this thesis, to be submitted to the Homi Bhabha National
Institute for the Ph.D. degree. For convenience of presentation, different aspects of the present
work have been discussed in a systematic manner in seven different chapters of the thesis. The

contents of the different chapters in the present thesis are briefly given below.
Chapter 1: This chapter of the thesis presents the basic aspects of photophysical and

photochemical processes involving excited chromophoric molecules, with special emphasis to
the photoinduced barrierless processes and solvent relaxation dynamics. This chapter also
describes the general aspects of reverse micelles and cyclodextrins used as the confined
medium in the present study. A detailed discussion on the aggregation behavior of the
PEO—-PPO—-PEO type tri-block copolymer systems in aqueous solution is presented. The

systems that have been chosen for the investigation in the present study are described in detail.
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Brief note on the objective and motivation of the present work has also been discussed in this

introductory chapter.

Chapter 2: Different instrumental techniques used in the present study to carry out different

photophysical and photochemical measurements have been described briefly in this chapter.
Working principle of the time-correlated single photon counting (TCSPC) spectrometer and
fluorescence upconversion technique has been discussed in this chapter with some greater
detail, as these techniques of time-resolved fluorescence measurements are quite involved.
Basic principles of the other instrumental techniques used in the present study, e.g. absorption
spectrophotometry, steady-state spectrofluorimetry, cyclic voltammetry, etc. have also been
described briefly in this chapter. Chemical systems and their purification is also discussed in

the chapter.

Chapter 3: This chapter presents the detail photophysical studies of two newly synthesized

tailor made ThT derivatives. From the experimental results it is inferred that in these molecules
intramolecular twisting of the groups around the C-N single bond is not responsible for their
fluorescence sensing activity. This is also inferred to be true for their homologue, ThT,
extensively used as the fluorescence sensing probe for amyloid fibrils. In all these molecules
the twisting around the central C-C single bond between the benzothiazole and the anilino
moieties appears to be mainly responsible for the observed fluorescence sensing activity of this
class of molecules. Detail viscosity dependent studies show that the ThT derivative Ib (cf.
scheme 3.1) with a julolidine substituent acts as a better sensor than the derivative la and ThT
having free dialkyl amino substituent.(cf. Scheme 3.1). The better sensing activity of Ib as
compared to Ia, is found to be due to the faster non-radiative decay rate for its excited state as
compared to that of the latter. The faster non-radiative process in Ib is also supported by the

results from quantum chemical calculations. For the first time we show from experimental
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results that the bond twisting process in ThT takes place in the sub-picosecond time scale (570
fs in water). It is confirmed from the present study that the bond twisting in the excited states
of these dyes actually takes place around the central C-C single bond, and not around the C-N
single bond, and this process of bond twisting is barrierless in nature. Another important
finding from the present study is that the twisted intramolecular charge transfer (TICT) state of
ThT and its derivatives is weakly emissive in nature. Wavelength dependent decay kinetics
have been observed for ThT in all the solvents studied. From the detailed studies of the time-
resolved emission data it is inferred that the observed dynamic Stokes’ shift and the increase in
the spectral width with time for these system are due to the formation of the TICT state from
the LE state of ThT molecule. Presence of any effect of solvent relaxation process on the
observed ultrafast fluorescence dynamics has been neglected on the basis of the large reduction
in the integrated emission intensity within the experimental time window of just few
picosecond. The effect of viscosity on the LE to TICT conversion has been explored in detail.
It is seen that the increase in the viscosity of the medium slows down the LE to TICT
conversion, as manifested by the slower rate of increase in the spectral width or slower rate of
decrease in the dynamic Stokes’ shift on increasing the solvent viscosity. The fundamental
informations obtained from the present study on the bond twisting dynamics of ThT and its
derivatives are very useful to understand their fluorescence sensor activity in different
restricted media. It is expected that the information obtained in the present study will help in

the development of better fluorescence sensors based on ThT chromophore.
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Scheme 3.1. Molecular structure of Thioflavin-T and its derivatives

Chapter 4: This chapter presents the results from the studies on the photophysical properties

and the torsional relaxation dynamics of ThT in the nanoconfined water pools of anionic
(sodium 1,4-bis(2-ethylhexyl) sulfosuccinate ; AOT) and cationic (benzyl-hexadecyl-dimethyl
ammonium chloride ; BHDC) reverse micelles (RM). It is demonstrated that due to
confinement, the torsional dynamics in the excited state of ThT becomes very sluggish. Due to
this sluggish torsional motion, fluorescence enhancements of about 250 times have been
observed in the anionic AOT/heptane/water reverse micelle at wo = 1 in comparison to that in
bulk water. With an increase in the water pool size of the RMs, however, both fluorescence
quantum yield and lifetime are seen to decrease non-monotonically. Such a decrease in the
fluorescence quantum yield and lifetime has been attributed to the faster torsional motion in the
larger water pools of the AOT reverse micelles. It is seen that the torsional motion remains
restricted even in a very large water pool of the RMs. This result has been explained on the
basis of the combined effect of the electrostatic interaction between the positively charged
probe (ThT) and the negatively charged surfactant (AOT) head groups and the sluggish
movement of water inside the RMs even if the water pool size of the RM is significantly large.
High sensitivity of the fluorescence quantum yield and lifetime on the viscosity of the
microenvironment in the RMs has been observed and can be useful to design an efficient

molecular rotor based on ThT dye to monitor microviscosity.
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Scheme 4.1. Molecular structure of the chemicals
In cationic reverse micelle (BHDC/benzene/water), surprisingly it has been observed that the
ThT is bound to the cationic interface even though large electrostatic repulsion was expected in
the present case owing to the presence of positive charge on both the probe and the surfactant
head group. The electrostatic interaction, which is normally expected to be much stronger than
the other interactions like, hydrophobic interaction, m-m interaction, cation-m interaction etc. is
understood to be largely minimized possibly due to the confinement of the large amount of
charged counterions of the surfactant in a small confined volume of RMs. This result can have
a far reaching implication in chemical and biological systems. From a conceptual and
fundamental perspective, the results obtained here may herald various interesting applications.
For instance, positively charged carriers for drugs are emerging as a promising option for
pharmaceutical used owing to their very strong cellular interaction properties and good cellular

uptake. +

Therfore, one can foresee the design of a drug delivery system based on
unconventional combination of a positively charged carrier (RM based) and a cationic drug
with improved drug compatibility and drug stability. In fact, present results become even more
appealing as Thioflavin-T itself is used as a model drug molecule in various studies.** Further,

reverse micellar systems also hold strong promises as the nano-reactors for carrying out

chemical reactions, nanosynthesis and catalysis, by exploiting its interfacial properties. So one
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can imagine of the feasibility and/or improved efficiency of a chemical reaction between two
similarly charged solutes at a charged interface (cationic in this case) owing to their
localization and increased local concentration at the interface which is generally not

contemplated.
Chapter 5: This chapter describes the excited-state torsional relaxation dynamics of ThT in

B-CD nanocavity. ThT forms 1:1 inclusion complex with B-CD and such inclusion complex
formation affects the torsional relaxation process of the excited ThT dye, leading to an
enhancement of its fluorescence intensity. The longer average lifetime of ThT in the presence
of B-CD also confirms the inclusion complex formation. TRES analysis indicates the presence
of dynamic stokes’ shift as well as changes in the spectral shape with time. TRANES analysis
shows the appearance of an iso-emissive point, suggesting the formation of an emissive TICT
state. The decay of the peak frequency, growth in the width of the emission spectra and the
decrease in the area under the emission spectra were found to be slower in the presence of f3-
CD compared to that of the bulk water. These substantiate the effect of confinement of B-CD
cavity on the ultrafast bond-twisting dynamics of the amyloid fibril sensing dye ThT. Present
results shine light on the behavior of the potential biological probe molecule ThT in the
confined environment in very short time scale and can be relevant to the behavior of many

similar molecules in chemical and biological nanocavity.

OH H
0
0
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Scheme 5.1. Molecular structure of the chemicals
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Chapter 6: This chapter describes a case study when an intramolecular relaxation process

takes place in a timescale similar to that of the solvent relaxation process. Under these
circumstances, the dynamic Stokes’ shift of the probe can be modulated by the combined effect
of these two relaxation processes. The results obtained here indicate that the intramolecular
bond twisting process largely interfere with the dynamic Stokes’ shift for coumarin-481
(C481) and coumarin-152 (C152), causing the observed solvent relaxation dynamics
apparently faster, which is not the case of coumarin-153 (C153) dye. Following the procedure
of time dependent changes in the integrated intensity of the time resolved emission spectra and
using Einstein’s theory of radiative decay rate, we are able to separate out the dynamics of the
bond twisting process from the solvent relaxation process. This procedure can be applied to
differentiate and quantitatively estimate the rate of an intramolecular relaxation process that is

otherwise hidden or mingled up with the solvent relaxation process.

¢Hs CoHs
N O 0] N o) e)
N o o HSC/ C2H5/
Z / F
ci53 CF3 cis2  CFs cagr  CFs

Scheme 6.1: Molecular Structure of the dyes

Chapter 7: This chapter presents the results on the modulation in the location of an anionic

solute (Coumarin-343; C343) in a polymer-surfactant supramolecular assembly. It is
demonstrated from the present study that the position of the anionic probe in the pluronic
micellar phase can be changed by adding a positively charged co-surfactant cetyl trimethyl
ammonium chloride (CTAC) or cetyl trimethyl ammonium bromide (CTAB). It is indicated

from small angle neutron scattering (SANS) studies that the addition of ionic surfactant to the
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pluronic micellar solution results in the formation of unique supramolecular assemblies where
the hydrocarbon chain of the surfactant molecules reside in the core of the pluronic micelle and
the ionic head group of the surfactant resides at the core-corona interface. The positively
charged layer thus formed in the CTAC-pluronic and CTAB-pluronic mixed micelles pulls the
anionic probe from the micellar surface to their interior. Because of the availability of wide
range of microenvironments in these micelles, the solutes can display quite different physical
and chemical properties depending on its location in the micelle. Thus, by changing the
position of a solute in these micelles, it is possible to modulate the physical as well as the
chemical properties of the solute in these microheterogeneous systems. Molecular structures of

the pluronics, cationic surfactants and the probe dye are shown in scheme 7.1.

HO(-CH»-CH-0-)0(-CHMe-CH -0-)70(-CH»-CH,-0-)0H

P123
HO(-CH5-CH5-0-)103(-CHMe-CH»-0O-)39(-CH5-CH»-O-) 1 o3H

F88
HO(-CHy-CHa-0-)37(-CHMe-CHy-0-)sg(-CHy-CHa-0-)57H

P105

N o.__oO
CH3-(CH2)15-N*(CH3z)3Br  CH3-(CH;)15-N*(CH3)sCl” ZNcoo
CTAB CTAC C343 anion

Scheme 7.1.: Molecular structures of chemicals used in the present study

In one of the present systems, the probe migration has been shown to tune the redox potential
of the solute by changing the composition of the supramolecular assembly. As the chemical
reactivity of the solute largely depends on the redox potential, it can be controlled usefully by
suitable selection of the composition of these supramolecular nanoreactors. Schematic
presentation of the probe migration in a pluronic-surfactant supramolecular assembly is shown

in scheme 7.2.
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Scheme 7.2. Schematic representation of the changes in the location of an anionic solute with the

addition of a cationic co-surfactant in a neutral pluronic micelle.

Present study further indicates that the effectiveness of a surfactant molecule to move a
dissolved solute molecule from the surface to the interior of the micelle is largely determined
by the thickness of the corona region, which in turn depends on the EO block size of the block
polymer used. It can be inferred from the present study, that by a proper selection of the
polymer and the ionic surfactant, a suitably charged solute can be placed at different locations
inside the mixed micelles, simply by changing the concentration of the added ionic co-
surfactant. From the studies with different pluronics it is indicated that the concentration of the
ionic surfactant required to drag an oppositely charged probe molecule into the interior of the
micelles is linearly correlated with the thickness of the corona region of the micelle used. By
controlling the position of the solute in the micellar system, it is thus possible to tune the
physical as well as chemical properties of the solute, which may have several applications,

especially in the chemical synthesis and controlled drug release systems.
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0.4. Absorbances at the lowest pH used for the three systems were normalized to unity for
comparison
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Variation in the (A) average solvation time and (B) percentage Stokes’ shifts observed with the
CTAC/P123 molar ratio
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(A) Fluorescence anisotropy decay, r(t), for C343 in water (O) and in P123 micelle at different
CTAC/P123 molar ratio: (A) 0.0 and (O) 0.34. (B) Variation of the average rotational
relaxation time, <t.>, for C343 in P123 micelle with varying CTAC/P123 molar ratio. Solid
line is the best fitted smooth curve among the data points
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SANS data of the F88 solutions with different CTAB/F88 molar ratio 0.0 (o) and 0.5 (O). The
solid lines are fit to the data using a mixed micellar model as discussed in text
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different CTAB/F88 molar ratio: (O) 0.0, (A) 0.1 and (o) 0.3. (B) Variation of the average
reorientation time for C343 dye in F88 micellar solution with the CTAB/F88 molar ratio
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(A) Time-resolved emission spectra (TRES) and (B) time-resolved area normalized emission

spectra (TRANES) of C343 in F88 micellar solution at different time (0.1 ns to 2 ns)
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(A) Time-resolved emission spectra (TRES) and (B) time-resolved area normalized emission
spectra (TRANES) of C343 in F88 micellar solution at CTAC/F88 molar ratio of 0.5 at
different time (0.1 ns to 2 ns)
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(A) Fluorescence anisotropy decay for C343 dye in water (o) and in P105 micellar solution at
different CTAB/P105 molar ratio: (A) 0.0 and ([J) 0.25. (B) Variation of the average
reorientation time for C343 dye in P105 micellar solution with the CTAB/P105 molar ratio
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Chapter 1

Introduction

1.1.General Introduction: Photoinduced Processes

Study of chemistry encompasses the investigations of three major aspects i) synthesis ii)
structure and iii) dynamics of chemical reactions. The major goal in the study of chemical
dynamics is to develop an understanding of the elementary steps involved in a chemical
reaction at a molecular level. An elementary process can be unimolecular if only one reactant
molecule is involved or bimolecular if two reactant molecules participate in the reaction. Study
of chemical dynamics is also to formulate the concepts governing the dynamics of the
formation and dissociation of chemical bonds.

Interaction of electromagnetic radiation with molecules is often the method of choice to
initiate and study the fast elementary processes. Photochemistry is concerned with reactions,
which are initiated by active electronically excited molecules produced by the absorption of
suitable radiation in the visible and near ultraviolet region of the electromagnetic spectrum.
Absorption of photon makes some of the reactions to take place that are not feasible in dark
because the energy acquired in the photoexcitation process favorably adds to the overall energy
changes of the reaction. The situation is schematically shown in Fig.1.1. In case (a) of Fig. 1.1,
the situation represents a kinetically slow exergonic dark reaction, but photo-excitation of any
one of the reactant enables to overcome the activation barrier easily such that the reaction takes

place with faster rate. Case (b) in Fig.1.1 corresponds to a reaction that cannot take place in
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dark because of thermodynamic reason but light absorption makes the reaction

thermodynamically feasible.

%k *
A + B__ A + B —_—
\ Product
hvabs hVabs AG 0
A+B _T/\ \| A+B -
0
AG Product
(a) (b)

Figure 1.1. Schematic representation of the two possible energetic situations for photoinduced reaction
involving the excited state reactant.

The absorption of electromagnetic radiation (time scale ~10"° sec) results in the
excitation of an electron from a lower to a higher quantum state of the absorbing molecule. UV
& VIS light absorption results in the excitation to the higher electronic state. After the
excitation to a higher electronic state, a large solute molecule in solution can undergo various
competitive relaxation processes. Schematic diagram of the possible molecular relaxation
pathways in the excited molecules include internal conversion (IC), intersystem crossing (ISC),
intramolecular vibrational relaxation (IVR), vibrational relaxation to thermalize with the bath
(VR), radiative and nonradiative decay, solvent reorganization, bond reorganization, bond
breaking, bond formation, proton/electron/energy transfer, etc. The schematic representations
of the intramolecular relaxation pathways following excitation of the molecules are shown in
Figure 1.2, which are commonly known as the Jablonsky diagram. Different relaxation
processes take place in a wide range of time scales, e.g. few femtoseconds to milliseconds.
These fundamental time scales are dictated by the rapidity of the nuclear or electronic
rearrangements in the transition state. To understand the details of different fast elementary

processes, it is necessary to monitor the short lived species formed after the light absorption.



With the advent of ultrafast laser technology it has become possible to study reaction dynamics
with a sub-picosecond time resolution. Because of such time resolution, ultrafast processes can
now be monitored in real-time. However, as laser pulses continue to shorten in time, the
definition of ultrafast processes also evolves consequently. Several decades ago, when
measurement using nanosecond light pulses were considered as the state of the art technique,
ultrafast processes were defined as those occurring on that timescale. Today, most researchers
would consider femtosecond, or atleast sub-picosecond processes as the ultrafast processes.
One can imagine that the definition of ultrafast process is still to be refined further in the
coming years. In relation to the present thesis, we would assign the term ultrafast to those
processes that are required to be monitored by utilizing light pulses shorter than 100 ps.
Ultrafast lasers have dramatically improved our ability to measure the motions of molecules
that occur in unusually faster time scales. Thus, the timescales of molecular vibrations and
rotations for small molecules lie in the femtosecond to picosecond regime and the direct

measure of these dynamics is possible only through ultrafast laser spectroscopy techniques.

Abs

So

Figure 1.2. The Jablonsky diagram, showing different photophysical processes undergone by an
electronically excited molecule. Straight arrows and wavy arrows represent the radiative and non-
radiative processes, respectively. Abbreviations are: Abs-Absorption; IC-Internal Conversion; ISC-
Intersystem Crossing; RISC-Reverse ISC; VR-Vibrational Relaxation; FIl-Fluorescence; Ph-
Phosphoresence; S;-ith singlet state and T;-ith the triplet state.



In this thesis we focus on the dynamics of first order photoinduced reactions in solution in
which intramolecular configurational changes and solvent relaxation dynamics are of central
interest. In the following we give a brief overview of the ultrafast intramolecular relaxation
processes (which includes intramolecular configurational change) and solvent relaxation
dynamics investigated following photoexcitation of suitable organic chromophoric molecules.
1.2 Intramolecular Configurational Changes in the Excited State

The traditional picture of a chemical reaction is that of a passage of the reactant over a high
activation barrier to form the product. This picture of an elementary chemical reaction has
played a key role in our understanding of many physical, chemical, and biological processes.'
However, it has become increasingly clear in recent years that there are many chemically and
biologically important chemical reactions that proceed without the intervention of a high
activation barrier along the reaction coordinate leading to the formation of the products.>
These barrierless chemical reactions also show rich and diverse dynamical behavior. Since
barrierless chemical reactions are usually very fast (with time constants often in the picosecond
range), detailed study of these processes required the development of ultrafast laser
spectroscopy. Over the last few years it has become clear that there exist a rather large number
of organic dye molecules whose photophysics in solution follow barrierless dynamics.”" In
these molecules electronic excitation leads to intramolecular configurational changes due to
large amplitude torsional motions of the functional groups. For some of these molecular
systems, the synthesized structure may be tailored in such a manner that the functional groups
are “bridged” or bonded, and torsional or twisting motions of the functional groups become
impaired.'® Thus the influence of bridging on the dynamics of the twisting process can be
selectively investigated. Also, the solvent has great influence on the rate of the intramolecular
configurational changes. Now “collisional” friction (rather than “dielectric” friction as in
solvation) largely affects the isomerization or twisting dynamics.'® The topic of functional

group twisting has long been related to intramolecular charge transfer, hence the concept of a
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twisted intramolecular charge transfer (TICT) state.'"?

For many systems, the TICT
phenomenon has been studied in great detail,” however, relatively few ultrafast studies
concerning TICT states have been reported, in part because TICT molecules are weakly
fluorescent or nonfluorescent.”’ Barrierless reactions are not limited only to twisting in the
electronic excited state of dye molecules. Many activationless processes are found in the
photoassisted isomerization. Isomerizations of stilbene and diphenylbutadiene in alcohol
solvents are known to follow barrierless reaction pathways.”> Barrierless reactions are
generally characterized by high reaction rates, exhibit a temperature dependence distinctly
different from that of high barrier reactions, and are often strongly coupled to solvent viscosity.
Actually, viscosity dependence has been often used to characterize the reaction mechanism of
these reactions because in the absence of a barrier, solvent friction is the only impediment to
the reaction.”” Another important feature is that these reactions may depend on the initial
conditions so that the wavelength of the excitation light may also play an important role in
controlling the relaxation dynamics. Recent experimental and theoretical studies of electron
transfer reactions have indicated that many intramolecular electron transfer reactions occur
through activationless processes and are similar in many respects to the better known

2425 . . .
“> Barrierless reactions also seem to be common in

barrierless photochemical reactions.
biological processes. Agmon and Hopfield*® have modeled the binding dynamics of CO to
heme in myoglobin as a barrierless process. In nature, chromophores fulfill an important role in
initiating signal transduction in a photoreceptor. After light absorption, the chromophore
frequently undergoes ultrafast intramolecular conformational changes, for example, trans-cis
isomerization, so the interaction of the chromophore with the protein environment is altered.
At a later stage, this leads to the appearance of the signaling state and eventually the biological

response. These phenomena have been extensively studied for rhodopsins,”’?

bacteriorhodopsins,*® and phytochromes.*'*
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Reaction Coordinate

Figure 1.3. Schematic presentation of a barrierless process

1.3. Dynamic Stokes* shifts and Solvent Relaxation Dynamics

Dynamics of many chemical reactions in solution are strongly influenced by the dynamics of
the solvents surrounding the reacting species. Studies of solvent relaxation processes are thus
very important to gather a detailed understanding of the reaction dynamics in solution,
especially the processes like electron transfer, charge transfer, proton transfer, conformational
relaxation, etc. Besides other methods the time-dependent fluorescence Stokes’ shifts
measurements have been used extensively to understand solvent relaxation dynamics in large
number of systems.”™* On photoexcitation, the dipole moment of the probe molecule
increases instantaneously. The polarisation of the surrounding solvent molecules responds to
this dipole change in the solute and starts to reorganize around the new dipole. Therefore, the
energy relaxation process, caused by the solvent reorganisation, shifts the fluorescence
spectrum to longer wavelengths with time. The idea of solvent relaxation process has been
conceptually illustrated in Figure 1.4. In the theoretical treatment of the solvent molecular

relaxation by van der Zwan and Hynes,* it is assumed that the solute molecule in the excited
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state is not polarizable (pe is constant during solvation) and that excited state reactions do not
occur. In this approach it is thus assumed that the linear response theory applies for the

solute/solvent systems.*’

Solvent Relaxation
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Figure 1.4. Dynamic fluorescence Stokes’ shift caused by solvent relaxation process following
photoexcitation of the fluorescent probe.

The reaction coordinate for the solvation process is considered to be represented by a so-called
generalized solvation coordinate. In the case of a polar solvent the reaction coordinate is a

measure for the nuclear solvent polarization that can be considered to be in equilibrium with an



effective dipole moment p(z) of the solute molecule. Normalization leads to the relative

coordinate x(#), given as,

x(t) = u) —pe
He — Mg

where p, amd pe represent the ground and the excited state dipole moment.

(1.1)

The relaxation of the excited state population is usually studied by monitoring the temporal

characteristics of the spectral response function (dynamic Stokes’ shift):

Cloy YD =vE)
v(0) = V()

where Ut), ) and U0) are the fluorescence peak frequencies at times #, o and O,

(1.2)

respectively.

For the measurements of the time resolved emission spectra (TRES), a set of
fluorescence decays are collected at different wavelengths, covering the entire emission band
of the probe. These decays are fitted using a suitable functional form (usually a multi-

exponential function) to obtain the fitted curves D(A,f). The TRES spectra, S(A,f), are then

constructed using the fitted decays, D(A,f), after their normalization with respect to the steady-

state fluorescence spectrum, Sy(A), and applying the following relation.***°

S(A,1) = D(/i,t)wSL;t) (13)

| D(A.pat

0
To obtain smooth TRES, the data points obtained for the spectra S(4,f) using equation 1.5 are
fitted following some line-shape function (usually log-normal function) for the emission
band.”®* The smooth TRES thus obtained are then used to estimate the emission maxima at
different times and consequently to construct the dynamic Stokes’ shift correlation function,

C(?). The function C(¢) thus obtained is the measure of the solvent relaxation dynamics.



1.4. Reverse Micelle and their General Characteristics

When a surfactant is introduced to a solution containing a polar and a nonpolar phase, it can
lead to the formation of isolated droplets of the polar phase delineated from the nonpolar phase

by the surfactant layer. When these droplets present a well-defined boundary and are isolated

41,48-53

(Figure 1.5), we refer to them as reverse micelles (RMs). . In some cases, a single

surfactant is sufficient to encapsulate the polar solvent in the interior, whereas in some cases
cosurfactants is required to stabilize the reverse micelle. Because a spherical form presents the

minimum surface area—to-volume ratio, the average form of a RM is often spherical. However,

54,55

other geometries such as ellipsoids or extended tubes are also possible. The most widely

studied surfactant employed to form RMs is Aerosol OT (AOT; sodium 1,4-bis-2-

48,50,51,53,56

ethylhexylsulfosuccinate) (cf- Figure 1.6) The geometry of this surfactant makes it

especially effective for forming RMs in a wide range of nonpolar solvents, including alkanes,

. I . 4850,51,53,56
aromatic solvents, halogenated alkanes, and even supercritical solutions.”>"»>"

Figure 1.5. Reverse micelle structure
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Figure 1.6. Common surfactants used in the formation of reverse micelles.

Various other surfactants, nonpolar phases, and polar phases have also been explored; many of
the common surfactants used are shown in Figure 1.6 *~77'. RMs formed from surfactants
other than AOT are significantly less well characterized but provide interesting comparisons.
Researchers have characterized the structure and properties of the various RMs. One typical
value used to characterize RMs is the molar ratio of the polar solvent to the surfactant, often
represented as Wy value. For water-containing RMs, Wy = [H20]/[surfactant]. If the RMs are
spherical, Wy is directly proportional to the particle radius, as the interior comprises the
volume, whereas the surfactant defines the surface area.”’ Some RM systems, such as cetyl
trimethylammonium bromide (CTAB), require an additional component, a cosurfactant, to the

solution to achieve RM formation, usually a straight chain alkano].””*¢3¢¢
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In recent years, these systems have attracted significant attention, predominantly because
of their resemblance to biomembranes and their catalytic properties in chemical and enzymatic
reactions. RM is an excellent model system that can provide interesting results about the
effects of confinement on liquid properties. Often, analogies have been drawn between RMs
and subcellular structures in biology.

One of the most fundamental questions posed by those studying RMs is, what is the
nature of water in the water pool of RMs? Many previous studies utilizing vibrational
spectroscopies revealed various ways that water in RMs differs from bulk water behavior 7.
However, the source of these differences (whether because of confinement or interactions with
the often highly charged interfacial layer) remains a matter of debate. Also debatable is
whether the water should be treated as a single species or as two or more separate populations.
Extensive investigations on the influence of nanoconfinement on the structure and dynamics of
water in RMs have lead to a wealth of information on these systems. Initial investigations by
NMR spectroscopy have shown that the average mobility of water in RMs is significantly
slower due to the confinement effect. These studies, however, do not distinguish whether this

slowing down holds for all of the water molecules present in RMs, or only for those present in

the region of the surfactant head groups (interface). Recent studies employing techniques like

80-83 45,90-101

vibrational echo and pump—probe spectroscopy, absorption,*™™  fluorescence,

85,108,109 74,110-

102-106 . 105,107 . . )
NMR, calorimetry, ' neutron scattering, molecular dynamics simulation,

'3 and so on have helped us in identifying different types of water in RMs, namely, water
physically trapped between surfactant head groups, water directly bound (by the H-bonding) to
the head groups, and relatively unperturbed bulklike water at the center of the
RMs,">708687.90.14 A tw,6_component core—shell model has thus been proposed to describe the
differential properties of water located at the interface (between nonpolar and polar phase) and

in the core of RMs.*#*+112113 §pectrally resolved ultrafast mid-IR pump—probe spectroscopy on

HDO/H;0O in RMs has distinctly demonstrated different mobilities for core and interfacial
11



water molecules as well as separation of their relative contributions.* Fluorescence
experiments with suitable probes to understand the dynamics of the confined water molecules
in RMs have shown that the nature of the water changes substantially as the size of the water

45,90,91,95-99,101

droplet in RMs increases. In such studies, the possible uncertainty in the location

of the probe in the heterogeneous media can sometimes impede inferences drawn on the

structure and dynamics of the water confined in the nanoenvironment.''®

However, as long as
the primary goal of a study is to understand the gross behavior of the water pool under
nanoconfinement and to determine how it influences the properties of a solute dissolved inside
the nanoenvironment, photophysical investigation with suitable fluorescent probes is possibly
still the most useful option. Photophysical properties, that is, fluorescence quantum yields,
fluorescence lifetimes, spectral position, and so on, of a fluorescent probe directly depend on
the nature of its immediate surroundings, namely, the polarity and the rigidity of the
microenvironment around the probe, specific interactions of the probe with the surrounding

117
solvents, and so on.

Therefore, changes in photophysical parameters, if any, with the
changes in the size of the RMs (i.e., W, value) can be utilized as a reporter for the changes in
the properties of the nanoconfined water. At very low W, almost all water molecules are
present in the highly constrained Stern layer of the RMs, and are mainly engaged in hydrating
the ionic head groups of the surfactant and the accompanying counterions. These are referred
to as interfacial water. Structurally, the interfacial water resembles more closely to water
monomers, either bound to or trapped among the surfactant head groups. With increasing W
value, as hydration of the interfacial region saturates, association of excess water molecules
among themselves leads to the formation of nanodroplets of water inside the RMs, in which a
truncated three-dimensional H-bonding network, quite similar to that of bulk water, prevails.
Hence, the influence of the interfacial water on the properties of a dissolved solute is expected

to be largely different from that of the water present in the RM core. Therefore, the influence

of this transition on the physicochemical properties of the dissolved solute is equally
12



imperative for proper understanding of these microheterogeneous systems. Understanding the
interaction of charged molecules with lipid interfaces is important in biology, chemistry,
physics, and in other technical fields. Because most lipids are charged, interaction with a lipid
surface depends at least in part on the Coulombic interaction and repulsion between charged
species. The influence of nanoconfined water pools of reverse micelles upon the photophysical
behaviour a biologically important probe ThT is the interest of the present thesis and has been

discussed in Chapter 4.

1.5. Cyclodextrins as Supramolecular hosts

Cyclodextrins (CDs) are a class of cyclic oligosaccharides with six to eight D-glucose units
linked by a-1,4-glucose bonds (cf- Figure 1.7), and their glucose units arranged in a way that
the exterior surface of the CDs is covered by hydroxyl groups and is hydrophilic, while the
cavity of the CD ring is hydrophobic. Significantly, the hydrophobic cavity of CDs, mostly in a
truncated cone conformation, has a good capability to associate various
inorganic/organic/biological molecules and ions in both aqueous solution and in the solid state
to form stable host—guest inclusion complexes or supramolecular species. This unique
property, along with satisfactory water solubility, low toxicity, easy preparation and low price,

jointly enable the wide application of CDs in many fields of science and technology.''®'"
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Figurel.7. Structure of cyclodextrins
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Early studies on CDs were mainly focused on the investigation of CDs and their derivatives as

123
and so

molecular recognition receptors, *'?! drug delivery carriers,'** biomimetic catalysts,
on. CDs are extensively studied as not only excellent receptors for molecular recognition but
also convenient building blocks to construct nanostructured functional materials, especially
bioactive materials.'** Between the 1970s through the beginning of the 2000s, many successful
studies on the bioactivities of natural and simply modified CDs were reported. For example,
reports by Bender,125 Breslow,126 Tabushi,'”” and Saenger128 clearly demonstrated the
capability of CDs as enzyme models. From then on, numerous studies showed that, after
associating catalytically active groups with CDs, the resultant functionalized CDs can be used

123,129

as artificial enzyme models to catalyze many biomimetic reactions. Moreover, CDs can

also increase the utility of enzymes by increasing the availability of insoluble substrates,*” can

131,132 . . 133 .
*°~ and can sense biological molecules. *” All these properties are

act as drug delivery agents,
closely related to the inclusion complexation of model substrates within the hydrophobic cavity

of CDs.

The most significant property of an inclusion complex is that a “host” component can
admit a “guest” component into its cavity without forming any covalent bond. The study of
inclusion complexes are important in fundamental research since it furnishes important clues
regarding the noncovalent intermolecular forces that play at the molecular level. The CD
molecules have an internal cavity accessible to the guest molecules of proper dimension
through an opening of 4.5-5.3 A, 6.0-7.0 A, and 7.5-8.5 A for a-CD, #-CD, and j~CD,

respectively; the depths of all remaining nearly the same (7.9 A).'*>">*

Thus, depending on the
cavity size, CDs are capable of encapsulating guest molecules of different dimensions, with
different guest:CD stoichiometries. Therefore, the hydrophobic nanocavity of such hosts offers

a unique opportunity for studying size-controlled nanoenvironment effects such as reduced

degrees of freedom of the guest. The reduced polarity inside the CD cavity and the restricted
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space influence the photophysical and photochemical properties of the probe.m'137 Many of
these studies have revealed the formation of inclusion complexes of 1:1 and 1:2 type.'?>!3%140
Such preference in the formation of the well-defined nanoconjugates in microheterogeneous
environments is of much interest to present day science. The effect of nanoconfinement of [3-
CD cavity on the photophysical behaviour will be discussed in Chapter 5.

1.6. Block Copolymers and their solution behavior

Pluronics are the triblock copolymers made up of poly ethyleneoxide (EO) and poly
propyleneoxide (PO) blocks with general molecular formula (EO),-(PO)y,-(EO),. These water
soluble non-ionic surfactants have attracted considerable attention in the last two decades

partly because of their complex behavior in solution'*'"'*®

and partly because of their wide
range of industrial applications, as detergent, lubricant and emulsifier.'*"*®> Their unique
behavior in aqueous solution and their low toxicity have made these polymers highly useful in
many pharmaceutical formulations.'*”'*"!>* These materials have also been extensively used

as templates for the synthesis of the nano-structured materials.'>*'**

Besides the absence of the polar head groups, unlike in the conventional surfactants,
pluronics also form micelles in aqueous solution.'*'"'*® In case of (EO);—(PO)m—(EO), type of
triblock copolymers, for example, the PO block is soluble in water below 288 K, but turns
hydrophobic at elevated temperatures because of its diminishing hydrogen bonding interaction
with water. In contrast, EO block is predominantly hydrophilic within the temperature range
273-373 K.'* However, it must be noted that the solubility of EO block also decreases with
temperature, but the effect is less pronounced compared to PO block. Due to the disparities in
the relative solubilities of the two blocks, these triblock copolymers form aggregates in water
above a critical micelle temperature (cmt) and a critical micelle concentration (cmc) with a core
consisting of predominantly PO blocks and a corona made up of hydrated EO blocks. Thus, the

self-assembly of block copolymers in solution can be initiated either by increasing the
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concentration (via cmc) or by changing the temperature (via cmt). Both cmc and cmt are the
fundamental parameters in characterizing the association properties of a given block
copolymer-solvent system. In fact, for a number of block copolymers, a small increase in
temperature, for example by 10 K, may result in a dramatic reduction of the cmc value by a
factor of about 10-100."** Such a striking temperature-dependence is rather unique for this
class of polymeric surfactants, which is in contrast to that of the conventional non-ionic
surfactants, wherein a rather weak temperature-dependence is observed. The cmts and cmcs of
a number of aqueous triblock copolymers have been determined in a systematic manner by

Alexandridis et al.'*

It has become evident from their study that the copolymers with larger
number of PO units formed micelles at lower concentrations, and for a given copolymer
concentration, they have lower cmts. Other important micellar parameters such as aggregation
number, hydrodynamic radius, and core radius are also available in the literature for the
micelles formed with different triblock copolymers in water.”*">”. In general, the aggregation
number (N,q,) increases with increasing length of PO block and decreasing length of EO block.
N,ge also increases with increasing temperature.'*® Importantly, an increase in N,g with
increasing temperature does not change the hydrodynamic radius significantly. This has been
observed for a number of block copolymers such as F68,146 P85,158 P104,159 P123,159 and
F127."%1°" This dual effect of the temperature can be understood if we consider the fact that
the dehydration of the EO block becomes increasingly important at elevated temperatures,
which results in a more or less reduced coronal volume.

The micellization process and the structure of pluronic micelles have been studied

144,162-164

extensively using different techniques, like neutron scattering, X-ray scattering,'®®

146,157,163,166 7

light scattering, absorption'®” and fluorescence measurements.'*'**!** Though
extensive studies have been carried out on the structural aspects of these micellar systems,
studies on the dynamical processes in these micelles are very limited. Using fluorescence

anisotropy measurements, Dutt et al. have reported on the rotational dynamics of a solubilized
16



probe in different phases of pluronic micelles.'”'™ Grant et al. have demonstrated from
anisotropy measurements that a suitable molecular probe can be used as a local reporter for the
different regions of the copolymer micelles.'”>'’® Relaxation of the water molecules in
different regions of pluronic micelles have recently been reported by Bhattacharya et al.'”"'"
and Kumbhakar et al.'"®*'®2 All these studies indicate that the dynamical processes in these
micelles largely depend on the EO and PO ratios of the polymer.

In several industrial applications, pluronics are often used in combination with low

ST 183,184
molecular weight ionic surfactants.'®'®

This feature has prompted experimental studies on the
solution behavior of these mixed surfactant systems.'® ' Presence of two different classes of
surfactants results in the formation of complex microheterogeneous systems, whose properties

and solution behavior are essential to be known to use them in a formulation. Interaction of

pluronics with low molecular weight ionic surfactants like SDS, CTAC, etc. have been studied

162,165,166 2

quite extensively by using light scattering, neutron scattering,'”® and calorimetric
methods.'®*"¥ 1% These studies show that at low ionic co-surfactant concentrations, the
supramolecular assemblies are formed such that the hydrocarbon chains of the small ionic

surfactants dissolve into the PO core of the pluronic micelles while their head groups are reside

62

at the periphery of the core, pointing towards the hydrated corona region.'

Figure 1.8. Schematic presentation of the formation of a block copolymer-surfactant complex

The usefulness of a polymer-surfactant system in an application is largely determined by the
physical and chemical properties of the dissolved solutes in these supramolecular assemblies.
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As these assemblies provide a wide range of microenvironments in a single phase, solubilized
molecules can display a wide range of physical and chemical properties depending on their
position in the micelle. To have a desired physical and chemical property of the solute, it is

always a challenging task to place it at a suitable location in the micelle

1.7. Motivation of the present work

It is well known that photoexcitation of a molecule generally induces changes in its electronic
and geometrical structures, which in turn lead to the changes in its interactions with the nearby
molecules and its environment. Ultrafast photoinduced intramolecular conformational changes
are omnipresent in chemistry and biology. Extremely high reaction rates for such processes,
often faster than 10'* s, arise mainly due to lack of an activation barrier. Such processes often
constitute the nonradiative deactivation pathways for the excited state of the molecule leading
to its very low emission quantum yield. These large amplitudes motion are strongly affected by
the viscosity of the surrounding medium and thereby making such molecules as the potential
probes to act as the viscosity sensors for various environments ranging from homogeneous to
micro-heterogeneous media including biological systems. Control of these large amplitude
intramolecular movements is a prerequisite for the development of the devices that would
function through the motions at the molecular level.

Thioflavin-T (ThT), a benzothiazole based cationic dye, is one such molecule which is
understood to have an ultrafast intramolecular relaxation process in its excited state mediated
through large amplitude torsional motion.'” ThT is used as an extrinsic fluorescence sensor to
monitor and estimate the formation of amyloid fibril, a filamentous form of protein responsible

for several neurodegenerative diseases, like Alzheimer’s and Perkinson’s diseases.'”' '™

195 it shows a remarkable enhancement in

Although ThT in water is very weakly fluorescent,
emission yield on its association with amyloid fibrils.'"”’"** ThT is known to be very specific in

its binding with amyloid form of the proteins with no significant interaction with other forms,

namely, the folded or partially folded monomeric proteins.'”® Detailed studies in several
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confined environments, like in amyloid fibril,"”"'*® polymer,'"” glass matrix,'”® etc., clearly
indicate that the high local viscosity of the microenvironment around the dye is directly related
to the observed fluorescence enhancement of ThT dye in these systems. However,
understanding the basic molecular aspect of the process that is involved in the observed
fluorescence enhancement of ThT in the above microenvironments has still remained elusive.
Considering the molecular structure of ThT, it is hypothesized that in bulk water, due to the
low viscosity of the medium, an intramolecular bond twisting process possibly takes place in

the excited state of the molecule.'®

This bond twisting process effectively introduces a very
fast non-radiative decay channel for the excited ThT molecule resulting its extremely low
fluorescence yield.'” In contrast, in a highly viscous medium, like in amyloid fibril, the above
bond twisting process in the excited dye is significantly retarded, reducing its non-radiative
decay channel. Accordingly there is a remarkable increase in the emission yield of ThT in a
highly viscous medium and hence its fluorescence sensor ability in amyloid fibrils. In the
present thesis a detailed study on the ultrafast excited state dynamics of the amyloid sensing
dye, Thioflavin-T and two of its tailor made derivatives has been carried out in different
solvents of varying viscosity to understand the basic molecular aspect responsible for the
fluorescence sensing activity of ThT and to understand the different relaxation pathways of the
excited ThT molecule.

Last two decades have witnessed the increasing significance of various organized
assemblies on biological and photophysical processes. Reactants embeded in molecular
assemblies like micelles, reverse micelles, cyclodextrins, vesicles, etc., achieve a greater
degree of organization compared to their geometries in homogeneous solution and can mimic
many reactions in biosystems. The local viscosity/rigidity within the organized assemblies are
appreciably different from that in the bulk liquid medium and as a result, these systems can

alter the photoprocess of the entrapped molecule quite drastically. Further, understanding the

ultrafast dynamics of the photoexcited ThT molecule under different restricted
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microenvironments is very essential to understand the underlying molecular aspects
responsible for the enhancement of the fluorescence emission yield of ThT in amyloid fibril.
With this perspective, effect of the nanoconfined water in both anionic and cationic reverse
micelles on the ultrafast torsional dynamics of the photoexcited ThT molecules has been
investigated in detail. Extending this study further, the effect of bio-mimetic supramolecular
encapsulation of ThT into B-CD cavity on the excited state relaxation dynamics of the dye has
also been investigated to understand the consequence of restricted environment on the
fluorescence enhancement of the dye.

While in Thioflavin-T, there is negligible influence of solvent relaxation dynamics on its
intramolecular configurational relaxation dynamics but there are several large solvatochromic
probe molecules where the solvent relaxation dynamics and the intramolecular relaxation
dynamics, occuring on a similar time scale, interfere with each other which occur on a similar
time scale. Such competing intramolecular processes in the probe molecules that can
significantly interfere the dynamic Stokes’ shift measurement for solvent relaxation studies are
the twisting of the functional groups around a bond, cis-trans isomerization, conformational
change, etc. Such an interference poses a tremendous challenge to the experimentalists in
distinguishing various contributions of the different types of the relaxation processes in the
observed results. In order to understand the actual dynamics of the solvent relaxation process,
it is thus very essential to separate out the contribution of the interfering intramolecular
processes in the probe from the solvent relaxation process. In the present thesis a methodology
has been devised to quantitatively distinguish and separate out the effect of such a competing
intramolecular process from the solvent relaxation process. The methodology has been
demonstrated using three coumarin derivatives, namely coumarin-153 (C153), coumarin-481
(C481) and coumarin-152 (C152) in acetonitrile solution.

Dynamic Stokes’ shift measurements for solvent relaxation study have been applied very

extensively to understand the structure and dynamics of different complex chemical and
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biological systems. With this perspective, in this thesis, we chose to explore an interesting
supramolecular assembly formed between pluronics and ionic surfactants using solvent
relaxation dynamics as one of the tool. In several industrial applications, pluronics are often

%5 This feature has

used in combination with other low molecular weight ionic surfactants.
prompted experimental studies on the solution behavior of these mixed copolymer-surfactant
systems.'™ Presence of two different classes of surfactants results in the formation of complex
microheterogeneous systems whose properties and solution behavior are essential to be known
to use them in a practical formulation. It is reported that some pluronic micelles form unique

supramolecular assemblies in the presence of an ionic surfactant.'**'%

In these supramolecular
assemblies, it is understood that the hydrophobic chains of the ionic surfactant molecules are
dissolved in the core of the pluronic micelles and the charged head groups of the ionic
surfactants are resided at the peripheral region of the core projecting into the hydrated corona
region of the micelles.'®* Because of this unique structure of these assemblies, a charged layer
is formed inside these mixed micelles. Accordingly, any solute having a charge opposite to that
of the charged layer inside these supramolecular assemblies, can experience an electrostatic
attraction towards the core-corona interface of the micelles and move into the interior of the
micelles. Such systems can thus provide a wide range of microenvironments for the dissolved
solutes. Because of the availability of wide range of microenvironments in these micelles, the
solutes may also have quite different physical and chemical properties depending on their
locations in the micelle. Thus, by changing the position of a solute in these micelles, it is
possible to modulate the physical as well as the chemical properties of the solute in these
microheterogeneous systems. In the present work we have studied the effect of ionic surfactant
on the localization site of a solubilized molecule in a polymer-surfactant supramolecular
assembly. Our aim is to see if the location of the solute in the micelle can be changed by

changing the polymer-surfactant composition of the supramolecular systems. Additionally, we

also investigate how the photophysical properties of the solubilized dye and the structure of
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water molecules around the dye in the micelle change with a change in the dye location in the

supramolecular system, investigated using solvent relaxation dynamics as tool.
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Chapiter2

Instruments and Methods

2.1. Introduction

This chapter gives an overview of the various experimental techniques that have been used to
carry out the research work pertaining to the present thesis. To understand the dynamical
processes in different polymer-surfactant assemblies, both steady-state and time-resolved
photophysical measurements were carried out using absorption and fluorescence techniques.
Rotational correlation times were evaluated using time-resolved fluorescence anisotropy
measurements to understand the rotational diffusion of the probes in polymer-surfactant
assemblies. Small Angle Neutron Scattering (SANS) studies were also carried out to
characterize the polymer-surfactant complexes in some specific cases. Ultrafast processes like
solvent relaxation dynamics and intramolecular relaxation in the excited probe molecules were
investgated using state-of-the-art femtosecond time-resolved fluorescence up-conversion
measurements. Important aspects of different instrumental techniques used in the present work
are briefly described in the present chapter.

2.2. Ground-State Absorption Measurements

To understand the effect of light on chromophoric molecules, it is very important to know the
detailed absorption and fluorescence emission characteristics of the systems under

investigation. Optical absorption (ultraviolet-visible; UV-vis) spectroscopy is a widely used
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technique to obtain information about the ground-state absorption characteristics of the
chemical systems in terms of the wavelengths of the absorption bands and the extinction
coefficients at different wavelengths. UV-vis absorption spectroscopy, being dependent on the
electronic structure and the environment of the absorbing chromophore, allows the
characterization or the identification of various chromophoric systems and their micro-
environments. Changes in the solvent polarity, polarizability and hydrogen bonding

characteristics often induce significant shift in the absorption spectra.'*”=%*

Hence, this simple
photochemical technique can provide many useful information regarding the nature of
interactions between the ground-state of a chromophoric molecule and its surrounding
environment. Measurements of the optical absorption spectra and thus to get knowledge about
the absorbances of the experimental solutions in the ground-state are always very essential to

adjust the concentration of the absorbing species in the solution for the purpose of their

investigations using different other photochemical techniques.

The absorbance (4) of an absorbing species in a solution is directly proportional to the

concentration (C) of the species and its molar extinction coefficient (sk) at the measuring

wavelength A and is given by the equation 2.1."%2%

A=log (%) =&l (2.1)

where ]0 and / are the intensities of the incident and transmitted light, respectively, and / is the

path length for the light beam passing through the sample. For absorbance measurements, the
sample is usually kept in a quartz cuvette of 1 cm path length. For very concentrated solutions,

thinner quartz cells are usually used with typical path length of either 0.1 or 0.2 cm.

24



Mirror
DoLamp

Mirror Light

Lens Refﬂence Sources
I B 2 w-Lamp

Photo
Diode Mirror

Photo &~ ; .
Beam Splitter
Diode P Gratings
— 74
}<1 | /
| —
Lens Sample Mirror

Figure 2.1 Schematic of a double beam UV-vis spectrophotometer

Ground-state optical absorption spectra for the chemical systems to be investigated in the
present study were carried out using either of the two double beam UV-vis spectrophotometers
available in the department, one from Shimadzu, kyoto, Japan (model 160A) and the other
from Jasco, kyoto, Japan (model V530), available in the department. The wavelength range
covered in both the spectrophotometers is 200-1100 nm. As the light sources, both the
spectrophotometers use W-lamp for the 1100 to 350 nm region and a D, lamp for the 350-200
nm region. In both the spectrophotometers Si-photodiodes are used as the light detectors. The
minimum wavelength resolution for the two spectrophotometers is 0.2 nm and lowest
absorbance measurable 1s ~0.005. The schematic of a typical double beam UV-vis

spectrophotometer is shown in Figure 2.1.

2.3. Steady-State Fluorescence Measurements

Fluorescence spectroscopy is a very simple but extremely powerful technique to investigate
various photochemical processes that occur in the excited state of the chromophoric molecules.
The intensity of the fluorescence emission, the fluorescence peak position (emission
maximum), as well as the shape of the fluorescence spectrum are in general very sensitive to

the environmental effects.'??01202

In the present study steady-state fluorescence measurements
(either fluorescence intensity, excitation spectra or emission spectra) were carried out using a

Hitachi model F-4500 fluorescence spectrometer. The instrument uses a 150 watt continuous
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powered high pressure xenon lamp as the excitation source and R-928F (Hamamatsu)
photomultiplier tube (PMT) as the photodetector. Sample is excited in a 1 cm x 1 cm suprasil
quartz cuvette and the fluorescence is collected and measured in a perpendicular direction with
respect to the direction of the excitation beam. The wavelength range covered in the present
instrument is 220 to 800 nm. The schematic of a typical steady-state spectrofluorimeter is

shown in Figure 2.2.
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Figure 2.2. Schematic of a steady-state fluorescence spectrometer.

2.3.1. Correction of Emission Spectra

Emission spectra are often distorted due to the wavelength dependent efficiency of different
components of the spectrofluorimeter e.g., monochromator, PMT etc., therefore it is necessary
to know the wavelength-dependent efficiency of the detection system to calculate the corrected
emission spectra. In the present work, spectrum of standard quinine sulfate solution were
recorded and compared with the standard spectrum”” given in unit of photon/nm, to get the
correction factors for the instrumental sensitivity. All the measured spectra for our sample have
been multiplied by this correction term to get the corrected spectrum. The measured spectra,
I(A), were in wavelength domain and have been converted to frequency domain I(v), by using

the following equation.””
I(v)=A*1(A) (2.2)
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2.3.2. Fluorescence Quantum Yield Measurement

Quantum yield of fluorescence (@Guorescence) 15 defined as the ratio of the number of fluorescence

photons emitted from the sample to the number of light quanta absorbed by the sample. Thus

Buorescence 1S expressed by the following equation.'**>*

¢ __ Number of Quanta Emitted
Jluorescence = "N ber of Quanta Absorbed (2.3)

Since the determination of the absolute number of quanta absorbed and emitted by the sample
is very difficult, the fluorescence quantum yield of a unknown sample is normally determined

d,"”"2% where the integrated emission intensity of the sample is

by using a comparative metho
compared with that of an optically matched (very close absorbance at the excitation

wavelength) reference sample whose quantum yield is already known. Thus, keeping the

excitation wavelength same for both the sample and the reference, the fluorescence quantum

yield of the sample (¢sample) can be expressed with respect to the quantum yield of the reference

(¢reference) by using the equation 2.4199:201.202

2
Areference x Fsample v, Usample

¢sample = X ¢reference (2.4)

2
F reference Asamplé nreference

where A, ference and Agample are the absorbances at the excitation wavelength, Fieprence and Fyampie
are the integrated fluorescence intensities and Myeference a0d Nsample are the refractive indices for

the reference and the sample solutions, respectively.

2.4. Fluorescence Lifetime Measurements

Time-resolved fluorescence measurements are very essential to obtain information regarding
the kinetics and dynamics of various photochemical processes involved in the deactivation of
the excited molecules. Excitation of a sample containing fluorophoric molecules with a very

short pulse of light results in an initial population (no) of fluorophores in the excited state.

Since emission from the individual excited molecules is a random process, for a given time-

27



window following photoexcition with an ultrashort light pulse each of the excited fluorophores
should have the same probability to emit a fluorescence photon. This condition effectively
199-202,204-207

results the excited state population to decay following a first order rate equation as,

M = —(kr + knr)n(t) (25)

where n(t) is the number of excited molecules at time ¢ following the very short pulse
excitation of the sample, k; is the radiative decay rate constant and k,, is the nonradiative decay
rate constant of the excited fluorophores. In an actual experiment, it is often difficult to know
the exact number of the excited molecules present in the sample. However, knowing the fact
that the fluorescence intensity is directly proportional to the number of excited molecules
present in the solution, equation 2.5 can be simply expressed in terms of the time-dependent
intensity I(t) and the integration of the resulting equation gives us the expression for the

fluorescence decay I(t) as,

I(t)=1,exp(-t/z,) (2.6)
where [ is the intensity at time zero and t¢ is the fluorescence lifetime of the sample and the

latter is related to the radiative and nonradiative decay rate constants as,

1

T, = —————
k + k_

2.7)

If the width of the excitation pulse is unusually short (3-pulse) and the response time of the
detection system is very fast compared to the fluorescence lifetime of the sample, the
fluorescence lifetime can be obtained from the observed fluorescence decay by using the
following two procedures. In the first method, the tr can be obtained simply by noting the time
at which the fluorescence intensity decreases to 1/e of its initial value. In the other method, the

199-202,204,205

lifetime can be determined from the slope of the plot of log I(t) versus t. In the

cases where the fluorescence lifetime of the sample is quite short such that the excitation pulse
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width and/or the response time of the detection system distorts the observed decay, it is not
possible to apply the above two simple analysis procedures to obtain the fluorescence lifetime
of the sample. In such cases, the observed fluorescence decays are analysed following a
deconvolution procedure, which will be described in the latter part of this section. Regarding
the fluorescence decay, however, it is important to mention here that since the excited
fluorophores emit randomly, different molecules spend different length of times in the excited
states. Thus, for an ensemble of excited molecules in the system, some may emit at very short
times following the excitation but others may emit at times much longer than the measured
fluorescence lifetime of the sample. Accordingly, the time distribution of these emitted photons
actually represents the measured fluorescence decay curve of the experimental sample. It is
thus evident that, the estimated lifetime from the observed fluorescence decay is actually the

statistical average of the times that the excited molecules spend in the excited state.

As already mentioned, the time-dependent fluorescence measurement is very important
to investigate the dynamics and mechanism of the photoinduced processes in the excited
singlet (S;) state of the molecules. Time-Correlated Single Photon Counting (TCSPC)
technique is the most widely used experimental method to measure the time-dependent
fluorescence of a sample in the nanosecond to picosecond time scales. In the present study a
TCSPC spectrometer from Horiba Jobin Yvon IBH, UK (model Data Station Hub) was used to
measure the fluorescence lifetimes of the samples under investigation. The important aspects

related to the present TCSPC spectrometer are described in the following sections.
2.4.1. Basic Principles of TCSPC Technique

The instrument used in the present study for time-resolved fluorescence measurement works on
the principle of Time-Correlated Single-Photon Counting (TCSPC), where each single photon

emitted by the sample is detected following its excitation by a short light pulse.****"" The
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principle of TCSPC measurement relies on the fact that the time-dependent probability
distribution of the single photon emission from an excited molecule following its excitation is
equivalent to the time-dependent changes in the fluorescence intensity of the sample following
its 8-pulse excitation.””*?" The schematic diagram of a typical TCSPC set up is shown in
Figure 2.3.

According to Figure 2.3, an excitation pulse (optical pulse) from the pulsed excitation
source is split into two parts, one part is used to excite the sample kept in the sample chamber
and the other part of the light pulse is directed to a start PMT. The optical signal at the start
PMT generates an electrical START pulse, which is then routed through a Constant Fraction
Discriminator (CFD) to the START input of the Time to Amplitude Converter (TAC) unit to
initiate its charging operation. On receiving the start pulse, the TAC continues to undergo
charging linearly with time. The part of the optical pulse, which excites the sample, effectively
gives rise to the emission photons. These photons are then detected one by one by the stop
PMT (at the right angle to the direction of excitation) to generate electrical STOP pulses for
each of the individual photons received. The STOP pulses thus generated in the stop PMT are
also routed through a CFD and a variable delay line to the STOP input of the same TAC unit.
On receiving the first STOP pulse, the TAC unit stops its charging operation and subsequently
generates an electrical output pulse (TAC-output), having amplitude proportional to the time
difference (At) between the START and the STOP pulses reaching the TAC unit. The TAC
output pulse is then fed to the input of a Multichannel Analyzer (MCA) through an Analog-to-
Digital Converter (ADC). The ADC generates a numerical value proportional to the height of
the TAC output pulse and thus selects the corresponding memory address (channel) in the

MCA, where a single count is added up.
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Figure 2.3. Schematic diagram of a Time Correlated Single Photon Counting Spectrometer.

The above cycle (from the triggering of the pulsed excitation light source to the data storage in
the MCA) is repeated for a large number of times and thus a histogram of counts is collected in
the MCA channels. The distribution of the counts against the channel number in the MCA then
represents the fluorescence decay curve of the sample, provided the collection rate of the
emission photons by the stop PMT is kept very low, only about 2% or less, compared to the
repetition rate of the excitation pulses.’****” This experimental condition effectively means that
following an excitation pulse, in no circumstances more than one emission photon can be
detected by the stop PMT. Thus, in the TCSPC measurement, for about 98% cases of the
excitation pulses, though the sample is excited, there is effectively no emission photon that is
directed to the stop PMT. Only about 2% cases of the sample excitations by the pulsed light
source there is an effective emission of photon that is directed to the stop PMT and detected by
the TCSPC setup. Such a low count rate is essential to maintain the time-dependent probability
distribution of the photon emission from a single excited molecule following its excitation
process. From the measured fluorescence decay curves, the fluorescence lifetimes of the
samples are estimated following a suitable analysis procedure and introducing a proper time
204-208

calibration for the MCA channels.
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2.4.2. Important components of a TCSPC spectrometer

The TCSPC instrument used in the present study is from Horiba Jobin Yvon IBH, UK, Model
Datastation Hub. The important components of the present TCSPC instrument are as given
below.

(a) Pulsed excitation source: Different light emitting diodes (LED’s) and diode lasers,
having different emission wavelengths between 373 nm to 636 nm are used as the excitation
sources in the IBH machine. With 408 and 636 nm diode laser excitation and using the special
stop PMT described latter, the instrument response function for the spectrometer is about 240
ps (FWHM). With the LED excitation sources, the instrument response function is about 1.2 ns
(FWHM). The repetition rate for excitation pulses is usually kept at 1 MHz.

(b) Constant Fraction Discriminator (CFD). In a typical TCSPC instrument, the
signals from the two PMTs (START and STOP PMTs) are routed through two independent
CFDs to achieve the following two goals: (1) To improve the signal to noise ratio (S/N) by
discarding the signals below a threshold height such that the counts recorded by the instrument
are genuinely due to the photons detected by the PMTs and not due to spurious electrical
noises. (2) To provide the correct timing information for the START and STOP inputs to the
TAC unit such that the timing jitter in the detection is minimized. As the simple leading edge
discriminators are always associated with significant timing errors, the CFDs are recognized to
be the best suited discriminators for the TCSPC measurements to obtain accurate timing
information for the START and STOP events.

(c) Variable Delay Line: A variable delay line is incorporated in the path of the STOP
signal, between the CFD and the TAC, to intentionally delay the STOP pulse such that it
reaches the TAC unit only after the START pulse and thus fruitfully counted by the TCSPC

instrument. Moreover, by adjusting the variable delay line it is possible to trigger the TAC-
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MCA combination effectively such that the measured fluorescence decay curve is placed and
stored within the suitable range of the MCA channels.

(d) Time-to-Amplitude Converter (TAC). In TCSPC instrument the time-correlation
between the START and STOP event is carried out by using the TAC unit. In fact, this unit is
considered as the heart of the TCSPC instrument.”***°***2!! On receiving the START pulse,
following a preset delay (set in the TAC itself), a timing capacitor in the TAC start charging
linearly with time from a constant current source. The charging is discontinued upon receiving
a STOP pulse. Once the charging process is stopped, the TAC unit generates an output pulse
(Vrac) for which the amplitude is proportional to the charge accumulated on the TAC
capacitor and consequently is a measure of the time-difference (At) between the arrivals of the
START and STOP pulses to the TAC, because the charging process of the capacitor in the
TAC is linear with time. Functioning of a TAC unit is schematically shown in Figure 2.4.
Following a START pulse, if no STOP pulse is received (i.e. no emission photon detected) by
the TAC within a predefined time period, called the "TAC range", the capacitor charging is
automatically discontinued without recording the event and the TAC gets reset within a short

time span making

A
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Figure 2.4. Functioning of a TAC unit used in a TCSPC instrument. Start indicates the initiation of
the charging process. Stop signal can arrive the TAC unit at any time within the TAC range
following the arrival of the start pulse.

the unit ready for the next START and STOP pulses. In the present TCSPC instrument the

TAC range can be varied from 50 ns to 200 ps. A suitable TAC range is judicially selected
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for a particular TCSPC measurement depending on the expected fluorescence lifetime of the

sample used.

(e) Multichannel Analyzer (MCA).: The MCA used in a TCSPC instrument can be
operated either in the Pulse Height Analysis (PHA) mode (for measuring fluorescence decays)
or in the Multichannel Scaling (MCS) mode (for measuring time-resolved emission spectra).
The data stored in the MCA channels are transferred to a computer for further analysis and
processing.

() The Start and the stop PMTs: In a typical TCSPC instrument where a nanosecond
flash lamp with reasonably low repetition rate (~ 30 KHz) is normally used for sample
excitation, the start and stop PMTs are used to get the respective signals for the TAC unit. In
such instruments, an ordinary PMT with medium gain and reasonably low transit time can
suitably be used to generate the START signals for the TAC unit, as a part of the light pulse
(reasonably high intensity) is directly used to generate the START signal. In these cases,
however, a special PMT with high gain and fast response time is required to be used to detect
the emission photons from the sample. In TCSPC measurement, the spread in the transit time
(the time difference between the emission of a photoelectron and its arrival to the anode) of the
PMT has a pronounced effect on the time resolution achieved by the instrument. As the transit
time becomes shorter, the spread of the transit time also becomes shorter, improving the time
resolution of the TCSPC measurements. Accordingly, fast PMTs are always preferable for the
TCSPC measurements. The important point to be noted, however, that the detected light level
for the emission photons from the sample is inherently very low (due to the condition imposed
for time-correlated single photon detection). Thus to detect the single emission photons
effectively, the gain of the STOP PMT should be significantly high. To achieve a high gain for

a PMT, one has to increase the number of dynodes for the PMT used. This, however, have a
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detrimental effect to increase the transit time and consequently the transit time spread, which in
turn reduces the time resolution of the TCSPC instrument.

Though in a typical TCSPC instrument, suitable start and stop PMTs are used to carry
out the measurements in the present IBH instrument only a single PMT with very high gain
and low transit time is used to detect the emission photons from the sample. Thus only
photodetector used in the present instrument is a special Hamamatsu PMT, used in
combination with a TBX4 module provided by IBH, UK, and is used with a peltier cooling.
The detector is having a spectral response from ~300 to 800 nm. In this instrument the
measurement is infact made in a reverse mode, that is, the signal from the special PMT is used
as a start pulse for the TAC unit and an electrical signal synchronized with the pulsed diode
laser or LED is used as the stop pulses. This reverse mode is adopted especially for faster data
collection using high repetition rate of the excitation pulses (1 MHz). This reverse mode of
detection is essential to avoid unnecessary charging of the TAC unit by the high repetition rate
excitation pulses. It is important to be added here that the present IBH TCSPC instrument has
been recently updated by replacing the PMT detector with a MCP-PMT, whereby the
instrument response function of the setup is improved to be about 100ps (FWHM) using diode
lasers as the excitation sources. To be mentioned that in IBH machine a PC based card that
incorporates both TAC and MCA are directly used for the data collection. PC monitor is
directly used to display the measured decay curve. Suitable analysis software is used to fit the

measured decay curves and thus to obtain the fluorescence lifetime of the samples.

2.4.21. Time Calibration of the MCA channels in a TCSPC
Spectrometer

Time calibration of the MCA channels in a TCSPC spectrometer is done by using a number of

accurately calibrated delay lines in the path of the STOP pulses.?**?°¢*!2

For this purpose,
either the stop or the start signal is bifurcated into two parts, one is fed to the start input of the

TAC and the other is routed through the precisely calibrated delay lines and then fed to the
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stop input of the TAC. As both START and STOP inputs, of the TAC are originated from the
same source, counts are collected only at a single channel of the MCA, determined by the TAC
range used for the instrument and the known delay applied at the delay line in the path of the
STOP pulse. For different known delays, the counts are thus collected at different channels of
the MCA. The MCA data thus obtained are then transferred to a computer and the time

calibration is calculated using a suitable analysis program.

2.4.2.2. Analysis of the fluorescence decay curves measured in a
TCSPC instrument

As the light pulses used for the sample excitation in a TCSPC spectrometer is having a finite
time width and the detection system is also having a finite response time, the experimentally
measured fluorescence decay curve, I(t), is effectively a convolution of the true fluorescence
decay, G(t), and the time profile of the excitation pulse, P(t). Imagining the excitation pulse to
be a combination of large number of d-pulses, it is possible to express the observed decay, 1(t),

as the convolution integral of G(t) and P(t) ag, 04-208.213-215

¢
1(t) = jP(t') G (t—t)dt' 2.8)
Experimentally one can 0obtain both I(t) and P(t). During analysis, a decay function G(t) is first
assumed for the sample and this function is convoluted with the observed P(t) according to
equation 2.8 to obtain a calculated curve Y(t), which is then compared with the experimentally
observed decay curve I(t).2**2%*?1>21% The variables in the function G(t) is iteratively changed
until a good comparison (best fit) between the Y(t) and I(t) is obtained. The function G(t) is

usually assumed to be a sum of exponentials, such that,
G(1)=) B exp(-t/7,) (2.9)

where B; is the pre-exponential factor for the i™ component and T; is the corresponding

fluorescence lifetime. The success of an analysis and accordingly the acceptance of a fit to the

observed decay curve is determined from the judgement of the following statistical parameters.
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(a) Reduced Chi-square (x% ) values: The reduced chi-square (X% ) is defined as,
> Wi{Y(i) - 1)}

2 _ i 2.10
At @) (2.10)

where Y(i) is the count at the i" channel of the calculated curve, I(i) is the count at the i"

channel of the experimentally measured curve, W; [=1/I(1)], is the weighting factor of the
counts in the i™ channel, n is the number of channels used for the decay to be analysed and p is
the number of degrees of freedom in the decay function considered for the analysis (equals to
the number of variables in the function G(t)). For a good fit, the x> value should be very close
to unity. Normally a 52 value between 1.00 to 1.20 is considered to represent a good fit.?**>*®

(b) Distribution of weighted residuals: To judge the success of an analysis of a
TCSPC data set, the random distribution of the weighted residuals among the data channels is

also considered to be an important criteria. The weighted residual for the i™ channel, r, is

defined by equation 2.11.

= Wi {Y () - I()} @.11)
where Wi, Y(i) and I(i) are as defined earlier. For a good fit, the weighted residuals should be
randomly distributed about the zero line for the whole range of the data channels used in the

decay analysis.

2.5. Fluorescence Anisotropy Measurements

In a homogeneous solution, the ground-state fluorophores are all randomly oriented. When
such an isotropic ensemble of chromophores is excited with a polarized light beam, an
anisotropic distribution is generated in the excited state (also in the ground-state which is not
considered here) due to the selective excitation of the suitably oriented chromophoric
molecules in the solution. Thus, observation and measurement of fluorescence anisotropy is
based on the photoselective excitation of fluorophores, which can be better understood in the
following manner. Each fluorophore has within its molecular framework a fixed absorption

and a fixed emission transition dipoles, that have very definite orientations with respect to the
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molecular axis. The two transition dipoles in a molecule are usually separated from each other
by an angle B. Those fluorophores preferentially absorb the excitation photons that have their
absorption transition dipoles parallel to the electric field vector parallel to the polarized
excitation light. The probability of absorption for a molecule for which its transition dipole is
oriented at an angle 0 is with respect to the direction of the electric field vector of the polarized
light is proportional to cos®. Therefore absorption is maximum when 6 = 0° and becomes

negligible when 6 approaches 90°.'9-204206:216

Thus, the excited state population obtained
following the excitation of the sample by a polarized excitation pulse is not randomly oriented
but highly anisotropic in nature. This preferential excitation of molecules creates an anisotropy
in excited electronic state and this is schematically shown in Figure 2.5. Similarly, an excited
molecule emits a photon preferentially with its electric field vector parallel to the emission
transition dipole of the molecule. At any other angle 0, the probability of emission is again
proportional to cosf, where 0 is the angle between the electric field vector of the emitted light
and the emission transition dipole of the molecule. Thus, due to the selective excitation and
emission, the fluorescence obtained following excitation with a polarized light is highly
anisotropic in nature.

In dilute solution, where depolarization of the excited molecules via energy transfer
among chromophoric components is very insignificant, the excited-state anisotropy of the
system decays mainly due to the rotational relaxation of the excited species. The anisotropy
measurements reveal the average angular displacement of the fluorophore that occurs between
the absorption and the subsequent emission process. This angular displacement is dependent
upon the rate and the extent of the rotational diffusion of the excited species during the lifetime
of the excited state. As expected the rotational diffusion of a molecule depends upon its size

and shape as well as on the viscosity or the rigidity of its local environment. Thus, studies on

the fluorescence anisotropy have been utilized extensively to explore the local environment of
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the chromophoric dyes as well as to investigate their interactions with various host molecules

or supramolecular systems.
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Figure 2.5. Creation of ground-state and excited state anisotropies from an isotropic distribution of
molecules.

Fluorescence anisotropy can be measured using both steady-state and time-resolved
fluorescence spectrometers. In the Steady-state measurement, the sample is illuminated with a
continuous beam of plane polarized light, and the intensities of the fluorescence emission are
recorded for both parallel and perpendicular polarizations of the emitted light with respect to
the vertically polarized excitation light. In the time-resolved anisotropy measurement, the
sample is excited with a vertically polarized pulsed excitation light source and the fluorescence
decays are collected for both parallel and perpendicular polarizations of the emitted light with
respect to the excitation polarization. The general measurement procedure of the fluorescence
anisotropy (both steady-state and time-resolved) is illustrated in Figure 2.6. The sample is
excited with the vertically polarized light, i.e. the electric vector of the excitation light is
oriented along the z-axis. The emission from the sample is measured through a polarizer
oriented either parallel (||) or perpendicular (1) with respect to the excitation polarization.

When the emission polarizer is oriented parallel to the excitation polarization, the observed

intensity is labeled as /. On the other hand, when the emission polarizer is oriented
perpendicular to the excitation polarization, the observed intensity is designated as /, . Since
the response of the emission monochromator is not the same for the parallel and

perpendicularly polarized light, the measured perpendicular component 7, is corrected by an
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appropriate correction factor, known as G-factor, to rectify the polarization bias of the

detection setup. Thus, from the measured /; and /. values the steady-state anisotropy (<r>) is

199,204,206,216
calculated as, """

1 -GI.

<r>=
1 1+2GI ¢

(2.12)

where the correction factor G, is obtained independently by keeping the excitation polarization
horizontal i.e. along Y- axis and measuring the fluorescence intensities with the emission

polarizer oriented vertical (/#v), and horizontal (/u#), respectively where the intensity ratio

Excitation

Polarizer
Light
Source
Detector
Emission
Polarizer

Figure 2.6 Schematic describing measurement of fluorescence anisotropy

Iyl gives the measure of the G factor for the measuring emission wavelength. To be
mentioned here that the G factor is not a fixed number for an instrument but is strongly
dependent on the measuring emission wavelength. As indicated from the equation 2.12,
anisotropy is a dimensionless quantity. Moreover, it is to be noted that the measured anisotropy
is independent of the emission intensity of the sample. This is because the difference in the
intensities for two emission polarization (7,-GI 1)is normalized by the total intensity of the
sample, which can be easily shown to be equal to (/+2GI 1). Similar to steady-state

anisotropy, the time-resolved fluorescence anisotropy is expressed as

_Li=Gl () 2.13
r(t) I +2GI L (o) ( )
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where [ and /. are the two polarized fluorescence decays with emission polarizations parallel
and perpendicular to the vertically polarized excitation light.

There exists a rather simple relationship between the steady-state and the time-resolved
anisotropy parameters. The steady-state anisotropy is simply the average of the time-resolved
anisotropy, weighted by the intensity decay of the sample. Thus the steady-state anisotropy <r>

is given by the average of r(t) weighted by I(t) as,. '?*20+200216

| T(OI(t)dt
<r>*%— (2.14)

_[Oof(t)dt

For a fluorophore, which displays a single exponential anisotropy decay with reorientation
time T, the function decay can be expressed as

r(t) =r,exp(-t/t,) (2.15)
where 1y 1s the initial anisotropy i.e. the anisotropy at # = 0 immediately after the d-excitation

pulse. Thus substituting I(t) and r(t) from equations 2.6 and 2.15 into equation 2.14 and on

integration one can obtain,

<r>=ro( v ) (2.16)

T+ 1
To be mentioned however, this expression is valid only if the intensity and anisotropy

decays follow the single exponential functions. In most cases, however, intensity and
anisotropy decays are more complex and cannot be fitted by the relations given by equations
2.6 and 2.15. The intensity decay of a fluorophore can follow a biexponential decay law when
it is present in different environments (e.g. micelle bound and free dye) and is given by,
I1(t)=aexp(—t/trn)+aexp(—t/1r2) (2.17)
where 1, and 1, are the two lifetimes associated with the decay of fluorescence and a; and a,
values are the pre-exponential factors. A fluorophore usually displays different lifetimes in

different environments. Thus, for the same fluorophore in different environments, the value of
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a; qualitatively represents the part of the fluorophores present in a particular environment.

Similarly for fluorescence anisotropy a biexponential decay may be applicable as,?'’**

r(t) = r0|:[31 exp(—t/t,,)+p,exp(-t/t, )] (2.18)

In this expression, 1, and 1, are the two time constants associated with the two decay
component of the measured anisotropy and [; represents the fractional fluorescence arising

from each emitting species. More complex intensity and anisotropy decays are also possible

and that are usually expressed as the sum of exponentials as,

I(t)=>_aiexp(—t/ i) (2.19)

r(t) = F{Z Piexp(—t/ rw)} (2.20)
For such complex decays the analysis and interpretation of the results are very difficult and are

mainly done with lot of intuitions and modeling of the systems, as well as by gaining

additional informations from other supporting measurements.

2.6. Fluorescence up-conversion Measurements

Using a technique like time-correlated single-photon-counting (TCSPC) in conjunction with a
fast photomultiplier or MCPPMT, it is possible to improve the time-resolution to some extent,
in the range of about few tens of picoseconds,”*******! but a careful de-convolution analysis is
required to obtain such a time-resolution for the TCSPC measurements. Another important
technique for obtaining time-resolution better than 100 ps has been to use a streak
camera.”***%?*! Single shot streak cameras offer a time-resolution better than ~10 ps. One of
the drawbacks of using streak camera is that the spectral response of these cameras is limited
by the spectral responses of their photocathodes, which typically do not extend beyond about
900 nm. In spite of this limitation, streak cameras remain the extremely convenient means for

time-resolved luminescence measurements with time-resolutions in the range of ~10 ps.
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Till date, the best way to get the time-resolution in the emission measurements
comparable to the width of the excitation laser pulses appears to be the technique that uses the
nonlinearity induced by the high energy laser pulses as the timing gate for the emission
detection *****°. One of these nonlinear techniques, first introduced by Mahr and Hirsch,* is
the frequency mixing technique utilized for ultrafast time-resolved fluorescence measurements.
In this technique, the emission from the sample is mixed with a part of the ultra-short laser
light in a nonlinear crystal to generate the sum frequency or the difference frequency of the two
mixing light. Since the mixing process takes place only during the temporal overlap of the
ultra-short laser pulse with the fluorescence emission, this technique provides the best time-
resolution, effectively comparable to the width of the ultra-short laser pulses used for the
frequency mixing with fluorescence, provided that certain experimental conditions are satisfied
during these measurements. The method of using sum-frequency generation to measure the
ultrafast fluorescence decays of samples is the most widely used technique in the time-resolved
fluorescence measurements and is commonly known as the fluorescence up-conversion

technique.

2.6.1. Basic principle of fluorescence up-conversion

2.6.1.1. Sum-frequency generation

The basic concept of achieving ultra-short time resolution in the time-resolved fluorescence
measurement by using the frequency mixing technique is illustrated in the following Figure
2.7. The emission light (frequency wq) collected from the sample following its excitation with
an ultra-short laser pulse and a suitably delayed intense laser pulse, known as the gate pulse
(frequency w,), are focused into a thin nonlinear crystal whose optic axis is oriented at an
appropriate angle with respect to the o, and wg light beams. The sum-frequency photons
(frequency o) are generated only during that time for which the ultra-short gate pulse is
present at the crystal along with the comparatively long lived fluorescence light. Thus,

frequency mixing occurs only for a thin temporal slice of the fluorescence decay and
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accordingly acts as a light gate, providing time-resolution quite comparable to the width of the

222226
gate pulses used.

Sum-frequency
Non-linear Signal
Crystal

Gate Pulse

Figure 2.7. Schematic representation of sum frequency generation in a non-linear crystal.

The efficiency of the up-conversion process largely depends on the phase matching condition

among the wave vectors (E) of the different lights (wg, ®g, and o) that interact in the
nonlinear crystal.”****® For the sum-frequency generation, two important criteria to be fulfilled
are the “energy conservation” and the “phase matching condition” among the interacting lights
in the nonlinear crystal. The energy conservation criterion gives us the following relation
among the frequencies of the different light involved.

0, +0, =0, (221)

Similarly, the phase matching condition suggests the following relation among all the wave

vectors involved in the nonlinear phenomenon for the most efficient sum-frequency generation.

-

- -
ks = kg+ fl (222)
- - -
where k, , k; and k_ are the wave vectors for the gate, fluorescence and the sum frequency
lights. In accordance with relation 2.22, the closeness to the phase matching condition for sum-

frequency generation is often expressed by the parameter called phase mismatch, Ak, and is

expressed by the following equation.
+kg,) (2.23)
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For the co-linear propagation of the gate and the fluorescence beams, the above expression for

the phase mismatch for the sum-frequency generation can be simplified as,
Ak:ks—(kg+kﬂ):l(nsms—ngmg—nﬂmﬂ) (2.24)
c

where c is the velocity of light in vacuum and ng, ng and ng are the refractive indices of the

lights ®s, ®, and g, respectively, in the non-linear medium. Obviously, the true phase
matching condition suggests that the Ak value should be equal to zero. It is thus clear that the

smaller is the AE value, more closer is the situation for the true phase matching condition and
accordingly the better should be the efficiency for the fluorescence up-conversion process.
Such an ideal situation is, however, not possible to achieve practically, because none of the
light beams used (e.g. ®s, ®; and ®q) are monochromatic in nature. Thus, for all practical
purposes in the fluorescence up-conversion measurements, the best efforts are made to achieve
the lowest possible phase mismatch condition such that the intensity of the sum-frequency light
becomes the maximum.?*?**° To achieve this, the optical axis of the non-liner crystal is rotated
with respect to the polarization direction and the direction of propagation of the gate and the
fluorescence light pulses until the intensity of the sum-frequency light becomes the maximum
for a selected wq value (i.e. the monitoring emission wavelength). The selection of wq or the
monitoring emission wavelength is easily achieved by setting the wavelength of the
monochromator in front of the photodetector corresponding to the sum-frequency light s that
is expected according to eq. 2.21 for the selected wn and the fixed w, for the gate pulses used.
Thus, by selecting different emission wavelengths for the measurements and accordingly
tuning the optical axis of the non-liner crystal for the maximum sum-frequency light for each
of these selections, one can easily carry out the time-resolved fluorescence up-conversion
measurements for a wide range of wavelengths covering the whole fluorescence spectrum of

the sample. A proper selection of the non-linear crystal is, however, essential to achieve this
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because different nonlinear materials have different spectral ranges for their suitability and
efficiency to up-convert the fluorescence light by mixing it with the gate laser light. Among
different non-linear crystals, the B-barium borate (BBO) is understood to be the most useful
nonlinear crystal in the fluorescence up-conversion measurements, because it has a high
transmittance over a wide spectral range (covering most of the UV-visible spectral region) and
a reasonably high non-linear efficiency for the sum-frequency generation process.”?***°

Since the beam size of the fluorescence collected from the sample is always quite large,
it is always required to focus the fluorescence beam on to the non-linear crystal with a broad
cone. Thus, the nonlinear crystal used for up-conversion measurement should have quite high
phase matching acceptance angle, A6, such that the maximum of the fluorescence light can be

222-226

utilized in the up-conversion process. For a nonlinear crystal, the phase matching

acceptance angle, A0, is expressed by the following relation.

_4n| ank

AO — 2.25
d| 00 (225)

where d is the thickness of the nonlinear crystal. It is evident from the above equation that the
smaller the thickness of the crystal, the larger is the A value. Thus, the thinner is the non-
linear crystal, the easier is the tuning of the crystal axis for the efficient sum-frequency
generation. However, with very thin crystal the integrated intensity of the sum-frequency light
becomes very low and accordingly the system becomes overall inefficient. Thus, in all
practical systems, there is a compromise to select the optimum crystal thickness. Crystals with
thickness of about 0.5 mm are quite commonly used in most fluorescence up-conversion
measurements, without sacrificing much on the acceptance angle and at the same time not

sacrificing much on the time resolution of the measurements.
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2.6.1.2. Time resolution

In fluorescence up-conversion measurements, the time-dependent changes in the fluorescence
intensity is obtained by recording the integrated sum-frequency intensity at the varying time
delay of the gate pulse at the nonlinear crystal with respect to the excitation pulse and thereby
scanning the whole fluorescence decay of the sample as shown in Figure 2.8. At any delay of
the gate pulse, the intensity of the sum frequency light (Is) is proportional to the correlation
function of the fluorescence intensity (In) and the intensity of the gate light (I,), and is given by

the following equation_222-226

L= 1,01, (t-7)dt (2.26)

where 7 is the time delay between the excitation and the gate pulses.
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Figure 2.8. Schematic representation of fluorescence decay measurement using fluorescence up-
conversion technique.

As the intensity of the gate pulse, I, remains constant at all the delays, the intensity of the sum
frequency light at each delay position is effectively proportional to the intensity of the
fluorescence light at that delay. Thus, pictorially, the value of the integral in eq. 2.26 at any

delay position can be represented by the shaded area under the fluorescence curve in Figure
47



2.8. To obtain the full fluorescence decay profile, the delay t for the gate pulse is scanned over
the whole fluorescence decay and the integrated intensity of the sum frequency light at each
delay is recorded for a fixed preset time period. Thus, the fluorescence up-conversion
measurement is essentially an optical version of a boxcar sampler with time resolution

determined by the pulse width of the gate pulses.

2.6.2. Brief description of the present fluorescence up-conversion
setup
2.6.2.1. The key features

The block diagram of the femtosecond fluorescence up-conversion instrument developed in
our department is shown in Figure 2.9. In this instrument a mode-locked Ti:sapphire oscillator
(from CDP Inc. Russia) is optically pumped by a diode pumped solid state laser from Coherent
(Verdi, 5W at 532 nm) to produce the ultra short laser pulses for the wavelength around 800
nm. The pulse duration of the present Ti:sapphire laser system is ~50 fs and it operates with a
repetition rate of 82 MHz. Though 800 nm is the most commonly used laser wavelength for the
Ti: sapphire oscillator, for the present laser it is also possible to tune the laser wavelength to a
significant extent, namely for the wavelength range of 770-950 nm, as and when required for a
particular experiment.

In the present up-conversion instrument, the output laser beam from the Ti:sapphire
oscillator is first passed through a harmonic generator unit, where either the 2™ (around 400
nm) or the 3" harmonic (around 266 nm) of the laser light is generated using suitable BBO
crystals and by proper tuning of their optic axis for the required phase matching conditions.
The higher harmonic light thus produced is separated from the residual fundamental light of
the Ti:sapphire laser by using a dichroic mirror and is used for the excitation of the samples of
our interest. The intensity of the higher harmonic light is normally kept reasonably low to

ensure that the fluorescence intensity remains linearly dependent on the excitation laser
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intensity. This is also required to minimize the photo-degradation of the samples during the
measurements of the fluorescence decays.

In the actual experimental arrangement, the sample solution is kept in a rotating quartz
cell of I mm thickness. The sample cell is rotated continuously during the measurement to
prevent localized heating of the sample and consequently to minimize its photo-decomposition.
A cut-off filter is used immediately after the sample cell to prevent the residual excitation light
and/or Raman light to reach the detection system. The transient fluorescence originating from
the sample is then focused onto an up-conversion crystal (0.5 mm thick BBO crystal), using
two elliptical mirrors. The residual fundamental beam used as the gate pulse is first directed

to an Optical delay line and subsequently focused onto the up-conversion crystal.
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Figure 2.9. The Schematic diagram of the femtosecond fluorescence up-conversion instrument
developed in our department.

A translational stage, driven by a stepper motor with a step size of 0.1 um, is used to change
the delay of the gate pulse. Each step of the translational stage changes the optical path length

of the gate pulse by 0.2 um, thus delaying the pulse by 0.66 femtosecond per step. The gate
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pulse is focused onto the up-conversion crystal using a lens to mix with the fluorescence signal
and thus to generate the sum-frequency or the up-converted signal. The upconverted light is
focused onto a slit of a double monochromator after passing through a UV band pass filter (UG
11) that eliminates the gate and the unused fluorescence light but transmits the up-converted
light. This up-converted light is finally detected by using a photomultiplier tube connected to a

photon counting system (CDP Inc. Russia).

A variable wave plate (Berek Compensator) in the path of the excitation beam is used to
control the polarization direction of the excitation pulses relative to the horizontally polarized
gate pulses. Fluorescence up-conversion measurements are normally carried out under magic
angle condition to avoid the rotational depolarization effect of the probe molecules on the
observed fluorescence decays. For time-resolved fluorescence anisotropy studies, however,
measurement are carried out with suitable polarizations of the excitation beams, adjusted by
using the Berek compensator, such that the fluorescence decays corresponding to the parallel
and perpendicular polarizations of the excitation pulses with respect to the horizontally
polarized gate pulses are collected in the up-conversion setup. The two polarized fluorescence

decays thus obtained are used accordingly to estimate the time-dependent anisotropy decay.'"’

2.6.2.2. Instrument response function

As already discussed, the fluorescence decay profiles of the samples at different wavelengths
can be easily measured in the up-conversion instrument by simply setting the monochromator
at the selected up-conversion wavelength and suitably tuning the optic axis of the nonlinear
BBO crystal for maximum sum-frequency light. The fluorescence decay profiles thus
measured for the samples at a given wavelength is a convolution of the sample response with
that of the instrument response function (IRF). To extract the true sample response function or
the actual fluorescence decay parameters of the sample, the measured fluorescence decay is to

be de-convoluted with respect to the instrument response function of the setup. Thus, the
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measurement of the IRF of the up-conversion setup is very essential to analyze the observed
fluorescence decays, and this can be easily obtained by mixing the residual excitation light that
passes through the sample with the gate pulse in the up-conversion crystal and measuring the
concerned sum-frequency light, which is commonly referred as the cross-correlation light, by
using the time-gated photon counter. The changes in the cross-correlation light intensity with
the delay time of the gate pulse can be easily recorded similar to the measurements of the
fluorescence decays and the temporal profile thus obtained for the cross-correlation light
represents the IRF of the fluorescence up-conversion instrument. A typical IRF of the present
setup is shown in Figure 2.10, which is found to be Gaussian in shape. In fact, the solid line in
Figure 2.10 represents the actual Gaussian fit to the experimental data shown by symbols. The
FWHM of the IRF for the present instrument is found to be ~180 fs at the full width at half

maximum.
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Figure 2.10: A typical instrument response function of the present fluorescence up-conversion
instrument measured for 400 nm excitation light. The full-width at half maximum of the instrument
response function is ~180 fs.

2.7. Cyclic Voltammetry and Differential Pulse Polarography

Cyclic voltammetry is the most widely used technique for acquiring qualitative information

about electrochemical reactions. As a major application of this technique, redox potentials of
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the electroactive species are determined using cyclic voltammetric measurements. A linear
potential perturbation is applied in cycle to the working electrode (cf- Figure 2.11A). A typical
response of a reversible electrochemical response is shown in Figure 2.11B. The cathodic (E,)
and anodic peak (Ep,) potentials are the measure of the reduction and oxidation potential of the
electroactive species. Similarly the measured current in the cathodic process and the anodic
process are the measure of the electrokinetics of the respective processes. In majority of the
cases cyclic voltammetry is used to measure the redox property to understand the
electrochemical reactivity of the species in aqueous, non aqueous and in complex biological
systems. However in case of lower solubility of the electroactive species in the reaction media,

differential pulse polarography is used to obtain the redox property of the system.
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Figure 2.11. (A) Cyclic voltammetric potential profile and (B) a typical cyclic voltammetric plot using
glassy carbon electrode.

Differential pulse polarography is one of the best pulsed voltammetric techniques for
detection of samples at lower concentration. In this technique square shaped voltage pulses of
constant heights is applied along with the DC voltage step. A typical differential pulse profile
is shown in Figure 2.12A. As can be seen from this figure, the current is sampled at the
beginning of the pulse and at the end of the pulse. The difference in these two currents is

plotted against the DC voltage to produce the differential pulse voltammogramme as shown in
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Figure 2.12B. Such differential current measurement makes the technique less prone to the

double layer charging effect.
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Figure 2.12. (A) Potential profile of differential pulse voltammetry (B) the typical differential pulse
voltammetric plot of Cd** reduction in aqueous solution.

In the present thesis the peak potentials of the coumarin-343 at different surfactant to
polymer ratios were measured by using differential pulse polarography using Eco chemie
potentiostat, AUTOLAB-100, fitted with the VA663 stand comprising of static mercury drop
electrode (SMDE) as the working, glassy carbon rod as the counter and saturated calomel
(SCE) as the reference electrodes. Experimental data acquisition was carried out using a
GPES-4.9 software. Polarographic scans were carried out for the potential window from -1.0 V
to -1.5 V, with the modulated pulse amplitude of 25 mV and step potential of 3 mV. The
potentials applied and measured in this report are with respect to SCE. In the present systems
0.1 M KCI was used as the supporting electrolyte and the test solution was purged with high
purity nitrogen gas for 15 minutes before every electrochemical scan. Polarographic scans
were taken in quiescent condition keeping 10 seconds equilibration times. All electrochemical

experiments were carried out at 25°C.

2.8. Quantum Chemical Calculations

The ground state geometry optimization was performed using the density functional theory
(DFT). Becke’s three parameter hybrid exchange function with the Lee-Yang-Parr gradient

corrected correlated functional (B3LYP)**"**® was used in conjunction with 6-311+G(d,p)
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basis set as implemented in the GAUSSIAN-03 software package.””” Conductor-like

polarizable continuum model (CPCM)*°

was used to incorporate the effect of the bulk solvent.
TDDFT method using B3LYP/6-311+ G(d,p) basis set was used to calculate the energy in the

excited state of the molecules.

2.9. Small Angle Neutron Scattering Measurements

Small Angle Neutron Scattering (SANS) is a technique routinely used for structural studies on
the nanometer length scales (1-300 nm). Typical samples consist of macromolecules or
colloids in solution and the measurements are performed in situ. The technique provides
information on the size and shape of the nanometer size objects in the solution as well as their
inter-particle interactions. The neutrons interact with the nuclei in the sample and the
interaction depend on the nature of the isotope of the concerned element. Hydrogen and
deuterium have very different scattering length and this can be exploited in contrast variation
measurements in which it is usual that part of the molecule in the solution is deuterated. It is
also usual to change the scattering length density of the solvent by mixing deuterated and
protonated solvents. The technique requires a neutron source, i.e. a nuclear reactor or an
accelerator based spallation source and therefore the experiments are performed at large scale
facilities. In the present thesis to understand the nature of interaction between the block
copolymer and cationic surfactant (CTAB), Small Angle Neutron Scattering measurements
were carried out with the polymer solution (in D,O) in the absence and in the presence of
CTAB. Neutron scattering measurements were carried out using the facility at DHRUVA
reactor, Trombay, INDIA. The mean incident wavelength (1) of the neutron was 5.2 A with
AMMA = 15%. The scattered neutrons were measured for the scattering vector (q) range of 0.02-
0.3 A'. The measured SANS data were corrected for the background, the empty cell

contribution and the transmission, and were presented on an absolute scale using the standard
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protocols.”' Correction due to the instrumental smearing was also taken into account
throughout the data analysis.>"'

The differential scattering cross section per unit volume (dX/dQQ) of a monodisperse micelle as
a function of scattering vector (q) can be expressed as™*

d2/dQ (q) = NFmie(q)S(q) + B (2.27)

where N is the number density of the micelles, B is a constant representing the incoherent
background scattering mainly from the hydrogen atoms present in the sample, Fpi(q) is the
form factor, determined by the size and the shape of the scatterers, and S(q) is the structure
factor, accounting for the inter-particle interaction. Structurally, pluronic micelles can be
considered as the core-shell particles with different scattering length densities for the PPO core
and the PEO shell. In the present SANS analysis, Fiic(q) was considered for a spherical micelle
as formulated by Pedersen,™’ and it depends on the radius of the hydrophobic micellar core.

The structure factor, S(q) is a function of the micellar volume fraction ¢, which is related to

the hard sphere radius (Ry) as'*%*°
_C 4nR).
3N

agg

p (2.28)

where C is the concentration of the pluronic in w/v % and N, 1s the aggregation number,
which can be determined from the knowledge of the core size.”*® The analytical form of S(q)
factor for the block copolymer micelles was obtained from the analytical solution of the
Ornstein-Zernike equation in the Percus-Yevick approximation, employing the hard sphere
potential.>*’

For polydispersed micelles, eq. 2.27 can be written as

@)= [ @ R F(RYAR + B (2.29)

In the present study, the polydispersity in the micellar size was accounted by Schultz

distribution as given by the following equation,”*
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where I is the gamma function, Ry is the mean core radius of the micelles and the parameter z
is a function of the width (AR.) of core radius, defined by the following equation,

z=(Rem/ARC)*-1 (2.31)
The mean core radius (Rem), the polydispersity for the core radius (AR./Rem), the micellar

volume fraction (¢) and the hard sphere radius (Rys) of the micelles are the fitting parameters in
the analysis of the SANS data. Using this analysis, the different micellar parameters has been

determined for F88-CTAB mixed micellar system which has been discussed in Chapter 7.
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Chapierd

Ultrafast Bond Twisting Dynamics Studies on
Amyloid Fibril Sensor Dyes Thioflavin-T and
Its Derivatives

3.1. Introduction

Thioflavin-T (ThT), a benzothiazole based cationic dye, is used as an extrinsic fluorescence
sensor to monitor and estimate the formation of amyloid fibril, a filamentous protein form
responsible for several neurodegenerative diseases, like Alzheimer’s and Parkinson’s

195.239 it shows a remarkable

disease.””'"** Although ThT in water is very weakly fluorescent,
enhancement in emission yield on its association with amyloid fibril.'?!"**196240-241 ThT jg also
known to be very specific in its binding with amyloid form of the protein with no significant
interaction with other forms, namely, the folded or partially folded monomeric proteins.'*®***
Although the underlying mechanism for the large fluorescence enhancement of ThT on its
association with amyloid fibril is not clear, several hypothesis have been proposed to explain
this observation. Khurana et al.*** have proposed that the formation of a kind of micelle of ThT
in the amyloid fibril is mainly responsible for the observed emission enhancement for the dye.
Formation of ThT excimer in amyloid fibril has also been proposed by Groenning et al.***

However, such association of charged species is a matter of debate. Recently, an optical

microscopic study has however, clearly demonstrated that there is no association of ThT
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molecules in amyloid fibril and the observed emission enhancement is due to the incorporation
of monomeric ThT molecule within the fibril structure.”*’

Detailed studies in several confined environments, like in amyloid fibril,191:196.241:246-249

polymer,"”’ glass matrix,'”®

etc., clearly indicate that the high local viscosity of the
microenvironment around the dye is directly related to the observed fluorescence enhancement
of ThT in these systems. However, understanding the actual molecular process, that is related
to the observed fluorescence enhancement of ThT in these microenvironments remains still
elusive. Considering the molecular structure of ThT (cf. Scheme 3.1), it is hypothesized that in
bulk water, due to the low viscosity of the medium, some intramolecular bond twisting process
might takes place in the excited state of the ThT molecules which effectively introduces a very
fast nonradiative decay channel for the excited dye resulting its extremely low fluorescence
yield." In contrast, in a highly viscous media, like in amyloid fibril, the bond twisting process
in the dye is substantially retarded, reducing the nonradiative decay channel for the dye and
hence a remarkable increase in its emission yield.”"*** In some reports it is also proposed that
the bond twisting process in ThT is associated with the large intramolecular charge transfer
from the anilino moiety of the dye to its benzothiazole moiety.'”**>* Such a charge transfer,

associated with the bond twisting in the dye effectively results in the formation of a twisted

intramolecular charge transfer (TICT) state in the excited ThT molecules.

\@ES N/
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Ib

Scheme 3.1. Molecular structure of Thioflavin-T and its derivatives

From the molecular structure of ThT (¢f. Scheme 3.1), it is clearly evident that there are two

possible bond twisting, one occurring around C-N single bond (i.e. twisting of the amino (NR;)
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group) and/or the other occurring around central C-C single bond (i.e. twisting of the anilino
(PhNR;) group) can take place in this molecule. Twisting around any one of these bonds can
introduce the nonradiative decay channel in the excited state of ThT, causing a very low
emission yield. There are several reports in the literature on organic dyes with N-alkylated
anilino groups where it is shown that the twisting of either the N-alkylated amino group or that
of the whole anilino group can cause the enhanced nonradiative decay of the excited dye
resulting a large reduction in their emission yields. For example, in several tri-phenyl methane
dyes with amine substitutions, it is reported that the twisting of the anilino group in their excited
state is responsible for their low emission yield.>**> For para-(N,N-dialkylamino)
benzylidenemalononitriles, however, based on experimental evidence as well as from
theoretical calculations, it was shown that the twisting of both the amino group as well as the
anilino group contribute significantly towards the nonradiative decay channel of this molecule

2% Very recently, Saha et al”>’ have shown that in dimethyl-

in its excited states.
aminostyrylbenzothiazole, having a close structural relation with ThT, only the twisting of the
amino group is responsible for the fast nonradiative decay in its excited state. Based on these
literature reports, it is expected that for ThT, twisting of either of the two bonds, as depicted in
Scheme 3.1, can be responsible for the ultrafast nonradiative decay channel in its excited state.
In order to use ThT or some of its derivatives as an efficient fluorescence sensor for different
microenvironment, including that of amyloid fibril, it is very essential to identify the bond,
which is responsible for its ultrafast nonradiative decay channel. This information might also
help to develop much better sensor based on the ThT structure. In order to disentangle this
issue, we designed and synthesized two ThT derivatives, la and Ib (see Scheme 3.1 for
molecular structures), with the presumption that the lack of a methyl group in the benzothiazole
moiety, as is present in ThT, would not cause any significant effect on the fluorescent properties

of the derivatives in comparison to that of ThT. Between the two ThT derivatives synthesized,

the compound Ia can have twisting around both the bonds. However, due to the presence of a
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julolidine group, compound Ib would prohibit twisting of the Ph-NMe, bond, but allow twisting
around the central C-C bond (benzothiazole-aniline) only. Detailed steady-state and time-
resolved photophysical studies of Ia and Ib along with ThT in different solvents have been
carried out to identify the bond responsible for the sensory activity of ThT class of molecules.
Detailed excited state dynamics of ThT in amyloid fibril media has also been explored.

Studies on the photophysical properties of ThT in different solvents indicate that its

250258 This feature

emission yield is largely dependent on the viscosity of the medium.
characterizes ThT to act as a molecular rotors, because the changes in its fluorescence yield
can be used to estimate the viscosity of different microenvironment. Understanding the effect
of viscosity on the relaxation pathways in the excited ThT molecule might help to comprehend
the underlying mechanism for the enhancement of the fluorescence emission yield of ThT in
different confined media. With this in mind, we have investigated on the excited state

relaxation dynamics of ThT in solvents of varying viscosity, using femtosecond fluorescence

upconversion technique.

3.2. Experiments and Methods

ThT was purchased from Sigma as the chloride salt and used after repeated recrystallization
from methanol. The purity of the recrystallized ThT was checked through NMR spectra.259 All
the solvents were of spectroscopic grade (Spectrochem, India) and were used as received.
Ground-state absorption measurements were carried out using a Shimadzu spectrophotometer
(model UV-160A) and the steady-state fluorescence measurements were made in a Hitachi
spectrofluorimeter (model F-4500). The emission spectra were corrected for the wavelength
dependent instrument responses as discussed in Chapter 2 (¢f. Section 2.3.1). The fluorescence

quantum yield (¢r) of ThT in different solvents were determined by comparative method (cf.

Section 2.3.1, Chapter 2) using Coumarin 481 (C481) dye in acetonitrile (¢=0.08'"") as the

reference. Viscosity of mixed solvent were calculated using the following equation,*
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In(7,,,) = ) w; In7y, 3.1)

where Nmix 1s the viscosity of the mixture, n; and w; is the viscosity and weighting factor of the
it component , respectively.

Bovine Insulin was purchased from Sigma-Aldrich, USA and was used as received.
Bovine insulin is well known to form fibril at low pH and at elevated temperature.”®’ Solutions
of bovine insulin (2mg/ml) in 20 % acetic acid was freshly prepared and was incubated at 70"
C for 24 h in a glass vial under stirring. Freshly prepared stock solution of ThT in nanopure
water was added to fibrillar solution to make a final concentration of ThT to SuM and was
incubated at room temperature for 1 h before final measurement.

Time-resolved fluorescence measurements were carried out using a femtosecond
fluorescence upconversion and TCSPC instrument discussed earlier (cf. Chapter 2). In the
present study the second harmonic of Ti-sapphire laser pulses (410 nm, 50 fs, 88 MHz) was
used for the sample excitation in fluorescence upconversion measurement while 405nm LED
was used as excitation source in TCSPC instrument. For the construction of the time-resolved
emission spectra (TRES), the fluorescence transients were recorded at 10 nm intervals across
the steady-state emission spectrum of ThT. All these fluorescence transients were fitted with a
tri-exponential function using the iterative convolution method. Time-resolved emission
spectra (TRES) were reconstructed using the best fitting parameters of the fluorescence decays
measured at different wavelengths following the method proposed by Maroncelli and
Fleming.” In the present study, the experimental data points for the each reconstructed TRES

was fitted using the lognormal function of the following form.*

Iv)= aexp[—ln(2){ll)ln[l+2b(v_v”)j} 1 p2v=ve)
w w

—0 it Zb(v—vP)S_
w

where, the amplitude, a, the peak frequency, v, the width parameter, w, and the asymmetry

1 (3.2)

parameter, b, are the adjustable parameters. The full width at half maximum (FWHM) of the
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emission spectra were calculated from width parameter, w, and the asymmetry parameter, b, by
using the following equation,*

FWHM = w@ (3.3)
Because of the very long fluorescence lifetime of ThT in amyloid fibril media, time-resolved
fluorescence measurement were carried out using a time-correlated single-photon-counting
(TCSPC) based instrument from IBH, Glasgow, U.K. ThT in amyloid fibril was excited with a
408-nm diode laser (1 MHz,). The fluorescence from the sample was collected at right angles
to the excitation source and detected using a microchannel plate (MCP) detector. The IRF of
the TCSPC instrument was measured by collecting the scattered light from a TiO2 suspension

in water and was found be ~100 ps.

The ground-state geometry optimization of the studied molecules were performed using
the density functional theory (DFT) (cf. Section 2.7, Chapter 2). The energy of the first excited
singlet state (S;) was determined as the sum of the ground-state (Sy) energy and the transition

energy. The energy (expressed in eV) is relative to the minimum of the ground-state energy.

3.2.1. Synthesis of ThT derivatives
All anhydrous reactions were carried out under an argon atmosphere, using freshly dried
solvents. The organic extracts were dried over anhydrous Na,SOy4. The '"H NMR (200 MHz)

spectra were recorded with a Bruker AC-200 spectrometer.

Microwave assisted condensation reaction:

NH, / N /
X o — IO
SH S
1 2a 3a

DMF/POCI,/CH,Cl,
N ———————. oHC N
2 2b
NH; N
@[ L OHC NGO, @[ N
SH S
1 2b 3b
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Methylation reaction:

[+
@:N N Melissealed tube @NWN/
sj ( > \ < \
3a la

‘ +
@[N N Mel/Alsealed tube @[N N
S S
3b Ib

Scheme 3.2: Synthesis of la and Ib

Synthesis of 9-Formyljulolidine (2b): To a magnetically stirred solution of julolidine (2) (0.5
g, 2.88 mmol) and DMF (0.27 mL, 3.46 mmol) in dry CH,Cl, (5 mL) under Ar was injected
POCIl; (0.29 mL, 3.17 mmol). After 1 h, when the substrate was fully consumed (checked
through TLC), the mixture was treated with aqueous 2M NaOH solution, and the mixture

extracted with Et;O (3 x 5 mL). The ether layer was washed with water (2x10 mL) and brine
(1x5 mL), and dried. Removal of solvent in vacuum followed by column chromatography
(silica gel, 0-5% Et,O/hexane) of the residue furnished pure 2b. Yield: 90%; 'H NMR
(CDCl3): 6 1.97-2.06 (m, 4H), 2.81 (t, J = 6.2 Hz, 4H), 3.31 (t, J = 5.8 Hz, 4H), 7.28 (s, 2H),

9.63 (s, 1H).

Synthesis of 2-(4'-Diaminophenyl)benzothiazole (3a) and julolidinyl benzothiazole (3b): The
aldehyde 2a or 2b (3 mmol) and 2-aminothiophenol 1 (6.0 mM) in Et,O (10 mL) and silica gel
(3.0 g) were thoroughly mixed to make slurry, and concentrated under vacuum to obtain the
respective solid pre-adsorbed materials, which were individually exposed to microwave
irradiation (600 W power) for 10 min. The completion of the reaction was checked by taking
an aliquot of the sample, extracting with Et,O and carrying out TLC analysis of the ether
extract. The solid was extracted with Et,O (30 mL), the ether extract concentrated in vacuum,
and the residue was column chromatographed (silica gel, 0-15% EtOAc/hexane) to obtain the
respective 2-arylbenzothiazoles 3a and 3b. 3a: Yield: 90%; 'H NMR (CDCls): & 3.05 (s, 6H),
6.74 (d, J=9.0 Hz, 2H), 7.25-7.34 (m, 1H), 7.40-7.48 (m, 1H), 7.84 (d, J = 7.8 Hz, 1H), 7.95-

8.01 (m, 3H). 3b: Yield: 68.5%; 'H NMR (CDCls): § 1.92-2.04 (m, 4H), 2.81 (t, J = 6.2 Hz,
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4H), 3.26 (t, J = 5.8 Hz, 4H), 7.26-7.32 (m, 1H), 7.39-7.46 (m, 1H), 7.59 (s, 2H), 8.03 (d, J =

8.0 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H).

Synthesis of the dyes la and Ib: A mixture of 3a or 3b (each 0.2 g) and Mel (2 equivalent) was
heated at 120 °C in a sealed tube for 4 h. The mixture was concentrated in vacuum, and the
crude products were washed successively with acetone (3 mL) and Et;,O (3 mL) and
recrystallized from ethanol. Ia: Yield: 63%; '"H NMR (DMSO-ds):  3.10 (s, 6H), 4.22 (s, 3H),
6.97 (d, J = 8.4 Hz, 2H), 7.75-7.83 (m, 4H), 8.28-8.38 (m, 2H). Ib: Yield: (60%); '"H NMR
(DMSO-dg): 6 1.86-1.91 (m, 4H), 2.72-2.78 (m, 4H), 3.54 (m, 4H), 4.18 (s, 3H), 7.38 (s, 2H),
7.64-7.83 (m, 2H), 8.09-8.12 (m, 1H), 8.26-8.30 (m, 1H).

3.3. Results and Discussion

3.3.1. Ground-state absorption and steady-state fluorescence studies
of ThT and its derivatives la and 1b

The ground-state absorption and steady-state fluorescence spectra of ThT derivatives la and Ib
in aqueous solution are shown in Figure 3.1. As indicated in the figure, both absorption and
emission spectra of Ib is significantly red shifted with respect to those of Ia. This red shift in
absorption and emission spectra of Ib as compared to that of Ia is possibly due to the fact that
the difference in the ground and the excited state dipole moment is higher for the former dye as
compared to that in the latter. The more polar nature of the dye Ib as compared to that of dye Ia
is due to the presence of julolidine group in the former. The red shift in the absoprtion maxima
in dye Ib than that of dye la is also supported from the quantum chemical calculations
(discussed latter). Similar red shifts in the absorption and emission spectra due to the
introduction of the julolidine group have also been observed in coumarin derivatives.”> As
anticipated, the absorption and the emission spectral characteristics of la in water (and also in
other solvents) are quite similar to that of ThT (c¢f. Figure 3.1). This clearly supports our
assumption on the inconsequential role of the methyl substituent in the benzene ring of the

benzothiazole moiety in the photophysical properties of the ThT molecules.
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Fluorescence quantum yield (¢r) values measured for both the ThT derivatives in
different solvents are listed in Table 3.1. The ¢r values of ThT in different solvents are also
presented in Table 3.1 for comparison. It is evident from Table 3.1 that the quantum yield of
ThT and la are quite comparable in all the solvents studied. This result indicates that ThT and
its derivative la have similar photophysical behavior, which is consistent with our inference
from the absorption and emission spectral studies. Henceforth the dye Ia is thus considered as

the representative of ThT and its photophysical properties is compared with those of Ib.

Normalized Abs.\FI. Intensity

350 400 450 500 550 600 650
Wavelength/nm

Figure 3.1. Ground-state absorption and steady-state fluorescence spectra of Ia (: Jand Ib (- ---)in

aqueous solution. Absorption and emission spectra of ThT in water (------ ) are also shown for
comparison.

Table 3.1. The emission quantum yield (¢r) of ThT, Ia and Ib in different solvents

Solvent Quantum yield (¢r)x10*

ThT Ia Ib
Water 1.0+0.2 1.0+0.2 0.84+0.2
Acetonitrile 1.4+0.15 1.45+0.2 0.84+0.15
Ethylene 17.5+0.5 16.1+0.4 10.1+0.5
Glycol
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It is clearly indicated from Table 3.1, the introduction of the julolidine group in Ib that prevents
the twisting around the C-N bond, does not cause any appreciable change in the emission yield
of the dye as compared to that of Ia and ThT. However, it is seen from Table 3.1 that the ¢r of
Ib is always relatively low as compared to that of Ia and ThT in all the solvents studied. As
reported in the literature, the restriction of the bond rotation in ThT in viscous environment,
like in amyloid fibril, is the reason for the large enhancement (~1000 times) in the fluorescence
yield.!!:196-241.246249.258 1 the restriction in the rotation around C-N bond was responsible for
this sensing activity of ThT, one would expect a large increase in the ¢y for Ib in comparison to
that of Ia and ThT. Lack of such an observation clearly suggests that the twisting around the C-
N bond is not responsible for the sensory activity of ThT and its derivatives. This, in turn,

reveals that the twisting around the central C-C single bond (i.e. the twisting of the anilino

group) must be responsible for the fluorescence sensing activity of ThT dye.

If the sensing activity of ThT is related to the C-C bond twisting process, the emission
quantum yield of both Ia and Ib should be highly dependent on the viscosity of the medium. To
investigate this aspect, we measured the ¢r values of Ia and Ib in different acetonitrile-ethylene
glycol solvent mixtures where the viscosity of the medium is changed over a wide range,”* but
the polarity of the medium remains almost in the similar range (dielectric constant of
acetonitrile and ethylene glycol is ~37).2% As charge transfer (CT) is reported to take place in
the excited state of these molecules,'” to see the viscosity effect the polarity of the medium
was needed to maintain at the similar range. To see the fluorescence enhancement at higher
viscosity region, the ¢¢ values of the two dyes were also measured in glycerol medium at

264,265

different temperatures. It is to be mentioned here that for ThT it is reported that its

fluorescence quantum yield in solvents with significantly high dielectric constants, like

195

acetonitrile, methanol and water is almost independent of the solvent polarity. "~ In the present

study, we also find similar fluorescence quantum yields for Ia and Ib dyes in water and
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acetonitrile solvents (cf Table 3.1). Thus, it is expected that in this high solvent polarity region
the CT mediated non-radiative de-excitation of the excited la and Ib molecules is not affected
that significantly by the small changes in the solvent polarity. Thus, a marginally higher
dielectric constant of glycerol (¢ ~42.5) as compared to that of acetonitrile and ethylene glycol
should not affect the fluorescence quantum yield of these dye, rather the viscosity of the

solvent will play a significant role in modulating their photophysical behaviour.

The variation in fluorescence quantum yields (relative to that in acetonitrile) of Ia and Ib
with the viscosity of the medium is shown in Figure 3.2. It is clearly indicated from the inset of
Figure 3.2 that in the low viscosity region (< 20 cP) the fluorescence enhancement due to the
increase in the viscosity is very similar for both of the dyes. However, a substantial difference
in the fluorescence enhancement is observed in the region of higher solvent viscosity, where
the rate of change in the fluorescence quantum yield with the solvent viscosity is relatively
higher for Ib, compared to that for Ia. This result clearly demonstrates that the molecule Ib is a

relatively better viscosity sensor than molecule Ia.
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Figure 3.2. Variation of fluorescence quantum yield (relative to that in acetonitrile solvent, d);i,CN) of Ia

(A) and Ib (O) with the viscosity of the medium. Inset shows the variation in the emission yield for the
low solvent viscosity region. Open symbol corresponds to acetonitrile-ethylene glycol mixtures and
filled symbol corresponds to glycerol solution with different viscosity.
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3.3.2. Time-resolved fluorescence studies of la and 1b

The fundamental issue that determines the sensing activity of a dye is the competition between
the radiative and nonradiative (due to the bond twisting) decay processes in the excited state of
the dye molecules. The fluorescence quantum yield, ¢, of a dye is defined by the following

equation.

—k’ ' =1k (3.4)
= ‘ tor Z-f f .
k,+k, +k,

2
where £, is the radiative rate constant, &, is the nonradiative rate constant for the processes
other than bond twisting process, k" is the nonradiative rate constant due to the bond twisting
process and 7, (=1/(k,+k, +k¢)) is the excited state lifetime of the dye. In a less viscous

solvent, e. g. water, the intramolecular bond twisting process is very fast and thus leads to a

higher value for k'

nr 2

resulting in a very short 7, value for the present dyes. Because of the

very high k" value, ¢ , 1s also seen to be very low in low viscosity solvents. However, in

highly viscous media, the bond twisting process is retarded significantly, resulting in a lower

ki value and subsequently a higher ¢, value for the dyes.
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Figure 3.3. Transient fluorescence decays of Ia (- - - -, A= 410 nm, Aep= 490 nm) and Ib (——, A=
420 nm, Ae,= 510 nm) in ethylene glycol solution. The instrument response function (IRF) is shown as
the dotted curve.
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Thus, to understand the differences in the sensing activity of la and Ib, time-resolved
fluorescence measurements were carried out in different solvents using the fluorescence
upconversion technique. Both the dyes show multi-exponential fluorescence decay behavior at
their emission maxima in all the solvents studied. Multi-exponential decay kinetics for the
barrierless bond twisting process is well known in the literature.****" The representative
fluorescence decays of Ia and Ib in ethylene glycol are shown in Figure 3.3, while their
estimated average fluorescence lifetimes in different solvents are presented in Table 3.2. It is
evident from Figure 3.3 and Table 3.2 that the average lifetime of la is always longer as
compared to that of Ib in all the solvents studied. The observed ultrafast decay is known to be

239

due to the torsional motion in the ThT dyes.”” Thus, the present results clearly indicate that the

torsional motion is relatively faster in the dye Ib, compared to that in Ia. Accordingly, the £/

value is always higher for Ib as compared to that of Ia irrespective of the solvents used.

Because of the larger value of k" and hence, shorter value of 7, the increase in fluorescence

yield due to an increase in the solvent viscosity is expected to be relatively higher for dye Ib

than Ia, as observed experimentally in the present study.

Table 3.2. Average excited state lifetime of Ia and Ib in different solvents

Solvent Fluorescence lifetime, (ps)
Ia Ib
Water 0.59 0.48
Acetonitrile 0.41 0.30
Ethylene 12.4 11.8
Glycol

3.3.3.Quantum chemical calculations for la and Ib

To understand the reason behind the faster bond twisting dynamics in Ib as compared to that in
la, detailed quantum chemical calculations were carried out. The structures of both the

molecules were optimized, and the optimized structures are shown in Figure 3.4. From the
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optimized structures, it is evident that both the molecules are non-planner in nature, with the
benzothiazole moiety of the molecules undergoing a twist of about 40° for Ia and about 36° for
Ib, with respect to the plane of anilino moiety. Vertical transition energies were also calculated
for the optimized geometry for these two molecules and are found to be ~3.055 eV (406 nm)
and 2.893 eV (428 nm) for Ia and Ib, respectively. These values correspond reasonably well
with the experimentally observed absorption maxima (412 nm and 440 nm for Ia and Ib

respectively) of the two molecules.

Figure 3.4. The optimized chemical structures of Ia (A) and Ib (B).

To understand how the dihedral angle (0g) between the benzothiazole and the anilino
moieties affect the potential energy surface of the two molecules, both ground and excited state
potential energies were calculated at different values of O and are plotted as a function of the
twist angle in Figure 3.5. It is evident from Figure 3.5 that for both the dyes, the locally excited
state (with 0g=36° for Ia and 40° for Ib) produced due to photoexcitation, is not energetically
minimum in the potential energy surface. Thus, both the molecules undergo bond twisting

around the C-C single bond between the benzothiazole and the anilino moiety to attain a 6p

70



value of ~90° in their excited state to attain the minimum in the potential energy surface. This

feature is qualitatively very similar to that obtained for the ThT molecules in the gas phase.'”

Potential Energy/eV

0 50 100 150

Dihedral Angle (6;)/degree

Figure 3.5. Variation in the potential energy of Ia (A) and Ib (O) with the dihedral angle, 65, in their
ground (Sy) and the first excited state (S;). The energy is relative to the minimum of the ground-state
energy.

Although the qualitative nature of the potential energy surfaces of Ia and Ib are very

similar, there are distinct quantitative differences between them. These quantitative differences
in the potential energy surfaces of Ia and Ib can explain the observed differences in the excited
state dynamics of these two molecules. It is to be noted from the Figure 3.5 that the energy
stabilization due to bond twisting process in the excited state is relatively higher for the dye Ib
than Ia, suggesting the twisting process occurs faster in the former molecule than the latter.
Further, the excited state potential energy surface in the region of Og = 40-90° is relatively
steeper for Ib as compared to that of Ia. This feature also suggests a faster bond twisting
process in the dye Ib as compared to that of Ia. In addition, it is also evident from the Figure
3.5 that the energy gap between the S; and S, states in the twisted configuration (i.e. O = 90°)
is relatively less for Ib as compared to that in Ia. This lower energy gap between the S; and the
Sy state also causes the nonradiative process to be more efficient in Ib than in Ia. Thus, because
of all the above factors, the fluorescence lifetime of Ib is expected to be shorter as compared to
that of Ia, as observed experimentally. Therefore, the results of the quantum chemical

calculation is in good agreement with the observed experimental results and supports the role
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of the bond twisting process around the central C-C single bond to cause the extremely low

fluorescence quantum yield of the ThT and its derivatives.

3.3.4. Time-resolved fluorescence studies of ThT in agueous solution

The fluorescence decays of ThT in water were recorded at different emission wavelengths and
are shown in Figure 3.6. At emission maxima (490 nm), the decay is very fast and follows a
non-exponential function. Following a multi-exponential fitting, the average lifetime was
calculated and is found to be ~1 ps (c¢f. equation 2.17, Chapter 2). As indicated from this figure,
the decays are also found to be strongly dependent on the monitoring wavelengths. Thus, a fast
decay is observed at the blue edge and a fast growth followed by a relatively slow decay is
observed at the red edge of the emission spectrum. It is further observed that the transient
decays at the blue edge of the spectrum (below the emission peak at 490 nm) are independent
of the excitation wavelength (cf. inset of Figure 3.6). This suggests that there is no major
contribution of the vibrational relaxation in the observed fluorescence decays. We thus infer
that the wavelength dependent changes in the fluorescence decays might be due to either
solvent relaxation dynamics or an ultrafast intramolecular process takes place in the excited

dye molecule.
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Figure 3.6. The fluorescence decay profile for ThT in aqueous solution at different emission
wavelengths: (1) 440 nm, (2) 490nm, (3) 530 nm and (4) 590 nm. Instrument response function (IRF) is
also shown (...... ). Inset: The fluorescence decay profile at 460 nm for ThT in aqueous solution at
different excitation wavelengths: (O) 390 nm, (A) 430nm.
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To explore the photoinduced processes further in the present systems, the wavelength
dependent fluorescence decays were used to construct time-resolved emission spectra (TRES)
following the standard procedure reported by Maroncelli et. al.* The TRES thus obtained for
ThT dye in water are shown in Figure 3.7 after normalization to the same peak intensity. It is
seen from this figure that there is a gradual red shift in the emission spectra with time. Such
dynamic Stokes’ shift are often associated with solvent relaxation dynamics around the excited
fluorophore. For the present system, however, it is indicated from the following considerations
that the solvent relaxation process is not the main reason for the observed changes in the
TRES. In the case of solvent relaxation, the TRES should show dynamic Stokes’ shift without
any appreciable reduction in the fluorescence intensity because excited state population does
not change due to solvent relaxation process. For the present system, however, in contrary to
the above expectation, there is a substantial decrease in the excited state population within the
small experimental time span (upto 2 ps) following photoexcitation. This is clearly indicated
by the plot of the integrated area under the emission spectra with time, shown in the inset of
Figure 3.7, where the initial intensity decreases by ~90% of its initial value within the time
span of ~ 2 ps following photoexcitation. Such an observation clearly suggests that the
observed dynamics Stokes’ shift in the present case is not related to the solvent relaxation
process. Absence of any significant effect of solvent relaxation in the present system is also
suggested by the fact that the peak position of the steady-state emission spectra of ThT is
almost similar in a nonpolar (chloroform, €=4.8) and in a highly polar (water, €=78.5) solvent.
The lack of any significant solvatochromism in the steady-state emission spectra clearly
indicates that the dynamic stokes’ shift observed for ThT is not due to the solvent relaxation

process.
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Figure 3.7. Time-resolved emission spectra (TRES) of ThT in water at different time following
photexcitation. Inset shows the variation in the integrated area under the emission spectra with time.

A critical inspection of the TRES in Figure 3.7 indicates that along with the frequency shift
there is also a significant spectral broadening with time. It is seen that the spectral broadening
primarily occurs at the red edge of the spectra, while the shape at the blue edge effectively
remains unchanged. These changes in the spectral shape is also corroborated by the changes in
the asymmetry parameter (b), obtained from fitting the experimental data in the TRES with a
lognormal function. Thus, the asymmetry parameter is seen to change from -0.18 at 50 fs to -
0.41 at 2ps. Time dependent changes in the peak frequency of the emission spectra are shown
in Figure 3.8. About 600 cm™ Stokes’ shift is observed within 2 ps time span following
photoexcitation. Changes in the peak frequency with time are seen to follow an exponential
kinetics with a time constant of ~575+25 fs. The changes in the spectral width (FWHM) with
time are also presented in Figure 3.8. Interestingly, the width of the spectra shows a very fast
growth, with time constant, very similar (~5604+30 fs) to that observed for the change in the
peak frequency. These results thus suggest that the same photoinduced process is responsible

for both the observed dynamic Stokes’ shift and the changes in the spectral shape with time.
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Figure 3.8: Variation in the peak frequency (O) and the width (FWHM, A) of the emission spectrum
with time.
To get more insight of the present system, we also constructed the time-resolved area

268,269

normalized emission spectra (TRANES), as are shown in Figure 3.9. The appearance of

an isoemissive point in TRANES is clearly indicated in Figure 3.9 and such an observation

suggests the presence of two emissive species in the system.?***%

We propose that following
photoexcitation, the local excited (LE) state of ThT molecule undergoes an ultrafast
intramolecular twisting process with a time constant of ~570 fs to generate a new emissive
species in the system. To be mentioned here that similar observations have also been made

earlier for hemicyanine’” and benzothiazole dyes®’' and explained on the basis of the

formation of a new twisted emissive species from the local excited state of the dyes.
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Figure 3.9. TRANES of ThT in water at different times (0.1 to 2 ps).
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Dynamic Stokes’ shift associated with the formation of twisted conformer in the excited state

- 272,273
is also reported for several other dyes.”’**’

Thus our proposition of the formation of a twisted
emissive state for ThT is in accordance with these literature reports. It is interesting to note
here that, in the literature, it is suggested that the twisted configuration in the excited state of
ThT is non-emissive in nature.”’”* Our results, however, clearly suggest that the twisted
configuration of ThT is in fact emissive in nature, though its emission yield could be much
lower than that of the LE state, as indicated by the very fast decay of the integrated
fluorescence intensity with time for the TRES (cf. inset of Figure 3.7) and also supported by
the very low value of oscillator strength in the twisted configuration (cf. Figure 3.12B,
discussed in the next section). The proposition of the involvement of a twisted configuration of
the ThT in the excited state is further supported by the fact that the fluorescence quantum yield

of ThT is highly dependent on the viscosity of the medium.”**>

It is suggested that the
ultrafast bond twisting process introduces an efficient nonradiative decay channel for the
excited ThT molecules resulting a very low fluorescence quantum yield for the dye in water as
well as in other less viscous solvents. Similar reduction in the emission yield due to the
formation of twisted configuration in the excited state is well known for several other

16,20,272,275,276
dyes.

3.3.5. Quantum Chemical Calculations for ThT

To further support our proposition of the bond twisting process, we carried out a detailed
quantum chemical calculations. The ground-state optimized geometry of ThT molecule in
water is shown in Figure 3.10. It is evident from Figure 3.10 that the ThT molecule in its
ground-state is in a twisted configuration. Thus, the plane containing the benzothiazole ring
makes an angle (0g) of ~39° with respect to the plane containing the dimethylanilino ring. This
partially twisted configuration of ThT is in agreement with the results reported in the

. 2772
literature.?’”*’
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Figure 3.10. The ground-state optimized geometry for the ThT in water.

The potential energy surface for both ground and excited states of ThT were calculated
as a function of the dihedral angle for both central C-C and terminal C-N single bonds (84 and
Op; cf. Figure 3.10). Figure 3.11 shows the variations in the potential energies for both ground
and excited state of ThT in water as a function of the dihedral angle 04. It is evident from the
optimized structure of ThT (cf. Figure 3.10) and also from Figure 3.11 that in the ground-state
the dihedral angle between the dimethylamino group and the benzene ring (04) is zero i.e. the
two groups are in same plane. The excited state potential energy surface indicates that the
configurations with ©4=0° and 90° are of comparable energy but separated by a reasonably

high energy barrier (~ 0.29 eV).
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Figure 3.11. Potential energies of ThT in the ground (S,) and the excited (S;) states as a function of the
dihedral angle 6,. The energy (expressed in eV) is relative to the minimum of the ground-state energy.
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Hence, the interconversion between the configurations with 6,=0° and 90° is highly unlikely in
the excited state of the dye. These results thus suggest that the twisting around the C-N single
bond in the excited state of ThT is not feasible, which is in line with our observation and

discussion presented in the previous section (c¢f. Section 3.3.3)

Ground and excited state potential energy surfaces were also calculated as a function of
the dihedral angle O and the results are shown in Figure 3.12A. It is evident from Figure
3.12A, that the LE state (with 65=39°) has only a quasi minimum and the most stable
configuration in the excited state is the fully twisted configuration with 0=90°. Thus, it can be
inferred that following photoexcitation the ThT molecule undergoes a twisting around the C-C
single bond to attain the fully twisted configuration (with 65=90°). It is also important to note
from Figure 3.12A that the transition from the LE state to twisted state is a barrierless process.
Due to this barrierless nature of the twisting process it is expected to occur in an ultrafast time
scale as observed experimentally (cf. Figure 3.8). Thus, the results from quantum chemical
calculations directly support our results from femtosecond fluorescence upconversion studies
and suggest that ultrafast process in the excited state of the ThT occurs due to the twisting
around the C-C single bond (0p) joining the benzothiazole moiety and dimethylanilino ring of
the molecule. Figure 3.12B shows the variation in the oscillator strength for the transition
between the excited state and the ground-state for ThT as a function of dihedral angle 65. From
this figure it is seen that there is a substantial decrease in the radiative rate while the molecule
undergoes twist around the C-C bond. For example the oscillator strength decreases from 1.1 at
05=39° to 0.01 at 65=90°. This result clearly indicates that the twisted state is very weakly
emissive as compared to that of the LE state. This result is also supported from the
experimental observation that there is substantial reduction in the emission intensity during the

twisting process.
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Figure 3.12: (A) Ground-state and excited-state potential energy of ThT as a function of dihedral angle
Op. (B) Variation in the oscillator strength with the dihedral angle 0y for the Sy-S; transition of ThT in
aqueous solution.

3.3.6. Studies on the Viscosity Effect of the Solvent upon the Bond
Twisting Dynamics of ThT

3.3.6.1. Steady-state fluorescence studies

As discussed in Section 3.1, ThT has the characteristics of molecular rotor such that the
viscosity of the surrounding environment has a pronounced effect on the fluorescence quantum
yield (¢r) of the dye. In the present study effect of solvent viscosity of the photophysical
properties of ThT has been investigated in detail using acetonitrile (ACN)-ethylene glycol
(EG) solvent mixtures for which viscosity changes systematically but the polarity remains
quite similar. Figure 3.13A shows the changes in the emission spectra of ThT in different
ACN-EG solvent mixtures. As indicated from this figure, the emission intensity increases
gradually with an increase in the EG percentage in the solvent mixture. The ¢ values of ThT in
these solvent mixtures were estimated using a comparative method and values are presented in
Table 3.3 along with the viscosity of the solvent mixtures. The variation in ¢r values with the
viscosity of the medium are shown in Figure 3.13B. It is evident from this figure that with an
increase in the viscosity the ¢r of ThT increases gradually. The increase in the ¢¢ value with the

increasing viscosity of the medium is suggestive of the diffusive torsional motion in the excited
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state of ThT molecule to cause a fast nonradiative deexcitation in low viscosity solvents

resulting a very low fluorescence quantum yield of the dye.*>**”
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Figure 3.13. (A) Changes in the emission spectra of ThT in ACN-EG solvent mixtures. (B) Changes in
emission quantum yield (¢;) of ThT with the increasing viscosity of the ACN-EG solvent mixtures.

3.3.6.2. Time-resolved fluorescence measurements

Fluorescence decays of ThT were measured at the emission peak (490 nm) in ACN, EG, as
well as in ACN-EG solvent mixtures. Fluorescence decay traces for different solvent mixtures
using fluorescence upconversion measurements are shown in Figure 3.14A. The excited state
decay of ThT in ACN is seen to be very fast. As mentioned earlier, the ultrafast decay in the
excited state of ThT is due to the ultrafast torsional motion around the central C-C single
bond."”*** All the decays are seen to follow a non-exponential kinetics. The decay traces were
fitted with a tri-exponential function and the average lifetimes were calculated using the fitted
decay parameters (cf. equation 2.17, Chapter 2). The average lifetime of ThT in ACN is found
to be 0.61 ps. It is evident from Figure 3.14A that as we increase the viscosity of the medium,
the excited state decay becomes slower. Thus, the average lifetime of ThT in EG is found to be
17.64 ps, which is much larger as compared to that in ACN. The average excited state lifetime
of ThT in different solvent mixtures are presented in Table 3.3 and its variation with the
viscosity of the medium is shown in Figure 3.14B. This result suggests that the frictional force,
which increases with an increase in the viscosity of the medium, causes a retardation in the
nonradiative deexcitation channel caused by the torsional motion in the excited ThT molecule.
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Figure 3.14. (A) Fluorescence transients at 490 nm (emission peak) for ThT in different ACN-EG
solvent mixtures. The dotted line shows the IRF. (......). (B) Variation in fluorescence lifetime of ThT
with the viscosity of the solvent medium.

Table 3.3. Quantum yield and average lifetimes of Thioflavin-T in different acetonitrile—ethylene
glycol solvent mixtures of varying viscosity.

% of Viscosity Quantum Avg. lifetime
cthylene (m)/cp Yield (¢p)x10* (t¢) / (ps)
glycol

0 0.35 1.42 0.61

10 0.51 1.66 0.71

20 0.74 1.91 0.86

30 1.08 2.22 1.00

40 1.59 2.66 1.36

50 2.34 3.32 1.88

60 3.47 4.53 2.48

75 5.95 6.73 4.81

90 11.64 13.65 11.30

100 17.60 22.59 17.64

This result is in line with the measurement of the ¢r of ThT as described in the previous
section. Detail time-resolved studies were carried out for ThT in ACN to gain insight of the
ultrafast fluorescence decay dynamics in the excited state. For this purpose, fluorescence

transient decays at different emission wavelengths were collected for the dye in ACN and are
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presented in Figure 3.15. It is evident from Figure 3.15 that the fluorescence decays are
strongly dependent on the emission wavelength. At the blue edge of the emission spectrum, the
transient decay has a very fast decay time component, which increases with an increase in the

monitoring wavelength.

Intensity

Timel/ps

Figure 3.15. Fluorescence transient decays of ThT in ACN at different emission wavelengths: (1)
440nm, (2) 490 nm, (3) 550 nm and (4) 600 nm. The dotted line shows the IRF.

The TRES obtained for ThT in ACN are shown in Figure 3.16A after intensity normalization.
It is evident from Figure 3.16A that with time the emission spectra slowly shift towards the
lower frequency. A dynamic Stokes’ shifts of ~750 cm™ have been observed in ACN within a
span of 2 ps following photoexcitation. The inset of Figure 3.16A shows the variation in the
integrated area under the emission curve at different time. From this figure it is very evident
that the dynamics Stokes’ shift in the present case is strongly associated with a large decrease
in the emission intensity. In the present case the initial intensity is found to decreases by ~93%
only within 2 ps following excitation. This large reduction in the emission intensity clearly
indicates that the observed dynamic Stokes’ shift is not due to the solvent relaxation process, as
discussed earlier in section 3.3.4 for the dye solution in water. Non-exponential and
wavelength dependent emission decay behavior are previously reported for compounds that
undergo barrierless intramolecular relaxation including bond-twisting, cis-trans isomerization

266,280-285 Thus
9

etc. in the excited state. drawing an analogy with the previous reports, we
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propose that the observed dynamics Stokes’ shift for ThT in ACN is mainly due to an

intramolecular relaxation process that takes place in the excited state of the dye.
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Figure 3.16. (A) Normalized time-resolved emission spectra (TRES) of ThT in ACN at (1) 0.05 ps, (2)
0.15 ps, (3) 0.4 ps, (4) 2 ps. The circles are the experimental data points and the solid lines are the
lognormal fits to the data points. Inset: Variation in integrated area under the emission spectra with
time. (B) Time-resolved area normalized emission spectra (TRANES) of ThT in ACN.

It is evident from Figure 3.16A that along with the changes in the spectral position there is also
distinct broadening in the emission spectra with time. In the present case, the asymmetry
parameter (b in eqn. 3.4) is seen to change from -0.11 at 100 fs to -0.39 at 2ps. Similar
asymmetric spectral change at the red side of the emission spectra has also been observed
earlier for photoactive yellow protein.®' From the time-resolved area normalized emission

spectra (TRANES) shown in Figure 3.16B, it is evident that there is also a clear isoemissive

point for the ThT dye in ACN solution.
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Figure 3.17. Variation in the FWHM (O) and peak frequency (A) of ThT emission spectra in ACN with
time.

&3



The variation of peak frequency with time for the TRES of ThT dye in ACN is presented
in Figure 3.17. Variation in the peak frequency is seen to follow an exponential kinetics with a
time constant of 490435 fs. The change in the spectral width (FWHM) with time is also
presented in Figure 3.17. It is evident that the width of the emission spectra shows a very fast
growth and also follows an exponential kinetics with time constant of 500+40 fs. These two
comparable time constants for the changes in the peak frequency and the spectral width clearly
indicate that the same intramolecular process in the excited ThT is responsible for the observed
dynamic Stokes’ shift as well as the changes in the spectral width. A similar observation has
also been made earlier in section 3.3.4 for ThT in water solution.

Present results clearly indicate that the observed dynamics Stokes’ shift in ThT molecule
in ACN solution is not due to the solvent relaxation process. If the observed dynamic Stokes’
shift would have been due to the solvent relaxation, the shape of the spectra, in general, was
expected to remain unchanged. Observed results thus clearly indicate that some intramolecular
ultrafast relaxation process is taking place in ThT which is responsible for the time-dependent
changes in the spectral characteristics. The appearance of an isoemissive point in the TRANES
and the gradual increase in the FWHM of the emission spectra is indicative of the fact that
there is a formation of a new emissive species in the excited state of ThT. Similar changes in
the peak frequency and the width of the emission spectra were also seen for ThT in aqueous
solution (cf- Section 3.3.4). Further, such changes in the peak frequency and the spectral width
are reported in the literature for those molecules where the bond twisting takes place in the

270,282

excited state. The increase in the width of the spectra has been explained on the basis of

the formation of emissive TICT state for these molecules. By drawing an analogy, we also
propose that in the present case, the ThT molecule undergoes an ultrafast bond twisting process
following its photoexcitation. Detail quantum chemical calculations show that there is a
decrease in the radiative rate while the molecule undergoes twists around the C-C single

279
d.

bon Due to this decrease in the radiative rate in the TICT state, as compared to the local
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excited (LE) state, a large drop in the emission intensity is observed due to the bond twisting
process in ThT.

The formation of an emissive TICT in the excited state of ThT is a consequence of bond
twisting process and hence provides a unique opportunity to directly observe the formation of
TICT from the LE state and also to estimate the TICT formation constant. Hence, it is
interesting to see how the conversion of the LE to the TICT state is affected by the viscosity of
the solvent medium. To address this inquisitiveness we carried out detailed time-resolved
fluorescence studies in neat EG and in a ACN-EG solvent mixture. These results are discussed
in the following subsections.

Time-resolved fluorescence studies of ThT in Ethylene Glycol: Fluorescence decays for ThT
in EG at different emission wavelengths are shown in Figure 3.18. It is seen from this figure
that similar to the observation in ACN, the fluorescence decay of ThT in EG also depends on
the monitoring wavelength. However, on comparison of Figure 3.15 and Figure 3.18, it is
indicated that the fluorescence decay in EG is much slower as compared to that in ACN for all
the monitoring wavelengths. The TRES constructed from the wavelength dependent decay
traces in EG are presented in Figure 3.19A. It is seen that that the transient emission spectra
slowly shift towards the lower frequency with time. Qualitatively, the spectral features of the
transient emission spectra in EG are very similar to that in ACN except that the decrease in the
integrated emission intensity of the emission spectra is found to be much slower in EG as
compared to that in ACN. The changes in the integrated emission intensity with time are
shown in the inset of Figure 3.19A. Thus, the integrated emission intensity decreases from its
initial value by ~55% within the time span of 2 ps, while the corresponding decrease in ACN
was about 93%. The decrease of emission intensity by 55% in 2 ps time is also a considerably
larger reduction. We thus infer that the observed dynamic spectral shift for ThT in EG is not

due to the solvent relaxation process but due to the intramolecular twisting process.
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Figure 3.18. Fluorescence transients of ThT in EG at different emission wavelengths: (1) 440nm, (2)
490 nm, (3) 550 nm, (4) 600 nm. The dotted line shows the IRF.

TRANES constructed for ThT in EG, as shown in Figure 3.19B, also possess an isoemissive
point similar to that in ACN solution. Thus, the present results also indicate the presence of
two emissive species for ThT in EG solution. By drawing an analogy with the results in ACN,
we propose that in EG also ThT undergoes a bond twisting process in the excited state to form
the TICT state, which is weakly emissive in nature. To estimate the time constant for the LE to
TICT conversion, the changes in the spectral width with time were calculated from TRES and
are presented in Figure 3.20. It is evident from this figure that the width (FWHM) of the
spectra of ThT in EG gradually increases with time. It is found that the spectral width variation
follows a single exponential kinetics with a time constant of 1.8 ps. This time constant for the
conversion of the LE to TICT state in EG is thus much longer than that observed in ACN
solution (~ 0.5 ps). The increase in the time constant for the LE to TICT conversion in EG is
due to much higher viscosity of EG (n=17.6 cp) than that of ACN (n=0.35 cp). Due to the
higher viscosity, the bond twisting process becomes much retarded in EG than in ACN. These
results clearly support our proposition that the changes in the spectral width are due to the bond

twisting process in the excited state of ThT molecule.
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Figure 3.19. (A) Normalized time-resolved emission spectra (TRES) of ThT in EG at different times:
(1) 0.1 ps, (2) 0.5 ps, (3) 3 ps and (4) 10 ps. The circles are the experimental data points and the solid
lines are the lognormal fits to the data points. Inset: Variation in the area under the emission spectra
with time. (B) Time-resolved area normalized emission spectra (TRANES) for ThT in EG.
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Figure 3.20. Variation in the FWHM of TRES with time in EG (O) and in 3:2 ACN-EG solvent
mixture (A).

Time-resolved fluorescence studies of ThT in ACN-EG Mixture: To see the effect on the
bond twisting dynamics of ThT molecule at an intermediate viscosity, the time-resolved
emission studies were carried out in an ACN-EG (3:2 v/v) solvent mixture. The TRES and
TRANES constructed from the wavelength dependent decay traces for ThT in ACN-EG
solvent mixture are shown in Figure 3.21. It is evident from Figure 3.21A that similar to that in
ACN and EG solvent, a dynamics Stokes’ shift is evident in ACN-EG mixed solvent also.
Thus, Stokes’ shift of ~780 cm™ has been observed in ACN-EG mixture within a time span of
2 ps following photoexcitation. The integrated emission intensity was found to decrease from
its initial value by ~83% within the 2 ps time span (cf. inset of Figure 3.21A). It is also to be

noted from Figure 3.21B that similar to ACN and EG solution, the TRANES in ACN-EG
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mixture also shows an isoemissive point. Thus, in line with the proposition made earlier, bond

twisting results in the formation of the emissive TICT state in ACN-EG solvent mixture.
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Figure 3.21. (A) Normalized time-resolved emission spectra (TRES) for ThT in ACN-EG solvent
mixture at different time (1) 0.1 ps, (2) 0.2 ps, (3) 0.4 ps and (4) 2 ps. The circles are the experimental
data points and the solid lines are the lognormal fits to the data points. Inset: Variation in the integrated
area under the emission spectra with time. (B) Time-resolved area normalized emission spectra
(TRANES) of ThT in 3:2 ACN-EG solvent mixture.

However, due to the lower viscosity of the ACN-EG solvent mixture as compared to that of
EG, the bond twisting process is relatively faster in the present case as compared to that in EG.
This is also supported from the rate of change in the spectral width with time. Figure 3.20
shows the plot of FWHM vs. time for ACN-EG solvent mixture along with that observed in
EG.The variation in FWHM in ACN-EG mixture also follows a single exponential kinetics
with a time constant of 0.7 ps, which is much lower compared to that in EG (1.8 ps) but
significantly higher than that in ACN. The time constant for the LE to TICT state conversion in
all the solvents studied are presented in Table 3.4. It is evident from Table 3.4 that an increase
in the viscosity significantly slows down the formation of the TICT state from the LE state of

ThT.

Present time-resolved fluorescence studies in different solvents of varying viscosity
clearly indicate that the ThT molecule undergoes bond twisting process following

photoexcitation, resulting in the formation of the TICT state, which is weakly emissive in
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nature. The emissive nature of the TICT state is further confirmed from the changes in the
shape of the emission spectra in solvents with different viscosities. The steady-state emission
spectra of ThT in ACN, EG and highly viscous glycerol solvent are shown in Figure 3.22 after
intensity normalization at the peak position. It is clearly evident from Figure 3.22 that as the
viscosity of the medium is increased there is a spectral narrowing, specially at the red edge of
the emission spectra. This result clearly indicates that as the viscosity of the solvent increases
the contribution of the TICT state, which emits at the red edge of the observed emission
spectra, also decreases concomitantly, causing a spectral narrowing at the red edge of the
observed emission spectra. Thus, we can infer from the present study that the rotational
motions of the anilino and the benzothiazole moiety around the central C-C single bond play
an important role in the relaxation of the excited state of ThT molecule. As the viscosity
increases, torsional motion in the ThT molecule gets retarded. This retardation in the bond
rotation affects the LE to TICT conversion, as manifested by slower increase in the spectral
width and the slower dynamic Stokes’ shift. The decrease in the integrated emission intensity

with time also follows the expected trend with the changing viscosity of the solvent media.

Normalized Fl. intensity
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Figure 3.22. Normalized steady-state emission spectra of ThT in three different solvents: Acetonitrile

(—), ethylene glycol (------ ) and glycerol (------- )
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Table 3.4. Time constants for the conversion of the LE to the TICT state of ThT in different solvents.

Solvent Viscosity Time
m)/cp constant (fs)
ACN 0.35 490
ACN-EG 1.59 700
(3:2)
EG 17.6 1800

3.3.7. Excited-State Dynamics of ThT in Amyloid Fibril

To understand the fate of the observed ultrafast bond twisting process in ThT molecule inside
amyloid fibril, detailed time-resolved emission studies have been carried out in insulin fibril.
Figure 3.23A shows the enhancement in the emission of ThT due to its incorporation in the
amyloid fibril media. A large enhancement (~160 times) in the emission in the presence of
fibrillar media indicates the incorporation of the dye inside the amyloid fibril. Fluorescence
decay traces for ThT in amyloid fibril at different emission wavelengths were recorded and are
shown in the Figure 3.23B. For comparison the emission decay trace for ThT in bulk water
measured at 490 nm by TCSPC instruments is also shown in Figure 3.23B. It is evident from
the Figure 3.23B that the lifetime of ThT in aqueous solution is instrument limited. It is further
to be noted form Figure 3.23B that the emission lifetime of ThT has significantly increased due
to its incorporation inside the amyloid fibril. Thus, the average emission lifetime measured in
amyloid fibril 1s found to be 1.3 ns, which is around three order of magnitude higher as
compared to that in the bulk water (~ 1 ps). The increase in the emission lifetime of ThT is also
substantiated by the large enhancement in the emission intensity in amyloid fibril as compared
to that in bulk water (c¢f. Figure 3.23A). Comparing the emission lifetime of ThT in bulk water
and that in amyloid fibril it can be inferred that the bond twisting process in the excited state of
ThT molecule is substantially retarded due to its incorporation in the latter media. Further, it is

to be noted from Figure 3.23B that in contrary to that in bulk water, the emission decay is
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found to be, almost independent of the interrogated emission wavelength. This result thus

indicates the absence of any considerable extent of bond twisting process in the excited state of

ThT in amyloid fibril.
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Figure 3.23: (A) Steady-state emission spectrum of ThT in aqueous solution (...... ) and in insulin

amyloid fibril (——). (B) Emission decay traces for ThT in amyloid fibril at different emission
wavelengths (1) 450, (2) 480, (3) 500, (4) 550 and (5) 600 nm. The decay trace at 490 nm for ThT in
) is also shown for comparison. The IRF is shown by the black dotted curve.

aqueous solution (

TRES generated from the wavelength dependent decay traces for ThT in amyloid fibril is
shown in Figure 3.24A after intensity normalization. It is clearly indicated form this figure that
unlike in bulk water, there is merely any dynamic Stokes’ shift present in the amyloid fibril.
Further, the shape of the emission spectrum is seen to be invariable with time. Because of this
fact the width of the emission spectrum is also found to be independent of time. Thus, the
absence of dynamics Stokes’ shift and the absence of any variation in the spectral shape (i.e.
width of the spectra) clearly indicates that unlike in bulk water, the bond twisting process is
largely retarded in the amyloid fibril. TRANES for ThT in amyloid fibril is also shown in the
Figure 3.24B. It is evident from Figure 3.24B (cf. inset of Figure 3.24B), that there is no
isoemissive point indicated in the present case. Absence of such isoemissive point suggests that
ThT do not form any twisted state, a weakly emissive state, when it is incorporated in the
amyloid fibril medium. Thus, the present results clearly demonstrate that the bond twisting
process in the excited state of ThT molecule gets substantially retarded in amyloid fibril due to

the very high microviscosity around the probe.
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Figure 3.24: (A) Intensity normalized TRES and (B) TRANES for ThT in amyloid fibril at different
time (0.1, 0.3, 1, 2, and 6 ns).

3.4. Conclusions

In conclusion, from detail photophysical studies of two newly synthesized ThT derivatives, it
is inferred that the C-N single bond twisting is not responsible for the sensing activity of ThT
and its derivatives. The twisting around the central C-C single bond between the benzothiazole
and the anilino moieties appears to be mainly responsible for the observed fluorescence
sensing activity of these dyes. Detail viscosity dependent studies show that the dye Ib with a
julolidine substituent acts as a better viscosity sensor than dye Ia (¢f. Scheme 3.1). The better
sensing activity of Ib as compared to Ia, is found to be due to the faster nonradiative decay rate
in the excited state of the former as compared to that of the latter. The faster nonradiative
process in Ib is also predicted by the quantum chemical calculations. For the first time we
show from experimental results that the barrierless bond twisting process in ThT takes place in
the sub-picosecond time scale (570 fs in water). Another important finding from the present
result is that the TICT state of ThT is weakly emissive in nature. Wavelength dependent decay
kinetics has been observed for ThT in all the solvents studied. From detailed analysis of the
time-resolved data it is shown that the observed dynamic Stokes’ shift and the increase in the
spectral width with time is associated with the formation of the TICT state from the LE state of

ThT molecule. Presence of any effect of solvent relaxation process on the observed excited
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state dynamics has been discarded on the basis of the large reduction in the integrated emission
intensity within the experimental time window. The effect of viscosity on the LE to TICT
conversion has been explored in detail. It is seen that the increase in the viscosity of the
medium slows down the LE to TICT conversion. In amyloid fibril media, the bond twisting
process was found to be largely retarded leading to negligible dynamic stokes’ shift and
disappearance of isoemissive point in the TRANES. The fundamental information obtained in
the present study on the bond twisting dynamics of ThT is very useful to understand its
fluorescence sensor activity in different restricted media. It is expected that the information
obtained in the present study will help in the development of a better fluorescence sensors

based on the ThT chromophore.
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Chapter 4

Ultrafast Bond Twisting Dynamics of
Thioflavin-T in Nanoconfined Water Pools

4.1. Introduction

The presence of a highly anisotropic interface separating the polar aqueous part from the
nonpolar oil region is the key microstructural feature common to various membrane mimetic
supramolecular aggregates such as micelles, reverse micelles, microemulsions and vesicles.
These supramolecular systems have attracted significant attention of the researchers for quite
long primarily because of their resemblance to biomembranes and their catalytic properties in
chemical and enzymatic reactions. These systems bear the molecular heterogeneity owing to
the amphiphilic nature of the surfactant molecules which form the interface between the water
and the nonaqueous solvent. Understanding the interaction of charged molecules with lipid
interfaces is important in biology, chemistry and other applied areas. Because most lipids are
charged, interaction of a charged species with the lipid surface depends at least in part on the
Coulombic interaction. Several models have been used for the characterization of lipid
interfaces including simple systems such as reverse micelles and liposomes.”*°

Reverse micelles (RM) are the self-assembled lipid structures that form in nonpolar

. 48,49,56,286,287 : -
media.”"7> 77" At the appropriate concentrations, surfactant molecules demarcate polar

solvent pools (mostly water) from nonpolar solvent region. It is well known that the structure,
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dynamics and physicochemical properties of water molecules confined in a nanometer sized
space of RMs are substantially different from those of the bulk water. Water molecules at the
interfacial region of the RM are quite immobilized due to their involvement in the hydration of
the surfactant head groups and are commonly known as the bound water.** On the other hand,
the water molecules at the core of the water pool behave quite similar to the bulk water and are
known as the free water. Interestingly, the size of the water pool in the most RMs can be
changed systematically in a controlled manner just by changing the water to surfactant molar
ratio (wo = [HyO]/[surfactant]). For spherical RMs, wy is known to be directly proportional to
the micellar radius.”® It is evident that the water/AOT/oil RM is very useful to provide
nanometer size confined water pools and has been extensively studied as a model system to
mimic the water in biological systems, like water in proteins, in bio-membranes, etc, to
understand the chemical and biological processes in such confined environment.

Among others the anionic surfactants, aerosol-OT (AOT; sodium 1,4-bis-2-
ethylhexylsulfosuccinate), is known to be the best to form stable RMs in different nonpolar
media. AOT has a well-known V-shaped molecular geometry and it forms stable RMs in the
absence of any cosurfactant. In addition, it has the ability to solubilize a large amount of water
with wy values as large as 40 to 60 depending upon the surrounding nonpolar medium, and the

temperature. However, the water pool size in the RM depends mainly only on wo. ">

In the previous chapter we have discussed on the ultrafast bond twisting process in
excited Thioflavin-T (ThT) molecule which is strongly dependent on the the viscosity of the
solvent medium. Retardation in the bond-twisting process in ThT is also believed to be
responsible for amyloid fibril sensing activity of the dye. Therefore, understanding the ultrafast
dynamics in ThT molecule under different restricted environments is very essential to reveal the
underlying mechanism for the large fluorescence enhancement of ThT in amyloid fibril. In the

present study, we have investigated the confinement effect of AOT RMs on the ultrafast
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torsional dynamics of the photoexcited ThT molecules. Rate constants for the torsional motion
of the dye have been estimated from the femtosecond fluorescence upconversion measurements
and the results have been correlated with the properties of the water pools in the RMs. Futher to
understand the effect of the head group charge of the surfactants on the localization site of ThT
in the RMs, we have extended our study to a cationic RM formed by Benzyl hexadecyl

dimethyl ammonium chloride (BHDC) in benzene.

©&

ZC\\CL/CH3 Na*
c©
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\CDQQ

Thioflavin T

Scheme 4.1. Molecular structure of the chemicals

4.2. Experiments and Methods
The source and purification of Thioflavin T (ThT) is already discussed in Chapter 3. AOT was

obtained from Sigma-Aldrich and purified by boiling its methanolic solution with activated
charcoal. Charcoal was removed by hot filtration and AOT was recovered by removing
methanol under vacuum. Because of the hygroscopic nature of AOT, its water content was
determined through the Karl-Fischer titration method. The sample had a [water]/[AOT] molar
ratio of 0.67 very similar to the value reported earlier.”***** BHDC was purchased from sigma
and was used as received. Heptane and benzene was purchased from Spectrochem (India) and
was freshly distilled before use. Nano pure water (conductivity less than 0.1 uS cm™) was
obtained from Millipore Milli Q system. The surfactant concentration was kept at 0.2 mol dm™

throughout the present study. Water was systematically added to the surfactant solution in
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heptane and benzene to prepare the RM with appropriate w, value. Concentration of ThT was
kept very low (~ 10uM) so that the possibility of having more than one ThT molecule per
reverse micelle is negligible. The instrument used for ground-state absorption, fluorescence
and ultrafast fluorescence and anisotropy decays are discussed in chapter2. The fluorescence
quantum yield of ThT in AOT reverse micelles were determined by comparative method (cf-
Section 2.3.1, Chapter 2) using Coumarin 481 (C481) dye in acetonitrile (¢=0.08'"") as the
reference.

Time-resolved fluorescence measurements were carried out using a femtosecond
fluorescence upconversion instrument (FOG 100, CDP Inc. Russia) which has been described
in detail in Chapter 2. For transient depolarization measurements, samples were excited with
vertically and horizontally polarized excitation laser pulses using different angles for Berek
compensator. In the present setup, since the horizontally polarized gate pulse is mixed with the
fluorescence light, the measured sum frequency signal for horizontally polarized excitation

measures [, and that for vertically polarized excitation measures /. Accordingly,

fluorescence anisotropy decay 7(¢) was calculated as®”!
r(0) = () =1 (O} {0+ 21, (1)} . (4.1)

The measured decay traces were fitted with a multi-exponential function using the standard
convolute-and-compare nonlinear least square procedure.’® Emission from ThT was
monitored at the peak position of its emission spectrum, 490 nm. Each decay was collected at

least for two times to see the reproducibility of the measurements.

4.3. Results and Discussion

4.3.1. Ground-state absorption and steady-state emission studies
The ground-state absorption spectra of ThT were recorded in the confined water pool of AOT
reverse micelles in heptanes and are shown in the Figure 4.1A. The absorption spectrum of

ThT in bulk water is also shown in Figure 4.1A for comparison. The absorption maximum of
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195,198,258

ThT in water is at ~411 nm. This is in good agreement with the reported results. It is to

be noted that due to its confinement in AOT reverse micelles, the absorption spectra of ThT
show a large bathochromic shift. The observed bathochromic shift in the absorption spectra of
ThT can be explained on the basis of the confinement of the dye in the water pool where the
effective polarity experienced by the probe is much less as compared to that in the bulk water.
It has been reported that ThT undergoes a bathochromic shift with the decrease in the polarity

of the medium. >
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Figure 4.1. (A) Ground-state absorption spectra of ThT in bulk water (
micelle with wy=20 (++---- ). (B) Steady-state emission spectra of ThT in bulk water (

reverse micelle at different wy: (- - - - - ) Wo=1, (eeeeee ) wo=4 and (—+o—.—-—) W¢=20.

The observed bathochromic shift in the reverse micelle could also be due to the electrostatic
interaction between the cationic ThT and the anionic head group of AOT molecules. Such a
bathochromic shift due to the electrostatic interaction of a cationic dye in SDS micellar

291
1.

solution has also been reported by Kumar et. al.” Present results clearly indicate that the ThT

dye is solubilized in the confined water pool of the AOT RM.

Steady-state emission spectra of ThT were also recorded in AOT reverse micelles at
different wy values and typical such spectra are shown in Figure 4.1B after normalization at the
peak intensity. For comparison, the emission spectrum of ThT in bulk water is also shown in
the same figure. According to Figure 4.1B, the emission band of ThT shows a small

hypsochromic shift in the reverse micelle as compared to that in bulk water. The presence of
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hypsochromic shift in the reverse micelle clearly indicates that the ThT molecules are confined
in the reverse micelle and the effective polarity around the probe is much lower than that of the
bulk water. This result is in agreement with the reported result, where it has been shown that
the confinement of ThT in the hydrophobic environment results in a small but definite
hypsochromic shift in the fluorescence spectra in comparison to that in bulk water."’ It is to be
noted from Figure 4.1B that the extent of hypsochromic shift gradually decreases as we
increase the water content, i.e. wo value of the reverse micelle. These reduction in the
hypsochromic shift might be due to the increase in the micropolarity experienced by the ThT
molecule or due to the increase in the degree of hydration of the ThT molecule with an

increase in the water content of the RM.

Table 4.1. Emission quantum yield, average excited state lifetime and torsional rate constant of ThT at

different w, values.

Avg. lifetime  kux10™

Wo ¢ (ps) (sec™)
1 0.0255 166.0 0.59
2 0.0155 121.4 0.81
3 0.0086 88.0 1.13
4 0.0059 60.3 1.65
5 0.0046 47.8 2.08
6 0.0039 37.8 2.64
7 0.0035 30.2 3.30
8 0.0029 23.8 4.18
10 0.0026 19.4 5.15
15 0.0023 17.9 5.56
20 0.0022 17.7 5.65
25 0.0021 17.1 5.83
30 0.0020 16.8 5.93
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Figure 4.2A shows the changes in the emission intensity of ThT in AOT RM as a function of
the wo values. It is indicated from Figure 4.2A that although the spectral position changes only
nominally with the change in the wy values, there is a remarkable decrease in the observed
emission intensity with increasing wy. The emission quantum yields (¢) of ThT was measured
in the reverse micelles at different wy values and the results are presented in Table 4.1. The
quantum yield at wy=1 is estimated to be around 0.0255 and that for the bulk water medium is
found to be ~0.0001. This result indicates that there is an enhancement of ~250 fold in the
emission yield of ThT in reverse micelle as compared to that in the bulk water. Such a large
enhancement in the emission yield of ThT has not been observed in any other confined
geometry, except in amyloid fibril. Figure 4.2B shows the variation in the relative ¢ values of
ThT (with respect to water) as a function of the wy. As indicated from Table 4.1 and Figure
4.2B, the maximum enhancement in ¢ is observed in the reverse micelle with wy=1 and on
further addition of water, the emission yield decreased quite sharply. The decrease in the
emission yield is prominent up to wy value of ~10 and beyond this wy, the changes in the

emission intensity were nominal and attained a kind of saturation limit.
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Figure 4.2. (A) Steady-state emission spectra of ThT in bulk water and in AOT reverse micelle at
different w, values. (B) Variation in the relative ¢ values of ThT in the reverse micelle with respect to
that in water as a function of the w, of the reverse micelles.
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The emission yield of ThT is known to be highly sensitive to the viscosity of the medium.** It

has been shown in Chapter 3 that the free ThT molecules undergo a very fast bond twisting
process in the photoexcited state around its central C-C single bond and this fast torsional
motion introduces a strong nonradiative deexcitation channel, which is responsible for the low

190,279,292 L -
However, in rigid media,

emission yield of the ThT molecule in low viscous solvents.
the torsional motion in ThT becomes restricted and thus decreases the nonradiative decay
process. This restriction in the torsional motion thus results in an increase in the emission
quantum yield of ThT in highly viscous media.”**%**

Because of the large inhomogeneity in the reverse micelles, other processes, like the
changes in the probe location or a change in the degree of hydration with the change in the
water pool size of AOT micelles may also change the measured fluorescence quantum yield of
the probe. To check whether the observed changes in the ¢ values are due to the changes in the
microviscosity experienced by the probe or due to the other factors, we analyzed our

experimental data in the following way. It is well established that if any torsional motion takes

place in the excited state of a molecule, it’s ¢ value can be expressed with the following

relationship 275,276,294,295
1 k, k
1+ e 4.2)
¢ ko K
where, the rate constants k;, k, and k. are due to the following photophysical processes.
Radiative emission ThT" —5 S ThT + hv (4.3)
All nonradiative processes ThT —525ThT + heat (4.4)

other than torsional motion

Nonradiative process ThT" —Y=—>ThT + heat 4.5)

due to torsional motion
Since the torsional motion is basically a rotational diffusion, it should follow the Debye-

Stokes-Einstein equation and its rate constant, k¢, can be given by the following expression.
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kol (4.6)

where, T is the absolute temperature and 7 is the viscosity of the medium. Thus, substituting

kior In equation 4.2 by expression 4.6, one obtains,

—=A+B~ 4.7)

k al : o .
where, 4=1+-%, B=—"and a is the proportionality constant. At a given temperature, A

1 1
and B should be the constant parameters.
Our experimental data was analyzed in light of equation 4.7. The viscosity of the AOT
water pool at different wo values are obtained from the results reported by Hasegawa et al.>
To be mentioned that Hasegawa et al. has determined the viscosity of AOT reverse micelle

using a cationic probe.

Thus, the location of the probe used by Hasegawa et al. can be
assumed to be quite similar to that of the present cationic dye, ThT. The variation of ¢ values

with the viscosity of the microenvironment in the reverse micelles is shown in Figure 4.3.
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Figure 4.3. Variation in the fluorescence quantum yield (¢p) of ThT with the viscosity (1) of the AOT
reverse micelle.

It is evident from Figure 4.3 that the (1/¢) values changes linearly with (1/n) as predicted by
equation 4.7. Such a linear correlation clearly indicates that the kinetics in the photoexcited

state of ThT in AOT reverse micelles are mainly governed by the processes described by
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equations 4.3-4.5. In other words, the variation of the quantum yield is mainly governed by the
changes in the local viscosity around the probe molecule. If there were any other processes,
like the changes in the location of the dye or the changes in the degree of hydration of the
probe due to the changes in the wy values, then we would not have expected a linear correlation

in the 1/¢ vs. 1/n plot as shown in Figure 4.3.

The higher fluorescence yield of ThT in all the reverse micelle as compared to water can
be simply explained on the basis of the decreased torsional motion of the dye in the rigid
microenvironment of the reverse micelles. The ThT molecules experience the most rigid
environment at wo=1 and thus show the maximum emission yield. However, with an increase
in the wy value, the microviscosity inside the water pool decreases rapidly and this is readily
reflected by the rapid decrease in the emission yield. It is reported in the literature that the
microviscosity at the interface of AOT RM varies only marginally beyond wo=10.2*%"" This is
also supplemented by the present results, where it is seen that the emission yield of ThT

attained a kind of limiting value for the wy values greater than 10.

4.3.2. Time-resolved fluorescence studies

It is a general perception that the fluorescence lifetime measurements can give the direct
insight of the torsional motion involved in an excited dye. Thus, to understand the effect of
water pool size of the reverse micelles on the torsional dynamics of the ThT dye we carried out
the time-resolved fluorescence measurements using femtosecond fluorescence upconversion
technique. Figure 4.4A shows the temporal decay profiles (measured at the emission peaks,
490 nm) of the excited ThT molecules in AOT reverse micelles at different wy values. To
compare the lifetime values of ThT in reverse micelles with that in bulk water, we have also

measured the fluorescence decay of ThT in aqueous solution and is also shown in Figure 4.4A.
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Figure 4.4. (A) Fluorescence decay traces of ThT in water (------- ) and in AOT reverse micelle at

different w, values. (B) Variation in the average fluorescence lifetime of ThT with the w, value of the
reverse micelle.

It is evident from Figure 4.4A that the fluorescence decay of ThT in reverse micelles are much
slower for all wy values investigated in comparison to that in bulk water. Decay traces of ThT
in all the cases are found to follow a multi-exponential kinetics. Similar multi-exponential
kinetics were also reported for many other fluorophores in the water nano pools of reverse
micelles. The multi-exponential nature of the fluorescence decay in the confined water
environment is believed to be due to the heterogeneity in the reverse micelles. Thus, it is not
possible to assign the individual decay components to any specific processes in the molecule.
Hence, average fluorescence lifetime was calculated at each wy value to have a single
characteristic parameter that represents the gross dynamical feature of the excited state of the
dye in a particular wy value of the reverse micelles. The average fluorescence lifetimes of ThT
as estimated in the reverse micelles at different wy values are listed in Table 4.1. Figure 4.4B
shows the changes in the average lifetime of ThT in the reverse micelles as a function of the wy
values. Figure 4.4B clearly indicates that the lifetime of the ThT in the reverse micelle
decreases quite sharply with an increase in the wy value. The average lifetime of ThT in the
smallest water pool (wo=1) investigated in the present study is more than two orders of
magnitude higher as compared to that in bulk water. Such a large increase in the emission

lifetime in the confined water pool suggests that the ThT molecule resides in an environment
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that provides strong frictional force and thus resist the torsional motion of the dye responsible
for the fast radiationless decay channel in the bulk water.
Even at the highest wy value used in the present study, where the water molecules in the

29829 the emission

centre of the water pool is known to behave quite similar to the bulk water,
lifetime of ThT is seen to be much higher than that in the bulk water. This observation is
attributed to the fact that there is a strong electrostatic interaction between the ThT cation and
the anionic sulphonate head group of AOT. Present results thus clearly indicate that even at the
highest wy value, the ThT molecule prefers to stay near the interface than going deep inside the
core of the water pool.

To understand the effect of the electrostatic interaction between the ThT cation and the
sulphonate head group of AOT on the fluorescence decay time, we also measured the lifetime
of ThT in AOT normal micelle at different surfactant concentrations. The concentration of the
AOT was always kept higher than its critical micellar concentration, 4x10~ mol dm™.*° In the
normal AOT micelle, the ThT cation is expected to reside on the surface of the micelle due to
the electrostatic attraction with the negatively charged surfactant head group. Figure 4.5 shows
the decay traces for the ThT in AOT normal micelles at different surfactant concentrations. It is
clearly indicated from Figure 4.5 that the lifetime of ThT does not vary with the concentration
of the AOT. The average lifetime of ThT estimated in these normal AOT micelles is found to
be around 11 ps (cf. inset of Figure 4.5). It is important to note that the lifetime of ThT in
normal micelle is slightly lower than that in the reverse micelle with the highest wy value (~17
ps). These results suggest that the increase in the fluorescence lifetime of ThT in the reverse
micelle is not only due to the electrostatic interaction between the ThT cation and the
negatively charged surfactant head group, but also due to the presence of some bound water in
the interface region even at the highest wy value. Hasegawa et. al. have shown through the

fluorescence depolarization measurements that the microviscosity experienced by a cationic

probe in AOT reverse micelle is quite high even at a very high wy value than that in the bulk
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2% Thus, the presence of such bound water in reverse micelles is suggested to be

water.
responsible for the large frictional forces that retard the torsional motion of the ThT molecule.
Present results are also in agreement with the results obtained from the solvent relaxation study
which showed that even at the higher wy value of the reverse micelles the movement of the

9939 Molecular dynamic

water molecules are quite restricted as compared to that in bulk water.
simulation on the confined water pool shows that due to the confinement, the motion of the
water molecules is restricted by a factor of 2-5 as compared to that in bulk water.” This
constraint in the water movement is expected to cause an increase in the local viscosity and
consequently a longer fluorescence lifetime of the ThT dye present in the water pool of the
reverse micelle. Thus, we infer that large increase in the fluorescence lifetime as observed in
small water pool, is mainly due to the combination of two factors, the electrostatic interaction
between ThT cation and the negatively charged surfactant head group and the effect of the

constrained water molecules at the surfactant-water interface that are quite less mobile as

compared to those in bulk water.
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Figure 4.5. Transient fluorescence decay of ThT in normal AOT micelle at different AOT
concentration. Inset shows the variation of fluorescence lifetime in normal AOT micelle with surfactant
concentrations.

To further understand the nature of the torsional dynamics in the ThT molecule, time-resolved
fluorescence depolarization measurements were carried out in AOT reverse micelles at

different wy values. The changes in the fluorescence anisotropy with time in AOT reverse
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micelles for two different wy values (5 and 10) are shown in Figure 4.6. It is evident from this
figure that there is no appreciable decrease in the anisotropy of ThT within its excited state
lifetime. Further, the anisotropy value as well as its temporal behavior is seen to be
independent of the wy values of the reverse micelles. This result clearly indicates that there is
no appreciable rotational motion of the whole ThT molecule within its excited state lifetime.

This is also in accordance with the slow rotational relaxation dynamics reported for other dyes

99,301

in the restricted AOT environment. Present result clearly indicates that the torsional

motion present in the ThT molecule do not cause any effect on the depolarization process as

302-304

seen for other molecules. Present result is also in agreement with the reports of Stsiapura

253
et al.,

where the authors have shown that the degree of polarization for ThT in glycerol is
very high and remains constant across the emission spectrum. The high value of anisotropy,
which remains unchanged within the excited state lifetime of ThT molecule can be explained
on the basis of the following consideration. The transition dipole of ThT is directed along its

long molecular axis.”’

Thus, the torsional motion of the aminobenzene ring do not cause any
change in the direction of the transient dipole. Because of this reason, the torsional motion in

the ThT molecule do not cause any change in the anisotropy for the excited dye.
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Figure 4.6. Variation of fluorescence anisotropy for ThT molecule in the AOT reverse micelles at
different wy: (A) wy=5 and (O) wy=10. Inset: The emission decay profile of ThT in AOT reverse micelle

(wo=5) at different excitation polarization: ( ) parallel and (- - - - - ) perpendicular.
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As mentioned above, the decrease in the decay lifetime and emission yield with an increase in
the wo value of the reverse micelles is mainly due to the enhancement in the nonradiative
torsional motion in the ThT molecule. Thus, we have calculated the rate constant for all

possible nonradiative processes (knr) using following relation,

=k +k, =2 (45)

Ty

where 1¢ and ¢ are the average lifetime and emission quantum yield, respectively, of the dye.
The total nonradiative rate constant, k., thus calculated is presented in Table 4.1. It is also
evident from equation 4.8 that the nonradiative rate constant, k,, can be calculated from the
intercept of the plot shown in Figure 4.3. The intercept value of 3.04 is obtained from the plot
of 1/¢ vs. 1/m (¢f. Figure 4.3). The average value of radiative rate constant, k;, estimated from
the measured 7 and ¢ values are found to be 1.2x10% s™'. Using this value of k;, the value of k,
is calculated to be 2.45x10® s The total nonradiative rate constant knr, as calculated using
equation 4.8, are in the range of 0.6-6x10'" s™ (¢f. Table 4.1), which is almost two order of
magnitude higher than the &, value. This result clearly indicates that the nonradiative process in
the present system is mainly governed by k,, 1.6. the torsional motion in the ThT
molecule.The variation of ki, with the wy values of the reverse micelles is shown in Figure 4.7.
It is clearly evident from this figure that the changes in the ki, values with the changing wy
values of the reverse micelles are not monotonic. The k., value increases quite rapidly with the
initial increase in the wy values. However, beyond wy=10, the increase in the ki, is very
nominal. Similar trends were also observed for the fluorescence quantum yields and the excited
state lifetimes of the dye. Such a change in the torsional rate constant can easily be correlated
to the changes in the nature of the water pools with changing w, values. As mentioned earlier,

305

and also supported from the IR measurements,”~ the water molecules are mainly bound to the

surfactant head group for wy<10. Beyond this wy value, it is basically the fraction of free water
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molecules in the water pool which increases with an increase in wy value. In accordance to this
the viscosity at the interface of the reverse micelle tend towards a limiting value at higher wy
values though at the lower wy values it decreases very sharply with the change in the water

content of the reverse micelles.
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Figure 4.7. Variation in the torsional rate constant (k) of ThT dye with the wy value of the AOT
reverse micelle.

Present results indicate that the fluorescence quantum yield and lifetime of the ThT molecule is
highly sensitive to the viscosity of its surrounding environment. The fluorescence quantum
yield and lifetime of the ThT molecule follows exactly the similar trend as that of the viscosity
of the medium. Thus, ThT can act as a very efficient molecular rotor for complex

microheterogeneous media as compared to other fluorophore reported in the literature.””>>%

4.3.3. ThT in cationic reverse micelle
The study of encapsulation of molecules and their interaction with the RM interface is
important in its own right both from fundamental and applied point of view. A range of

296
and

molecules have been used by researchers to disclose details about pH,>*” microviscosity,
polarity,}o8 among others, in confined environments, such as cells, micelles, and nanoporous
materials. In general the molecular probes are selected for their spectroscopic features and the

ability to interpret the observations made. Experiments exploiting molecular probes to

understand micro- and nanoscopic structures in confined environments depend on the location
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of the probe, often assuming the location based on a particular characteristics.*>***>'* Th

us,
determination of the probe location is important for analyzing the results of different relaxation
dynamics. In general, the location of a solute within a RM is difficult to determine
unambiguously. In the literature, the general interpretation is that charged molecules reside in
the most polar environment available, such as in aqueous phase, while less polar molecules
may reside in the micellar interface.” We have seen that in case of AOT reverse micelle,
electrostatic interaction between the ThT and the surfactant head groups dominates even at the
higher water content in the reverse micelle. However due to the likelihood of encompassing
different type of interactions, for example, hydrophobic, H-bonding, dipole-dipole, etc. in RM,
the electrostatic interaction may be surmounted by the precedence of other forces. To verify
this aspect in the RM, in the present study, we have investigated the location of the positively
charged ThT molecule in a cationic RM and the results are compared with those in the anionic
RM. From the basic perception of electrostatic interaction it is expected that the positively
charged molecules will prefer to reside at the centre of the water pool of the cationic RM to
minimize the electrostatic repulsion with the high positive charge density at the interface. In
contrast, in anionic reverse micelle, the positively charged probe is expected to reside at the
water-surfactant interface due to the strong electrostatic attraction with the interfacial negative
charge. Astonishingly a reverse trend is observed in the present study by using cationic reverse

micelle, as are discussed in this section.

From our studies in AOT reverse micelle and from the literature reports, ThT is
suggested to act as an efficient molecular rotor to determine the viscosity of different
. . 195,253,293 . . . . . . . .
microenvironments. As discussed in the previous section that if the microviscosity
around the ThT molecule increases, the nonradiative bond twisting process of ThT gets
retarded on increasing its surrounding viscosity and consequently there is an increase in its

fluorescence quantum yield and its emission lifetime. Hence, through fluorescence quantum
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yield and excited state lifetime measurements, it is quite possible to predict the strength of
binding of the ThT molecule with its surrounding media. In the present study, BHDC has been
used as the model surfactant for cationic RM and benzene is used as bulk organic solvent
media. Emission spectra of ThT in cationic RM were recorded at different wy values. Figure
4.8 A shows the emission spectra for ThT in BHDC reverse micelle at different wy. It is evident
from this figure that the emission intensity of ThT decreases with an increase in the size of the
central water pool. The variation in the emission quantum yield of ThT with the wy, of BHDC
RM is shown in the Figure 4.8B. The decrease in the emission yield of ThT with increase in
the water pool size is due to the fact that the microviscosity around the ThT molecule decreases
with an increase in the water content in the RM. From Figure 4.8B it is indicated that the
emission yield decreases gradually upto wy value of 10 and remains invariant on further
increase in the wy value. This behavior can be rationalized if the probe ThT resides at the
interface of the RM. At very low water content, most of the water molecules in the RM are

involved in hydrating the head groups of the surfactants.’' %!
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Figure 4.8. (A) Steady-state emission spectra of ThT in bulk water and in BHDC reverse micelle at
different wy values. (B) Variation in the relative ¢ values of ThT in the reverse micelle with respect to
that in water as a function of the w, of the reverse micelles.

With the increase in the water content the hydration of the surfactant head group increases with
a concomitant decrease in the microviscosity at the interfacial region. However, after complete
hydration of the head groups of the surfactants, further added water contributes to the increase

in the free water in the central water pool without affecting the hydration of the head group
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retgion.316’317 Thus, after certain wy value, there will be no change in the microviscosity at the
interfacial region and consequently the emission yield of ThT decreases and attains a limiting
value at higher wy values. It is to be noted from the Figure 4.8B that even at the highest wy
value of 20, the emission quantum yield of ThT in BHDC RM is substantially higher (~ 20
times) than that in the bulk water. This result clearly indicates that even in large water pool, the
probe molecule prefers to reside at the interface of the RM rather than in the central water pool.
This is quite surprising from the viewpoint of electrostatic interaction, because the positive
charge on the probe, should experience an electrostatic repulsion from the positively charged
interface of the RMs. Thus, the probe ThT was expected to avoid the interfacial region of the
cationic RM and should move towards the central water pool on increasing the wy value. Such
movement of the charged molecular species from the charged interface to central water pool is

infact well documented in the literature.

Although we have seen that the probe resides at the interfacial region of
AOT/heptane/water reverse micellar system but the external organic solvent can also modify
the interfacial rigidity owing to its extent of penetration in the interfacial region and solubility
of water in the external organic solvent at the interfacial region.”'®'” So to consider the effect
of external organic solvent we carried our measurements in AOT/benzene/water system also
and the results are compared with BHDC/benzene/water system. Further the radius of the water
pool varies differently with wy for AOT/benzene/water and BHDC/benzene/ water system so a
meaningful comparison should include the same water pool radius for AOT and BHDC reverse
micelle rather than same wy value. The variation of the emission quantum yield of ThT in
AOT/benzene/water RM with the size of the central water pool is shown in the Figure 4.9. It is
evident from Figure 4.9 that qualitatively ThT behaves quite similarly in both BHDC and AOT
reverse micelle. However, the emission quantum yield of ThT is always higher for BHDC RM

as compared to that in AOT RM. This large emission yield of ThT in the BHDC RM clearly
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indicates that despite having the positive charge, ThT is more strongly associated with the
positively charged interface than with the negatively charged interface. This result is a clear

indication of violation of principle of electrostatic interaction in the present RM systems.
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Figure 4.9. Variation in the relative ¢ values of ThT in the reverse micelle with respect to that in water
as a function of the radius of water pool of AOT(O) and BHDC (A) RM.

To understand the reason behind the observed discrepancy in the measured emission quantum
yield, time-resolved emission measurements were carried out in both types of RMs. As
mentioned in Chapter 3, the excited state lifetime of ThT is very short (~ 1 ps) due to the
ultrafast barrierless bond twisting process in its excited state. However, the lifetime increases
significantly due to its association with different confined environments. Thus, the increase in
the excited state lifetime of ThT is a signature of the retardation of the bond twisting process.
The excited state decay traces recorded for ThT in BHDC and AOT RMs with water pool size
of 1.1 nm are shown in Figure 4.10A. The average lifetime thus measured for ThT in BHDC
and AOT reverse micelle with 1.1 nm water pool size are 52 ps and 32 ps respectively. Such
longer lifetime as compared to that in bulk water clearly indicates that the bond twisting
process in ThT is considerably retarded in both type of RMs. However, the relatively longer
lifetime of ThT in BHDC RM as compared to that in AOT RM clearly indicates that the

association of the ThT with the interfacial region of RM is more stronger for the BHDC RM as
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compared to that in the AOT RM. These time-resolved measurements again goes against the
consideration of electrostatic interaction.

The variation of the excited state lifetime of ThT with the central water pool size is
presented in Figure 4.10B. It is to be noted that the excited state lifetime decreases with the
increase in the size of the central water pool for both type of RMs. However, the lifetime
attains a constant value at a larger water pool size. Thus, even at the largest water pool size, the
lifetime of ThT is seen to be longer in the case of BHDC RM than that in the AOT RM. This
result clearly indicates that irrespective of the central water pool size, the ThT molecules are

more strongly associated with the interfacial region of the BHDC RM than in the AOT RM.
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Figure 4.10. (A) Fluorescence decay traces of ThT in (1) BHDC and (2) AOT RM with r,, = 1.1 nm.
(B) Variation in the average fluorescence lifetime of ThT with the r,, value for AOT(O) and BHDC (A)
RM.

The nonradiative rate constant, which is a measure of the bond twisting process, was calculated
for the dye in both the RMs with different water pool size and are shown in Figure 4.11. It is
seen that the rate of bond twisting process gradually increases with an increase in the water
pool size. Further, it is observed that the bond twisting rate always remains higher in the case

of AOT RM than that in BHDC RM.
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Figure 4.11. Variation in the rate of bond twisting process with the size of the central water pool of

AOT(0) and BHDC (A) RM.

All these experimental results discussed above clearly indicate that despite having a net
positive charge, ThT is more strongly associated with the interface of the positively charged
RM than the intuitively expected anionic RM. To understand whether the observed violation in
the principle of electrostatic interaction is a general phenomena for self-assembled systems, we
have also investigated the association of ThT in AOT and BHDC conventional micelles. Figure
4.12 shows the emission decays for ThT in AOT and BHDC micelle. It is quite evident from
the Figure 4.12 that the bond twisting dynamics of ThT is considerably retarded in the AOT
micelles as compared to that in the bulk water. This retardation in the bond twisting dynamics
in AOT micelles can be easily understood from the fact that the positively charged ThT is
likely to get associated with the anionic micelle of AOT primarily due to electrostatic
attraction. Due to such an association, the bond twisting process in ThT gets retarded.
However, unlike in RM, the bond twisting process in the BHDC normal micelle is seen to be
comparable to that in the bulk water. This result clearly indicates that ThT does not get
associated with the normal BHDC micelle. Present result is quite expected from the
electrostatic point of view as the positively charged molecule will try to avoid the cationic

micellar surface and prefer to stay in the water phase.
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Figure 4.12. Fluorescence decay traces of ThT in water ( ), AOT micelle (-.-.-.-.-.- ) and BHDC
micelle (------ ) the dotted line represents the instrument response function (IRF).

Comparing the results in the RM and in the conventional micelles, it is quite evident that the
violation of the principle of electrostatic interaction is not a general phenomena and is quite
specific to the RMs. Thus the charged surface formed under the the nano-confinement shows
quite extraordinary electrostatic behavior as compared to other normal charged surface. The
reason for the observed violation of the electrostatic principle in the nanoconfined water pool
can be rationalized in terms of the following possibilities. It is likely that due to the presence of
large number of counter ion in the small confined water pool, the electrostatic screening may
be operative in the RM. Due to the electrostatic screening the electrostatic repulsion between
the positively charged probe and the positively charged interface might be reduced to a
considerable extent. In addition, other possible interactions like hydrophobic interaction and
the m-m interaction between the aromatic ring of the probe and the BHDC surfactant molecules

might also contribute to the stronger association of the probe molecules at the interface of the

BHDC RM.

4.4. Conclusion
The effect of confinement on the excited state ultrafast torsional dynamics of Thioflavin-T

have been investigated in nanoconfined water pool of AOT reverse micelle. It is demonstrated
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that due to the confinement, torsional motion in ThT becomes very sluggish. Due to this
sluggish torsional motion, fluorescence enhancements of about 250 times have been observed
in the reverse micelle in comparison to that in bulk water. With increase in the water pool size,
however, both fluorescence quantum yield and lifetime are seen to decrease non-
monotonically. Such a decrease in the fluorescence quantum yield and lifetime has been
attributed to the faster torsional motion in the larger water pools of the reverse micelles. It is
seen that the torsional motion remains restricted even in a very large water pool. This result has
been explained on the basis of the electrostatic interaction between the positively charged
probe and the negative surfactant head groups and the effect of the bound water that are
unusually sluggish in their movement even in a large water pool of the reverse micelle. The
high sensitivity of the fluorescence quantum yield and lifetime on the viscosity of the medium

can be useful to design an efficient molecular rotor based on ThT dye.

In cationic reverse micelle, due to the confinement in the nano-space, the electrostatic
interaction is modified to such an extent that the principle of electrostatic interaction is
overruled. The electrostatic interaction, which is expected to be much stronger than the other
interactions like, hydrophobic interaction, m-m interaction, cation-m interaction etc. could be
minimized due to the confinement of the large amount of charged species in a small confined
space. This result can have far reaching implications in chemical and biological systems. From
a more conceptual and fundamental perspective, the results obtained here may herald various
interesting applications. For instance, positively charged carriers for drugs are emerging as a
promising option owing to their very strong cellular interaction properties and good cellular

20-322 . . .
320322 56 one can foresee the design of a drug delivery system based on unconventional

uptake
combination of a positively charged carrier (RM based) and a cationic drug leading to
improved drug compatibility and drug stability and in fact these results become even more

appealing as Thioflavin-T itself is used as a model drug molecule in various studies.’>~**
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Further, reverse micellar systems also hold strong promise as a nano-reactor for carrying out
chemical reaction and catalysis by exploiting its interfacial properties so one can imagine of
the feasibility and/or improved efficiency of a chemical reaction between two similarly
charged solutes at a charged interface (cationic in this case) owing to their localization and

increased local concentration at the interface which is generally not contemplated.
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Chapter 5

Effect of /-CD Nanocavity on the Ultrafast
Bond Twisting Dynamics of Thioflavin-T

5.1. Introduction

The notable evolution of supramolecular chemistry over the past decade has resulted, in part,
from the advancement in understanding of the host-guest interactions.’”>~*” The nature and the
structure of the host-guest complexes are of fundamental concern in molecular recognition and
are of increasing significance in the applications of supramolecular systems. The nature of the
binding forces, the geometry of the intermolecular complexes, and the intermolecular

¥ analytical,”® and

dynamics are the central issues for their applications in synthetic,’
pharmaceutical chemistry.*® Cyclodextrins (CDs) are the macrocyclic molecules composed of
the glucopyranose units possessing a hydrophobic cavity of varying size,>>'~>* and they hold a
position of vital importance in supramolecular chemistry. The conformation and orientation of
hydroxyl groups in CDs make their external surface hydrophilic, whereas the internal cavity of
these molecules is quite hydrophobic in nature. The presence of both hydrophobic interior and
hydrophilic exterior makes them suitable and fascinating hosts for supramolecular chemistry

and for studying the spectroscopy and dynamics of several molecular systems as guests in

aqueous solution.””’ The remarkable ability of the CDs to form inclusion complexes with a
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variety of organic molecules has motivated the researchers for past few decades to study such
inclusion complexes as they can serve as the miniature models for understanding the action of
332333 . .o PSP 332 - o
enzymes, mimicking the reactions in biosystems,””” and so forth. The chemical reactivity
of the guest molecules can be modified remarkably through their incorporation into the CD

334333 The reduced polarity and the restricted space inside the CD cavity influences the

cavities.
photophysical and photochemical properties of an encapsulated gues‘[.135'137 Although, there are
extensive literature reports on the structural features of the host-guest complexes, the
dynamical behavior of the guest molecules in the ultrafast time regime have received very
limited attention in the host-guest chemistry.**¢**

Femtosecond studies of encapsulated molecules in the nanocavities can provide direct
information on the relationship between time and space domains of molecular relaxations.**’
Using femtosecond time-resolved techniques and selecting the size and nature of the molecular
container offered by the host to the guest, one can be able to explore and control the

spectroscopy and dynamics of guest molecules.**'>*

Further, exploring the ultrafast dynamics
in different cages may help us to better understand the catalytic mechanism inside these
cavities, like those involved in enzymes and zeolites.

In previous Chapter we have seen that the bond twisting dynamics in excited state of
ThT molecule undergoes a remarkable change in a restricted environment. Our earlier studies
in different homogeneous solvents has shown that the bond twisting process in ThT effectively
introduces a very fast non-radiative decay channel for the excited ThT molecule resulting its

emission yield to be extremely low.””"?”

Knowledge of the ultrafast dynamics of the
photoexcited ThT molecule under different biomimetic environment is very essential in order
to understand the underlying mechanism for the enhancement of the fluorescence emission

yield of ThT in confined environment, especially in amyloid fibril. Incorporation of such

biologically potent molecules in different biomimetic environments has attracted the interest of
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researchers because the studies of such systems can furnish the important clues regarding the
noncovalent intermolecular forces operative at the molecular level.

In the present study we examine the effect of confinement of the B-cyclodextrin (B-CD)
nanocavity on the ultrafast bond twisting dynamics of ThT using femtosecond fluorescence
upconversion technique. The aim of this study is to understand the underlying process that
takes place in ThT in the sub-picosecond time regime and how it is modified on the
encapsulation of the dye in a macrocyclic nanocavity. Detail analysis of the time-resolved
emission spectra including time dependent changes in the peak frequency, width of the
emission spectra (FWHM) and asymmetry of the emission spectra have also been carried out
and the results are compared with that in bulk water to get insight of the relaxation dynamics in

the excited ThT molecules.>”

Ipa

Thioflavin T

OH H

B-CD

Scheme 5.1. Molecular structure of Thioflavin T and - cyclodextrin

5.2. Experiments and Methods

The source and purification of ThT are given in Chapter 2. B-CD was purchased from TCI
Mark, Tokyo and was used as received. Nanopure water (conductivity less than 0.1 xS cm™)
was used for all sample preparations. All the measurements were carried out using freshly

prepared solution of the dye in B-cyclodextrin. The instrument used for ground-state
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absorption, steady-state fluorescence and ultrafast fluorescence decay measurements are
discussed in Chapter 2. The emission spectra were corrected for the wavelength dependent

instrument responses as discussed in Chapter 2 (cf. Section 2.3.1).

5.3. Results and Discussion

5.3.1. Steady—state measurements

The emission spectra of ThT at different B-CD concentrations were measured and are
presented in Figure 5.1A. It is seen from Figure 5.1A that the emission intensity of ThT
gradually increases with an increase in the 3-CD concentrations in the solution. ThT is known
to be weakly fluorescent in bulk water due to the presence of very efficient nonradiative bond-
twisting process in its excited state.”*>**?**3 As mentioned in Chapter 3 that the twisting
around the central C-C bond results in the formation of twisted intramolecular charge transfer
(TICT) state, which is much weaker fluorescent than the locally excited (LE) state of ThT
molecule.”””** Significant increase in the emission intensity of ThT in the presence of p-CD is
a clear indication of inclusion complex formation between ThT and B-CD. Due to the
formation of inclusion complex, the space available for the bond twisting process in ThT
becomes limited. Thus, due to the confinement effect of the B-CD cavity, the bond twisting
process in ThT is retarded significantly resulting an increase in its emission yield. Further, the
reduced polarity inside the B-CD nanocavity is also not favourable for the charge separation
process in the ThT molecule to produce the TICT state. Thus, due to lower propensity for the
charge separation, the formation of TICT state will be also reduced due to the inclusion of ThT
into B-CD nanocavity. This less propensity to form the TICT state also adds to the observed

increase in the emission yield of ThT in the presence of 3-CD nanocavity.
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Figure 5.1. (A) Steady-state emission spectra (Ax=410 nm) of Thioflavin-T (7 uM) at different -CD
concentrations: (1) 0.0 (2) 2.0 (3) 3.3 (4) 5.7 (5) 7.8 (6) 11.1 (7) 16.0 and (8) 18.0 mM. (B)
Fluorescence titration curve (1:1 binding model) for ThTeCD system.

In order to understand the strength of binding and also the stoichiometric compositions of
the ThT-B-CD inclusion complexes, the changes in the fluorescence intensity of the ThT with
the varying B-CD concentration was analyzed using the 1:1 complexation model which
provided satisfactory fitting results. In these experiments, keeping the total dye concentration
[ThT], same, the observed steady-state fluorescence intensity Ir at any concentration of the host
(B-CD) can be expressed as,

If — IO [ThT]eq " IOO [ThT'B'CD]eq

ThT [ThT], = ThT*B-CD ~ [ThT], (5.1)

0

0 . e e . .
where, I, is the initial fluorescence intensity of the free dye, IThT.ﬁ_CD

is the extrapolate

fluorescence intensity when all the dye in the solution is converted to ThTeBCD complex,
[ThT]o is the total concentration of dye (ThT) used and [ThT].q is the equilibrium
concentration of the free ThT in the solution. For fitting of the fluorescence titration curves, the

changes in fluorescence intensity Alr = (I, — I3, ) were estimated and plotted against the total

host concentration [B—CD], used. Following eq. 5.1, Alr is expressed as,

[ThT], o
Al = (1 - [ThT];l) (IThT-B—CD - Ifl)“hT ) (5.2)
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where [ThT].q is expressed in terms of the total host concentration [-CD] and the binding
constant K¢q for the ThTeB-CD complex by the following equation.

ThT]. =- {(K_[ThT], -K_[B-CD], -1
[ThT],, = 55 { (K [ThT], - K [B-CD], - 1)+ (53)

\/(Keq[ThT]O +K,,[B-CD], +1)* -4(K,, ’[ThT],[B-CD], }

The binding constant (K¢q) for ThT-BCD complex as obtained from the nonlinear fitting of
the titration curve (cf. Figure 5.1B) using equation 5.2 is found to be 78+5 M. This binding
constant value for ThT is quite low and is very similar to those obtained for other cationic dye
molecules of similar size with cyclodextrin hosts.>**** Such a low value of Keq indicates only
a partial encapsulation of the dye inside the 3-CD nanocavity. The observed weak binding of
ThT with B-CD could be explained from the relative size of the guest and the host molecules.
Since the overall length of ThT (14.0 A along long axis®*®) is much larger than the height of
the B-CD cavity (~ 7.9 A'*>!**) only a part of ThT molecule can only be accommodated into
the B-CD cavity, resulting a weak binding. Due to the partial encapsulation of the dye, the
bond twisting around the central C-C bond of ThT is still feasible though retarded to some
extent and thus the ThT-BCD complex shows relatively less fluorescence enhancement as
197,239,279

compared to those observed for ThT dye in other confined environments.

5.3.2. Time-resolved measurements

To understand the confinement effect of B-CD nanocavity on the bond twisting process in the
excited state of ThT, we carried out detail time-resolved fluorescence measurements of the dye
in the presence of varying B-CD concentration. Decay traces measured at the emission peak
(490 nm) of ThT in the presence of different concentration of B-CD are shown in Figure 5.2.
The transient decay for ThT in bulk water is also shown in Figure 5.2 for comparison. It is
evident from Figure 5.2 that the fluorescence decay gradually becomes slower with the
increasing concentration of B-CD. All the transient decays were seen to follow a non-

exponential kinetics. Similar non-exponential kinetics is also observed for ThT emission in
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bulk water due to the presence of barrierless bond twisting process.””” Such non-exponential
decay kinetics is also reported in the literature for several other molecules which can undergo
barrierless nonradiative decay processes (like cis-trans isomerization, bond twisting, etc.) in
their excited state.”*”**’ Due to the non-exponential decay kinetics, it is quite difficult to assign
any specific decay constant to any specific process in the excited state of the dye. Further, it is
noticed that besides having a long decay component in the presence of B-CD, there are also
some ultrafast components in the decay traces, which are quite comparable to those observed
in the bulk water (cf. Figure 5.2). These results are in the line of the fact that the binding
constant of ThT with -CD is reasonably less. Thus, under such circumstances, it is expected
that a reasonable amount of ThT remains in the free state, which behave very similar to that in
bulk water.

Due to the presence of the non-exponential decay kinetics, we rely on the average
fluorescence lifetime values to understand the effect of B-CD nanocavity on the photophysical
behavior of ThT dye. Thus, the average lifetime of ThT in aqueous solution at different f-CD

concentration were calculated and are shown in the inset of Figure 5.2.
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Figure 5.2. Fluorescence transient (Ax=410 nm, A.,=490 nm) of ThT in water in the presence of
different concentrations of 3-CD: (1) 0.0, (2) 2.0, (3) 4.0, (4) 8.0 and (5) 18.0 mM. The dotted line
shows the IRF. Inset: Variation in average lifetime (t,,) of ThT with increasing B-CD concentration.

It is to be noted from this fig that the average lifetime of ThT gradually increases with an

increase in the B-CD concentration. Such an increase in the average lifetime in the presence of
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B-CD suggests that the confinement of ThT in the B-CD cavity provides a restriction towards
the torsional motion in the excited ThT molecule.

In bulk water, the bond twisting around the central C-C single bond of ThT take place in
the LE state to form TICT state with a time constant of ~ 570fs.””” To see how the
encapsulation of the dye into B-CD cavity affect this LE to TICT state conversion, we have
carried out detail wavelength dependent time-resolved fluorescence measurements for aqueous
solution of ThT containing 15 mM B-CD and the results are shown in Figure 5.3. It is evident
from this figure that the transient fluorescence decays are strongly dependent on the emission
wavelengths. Similar wavelength dependent features in the emission decay traces have also
been observed for ThT in other media (cf. Chapter 3 and 4).>” The average lifetime monitored
at the emission maxima (490 nm) for ThT in 15 mM B-CD solution is found to be ~6.8 ps
which is much longer than that observed in the bulk water (~1 ps).”” Similarly, at all the
emission wavelengths the decay traces were found to be considerably slower as compared to

that in bulk water.
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Figure 5.3. Fluorescence transient of ThT in aqueous solution containing 15 mM B-CD at different
emission wavelengths: (1) 440 nm, (2) 490 nm, (3) 540 nm, (4) 600 nm. The dotted line shows the IRF.

To understand the torsional dynamics inside the nanocavity of B-CD, wavelength-dependent

fluorescence decays were transformed to time-resolved emission spectra (TRES) following the
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procedure proposed by Maroncelli and Fleming.” The TRES thus constructed for ThT in 15
mM aqueous B-CD solution are shown in Figure 5.4A. It is evident from this figure that along
with a drastic reduction in the emission intensity, the emission spectra shows a gradual red
shift with the time. For better realization of the observed shift in the emission frequency with
time, the emission spectra at each time delay was normalized to the same peak intensity and is
plotted in Figure 5.4B. The red shift in the emission spectra with time is now very clearly
indicated in Figure 5.4B. Thus a Stokes’ shift of ~700 cm™ have been observed for ThT in 15
mM B-CD solution within 20 ps time span following the photoexcitation process. To be
mentioned that in bulk water, the corresponding dynamic Stokes’ shift was observed to be
~600 cm™, quite similar to that observed in the presence of B-CD.
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Figure 5.4. (A) Time-resolved emission spectrum (TRES) of ThT in 15 mM B-CD solution at different
times. The circles are the experimental data points and the solid lines are lognormal fit to the data
points. Inset: Variation in area under the curve with time: ThT in water (A), ThT in 15 mM B-CD
solution (O). (B). Intensity normalized TRES at different times.

As mentioned earlier, the observed dynamic Stokes’ shift for ThT is due to an intramolecular

relaxation process in the excited state of ThT rather than the solvent relaxation process.”” "

The possibility of solvent relaxation process in the present case was excluded on the basis of
the substantial reduction in the population of the excited dye within experimental time window
3279

and lack of any significant solvatochromism for ThT molecule as discussed in Chapter

The inset of Figure 5.4A shows the variation in the integrated area under the emission spectra
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for ThT in bulk water and in aqueous solution containing 15 mM B-CD. Thus, for ThT in -
CD solution, with in 2 ps time window the area under the emission spectra decays by ~70%.
Though this reduction in the integrated area is relatively less compared to that observed for
ThT in bulk water (~93 % within 2 ps time), yet the 70% reduction in the excited state
population within 2 ps time span is significantly large to be accounted by the solvent relaxation
process. Such large decrease in the area under the time-resolved emission spectra for ThT in
different media is understood to be mainly due to the ultrafast intramolecular relaxation caused
by the torsional motion in the excited ThT molecule. The fact that reduction in the population
for the excited ThT in B-CD cavity is relatively less as compared to that in bulk water is a clear
evidence of the retardation in the torsional motion of the excited dye inside the B-CD cavity as
compared to that in bulk water. These results clearly indicate that the observed dynamic
Stokes’ shift in the present system is not due to the solvent relaxation process but due to
intramolecular relaxation process. Such dynamics Stokes’ shifts due to different intramolecular
processes like bond-twisting, trans-cis isomerization etc. in the excited states of the dyes have
in fact been reported in the literature.”******** Thus, we infer that the observed dynamic
Stokes’ shift for ThT in B-CD nanocavity also originates from the intramolecular torsional
relaxation process operative in the excited state of the dye.

A careful examination of Figure 5.4B reveals that along with the shift in the peak
position there is a concomitant spectral broadening, especially at the red edge of the emission
spectra while the shape in the blue edge remains effectively unchanged. Such changes in the
spectral shape at one side of the spectra are also supported from the fact that the asymmetry
parameter (b in equation 3.2; Chapter 3) for the present system changes from -0.35 at 0.1 ps to
-0.50 at 20 ps. Similar spectral changes have been observed earlier for photoactive yellow
protein where the chromophore based on coumaric acid shows the spectral broadening bearing

the asymmetry at the red edge of the spectra.”® To unfold the reason behind the changes in the
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spectral shape along with the changes in the emission frequency with time, the area under the

emission spectra at different time were normalized and are plotted in Figure 5.5.
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Figure 5.5. Time-resolved area normalized emission spectrum (TRANES) for ThT in 15 mM B-CD
solution.

268269 it is obvious that

From this time-resolved area normalized emission spectra (TRANES)
the emission spectra undergo a definite red shift with time. Another noteworthy observation
from Figure 5.5 is the presence of an isoemissive point in the TRANES. The existence of such
an isoemissive point in TRANES usually indicates the presence of two emitting species in the
system.”**?% Appearance of such an isoemissive point in the TRANES have been observed for
ThT in water medium and has been explained on the basis of the fact that due to the bond
twisting process in the excited state a weakly emissive TICT state is formed at the expense of
the LE state of the dye.”” Due to the formation of the weakly emissive TICT state, which is
found to emit at longer wavelength region as compared to that of LE state,”” broadening at the
red edge of the emission spectra takes place. This selective broadening at one side of the
emission spectra thus results in the increase of the asymmetry parameter with time. Therefore,
we can infer that the observed changes in the shape of the emission spectra for ThT in -CD
nanocavity are due to the formation of an emissive TICT state from the LE state of the dye.
The variation in the emission peak frequency with time is presented in Figure 5.6. The

change in the peak frequency for ThT in bulk water is also shown in Figure 5.6 for

comparison. It is evident from Figure 5.6 that the rate of change in the peak frequency for ThT
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in B-CD is much slower as compared to that in bulk water. However, the change in peak
frequency for ThT in B-CD follows a bi-exponential kinetics in contrast to the mono-

279

exponential kinetics observed in case of bulk water.””” The time constants obtained in case of

B-CD are 0.45 ps (42%) and 8.5 ps (58%). The shorter time constant obtained in the present

system is very close to that obtained for bulk water (0.57 ps).””

Appearance of bi-exponential
decay kinetics for the peak frequency in the present system can be explained on the basis of the
fact that the binding constant value for the formation of the inclusion complex between ThT
and B-CD is reasonably low. Due to such low binding constant, it is quite expected that a
considerable amount of ThT molecule in this solution will not get associated with the 3-CD
and remain free in the bulk water phase. Thus, ThT molecules which are free in the bulk phase
will undergo very fast bond twisting process as compared to those associated with the B-CD
nanocavity. Thus, the shorter time constant (0.45 ps) obtained from the peak frequency
variation could be assigned to those ThT molecules which are not associated with the 3-CD
cavity and the longer component is responsible for those ThT molecules that has formed
inclusion complexes with the B-CD nanocavity. Considering the binding constant value of 78
M, the percentage of ThT molecules that are expected to remain in the free state in the
presence of 15 mM B-CD is ~45%. This estimate is in good agreement with the percentage
contribution of the shorter time constant (42%) observed from the analysis of the peak
frequency shift with time. These results further confirm that the fast decay component in the

peak frequency is mainly due to those ThT molecules that are not associated with the B-CD

nanocavity.
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Figure 5.6. Variation in the peak frequency with time for ThT in water (O) and in 15 mM B-CD
solution (A).

As already indicated there is a distinct spectral broadening for ThT-BCD system with
time. To understand the underlying processes involved, the changes in the width of the
emission spectra (FWHM) with time were also analyzed. The variation in the FWHM with
time for ThT in B-CD solution is shown in Figure 5.7 along with those for ThT in bulk water.
It is evident from this figure that the variation in the FWHM is much slower for ThT in 3-CD
solution as compared to that in bulk water. Like the time dependent changes in the peak
frequency, the variation in the FWHM with time also follows a bi-exponential decay kinetics,
with time constants of 0.48 ps (35 %) and 8.7 ps (65%). The fast time constant is very similar
to that observed for the ThT in bulk water and can be attributed to the free ThT molecules. The
longer time constant (8.7 ps) is seen to be similar to that obtained from the analysis of the
changes in the peak frequency with time. The similar rate constants for the changes in the peak
frequency and the FWHM of the emission spectra clearly indicate that these changes are due to
the same intramolecular process, which we attribute to the bond twisting dynamics around the
central C-C single bond in the excited ThT molecule. The longer time constant (8.5 ps) for the
LE to TICT conversion in the B-CD solution as compared to that in bulk water (0.57 ps) clearly
indicates that due to the formation of the inclusion complexes, the bond twisting process for

ThT in the B-CD nanocavity is considerably hindered.
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Figure 5.7. Variation in the width of the spectrum (FWHM) with time for ThT in water (O) and in 15

mM B-CD solution (A).

5.4. Conclusions

The excited-state torsional relaxation dynamics of ThT in B-CD nanocavity has been
investigated following fluorescence up-conversion measurements. ThT forms 1:1 inclusion
complex with B-CD and such inclusion complex formation affects the torsional relaxation
process of the excited ThT dye leading to an enhancement of its fluorescence intensity. The
longer average lifetime of ThT in the presence of -CD also confirms the inclusion complex
formation. TRES analysis indicates the presence of dynamic Stokes’ shift as well as changes in
the spectral shape with time. TRANES analysis shows the appearance of an isoemissive point,
suggesting the formation of an emissive TICT state. The decay of the peak frequency, growth
in the spectral width and the decrease in emission intensity were found to be slower in the
presence of B-CD compared to that of the bulk water. These substantiate the effect of
confinement of B-CD cavity on the ultrafast bond-twisting dynamics of the amyloid fibril
sensing dye ThT. Present results shine light on the behavior of the potential biological probe
molecule ThT in the confined environment in very short time scale and can be relevant to the

behavior of many similar molecules in chemical and biological nanocavity.
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Chapter 6

Quantitative Distinction between Competing
Intramolecular Bond Twisting & Solvent
Relaxation Dynamics

6.1. Introduction

Dynamic Stokes’ shift measurements for solvent relaxation study have been applied
extensively to understand the structure and dynamics of different chemical and biological

349-351

systems. For example, this method has been used to understand the nature of water

352,353

. . . . . . . 354 .
molecules in different microheterogeneous media, like micelles, vesicles,”" and also in

355-357 358,359
A >

bio-molecules, like DN and proteins. Wide varieties of fluorescence probes have
been used to understand the solvent relaxation dynamics and consequently the nature of the
local environments. A judicious choice of a fluorescent probe for solvent relaxation studies
largely depends on the nature of the microenvironment under investigation. A major bottleneck
in studying solvent relaxation dynamics with large probe molecules is the interference of
several intramolecular processes in the excited probe that takes place in the similar time-scale
of the solvent relaxation dynamics. The competing intramolecular processes that can
significantly influence the solvent relaxation measurements are twisting of a functional group
around a bond, cis-trans isomerization, etc. This poses a tremendous challenge to

experimentalists in distinguishing various contributions of the different relaxation processes on

the dynamic Stokes’ shift. In order to understand the actual dynamics of the solvent relaxation
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process, it is very essential to separate out the contribution of the interfering intramolecular
processes from the solvent relaxation process.

The aim of the present study is to find out a methodology to quantitatively distinguish
and separate out the effect of such competing intramolecular processes from the solvent
relaxation process. To demonstrate this methodology, ultrafast fluorescence transient
measurements have been carried out in acetonitrile solution with three different coumarin dyes,
namely C153, C481 and C152 (c¢f- Scheme 6.1 for molecular structures), as probes. Coumarin
dyes have been extensively used as fluorescence probes for solvent relaxation studies,
primarily because of the large Stokes’ shifts and strong solvent polarity dependent fluorescence
properties of these molecules.*® Among these dyes, C153 is the most popular probe for solvent
relaxation studies,’**®' because its rigid molecular structure ensures the absence of any

interfering intramolecular relaxation process.
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Scheme 6.1. Molecular Structure of the dyes

Unlike C153, however, the C481 and C152 dyes can participate in a fast twisting motion
involving their free amino group and it can compete with the solvent relaxation process.
Detailed photophysical studies in different organic solvents indicate that in polar solvents the
excited states of C481 and C152 molecules decay much faster as compared to C153.7°*7% This
fast decay in C481 and C152 has been attributed to nonradiative transition due to twisting of
the N,N-dialkyl groups around the carbon-nitrogen bond (cf- Scheme 6.1) in the excited states.
Unlike, C481 and C152, no such bond twisting is possible for C153, due to the presence of
rigid julolidyl group in the latter molecule. This additional bond twisting process in the excited

state of C481 and C152 can modulate the measured solvent relaxation times from the dynamic
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Stokes’ shift measurements. Acetonitrile have been selected as solvent because its polarity is
sufficient to induce bond twisting process in the excited states of C481 and C152.°°° It has
been reported in the literature that the solvent relaxation time measured with C152 is much

3,366 However, the reason for this faster solvent relaxation with C152

faster as compared to C15
has not been discussed explicitly. In the present study time-resolved fluorescence transient
measurements have been carried out to differentiate two competing processes, namely
intramolecular bond twisting process and solvent relaxation process. A method has been

proposed for the first time to quantitatively extract the ultrafast time constant for such an

intramolecular process that is hidden or mingled up with the solvent relaxation process.

6.2. Experiments and Methods

Steady-state fluorescence measurements were made in Hitachi spectrofluorimeter (model F-
4500). The emission spectra were corrected for the wavelength dependent instrument
responses. All measurements were made at magic angle condition. All samples were excited
with 400 nm light. Time-resolved fluorescence measurements were carried out using a
femtosecond fluorescence upconversion instrument discussed earlier (c¢f. Chapter 2). In the
present study the second harmonic of Ti-sapphire laser pulses (410 nm, 50 fs, 88 MHz) was
used for the sample excitation. All coumarin dyes were from Exciton and used as received.

Spectroscopic grade acetonitrile from Spectrochem, India was used as received.

6.3. Results & Discussion

Fluorescence transient decays at different wavelength intervals were measured using
fluorescence upconversion technique for all three dyes. Representative fluorescence decays
measured for C153 in acetonitrile solvent at the blue and red side of the emission spectrum are
shown in Figure 6.1. It is evident from this figure that the transient fluorescence decay is

strongly dependent on the wavelength at which it has been monitored. All the transient decays
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can be fitted to a multi-exponential function convoluted to the instrument response function
(IRF). At shorter wavelength, the transient decay has a very short time component, which
increases with an increase in the monitoring wavelength. At red side of the fluorescence
spectrum, the fast decay component is absent and it is replaced by a fast rise component. Thus,
for the fluorescence transients, the decay components (both time constant and amplitude) are
strongly wavelength dependent. It is reported in the literature that this wavelength dependent
decay of the C153 in polar solvents, including acetonitrile, is due to the time dependent motion
of the solvent molecules around the photoexcited probe molecule.**’*® Similar observations

have also been made with the other two coumarin dyes, namely C481 and C152.
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Figure 6.1. Transient fluorescence decay for C153 at 470 and 630 nm. The dotted line shows the
instrument response function (IRF).

Time-resolved fluorescence spectra for all three dyes have been reconstructed from transient
decays following the method proposed by Maroncelli and Flemming.’®” Reconstructed time-
resolved spectra thus obtained for three dyes are shown in the Figure 6.2. It is evident from this
figure that for all three dyes the emission maxima shift to lower frequency with time along

with a concomitant decrease in the emission intensity.
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Figure 6.2. Reconstructed time-resolved fluorescence spectra for (A) C153, (B) C481 and (C) C152.
Spectra shown are for time 0.1-2 ps. The points in each panel indicate the wavenumbers where the

transient emissions are recorded.

To quantify the temporal changes of the emission frequency, the mean frequency or first
moments (®;) of these transient spectra, as calculated by using eq. 6.1, were correlated with

time.

®, = L]gvl(v)alv
@ % (6.1)

where,

w,=|1(v)dv

O sy 8

(6.2)

Figure 6.3 shows the variation of the mean frequency of the transient spectra with time for all
three dyes. The changes in the mean frequency for C153, according to literature, are solely due
to solvent relaxation process.*’~*® Observed changes in the mean frequency with time for
C153 was fitted with a bi-exponential function and the two solvent relaxation time constants
thus estimated are 0.39 (45%) and 1.1 (55%) ps. The average solvent relaxation time is
accordingly calculated as ~0.78 ps, which is in good agreement with the reported value.**®® The
appearance of the bi-exponential nature of the frequency shift with time has been noted earlier
for different other solvents.***** The non-single exponential nature of the frequency shifts is
due to the differences in the responses of the solvent molecules that are directly in contact to

the probe than those situated away from the probe. Due to molecular nature of the solvent and
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the probe, the dielectric response is different for these two types of solvent molecules. For this
reason, the Debye nature of the dielectric response of the solvent is not valid in real systems

and they show non-single exponential nature of the solvent responses.
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Figure 6.3. Change in the mean frequency of the transient emissions with time for (O) C153, (L) C481
and (A) C152 in acetonitrile solution. Points are calculated from the reconstructed spectra and the solid
lines are the multi-exponential fitting to the data points .

The standard solvent relaxation theory predicts that the frequency of the emission spectra will

shift with time without changing the shape of the spectra.’’*>™

To check this prediction all the
time-resolved emission spectra of C153 have been plotted in Figure 6.4A after removing the
frequency shift with time and normalizing the area under each of the emission spectra. It is
evident from Figure 6.4A that the spectral shapes do not change with time for C153 dye, which
is in accordance with the standard solvent relaxation theory. From these results we can infer
that the observed change in the mean frequency for C153 in acetonitrile is solely associated
with the solvent relaxation process. Following the procedure mentioned above for C153, when
the variation of mean frequency with time for C481 and C152 are analyzed, it results in the

average solvent relaxation times as about 0.47 and 0.62 ps, respectively, which are

significantly shorter compared to that obtained with C153.
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Figure 6.4. Reconstructed transient fluorescence spectrum for (A) C153 and (B) C152 at different
times (0.1-2 ps). Each spectrum have been moved along frequency axis to remove the time dependent
spectral shift and the area under all spectra have been normalized for comparison.

These apparently rapid changes in the mean frequency with time for C481 and C152 cannot be
explained on the basis of the solvent relaxation process alone. According to continuum

dielectric theory,”””"

the motion of solvent molecules around a probe is independent of the
nature of the probe used and solely depends on the nature of the solvent molecules involved.
Chapman et al.”’* have measured the solvent relaxation times with 16 different probes in 1-
propanol solution and observed that the solvent relaxation times measured with 11 out of 16
probes (including C153 and C152) are similar as expected from continuum dielectric theory.
For the remaining five probes, however, the solvent relaxation times are found to be shorter by
about 2-fold and have been explained due to specific H-bonding interaction of these probes
with the solvent molecules. Since a similar specific interaction is not expected in the present

systems, the differences observed in the changes of the mean frequencies for the three dyes

studied must be related to some other factors than the specific solute-solvent interaction.

As mentioned earlier, presence of a fast bond twisting process in the excited state of a
probe can interfere with the solvent relaxation process and accordingly an apparently rapid
dynamics of the fluorescence Stokes’ shifts can be observed. Thus, the apparently faster

solvent relaxation rate with C481 and C152 dyes is attributed to the interference of the fast
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intramolecular relaxation to the solvent relaxation process. To check how this fast
intramolecular bond twisting process can affect the observed changes in the emission mean
frequency we have compared the shape of the emission spectra for C152 and C481 at different
times. Figure 6.4B shows such a plot for C152, where the emission spectra have been plotted
after removing the frequency shift with time and normalizing the area under the emission curve
at each time. It is clearly evident from Figure 6.4B that in contrary to the standard solvent
relaxation theory, the shapes of the emission spectra do change with time for C152. Similar
observation has also been made for C481. To check how the spectral shape for these two dyes
changes with time we have also plotted the width (FWHM) of the emission spectra for these
two dyes at different times in Figure 6.5. It is clearly evident from Figure 6.5 that the shape of
the spectra becomes narrower with time for C152 and C481. The spectral shape changes up to
~0.4 ps and 0.8 ps for C481 and C152, respectively, and after that the shape of the spectrum
remains almost unchanged with time as predicted by the standard solvent relaxation theory.
This clearly indicates that beside the solvent relaxation process, there is an additional process
that takes place in these two dyes causing the observed changes in the shape of the spectra in
the initial times. The changes in the spectral shape due to the twisting of a chemical bond and

subsequent formation of a rotamer have been reported in the literature.’”
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Figure 6.5. Changes in the spectral width of the emission spectra at different times for (O) C481 and
(A) Cl152.
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Another interesting point to be noted from Figure 6.4B is that the changes in the spectral shape
mostly occur at the blue side of the emission spectra. As the intensity at the blue side of the
spectra decreases, the mean frequency of the spectra moves faster to the red side of the spectra.
Because of this we observe an increase in the rate of mean frequency shift for C481 and C152
compared to C153 dye. It is also evident from Figure 6.5 that the change in the spectral width
for C481 is much faster than that for C152. Because of these, the change in the mean frequency
is also found to be faster for C481 than C152 and hence an apparently faster solvent relaxation.

In the present circumstances with C481 and C152 dyes, since the effect of intramolecular
bond twisting and solvent relaxation processes are mingled up with the dynamics Stokes’ shift,
resolving the dynamics of these two relaxation processes is not straight forward. In fact, in the
literature, so far no clear methodology has been suggested to resolve the dynamics of such two
interfering processes. In the present study, to extract the rate constant for the bond twisting
process in C481 and C152, the total fluorescence intensity was plotted against time as shown in
Figure 6.6. The total fluorescence intensity, I(t), was calculated by measuring the area under
the fluorescence spectra at different times. It is seen that I(t) does not decay exponentially with
time. Such non-exponential decay of the florescence intensity along with the changes in the
mean frequency for C153 in 1-propanol at lower temperature has been explained by Agmon on

380 .
Their results are

the basis of the inhomogeneous solvent distribution around the excited dye.
supported by the fact that the width of the transient emission spectra decreases with time due to
distribution of the lifetimes resulting from the inhomogeneity in the system. However, in the
present case it is seen that the shape of the transient emission spectra of C153 do not change
with time (cf. Figure 6.4A). This eliminates the possibility of inhomogeneity in the present
systems. The appearance of the non-exponential decay in I(t), for the present systems, can be
easily explained on the basis of the time-dependent shift in the emission frequency. One of the

consequences of Einstein’s equation for radiative transition is that the rate of this process

depends on the emission frequency. Because of the non-equilibrium solvent relaxation in the
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excited state, the emission frequency is a function of time. This makes the radiative decay rate,

k,, also time dependent and it should follow a relation like,381

k(0 (V' ()
where,

R I](V,t)dl/
<V (t)>_ J.](v,t)dv/v3(t)

(6.3)

(6.4)

It is evident from eq. 6.3 that if the solvent relaxation process causes an observable shift in the
emission spectra, one would expect that k; should also be time-dependent accordingly. On the
basis of this model the variation of the total fluorescence intensity can be expressed by the

following equation.***

1(t) = Ak (t)exp[—k, t — j k.(7)dr]
o (6.5)

where, A is the proportionality constant and k,, is the nonradiative decay rate constant. In eq.
6.5 k, denotes the nonradiative intramolecular conversion from S, to Sy state of the dye. Detail
photophysical studies show that this S;-S nonradiative process are very slow (~1x10® s™)*%
for all the three dyes used in the present study as compared to our experimental time window.
Thus, we may neglect the effect of k,, on the fluorescence intensity decay for the three dyes in
the present time scales of measurements. Maroncelli et al. have also shown that eq. 6.5 can be
fitted suitably for some coumarin dyes in i-propanol after neglecting the contribution of ky.*™
Our experimental data was fitted using eq. 6.5 (without the k;, term) by a least square
fitting method and the fitted curves are shown in Figure 6.6. It is seen that the decay of I(t) for
C153 can be fitted quite satisfactorily with eq. 6.5. This result reinforces that the observed non-
exponential decay of I(t) for C153 is solely due to the solvent relaxation induced shift in the
emission frequency. However, it is evident from Figure 6.6 that the experimental data for C481

and C152 do not fit well with eq. 6.5.
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As mentioned earlier, the twisting of the amino groups in the excited states of C481 and
C152 dyes, results in the formation of dark twisted intramolecular charge transfer (TICT)

17,18
states. 7

Formation of these dark states with the twisting of the amino group results in the
decrease of the transition dipole moment and hence a decrease in the observed emission

intensity. To incorporate this effect, eq. 6.5 has to be modified as in eq. 6.6.

I(t)= Ak, () exp[—j k (r)dt]+ Bexp(—kt) (6.6)

where B is a pre-exponential term and k is the rate constant for the additional decay process,

i.e. the bond twisting process.
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Figure 6.6. Changes in the integrated intensity of (A) C153, (B) C481 and (C) C152 as a function of
time. The solid lines are the fitted data according to the eq. 6.5. The dashed lines for coumarin-481 and
coumarin-152 are the fitted data according to the eq. 6.6

The experimental data for C481 and C152 have been fitted with eq. 6.6 and the results are
shown in Figure 6.6. It is very evident from this figure that the introduction of the additional
exponential decay term in eq. 6.6 satisfactorily fit the experimental data for C481 and C152.
These results confirm that the observed change in the total intensity for C481 and C152 is a
consequence of the combined effect of two processes, i.e. the intramolecular twisting process
and the solvent relaxation process. The decay times (1/k) for the twisting processes thus
estimated are 70 & 230 fs for C481 and C152, respectively.

The rate constant for the twisting process thus measured can be used to estimate the
solvent relaxation time from the experimental frequency shift data obtained with C481 and

C152. As it is mentioned earlier, due to the presence of bond twisting process, the apparent
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solvent relaxation time becomes faster for these dyes. The variation of the mean frequency
with time for these two dyes was fitted with a tri exponential function, where one of the decay
time was fixed to that obtained for the twisting process. After using this methodology the other
two time constants for solvent relaxation process are obtained as 0.45 ps (49%), 1.35 ps (39%)
and 0.33 ps (26%), 1.1 ps (65%), respectively, for C481 and C152. The average solvent
relaxation times thus calculated are 0.75 and 0.80 ps, respectively. These estimated solvent
relaxation times are in good agreement with that obtained with C153 and also to those reported
in the literature in acetonitrile solvent.*®® Thus, using this methodology, as discussed in this
article, it is possible to distinguish two competing ultrafast processes that mutually interfere
with each other to affect the observed spectral or kinetic measurements. It is also possible to
quantitatively extract the rate constant for the individual processes by adopting this
methodology.

From the present results it is indicated that the bond twisting process for C481 is much
faster than that of C152. This is in fact expected from the structural point of view of the two
dyes. In case of C481, the 7-amino group has two ethyl substituents, which are stronger
electron donating in nature as compared to methyl substituents in C152. This makes the twisted
charge transfer state energetically more stable for C481 than for C152. Moreover, formation of
the twisted state releases more steric hindrance in C481 than in C152, due to the bulkier N-
ethyl substituents in the former dye compared to the N-methyl substituents in the latter. It is
thus realized that the better stabilization of the twisted state in C481 drives the bond twisting
process to occur faster compared to C152. This is also in accordance with the results obtained
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from photophysical studies of the two dyes in different solvents.” The fluorescence quantum

yield for C481 and CI152 in acetonitrile solution are reported to be 0.08 and 0.22

respectively.’®

These fluorescence quantum yield are much lower compared to those of the
other coumarin dyes. This lowering of the quantum yield for C481 and C152 is attributed to

the twisted state mediated nonradiative de-excitation channel. These fluorescence quantum
144



yield results also indicate that the formation of the twisted state is more favorable for C481 as

compared to C152, an inference similar to that made from the present study.

6.4. Conclusion

In brief, present results indicate that the intramolecular bond twisting process largely interfere
with the dynamic Stokes’ shift for C481 and C152, causing the observed solvent relaxation
dynamics apparently faster. Following the procedure of time dependent changes in the
integrated intensity of the time-resolved emission spectra and using Einstein’s theory of
radiative decay rate, we are able to separate out the dynamics of the bond twisting process
from the solvent relaxation process. This procedure can be applied to differentiate and
quantitatively estimate the rate of an intramolecular process that is otherwise hidden or

mingled up with the solvent relaxation process.
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Chapter 7

Effect of Electrostatic Interaction on the
Probe Migration In Polymer-Surfactant
Supramolecular Assembly: A Solvent and
Rotational Relaxation Study

7. 1. Introduction

Pluronics are the triblock copolymers made up of poly ethyleneoxide (EO) and poly
propyleneoxide (PO) blocks with general molecular formula (EO),-(PO),-(EO),. These water
soluble non-ionic surfactants have attracted considerable attention in the last two decades,

141-146,156,157

partly because of their complex behavior in solution and partly because of their

wide range of industrial applications, as detergent, lubricant and emulsifier.'*’'>*¥*33 Their
unique behavior in aqueous solution and their low toxicity have made these polymers highly
useful in many pharmaceutical formulations.'*”"'*"153%% Because of the formation of
microheterogeneous media of varying physical dimensions and characteristics, these polymers
have also been used extensively for the fabrication of different nanostructures.® %

Besides the absence of the polar head groups, unlike in the conventional surfactants,
pluronics also form micelles in aqueous solution due to the differential solubility
characteristics of EO and PO units in water,'*!"1#4146-136.157.168 H5wever, these class of polymers

form micelles in water only above a certain concentration, known as the critical micelle

concentration (CMC) and also above a certain temperature, known as the critical micellar
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temperature (CMT). Because of the differences in the solubility of the EO and PO units, the
CMT of a pluronic largely depends on its composition, or more specifically on its EO/PO ratio.
As the water solubility of EO is higher than that of PO, CMT of a pluronic increases with an
increase in the EO/PO ratio. For example the CMT of 5% w/v solution of two pluronics, F88
(n=103 & m=39) and P123 (n=20 & m=70), are 30.5 and 12.5 °C, respectively.'** Note that the
EO/PO ratio for F88 and P123 are 2.64 and 0.29, respectively. This indicates that a pluronic
with lower value of the EO/PO ratio favours the micellization process of the polymer. The
micellization process and the structure of pluronic micelles have been studied extensively

144,145,162,163

using different techniques, like neutron scattering, X-ray scattering,'® light

146,157,162,163,165,166 142,168,169 It

scattering, absorption'®” and fluorescence measurements. is
understood that pluronic micelles are formed with a water free hydrophobic core consisting of
the PO blocks, which is surrounded by the outer shell of hydrated EO blocks, commonly
known as the corona region. Though extensive studies have been carried out on the structural
aspects of these micellar systems, studies on the dynamical processes in these micelles are very
limited. Using fluorescence anisotropy measurements, Dutt et al. have recently reported the
results on the rotational dynamics of a solubilized probe in different phases of the pluronic
micelles.'”*!'7*** Grant et al. have demonstrated from anisotropy measurements that a suitable
molecular probe can be used as a local reporter for the different regions of the copolymer

175,176

micelles. Relaxation of the water molecules in different regions of pluronic micelles have

recently been reported by Bhattacharya et al.'”’"'” and Kumbhakar et al.'®*'*? All these studies
indicate that the dynamical processes in these micelles largely depend on the EO/PO ratios of
the polymers.

In several industrial applications, pluronics are often used in combination with low

183,184

molecular weight ionic surfactants. This feature has prompted experimental studies on the

185,186

solution behavior of these mixed surfactant systems. Presence of two different classes of

surfactants results in the formation of complex microheterogeneous systems, whose properties
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and solution behavior are essential to be known to use them in a formulation. Interaction of
pluronics with low molecular weight ionic surfactants like sodium dodecyl sulphate (SDS),

cetyl trimethyl ammonium chloride (CTAC), etc. have been studied quite extensively by using

162,165,166 166,187-189

light scattering, neutron scattering,'®” and calorimetric methods. These studies

show that the pluronic micelles form unique supramolecular assemblies in the presence of an

L 162,165,166
ionic surfactant, for example, SDS."~>

In these supramolecular assemblies, it is
understood that the hydrophobic chains of the ionic surfactant molecules are dissolved in the
core of the pluronic micelles and the charged head groups of the surfactants are placed at the
peripheral region of the core, projecting into the hydrated corona region of the micelles.'®
Because of this unique structure of these assemblies, a charged layer is developed inside these
micelles. Accordingly, any solute having a charge opposite to that of the charged layer inside
these supramolecular assemblies, can experience an electrostatic attraction towards the core-
corona interface of the micelles. The extent of the electrostatic attraction will naturally depend
on the concentration of the ionic-surfactant in these systems. Due to the presence of such an
electrostatic attraction, the solute can move from the surface to the interior of the micelle.

In most of the applications of microheterogeneous media, a solute is dissolved in the
micellar phase and the effectiveness of the dissolved solute for a desired process largely
depends on the physical and chemical properties of the species in the micellar media. As

pluronics can be obtained with wide range of EO/PO ratios,'**'**!*7

they can form micelles
with wide range of dimensions of their core and the corona regions. These systems can thus
provide a wide range of microenvironments for the dissolved solutes. Because of the
availability of wide range of microenvironments in these micelles, the solutes may also have
quite different physical and chemical properties depending on their locations in the micelle.
Thus, by changing the position of a solute in these micelles, it is possible to modulate the

physical as well as the chemical properties of the solute in these microheterogeneous systems.

In the present work we have studied the effect of ionic surfactant on the localization site of a
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solubilized molecule in a polymer-surfactant supramolecular assembly. Our aim is to see if the
location of the solute in the micelle can be changed by changing the polymer-surfactant
composition of the supramolecular systems. Additionally, we also investigate how the
photophysical properties of the solubilized dye and the structure of water molecules around the
dye in the micelle change with a change in the dye location in the supramolecular system. For
this purpose, we have used pluronic P123 (EO30-PO7p-EOy), F88 (EO;¢3-PO39-EOj¢3) and
P105 (EO37-POss-EO37) as the copolymers, CTAC and CTAB (Cetyl trimethyl ammonium
bromide) as the surfactants and coumarin-343 (C343, ¢f. Scheme 7.1 for molecular structure)

as the molecular probe.

7.2. Experiments and Methods

P123 (EO30-PO7p-EOy), P105 (EO37-POss-EO37), CTAC and CTAB were obtained from
Aldrich. F88 (EO3-PO39-EO,¢3) was a gift from BASF Corporation, Edison, New Jersey,
USA. C343 was purchased from Exciton and was used as received. Stock solution of block
copolymers were prepared by taking 0.1 gm of solid polymer for P123 and 0.05 gm of solid
polymer for F88 and P105 per ml of nanopure water (conductivity <0.1uS cm™), obtained from
a Millipore Gradient A10 system. The solution was stirred for about 24 hours with a magnetic
stirrer. To make polymer-surfactant supramolecular system, requisite amount of surfactant
solution was added to the polymer solution maintaining the polymer concentration same in all
the cases. C343 was added directly to the polymer solution and stirred for 4-6 hours.
Concentration of the dye in the polymer solution was kept very low (1-2.5 uM as calculated
from the absorbance of the dye) so that the possibility of having more than one dye in a micelle
is negligible. All experiments with P123 were carried out at 25°C. It was shown earlier that the
critical micellar temperature (CMT) for 5% w/v F88 is ~35°C,'">!"**% and thus, all the
experiments with F88 were carried out at 40°C to ensure complete micellization. Similarly all

experiments with P105 (CMT for 5% w/v is 20.3°C*") were carried out at 30°C to ensure the
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complete micellization of the polymer. Molecular structures of the chemicals used in the

present study are given in scheme 7.1.

Ground-state absorption and steady-state fluorescence measurements were carried out
using a Shimadzu spectrophotometer, (model UV-160A) and a Hitachi spectrofluorimeter,
(model F-4500) respectively. The emission spectra were corrected for the wavelength

dependent instrument responses as discussed in Chapter 2 (c¢f- Section 2.3.1).

HO('CHZ'CHZ'O')ZO('CHMe'CH2'0')70('CH2'CH2'O')20H

P123
HO(-CH5-CH5-0-)103(-CHMe-CH;-0-)39(-CH,-CH,-0-)193H

F8s
HO(-CHy-CH,-0-)37(-CHMe-CH»-0-)sg(-CH,-CH,-0-)37H
P105

CH3-(CH3)15-N*(CH3)3Br  CH3-(CHp)15-N*(CH3)3Cl” CH3-(CHy)11-SO4” Na*
CTAB CTAC SDS

C343 anion

Scheme 7.1. Molecular structures of chemicals used in the present study

The time-resolved fluorescence measurements were carried out using a TCSPC
spectrometer from IBH, UK (c¢f. Chapter 2 section 2.4.1). A 408 nm diode laser (1 MHz
repetition rate) was used for sample excitation. The instrument response function (IRF) was
measured by collecting the scattered excitation light from the suspended TiO, particles in
water. The IRF thus measured was ~100 ps with an MCP-PMT detector & ~ 230 ps with a
PMT based detector. For solvation dynamics studies, fluorescence transients were collected at
10 nm interval to cover the entire range of the fluorescence spectrum of the dye. All the

fluorescence transients were collected at magic angle (54.7°) as discussed in Chapter 2. Time-
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resolved fluorescence anisotropy was measured with the procedure given in Chapter 2. The
temperature of the solution was controlled by using a thermoelectric controller (model DS)
from IBH, UK.

Small Angle Neutron Scattering (SANS) measurements were carried out using the
facility at DHRUVA reactor, Trombay, INDIA. The mean incident wavelength (1) of the
neutron was 5.2 A with AA/A = 15%. The scattered neutrons were measured for the scattering
vector (q) range of 0.02-0.3 A”'. The measured SANS data were corrected for the background,
the empty cell contribution and the transmission, and were presented on an absolute scale using
the standard protocols. Correction due to the instrumental smearing was also taken into account
throughout the data analysis. All SANS measurements were carried out in D,O media.

The differential pulse polarography (DPP) study was carried out using a Eco chemie
potentiostat, AUTOLAB-100, fitted with the VA663 stand. Details of the DPP measurements
are discussed in Chapter 2.

7.3. Results and Discussion

7.3.1. P123-CTAC system

7.3.1.1. Ground-state absorption and steady-state fluorescernce

studies

The present probe, C343, can exist either in the neutral or in the anionic form, depending on
the pH of the medium. To characterize the prototropic form of C343 in P123 micellar solution,
both ground-state absorption and steady-state emission spectra of the dye were first recorded at
different pH in aqueous solution. Figure 7.1 shows the absorption and emission spectra of
(C343 at different pH in aqueous solution along with those in P123 micelle for comparison. At
pH 3, the absorption and the emission maxima of C343 appear at 450 nm and 488 nm,
respectively. Comparing with the literature reports, it is evident that at pH ~3, the dye C343

exists in its neutral form.” The absorption and emission maxima of C343 in aqueous solution
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at pH 9.5 appear at 424 nm and 485 nm, respectively. These values match very nicely with the
reported absorption and emission peak positions for the anionic form of the dye.”® This implies
that the dye C343 exists in its anionic form at pH 9.5. Absorption and emission spectra of
C343 dye in P123 micellar solution are also shown in Figure7.1 for comparison. It is evident
from Figure 7.1 that the absorption and emission characteristics of C343 dye in P123 micellar
solution are very similar to those of the anionic form of the dye in aqueous solution. From the
present results it can be infer that in P123 micellar solution the dye C343 mainly exists in its
anionic form. It is to be noted that the absorption and emission spectra of C343 in water at
neutral pH also indicate that the dye preferentially exists in its anionic form. Through detail
photophysical studies, Levinger et al. have shown that in a reverse micelle also the dye C343

. i L 96,98,99,392
exclusively exists in its anionic form.” "
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Figure 7.1. Normalized absorption (A) and emission (B) spectra of C343 at different pH in water,
pH=3.5(------ ), pPH=9.5 (------ ), and in P123 micellar solution ( ).

Surfactant induced changes in the pK, values have been reported in the literature.’”* So
to confirm whether the pK, of the probe changes in the present micellar system, we have also
carried out pH dependent absorption studies in neat water, in P123 micellar solution and in
P123-CTAC mixed micellar solution with [CTAC]/[P123] ratio of ~ 0.4. The absorbance vs
pH plots for the peak position of the neutral form of C343 in these three media are shown in

Figure 7.2.
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Figure 7.2. The absorbance vs pH plots for the peak position of the neutral form of C343 in water (O),

P123 micellar solution ((0) and P123-CTAC (A) mixed solution with [CTAC]/[P123] ratio of 0.4.
Absorbances at the lowest pH used for the three systems were normalized to unity for comparison.

The pK, values calculated from the inflection points of these curves are 4.5, 6 and 4.9 in water,
P123 and P123-CTAC media, respectively. These results clearly indicate that at the
experimental pH=8.1 used in the present study for P123 and P123-CTAC micellar solution ,

the dye C343 is always present in the anionic form.

The effect of added CTAC on the emission spectra of C343 in P123 micellar solution
was studied systematically and the results are shown in Figure 7.3. It is seen that, as the
concentration of CTAC is increased in P123 micellar solution, the emission peak of C343
gradually shifts towards the blue region. This hypsochromic shift of the emission spectra of
C343 indicates a decrease in the micropolarity around the probe in the micelle on increasing
the CTAC concentration. This can possibly happen if the dye initially resides at the surface
region of the P123 micelle and then experiences a gradual shift in its location towards the more
nonpolar region of the micellar corona on increasing the CTAC concentration in the
supramolecular assembly. This is further corroborated by the time-resolved fluorescence

measurements, as discussed in the following section.
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Figure 7.3. Normalized steady-state emission spectra of C343 in P123 micellar solution at different
CTAC/P123 molar ratio: 0 (———), 0.06 (------ )and 0.5 (- - --).

7.3.1.2. Solvent relaxation studies in P123-CTAC system

With an increase in the CTAC concentration in P123 micellar solution if the dye experiences a
gradual shift towards the more interior of the micellar corona region, it should also find a
concomitant change in the water structure around the probe molecule in the micellar
environment. To investigate this aspect, we carried out solvent relaxation studies in the P123-
CTAC mixed micellar system. Figure 7.4 shows the fluorescence transients for C343 dye in
P123 micellar solution at two different emission wavelengths. At the blue side of the emission
spectrum, 440 nm, the transient trace shows a fast decay component whereas at the red side of
the emission spectrum, 610 nm, it shows a fast growth component followed by a slower decay.
The fast decay at the blue side and fast growth at the red side of the emission spectrum are the
signatures of the solvent relaxation process occurring for the present system in the measured

time scale.
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Figure 7.4. Fluorescence transients of C343 in P123 micellar solution at the blue side (440 nm) and red
side (610 nm) of C343 emission spectrum in P123 micelle. The dashed line represents the IRF.

Time-resolved emission spectra (TRES) were reconstructed from the transient decay
recorded at different emission wavelengths following the procedure suggested by Maroncelli
and Fleming.’*” The TRES thus reconstructed for C343 dye in P123 micellar solution (in the
absence of CTAC) are shown in Figure 7.5A. As indicated from Figure 7.5A the spectra slowly
move towards lower frequency region with a concomitant decrease in the emission intensity.
To clearly observe the changes in the emission frequency with time and also to know more
details about the emissive species, the area under these TRES were normalized and are plotted
in Figure 7.5B. From this time-resolved area-normalized emission spectra (TRANES),”**** it
is evident that the spectra undergo a clear red shift with time. However, it is interestingly
observed from TRANES that there is an isoemissive point (see inset of Figure 7.5B) for these
spectra. The existence of such an isoemissive point in TRANES normally suggests that there
are two type of emitting species present in the system.*”**** Presence of two emitting species in
the present system can be perceived from the following consideration. As C343 exists in its
anionic form in P123 micellar solution, there is a possibility that a small fraction of the dye
might also be present in the bulk water phase though the major fraction of the dye will be

dissolved in the P123 micellar phase. Presence of the probe in both micellar and bulk water

phases can certainly lead to the appearance of an isoemissive point as observed in TRANES in
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Figure 7.5B. The presence of a small fraction of C343 dye in the bulk water phase along with

the major fraction associated with the micellar phase has also been reported in other pluronic

175,176 96,98,99
8,

micelle, F8 and also in AOT reverse micelles.
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Figure 7.5. (A) Time-resolved emission spectra (TRES) and (B) Time-resolved area normalized
emission spectra (TRANES) of C343 in P123 micellar solution.

The TRES were also constructed for P123 micellar solution in the presence of different
CTAC concentrations. Figure 7.6A shows the TRES for C343 dye in P123-CTAC
supramolecular system for CTAC/P123 molar ratio of 0.5. TRANES for the same system were
also reconstructed and are shown in Figure 7.6B. It is to be noted that similar to pure P123
micellar solution, a red shift in the emission spectra with time is also observed for P123-CTAC
supramolecular system. However, unlike in pure P123 micellar system, no isoemissive point is
observed in the TRANES for the P123-CTAC supramolecular assembly. The absence of
isoemissive point indicates that there is only one type of emissive species present in the
solution when CTAC is added to the P123 micellar solution. It is likely that in the P123-CTAC

supramolecular assembly all the dye is effectively solubilized in the micellar phase.

156



.
(N

.
-

Intensity
Intensity
o
%)

0.0 0.0

18000 20000 22000 18000 20000 22000
Wavenumber/cm™ Wavenumbericm™

Figure 7.6. (A) Time-resolved emission spectra (TRES) and (B) Time-resolved area normalized
emission spectra (TRANES) of C343 in P123 micellar solution at CTAC/P123 molar ratio of 0.5.

To quantify the shifts in the TRES, we calculated the mean frequency (w;) for the spectra

at different time using the following equation.

0

1 - - =
o, =—Jv1(v)dv (7.1)
a)O 0
where, I( v ) is the intensity at the emission frequency v and @y is the integrated intensity given
by the following equation.

w, = Tl(?)d? (7.2)

The variations of the normalized mean frequency, m;(t)/m(t=0), at different concentrations of
CTAC in P123 micellar system are shown in Figure 7.7. The changes in the normalized

values with time are seen to fit well with a tri-exponential function of the following form.
3
@ (1) = Z a,exp(—t/zt,) (7.3)
i=1

where ag; and T; are the amplitude and time constant, respectively, for the i™ decay component.

The average solvation time, <ts>, was calculated using the following equation.
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The individual decay component along with the average solvation times, calculated according
to equation 7.4, are given in Table 7.1 for C343 dye in P123 micellar solution at different
CTAC/P123 molar ratios. It is indicated from the present results that the contribution of the
shorter component of the solvation process effectively increases on increasing the CTAC

concentration (cf. Figure 7.7 & Table 7.1).
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Figure 7.7. Plot of the normalized mean frequency, ®;, for C343 dye in P123 micellar solution at
different CTAC/P123 molar ratios.

It is expected that if the probe gradually shifts its location from the micellar surface to the
deeper corona region of the micelle with an increase in the CTAC concentration, the
contribution of the unresolved ultrafast solvation component arising due to the solvent
molecules at the micellar surface region should gradually decrease. This point becomes more
evident when we consider the total observed Stokes’ shifts in the present systems, as will be
discussed latter. In the present context it is interesting to consider the changes in the average
solvation time with CTAC concentration. Figure 7.8A shows the variation in the average

solvation time with the CTAC/P123 molar ratio. It is interestingly seen that with an increase in
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the CTAC concentration the average solvation time increases and effectively reaches to a

limiting value at a CTAC/P123 molar ratio of ~0.15.

Table 7.1. Solvation dynamics results and the estimates of the expected and the observed Stokes’ shifts
for C343 dye in CTAC/P123 mixed micellar system.

[CTAC] | a; T a Ts a3 T3 <t> | Stokes’ shift (cm™)
[P123] | ) | (mS) | |(DS) | (%) (ns) | (ns) expec | observ A
ted ed
(Aw™) | (A0!™)
0 0.07 1 0.12 | 6.67 | 0.54 |92.96 |4.11 |3.86 2297 326 14.2
0.01 1.81 {029 |7.73 |10.75 |90.46 |4.24 |3.90 2170 386 17.8
0.04 293|031 |[559 [0.81 |91.48 [4.30 |3.99 2170 433 20.0
0.06 |3.36 |0.37 |6.17 [0.89 [9047 |4.50 |4.14 2127 511 24.0
0.11 |2.63 | 030 |[6.02 [0.88 [91.35 |4.71 |4.36 2084 565 27.1
022 237 |026 |647 [0.86 |91.16 |4.78 |4.42 2041 630 30.9
034 |2.64 1029 |797 098 |89.39 |4.80 |4.38 2041 640 314
0.56 |2.58 |0.24 |831 [091 |89.11 |4.82 |4.38 2041 688 33.7

3
Y a%=100xa,Ta/Y a,Ts

An important point to be considered in the present context is the extent of the missing Stokes’

shifts due to the limited time resolution (0.3 ns) of the present experimental setup. With the

present measurements, it is expected that there will always be a significant part of the

dynamics Stokes’ shifts that will remain unobserved. To estimate the extent of this missing

Stokes’ shifts, the expected total Stokes’ shift values were first calculated following the

method proposed by Fee and Maroncelli.>> Thus, the absorption and emission spectra of the

probe in a nonpolar solvent (cyclohexane) and in the present micellar solution, the total

expected Stokes’ shift values were calculated using the following equation.

Aa)total — [a)
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CH . . CH .
where @ and @, are the absorption frequencies and @, and @, are the emission

frequencies of the probe in the micellar solution and in cyclohexane, respectively. These total
expected Stokes’ shifts along with the Stokes’ shifts observed from the measured TRES are
given in Table 7.1. The percentages of the total Stokes’ shifts thus observed in the present
study at different CTAC concentrations are also presented in Table 7.1. Figure 7.8B shows the
variation in the percentage Stokes’ shifts observed as a function of CTAC/P123 molar ratio. It
is evident from Figure 7.8A and 7.8B, that the variation of the average solvation time with
CTAC concentration corresponds very nicely with that of the percentage Stokes’ shifts

observed in the present systems.
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Figure 7.8. Variation in the (A) average solvation time and (B) percentage Stokes’ shifts observed with
the CTAC/P123 molar ratio.

Detail X-ray and light scattering studies on P123 micellar system in the presence of ionic
surfactant have suggested the formation of unique supramolecular assemblies, where the
surfactant molecules undergo dissolution into the P123 micelles.'*'%>'% It is proposed that the
long hydrocarbon chain of the ionic surfactant dissolves deep into the PO core of the P123
micelle and the charged head group of the surfactant resides at the boundary of the PO core
protruded into the hydrated corona region.'®

With such a structure of the supramolecular assemblies, the variations in the solvent

relaxation parameters and the changes in the percentage Stokes’ shifts for C343 are the
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manifestations of the changes in the probe location in such assemblies as a function of CTAC
concentration. In the absence of CTAC, the anionic form of C343 dye preferentially resides at
the surface region of P123 micelle. As CTAC is added to P123 micellar solution, due to the
formation of the above supramolecular assemblies, the periphery of the PO core of the micelle
becomes a positively charged layer. Since the probe is negatively charged, this positively
charged layer will thus impart an electrostatic attraction for the probe leading the dye to
undergo a gradual change in its location from the micellar surface to the interior of the micellar
corona region. This will result in a gradual change in its photophysical properties as well as in

the solvent relaxation parameters as observed experimentally.

Decrease in Aw ™

s

value (c¢f. Table 7.1) certainly indicates that the dye gradually moves
towards a less polar microenvironment in P123 micelle as CTAC concentration is increased in
the solution. Further, the increase in the Aa)fbs value (cf. Table 7.1) suggests that the extent of

the missing dynamic Stokes’ shift (due to ultrafast solvation component) gradually decreases
with CTAC concentration in P123 micellar solution. Such a situation can happen when the
anionic probe C343 initially resides at the surface of P123 micelle and gradually shifts deeper
into the micellar corona region on increasing the CTAC concentration.

The increase in the percentage Stokes’ shift observed with an increase in the CTAC
concentration is also a clear manifestation of the movement of the probe in the present systems.
When the probe resides at the micellar surface, it is partially exposed to bulk water. As the
solvent relaxation for the bulk water is very fast, much faster than the time-resolution of our
instrument, the ultrafast component of the Stokes’ shifts, which arise mainly due to the
libration motion of the water molecules in the bulk phase, will be missed in our measurements.
On addition of CTAC, the probe moves inside the micellar media and thus the contribution of
the librational motion of the bulk water on the dynamic Stokes’ shift decreases and accordingly

we could observe a much higher percentage of the total Stokes’ shifts. Moreover, presence of
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an isoemissive point in the TRANES in pure P123 micelle but the absence of such an
isoemissive point for CTAC-P123 micellar system clearly indicate that whatever free probe
molecules were initially present in the bulk water in pure P123 micellar solution actually enters
into the micellar phase due to the electrostatic interaction of the positively charged layer in the

P123-CTAC mixed micellar system with the negatively charged C343 dye.

7.3.1.3. Rotational relaxation studies in P123-CTAC Systems
To understand more about the movement of the probe in the polymer-surfactant
supramolecular assemblies, time-resolved fluorescence anisotropy measurements were carried
out to understand how the microenvironment of the probe changes in P123 micelle on addition
of CTAC. Fluorescence anisotropy decays for C343 in P123 micellar solution at different
CTAC concentrations are shown in Figure 7.9A. The anisotropy decay for C343 in bulk water
is also shown in Figure 7.9A for comparison. To be mentioned, however, that the exact
reorientation time for C343 in bulk water could not be estimated correctly because it is much
shorter than the time-resolution of our TCSPC instrument.

The fluorescence anisotropy decays for C343 in P123 micellar solutions are seen to fit

well with a bi-exponential function of the following form.
2
r(t) = Za”. exp(—t/7,) (7.6)
i=1

where a,; and 1,; are the amplitude and rotational time constant, respectively, for the it decay
component. The average rotational relaxation time, <t.>, was calculated using the following

equation.

2
Z ariz—rzi
<7, >=S— (7.7)
a,. T

ri’ri
1

i=
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Figure 7.9. (A) Fluorescence anisotropy decay, r(t), for C343 in water (O) and in P123 micelle at
different CTAC/P123 molar ratio: (A) 0.0 and (CJ) 0.34. (B) Variation of the average rotational
relaxation time, <t>, for C343 in P123 micelle with varying CTAC/P123 molar ratio. Solid line is the
best fitted smooth curve among the data points.

All the fitting parameters including <t> values for C343 dye in P123 micellar solution at
different CTAC concentrations are presented in Table 7.2. The variation in the <t> values
with CTAC concentration is presented in Figure 7.9B. It is obvious from Figure 7.9A and
Table 7.2, that the reorientation time of the probe is much slower in P123 micellar solution
compared to that in bulk water. This result clearly indicates that the probe, C343, gets
preferentially bound to the micellar phase, most likely at the surface region of the micelle,
because the probe is anionic in nature. Even though a charged dye has some tendency to be
partitioned into the water phase, due to the presence of the large hydrophobic group in C343,
the percentage of the dye present in the bulk water phase is expected to be much Iess.
Accordingly, the contribution of the dye in bulk water phase is expected to be very small in the
observed anisotropy decay.

From Figure 7.9B it is evident that the reorientation time of C343 increases with CTAC
concentration and reaches a plateau when the CTAC/P123 molar ratio reaches a value of
~0.15. This result can be explained on the basis of the formation of the supramolecular
assembly mentioned earlier. As C343 is anionic in nature, it experiences an electrostatic
attraction by the positively charged layer developed inside the P123 micelle on addition of

CTAC. This electrostatic interaction leads to the movement of the anionic probe from the
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surface region to the interior region of the micelle. Thus, the increase in the reorientation time
of the probe with an increase in the CTAC concentration in P123 micelle is due to the
following two reasons: (i) the the microviscosity experienced by the probe in the interior of the
micelle is much higher than that at the micellar surface and (ii) the electrostatic interaction
between probe and the charged layer inside the micelle acts against the rotational motion of the
probe. Thus, the <t> value of the dye undergoes a gradual increase on increasing the CTAC

concentration in P123 micelle.

Table 7.2: Time-resolved anisotropy parameters with varying [CTAC]/[P123] molar ratio.

CTAC/P123 ;1 (nS) aj T2 (NS) a Tay (1S)

molar ratio
0 0.37 0.30 2.46 0.70 1.83
0.011 0.32 0.20 2.28 0.80 1.89
0.045 0.44 0.17 2.57 0.83 2.21
0.067 0.48 0.19 2.75 0.81 2.32
0.089 0.47 0.15 2.83 0.85 2.48
0.112 0.69 0.20 3.16 0.80 2.67
0.225 0.62 0.19 3.32 0.81 2.81
0.337 0.71 0.20 3.32 0.80 2.80

The detail structural study by Jansson et al.'®>!% has shown that the changes in the
micellar characteristics, like the core and the micellar radius, are only marginal, even up to the
CTAC/P123 molar ratio of ~0.5. Recently Mali et al.**” have suggested that the addition of
CTAC does not change the characteristics of the P123 micelle any significantly. These authors
have shown that the reorientation time of a cationic dye, which resides at the micellar surface,
remains almost unchanged on addition of CTAC up to ~0.5 CTAC/P123 molar ratio. This
clearly indicates that even if there is a marginal change in the P123 micellar characteristic due
to the addition of CTAC, it does not cause any significant change in the reorientation time for a

probe that resides at the surface of the micelle. As the anionic probe, C343 is also reported to
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98,175 . .
‘175 The observed increase in the

reside at the micellar surface under normal circumstances.
reorientation time with CTAC concentration thus clearly suggests that the observed result is
not related to the changes in the micellar characteristics but is mainly due to the changes in the
location of the probe in the supramolecular assembly formed by the special arrangement of
CTAC into the P123 micelle. These changes in the probe location in the supramolecular
assembly with an increase in the CTAC concentration can be presented as in Scheme 7.2. To

understand the general applicability of this phenomenon, studies have also been carried out

using other polymer-surfactant systems as are discussed in the following sections.

corona CTAC

| W
o, e

Scheme 7.2. Schematic representation of the changes in the location of an anionic solute with
the addition of a cationic co-surfactant in a neutral micelle.

7.3.2. Studies on F88-CTAB mixed micellar system

As the characteristics of the pluronic micelles are largely dependent on their EO/PO ratios and
pluronics form micelles with wide range of dimensions of their core and corona regions, these
systems can provide a wide range of microenvironments for the dissolved solute. With this
perspective, in the present work, we have extended our studies using another block copolymer
system, F88 (EO;03-PO39-EO103), in the presence of a cationic surfactant CTAB, to investigate
the modulation in the properties of a dissolved solute. To be mentioned here that F88 has a

much thicker corona region than P123, as the EO/PO ratio is much higher for F88 than P123.
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7.3.2.1. Small angle neutron scattering (SANS) studies

To understand about the nature of interaction between F88 and CTAB, we carried out SANS
studies using 5% w/v F88 solution (in D,0) in the absence and presence of CTAB. Figure 7.10
shows the SANS patterns for 5% w/v F88 solution at two different CTAB concentrations. As
reported in the case of SDS-pluronic system,'® in the present case also the addition of CTAB
leads to a decrease in the scattering cross section, and a shift in the peak position to a higher q
value. Recent NMR and SANS studies on mixed pluronic-ionic surfactant systems suggest that
the hydrophobic chain of ionic surfactants are dissolved in the hydrophobic core of the

162,396
> Based on

pluronic micelles to avoid unfavorable interaction with the water molecules.
this report, we have analyzed our SANS data assuming that the hydrophobic chains of CTAB
also get dissolved in the hydrophobic core of the F88 micelles and the charged head groups
reside at the interface of the core and corona region, as reported for the P123-SDS system.'®
This consideration gave us a good fit to the experimental SANS data, suggesting the absence of
any second type of aggregates in the form of pure CTAB micelles. The solid lines in Figure
7.10 represent the fitted data according to the above mixed micellar model. Parameters
obtained from the fit are summarized in Table 7.3. It is seen from Table 7.3 that like in the case
of other surfactant-pluronic systems, the core radius (Rcm) decreases with an increase in the
CTAB concentration due to an increase in the hydrophilic character of the micellar system in
the presence of the ionic surfactants. The micellar volume fraction, ¢, remains effectively
unchanged with the increase in the CTAB concentration. Thus, the SANS results clearly

support the formation of a supramolecular structure due to the addition of CTAB to F88

micellar solution.
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Figure 7.10. SANS data of the F88 solutions with different CTAB/F88 molar ratio (0 (o) and 0.5 (O)).
The solid lines are fit to the data using a mixed micellar model as discussed in text.

Table 7.3. The core radius (R.n), the hard sphere radius (Ry), the volume fraction (¢) and the
polydispersity (AR./R.y,) of the micelles in 5% w/v F88 solutions with different CTAB concentrations.
The scattering length densities used to fit the data are 0.603x10' cm™, 0.343603x10"° cm™ and
6.38603x10'" ¢cm™ for EO, PO and D,0, respectively.

CTAB/F88 Core Radius  Hard Sphere Radius ~ Volume Fraction  Polydispersity
molar ratio Rem (nm) Rps (nm) ) ARc/Rem (%)
0.0 3.26x0.02 11.7£0.1 0.23+0.01 2540.1
0.5 2.58+0.02 9.840.2 0.2610.02 2740.1

7.3.2.2. Absorption and fluorescence studies in F88-CTAB system

The pH dependent absorption studies were carried out for C343 dye in F88 micellar solution to
find out the prototropic form of the dye in the micellar solution. Figure 7.11 shows the pH
dependent changes in the absorbance at the absorption peak of the neutral form of C343 in F88
micellar solution (450 nm), resulting its pK, value as 5.4. The pK, value for C343 in water is
4.6.® An upward shift in the pK, value of a solute in a micellar solution as compared to that in
bulk water is well documented and has also been observed by us in P123 micelle described in

section 7.3.1.3%
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Figure 7.11. Changes in absorbance of the C343 dye (at 450 nm) with the changes in the pH of the 5%
w/v F88 solution.

As we have seen in the case of P123, the presence of an ionic surfactant, CTAC, lowers the
pK., value of C343 dissolved in the micellar media. A similar situation is also expected in the

F88-CTAB system. Thus, because of the decrease in the pK, value in the presence of cationic
surfactant, the nature of the prototropic form of C343 in F88 micellar solution should also not
change from its anionic form with the addition of CTAB, if the pH of the solution is kept
significantly higher than 5.4. In the present study, the pH of the F88 solution used for all
optical and SANS studies was kept about 7.2. Thus, we assume that C343 exists exclusively in
its anionic form in all the experimental solutions even in the presence of CTAB.

Steady-state emission spectra of C343 in F88 micellar solution were recorded at different
CTAB concentrations to understand the possible changes in the microenvironment for the
probe on the addition of CTAB. Observed results, as shown in Figure 7.12, indicate that with
an increase in the CTAB concentration, the emission spectra of C343 gradually shift towards
the shorter wavelength, similar to that observed in the case of P123-CTAC systems. Such a
hypsochromic shift in the emission spectra suggests that the polarity of the microenvironment
around the probe decreases gradually on increasing the CTAB concentration in the F88

micellar solution.
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Figure 7.12. Steady-state emission spectra of C343 in 5% w/v F88 solution at different CTAB/F88
molar ratio: 0.0 (————) 0.1 (------ ),02(G------ )and 0.5 (—-———).

7.3.2.3. Rotational relaxation Studies in F88-CTAB systems

To explore the details of the changes in the microenvironment of the dye with the added CTAB
in F88 micellar solution, we carried out time-resolved fluorescence anisotropy measurements
in the present systems. The changes in the anisotropy decay for C343 in F88 solution at
different CTAB concentration are shown in Figure 7.13A. The anisotropy decay for C343 in
bulk water, which is very fast compared to those in F88-CTAB solutions, is also shown in
Figure 7.13A for a comparison. Significantly slower anisotropy decay for the dye in F88
solution suggests that C343 preferentially resides in the micellar phase, as also inferred in the
case of P123 micelle. As indicated from Figure 7.13A, the anisotropy decay gradually becomes
slower with an increase in the CTAB concentration in F88 solution. The anisotropy decays for
the present systems were fitted with a bi-exponential function as given by equation 7.6 and
fitting parameters along with the average rotational relaxation time, Ty, (cf. €q. 7.7) are listed
in Table 7.4. The variation in the 1,, values with the CTAB concentration is shown in Figure
7.13B. The 1, initially increases and then saturates to a limiting value at a CTAB/F88 molar
ratio of about 0.4. The increase in the 1, clearly indicates that the probe gradually experiences

more frictional force in the F88 micellar media with an increase in the CTAB concentration.
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Figure 7.13 (A) Fluorescence anisotropy decay for C343 dye in water (®) and in F88 micellar solution
at different CTAB/F88 molar ratio: (O) 0.0, (A) 0.1 and (0) 0.3. (B) Variation of the average
reorientation time for C343 dye in F88 micellar solution with the CTAB/F88 molar ratio.

Table 7.4. Time-resolved anisotropy parameters with varying [CTAB]/[F88] molar ratio

CTAB/F88 Tr1 aj T2 (nS) a Tay (1S)
molar ratio (ns)

0.00 0.15 0.38 0.48 0.62 0.35+0.06
0.01 0.07 0.30 0.74 0.70 0.43+0.07
0.02 0.08 0.30 0.77 0.70 0.52+0.08
0.03 0.08 0.29 0.78 0.71 0.58+0.09
0.04 0.08 0.29 0.82 0.71 0.61+0.05
0.06 0.07 0.22 0.88 0.78 0.70+0.07
0.10 0.09 0.21 1.03 0.79 0.83+0.08
0.15 0.09 0.15 1.02 0.85 0.88+0.06
0.20 0.09 0.15 1.12 0.85 0.96+0.09
0.25 0.12 0.15 1.22 0.85 1.05+0.07
0.30 0.12 0.13 1.23 0.87 1.09£0.05
0.40 0.14 0.13 1.27 0.87 1.12+0.06
0.50 0.17 0.14 1.29 0.86 1.13+0.08

Results from SANS studies indicated the formation of unique supramolecular assembly for

F88-CTAB systems where the hydrophobic chain of CTAB molecule is dissolved in the core
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of F88 micelle and the charged head group of CTAB resides at the interface region of the core
and corona of the micelle. Formation of such assemblies causes a positively charged layer to be
developed inside the F88 micelle. The charge density of this layer increases gradually as the
CTAB concentration is increased. As the probe C343 is anionic in nature, it experiences an
electrostatic attraction by the positively charged layer inside the micelle and thus leads to a
gradual movement of the probe from the micellar surface to its interior on increasing the
CTAB concentration. Thus, the increase in the t,, value for the probe with an increase in the
CTAB concentration in F88 micelle is firstly due to the increasing microviscosity at the
interior of the micelle and secondly, due to the increase in the electrostatic interaction between
the negatively charged probe and the positively charged layer inside the micelle. The probe
movement from the micellar surface to its interior is also responsible for the observed
hypsochromic shift in its emission spectra with the addition of CTAB (cf. Figure 7.12). The
surface of the micelle is exposed to the bulk water and thus has higher dielectric constant as
compared to that in the interior of the micelle. Decrease in the dielectric constant of the
microenvironment due to the change in the location of the probe results in the observed
changes in the photophysical properties.

As indicated by the SANS study, there are some changes in the micellar characteristics
due to the addition of CTAB to F88 solution. To check whether these changes in the micellar
characteristics have any effect on the rotational motion of the probe, we also measured the
reorientation time of a cationic dye, Rhodamin-110 (R110) in F88 micellar solution at different
CTAB concentration. It is reported that like C343, R110 also resides preferentially at the
surface of the pluronic micelles.”® The average reorientation time for R110 in F88 at
CTAB/F88 molar ratios of 0 and 0.5 are found to be effectively the same, ~0.34ns. This
reorientation time for R110 is also very similar to that observed for C343 dye in F88 solution
in the absence of CTAB (c¢f. Table 7.4). These results indicate that the microenvironment of

C343 and R110 are very similar in F88 micellar solution in the absence of CTAB. Similar
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reorientation time for R110 in F88 micellar solution at different CTAB concentrations clearly
indicates that the dye always resides at the micellar surface and the small changes in the F88
micellar characteristics due to the addition of CTAB, do not change the reorientation time of
this probe. As R110 is a positively charged dye, there will be no electrostatic attraction
between CTAB and R110 and thus there is no effective movement of R110 in F88 micelle due
to the formation of the supramolecular assembly on addition of CTAB. It is thus evident that
the observed changes in the reorientation times for anionic C343 in F88 micellar solution, on
addition of CTAB, is not due to the changes in the micellar characteristics, but certainly due to
the changes in the location of the probe inside the micelle.

To understand the effect of counterion of the surfactant on the above phenomenon, we
also carried out detailed ground-state absorption, steady-state emission and time-resolved
anisotropy measurements with F88-CTAC system at different CTAC/F88 ratio and the results
were found to be quite similar to that of F88-CTAB system. This indicates the nature of the
counterion of the surfactant does not affect the modulation of the solute location in the block
copolymer-surfactant supramolecular assemblies.
7.3.2.4.Dynamic Stokes’ shift measurements in F88-CTAC system.

As understood, the position of the probe, C343, in F88 micellar phase changes on changing the
concentration of CTAB and CTAC in the similar manner. Since the microenvironment around
the probe changes gradually, on addition of CTAB/CTAC, the solvent relaxation experienced
by the probe in these systems should also depend on the surfactant concentration. To explore
this aspect, we carried out a detailed dynamic Stokes’ shift measurement in F88-CTAC
supramolecular assembly using C343 as the probe. The time-resolved emission spectra (TRES)
constructed for C343 in F88 micellar solution are shown in Figure 7.14A. It is to be noted that
along with the decrease in the emission intensity with time there is also a small but

concomitant red shift in the emission peak.
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Figure 7.14. (A) Time-resolved emission spectra (TRES) and (B) time-resolved area normalized
emission spectra (TRANES) of C343 in F88 micellar solution at different time (0.1 ns to 2 ns).

The time-resolved area normalized emission spectra (TRANES) were also constructed for this
system, as shown in Figure 7.14B, where an isoemissive point is clearly indicated. The
appearance of such isoemissive point suggests that two emissive species are present in the
system.””***> As in the case of P123 system (cf. section 7.3.1.2) the two emissive species in the
present case is also attributed to the partitioning of the probe between the micelle and the bulk
water phases. It is evident from Figure 7.15 that like in F88 system, in F88-CTAC system also
with time there is a gradual shift in the emission peak toward the lower frequency. A
comparison of Figure 7.14A and 7.15A clearly indicates that the frequency shift in the
emission spectra is relatively large in the presence of CTAC. Another important difference
between F88 and F88-CTAC system is the absence of an isoemissive point for TRANES in the
latter case (cf. Figure 7.15B). The absence of an isoemissive point in the F88-CTAC system
clearly indicates that there is only one emissive species in the solution. It is inferred that the
presence of CTAC in F88 micelle help to take all the dyes in the solution into the micellar
phase. These results are in accordance with the results obtained in the time-resolved anisotropy
measurements in F88-CTAC system and are also qualitatively similar to the results obtained

for P123-CTAC system discussed earlier (cf. Section 7.3.1.2).
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Figure 7.15. (A) Time-resolved emission spectra (TRES) and (B) time-resolved area normalized
emission spectra (TRANES) of C343 in F88 micellar solution at CTAC/F88 molar ratio of 0.5 at
different time (0.1 ns to 2 ns).

As mentioned, the extent of frequency shift in the TRES is relatively larger in the case of
F88-CTAC system as compared to that in F88 system. To estimate the relative amount of the

dynamic Stokes’ shift observed in the present systems, we first calculated the expected total

dynamic Stokes’ shift using equation 7.5. Total expected Stokes’ shift (Aw'”*) and the
observed Stokes’ shift (Aw?™) values for the present systems are tabulated in Table 7.5.

Percentage of the total Stokes’ shift observed (A@”**™) are also shown in Table 7.5. It is

N

evident from Table 7.5 that the A" value decreases gradually while the Aw?” and

accordingly Aw **”

N

value increases gradually as we increase the CTAC concentration in the

F88 solution.

25
........... D)

204 e &
0 O
S, 151
< @)

10 - @

£ O
0.0 0.2 0.4 0.6

[CTAC]/[F88]

Figure 7.16. Plot of the percentage of Stokes’ shift observed (Aa)s%"bs) for C343 dye in the F88

micellar solution as a function of CTAC/F88 molar ratio.
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Table 7.5. Solvation parameters with varying CTAC/F88 molar ratio

Stokes’ shift

[CTAC]/[F88]

Ao Jem™ Ao’ /em™ A"
0.00 2339.9 146.6 6.3
0.06 2297.2 201.2 8.8
0.10 2238.0 287.8 12.8
0.20 2195.5 379.0 17.3
0.30 2152.8 445.0 20.7
0.50 2127.1 470.4 22.1

The variation of the Aw*”

X with the added CTAC concentration are shown in Figure 7.16.
Like in P123-CTAC case, these changes can also be explained on the basis of the formation of
the F88-CTAC supramolecular assembly. In the absence of CTAC the dye resides at the
micellar surface where the solvent relaxation is quite fast and due to the limited time resolution
of our instrument we miss a large part of the expected total Stokes’ shift. Thus, the observed
Stokes’ shift is quite less in this case. As we increase the concentration of CTAC in F88
micelle, the probe gradually moves from the surface to its interior and accordingly the solvent

relaxation experienced by the probe becomes gradually slower. This causes the observed

Stokes’ shift to increase gradually on increasing the CTAC concentration. This is also

total

supported by the decrease in the total expected Stokes’ shift (Aw.”" ) with the increasing

CTAC concentration. It happens because the dye experiences less polar environment on its
movement into the interior of the micelle with the increasing CTAC concentration.

It is interesting at this point to compare the surfactant to pluronic ratios for F88-CTAC
system and P123-CTAC system to achieve the saturation limit in the reorientation time and in
the observed dynamic Stokes’ shifts. The ratio is about 0.4 for F88-CTAC (c¢f. Fig 7.15B &
7.18) and 0.2 for P123-CTAC (c¢f. Fig 7.8 & 7.13, respectively). The larger CTAC

concentration required for F88-CTAC to achieve the limiting effects than P123-CTAC system
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can be explained on the basis of the EO block sizes of these two pluronic polymers. For
pluronic micelles the corona region is mainly composed of the hydrated EO blocks. The
numbers of EO units are 20 and 103 for P123 and F88, respectively. The presence of large
number of EO units in F88 results in a much thicker corona region as compared to P123
micelle. Thus the reported corona thickness for F88 and P123 micelle are 46 A and 6 A,

136.2363%0 Bocause of the larger corona thickness, the electrostatic interaction

respectively.
between the probe and the positive layer in the micelle is weaker in F88-CTAC system than in
P123-CTAC system at any particular CTAC concentration. Thus, to pull the negatively
charged probe molecule from the micellar surface to the interior of the micelle, much higher
concentration of CTAC is required in the former case than the latter. As pluronics are available
with wide range of EO block sizes, it is possible to provide different microenvironment to the
dissolve solute in a single pluronic micelle. Thus from the present results it can be suggested
that by proper choice of the pluronics and with the proper concentration of the ionic surfactant,
the microenvironment of a dissolve solute can be modulated suitably over a wide range, which

in turn can be used to modulate their physical and chemical properties over a wide range for

different applications.

7.3.3. Studies on P105-CTAB mixed micellar systems

Comparing the results of P123-CTAB and F88-CTAB systems, it was indicated that the
movement of the probe C343 in these assemblies is dependent on the thickness of the micellar
corona region. To explore this aspect further, we carried out both dynamic Stokes’ shift and
time-resolved anisotropy measurements with another pluronic, namely P105, which has an
intermediate corona thickness (31 A397) as compared to that of F88 (46 A236) and P123 (6 Algz)
micelles. Figure 7.17A shows the fluorescence anisotropy decays for C343 in P105-CTAB
system with different CTAB/P105 molar ratio. Similar to P123-CTAC and F88-CTAB cases,

in the P105-CTAB system also, the anisotropy decay becomes slower with an increase in the
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CTAB concentration. Table 7.6 list different rotational times and their percentage contributions
along with average rotational times t,,. Figure 7.17B plots the t,, values as a function of
CTAB/P105 molar ratios. It is evident from Figure 7.17B that the reorientation time increases
with the CTAB concentration and reaches a saturation at a CTAB/P105 molar ratio of ~0.3. To
be mentioned that similar saturation for CTAC/P123 and CTAC/F88 systems were attained at

the surfactant/pluronic molar ratios of 0.15 and 0.4 respectively.

r(t)

0.0 0.1 0.2 0.3 0.4 0.5
Timelns [CTAB] / [P105]

Figure 7.17. (A) Fluorescence anisotropy decay for C343 dye in water (o) and in P105 micellar
solution at different CTAB/P105 molar ratio (A) 0.0 and (O0) 0.25 (B) Variation of average
reorientation time for C343 dye in P105 micellar solution with the CTAB/P105 molar ratio.

Table 7.6. Time-resolved anisotropy parameters with varying [CTAB]/[P105] molar ratio

CTAB/P105 Trl a T2 (nS) a Tav (NS)

molar ratio (ns)
0 0.32 0.26 2.02 0.74 1.58+0.09
0.02 0.36 0.26 2.15 0.74 1.68+0.06
0.04 0.38 0.22 2.20 0.78 1.80+0.08
0.06 0.39 0.21 2.34 0.79 1.93+0.10
0.1 0.39 0.19 2.52 0.81 2.11+0.09
0.15 0.38 0.16 2.70 0.84 2.33+0.10
0.2 0.46 0.19 2.92 0.81 2.45+0.08
0.25 0.40 0.15 2.90 0.85 2.52+0.09
0.3 0.42 0.15 2.95 0.85 2.57+0.06
0.4 0.44 0.17 2.97 0.83 2.54+0.08
0.5 0.40 0.15 2.93 0.85 2.55+0.10
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These results clearly indicate that relatively large number of CTAB molecules are required to
pull the probe molecules from the micellar surface to its interior as the corona thickness of the
micelle increases. Figure 7.18 shows a correlation plot for the limiting CTAB concentration
with the thickness of the corona region. It is seen from this figure that the limiting surfactant
concentration and the corona thickness follow a nice linear correlation. These results clearly
indicate that as we increase the thickness of the corona region, the electrostatic attraction
between the probe at the micellar surface and the positively charged layer inside the micelle
will be relatively weaker. Because of this, a relatively higher charge density, and consequently
a larger CTAB concentration is required to pull the anionic C343 from the surface to the

interior of the micelle.

0.40 - jo)
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Coronathickness (A)

Figure 7.18. Figure shows the linear correlation between the limiting value of surfactant/polymer molar
ratio and the thickness of corona region of the block copolymer.

The TRES and TRANES for C343 in P105 micelle following dynamic Stokes’ shift
measurement procedure are shown in Figure 7.19A and 7.19B respectively. Like P123-CTAC
and F88-CTAC systems, in the present case also there is a time-dependent red shift in the

TRES and the appearance of an isoemissive point in the TRANES. On addition of CTAB in
P105 micelle, the isoemissive point disappear and the observed dynamic Stokes’ shift (Aasz“)

increases, as shown in Figure 7.20A & 7.20B.
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Figure 7.19. (A) Time-resolved emission spectra (TRES) and (B) Time-resolved area normalized

emission spectra (TRANES) for C343 in P105 micellar solution.
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Figure 7.20. (A) Time-resolved emission spectra (TRES) and (B) Time-resolved area normalized
emission spectra (TRANES) for C343 in P105 micellar solution at CTAB/P105 molar ratio of 0.4.

Table 7.7 lists Aw”, Ao™ and Aw " values of P105-CTAB systems at different
CTAB/P105 ratios. The changes in the Aw**” with the increasing CTAB/P105 ratio are

plotted in Figure 7.21. It is evident from Figure 7.21 that Aw*”” also initially increases but
ultimately reaches to a saturation value at a CTAB/P105 molar ratio of ~0.3. Observed changes
in the Aw.*”” value with CTAB concentration is suitably explained considering the movement

of the probe form the micellar surface to interior by the electrostatic attraction of the charged

positive layer developed in the P105-CTAB assembly for the negatively charged probe C343.
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Figure 7.21. Variation in the percentage Stokes’ shift observed for C343 dye in P105 micellar solution
with the CTAB/P105 molar ratio.

Table 7.7. Dynamic Stokes’ shift of C343 in P105 micelle at different CTAB concentrations.

Dynamic Stokes’ shift

[CTAB
[P105] A& /cm™ Ao fem’! A

0.00 2423 378 15.6

0.10 2255 485 215

0.15 2170 525 24.2

0.20 2084 550 26.4

0.30 2065 588 28.5

0.40 2041 592 29.0

0.50 2035 605 297

7.3.4. Effect of addition of SDS on the solute location in the polymer-

surfactant assembly

Further to understand the effect of repulsive electrostatic force on the location of the
probe, we have also carried out the time-resolved anisotropy measurements in P105-SDS
micellar system. Figure 7.22 shows the temporal anisotropy decay profile for C343 in P105-
SDS system at two different SDS concentrations. It is clearly indicated from Figure 7.22 that

similar to the R110 probe (positively charged) in F88-CTAB mixed micellar system discussed
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earlier, there is no change in the anisotropy decay profile for C343 dye (negatively charged) in
P105 micelle on addition of the anionic surfactant, SDS. It is thus indicated that the anionic
surfactant does not cause any movement for the anionic probe C343 in the P105-SDS
supramolecular assembly, as in these cases the probe always reside at the micellar surface.

Similar observation have also been made for C343 dye in F88-SDS system.

Time(ns)

Figure 7.22. The anisotropy decay for C343 in P105-SDS supramolecular assemblies at different
SDS/P105 molar ratio : (———) 0 and (——) 0.3.

7.3.5. Tuning the chemical reactivity in the nanocontainer

Microheterogeneous media like micelles can be considered as the nano-reactors/nano-

containers, and have been used widely in various applications, e.g. as a confined media for

398-400 385-388 401-403

organic synthesis, as a template for nanostructures, as drug carrier systems,
etc. In all these applications, the solute of interest is dissolved into the nano sized confined
micellar media, and the efficiency of the desired process is determined largely by the physical
and the chemical properties of the entrapped solute in these nano-reactors. Among other
chemical processes, redox reactions are the most important processes involved in many of
these applications. Even the pharmacological activity of certain molecules is believed to be

404

related to their redox properties.” Thus, controlling the reactivity of a chemical species by

changing its redox behavior is always a desire to chemists. The most conventional route for
181



modulating the redox behavior of a molecule is its chemical modification/substitution.
However, in this chemical route, the other important chemical properties of the species may get
changed, which may result in some other unwanted chemical effects. Changing the chemical
reactivity by some physical means is always a challenging task to chemists. After
understanding that by controlling the surfactant/polymer ratio the location of the solute in these
supramolecular assemblies can be controlled, which in turn can provide a control over its
physicochemical properties, we wanted to explore if this can actually be realized to tune the
redox potential accordingly to modulate the chemical reactivity of the entrapped solute.
Differential pulse polarography studies were carried out for C343 dye in P123 micellar
solution at different CTAC concentration to investigate the effect of co-surfactant on the redox
behavior of the solute. Differential pulse polarograms for C343 at different CTAC
concentration are presented in Figure 7.23A. The peak potential of C343 in pure P123 micelle
appears at -1.381 V. However, as we gradually increase the CTAC concentration, the
polarographic peak gradually shifts towards the less negative potential. Thus, the peak
potential of the dye measured at a CTAC/P123 molar ratio of ~0.2 is about -1.298 V. The
variation in the peak potential (V,) for the dye as a function of CTAC concentration in P123
micelle is shown in Figure 7.23B. A gradual change in the peak potential clearly indicates that
the solute C343 gradually becomes stronger oxidant as the CTAC concentration is increased in
the P123 micellar solution. It is also evident from Figure 7.23B that the redox potential of the
solute tends to reach a limiting value at a CTAC/P123 molar ratio of ~0.15. This implies that
the property of the present solute does not change any further beyond a CTAC/P123 molar
ratio of ~0.15. The change in the redox characteristics of C343 is associated with only a little
change in its absorption and fluorescence spectra. These results indicate that the addition of
CTAC to the P123 micellar solution do not cause any change in the chemical nature of the dye

and it is believed that the changes in the redox characteristics of the solute is due to the
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changes in the microenvironment around the solute in P123 micelle as a function of CTAC

concentration.
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Figure 7.23. (A) Differential pulse polarograms and (B) variation of the peak potential (V,) of C343 in
P123 micellar solution at different CTAC concentration. The CTAC/P123 molar ratios used are 0.0,
0.01, 0.02, 0.03, 0.05, 0.07, 0.10, 0.15 and 0.20. Solid line is the best fitted smooth curve among the
data points.

To understand whether the observed changes in the redox potentials are correlated with the
changes observed in the rotational relaxation times, we have plotted, in the Figure 7.24, the
changes in the peak potential vs. the changes in the reorientation time of the probe due to the
addition of CTAC in the P123 micellar solution. It is clearly evident from this figure that the
changes in the peak potential and the changes in reorientation time are linearly correlated to
each other. This observation clearly indicates that the reason for the observed changes in the
peak potentials is the same as that of the observed changes in the reorientation times of the
probe in the present systems. The decrease in the polarographic current with an increase in the
CTAC concentration, as indicated from Figure 7.23A, is a manifestation of the formation of
the supramolecular assembly with P123 micelle. On increasing [CTAC]/[P123] ratio, more and
more CTAC molecules are incorporated into P123 micelles, resulting an increase in the

average weight of the micelles,” and accordingly their diffusion in the solution becomes

sluggish. As the polarographic current is directly related to the diffusion of the micelles, the
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current should decrease with an increase in the CTAC concentration, as observed

experimentally.
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Figure 7.24. Plot for the differences in the peak potentials (VP—VPO) vs the differences in the
reorientation times (<’Er>—<’tr0>) of C343 in P123 micellar solution obtained at different CTAC
additions. Vp0 & <1,”> are the peak potential and average reorientation time of C343 in P123 micellar
solution in the absence of CTAC and their values are -1.381V and 0.3 ns, respectively. The solid line is
the best fitted straight line through the data points.

The increase in the oxidation power of the probe, C343, on gradual increase in the CTAC
concentration, is also a manifestation of the electrostatic interaction between head group of
CTAC and the reduced form of the probe molecule.*”® On reduction, the probe C343 becomes
more negatively charged and hence gets stabilized in P123-CTAC supramolecular assembly
due to the electrostatic attraction between oppositely charged species. This additional
stabilization of the reduced form of C343 leads to an increase in the oxidation power of the dye
in the supramolecular assembly.

Present study shows that in the supramolecular assembly, which can be considered as a
nano-reactor, the location of the solute and consequently its redox potential can be tuned by
changing the composition of these assemblies. As the chemical reactivity of a solute largely
depends on its redox potential, the former can be controlled by a suitable choice of the

composition of these nano-reactors. This phenomenon can also be utilized in other polymer-
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surfactant systems and can find possible applications in various applied areas, like chemical

synthesis in micellar media, biological activity of drug, etc.

7.4. Conclusions

It is demonstrated from the present study that the position of a suitable anionic probe in
pluronic micellar phase can be changed by adding a positively charged co-surfactant CTAC or
CTAB. It is indicated from SANS studies that the addition of ionic surfactant to a pluronic
micellar solution results in the formation of unique supramolecular assemblies where the
hydrocarbon chain of the surfactant molecules reside in the core of the pluronic micelle and the
ionic head group of the surfactant resides at the core-corona interface. The positively charged
layer thus formed in the CTAC-pluronic and CTAB-pluronic mixed micelles pulls the anionic
probe from the micellar surface to their interior. Because of the availability of wide range of
microenvironments in these micelles, the solutes can display quite different physical and
chemical properties depending on its location in the micelle. Thus, by changing the position of
a solute in these micelles, it is possible to modulate the physical as well as the chemical
properties of the solute in these microheterogeneous systems. In one of the present systems, the
probe migration has been shown to tune the redox potential of the solute by changing the
composition of the supramolecular assembly. As the chemical reactivity of the solute largely
depends on the redox potential, it can be controlled usefully by suitable selection of the

composition of these supramolecular nanoreactors.

Present study further indicates that the effectiveness of a surfactant molecule to move a
dissolved solute molecule from the surface to the interior of the micelle is largely determined
by the thickness of the corona region, which in turn depends on the EO block size of the block
copolymer used. It can be inferred from the present study, that by a proper selection of the
polymer and the ionic surfactant, a suitably charged solute can be placed at different locations

inside the mixed micelles simply by changing the concentration of the added surfactant. From
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the studies with different pluronics it is indicated that the concentration of the ionic surfactant
required to drag an oppositely charged probe molecule into the interior of the micelles is
linearly correlated with the thickness of the corona region of the micelles used. By controlling
the position of the solute in the micellar system, it is thus possible to tune the physical as well
as chemical properties of the solute, which may have several applications, especially in the

chemical synthesis and controlled drug release systems.
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