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SYNOPSIS

A molecule is subjected to different kinds of intermolecular forces when it is placed in a
condensed medium. The nature and strength of intermolecular forces acting between the solute
molecules themselves as well as between the solute and the solvent molecules are the deciding
factors for its existence in the monomeric form or the self-assembled form of the solutes in this
condensed medium. The organic molecules self-assembling to form aggregates in solution phase
is considered as one of such self-assembled media. Here, the interaction force acting between the
solute molecules is much stronger than the solute-solvent interaction forces leading tothe
aggregation process energetically feasible. In some of the cases, a big solvent molecule itself,
because of the presence of both ionic and nonionic parts in it, undergoes self-assembling. Such
kinds of self-assembly creates microscopic pockets of two distinct polarities, one ionic and
another non-ionic, inside a single medium. Solvent molecules of room temperature ionic liquids
(RTILS) possess this characteristic and may be thought of self-assembling to create microscopic
pockets of different polarities..!>Although, RTILs are known to possess microheterogeneity, this

kind of self-assembling has not yet been exclusively discussed.

These self-assembled media are well known since long back and have been shown to be
very useful for applications in different fields of science and technology. In this thesis, we have
made an attempt to explore the dynamics of the transient species generated in these self-
assembled media following excitation by light or electron beam using time resolved absorption
and emission techniques. These investigations lead to the basic understanding about nature of

such media and it may be extended to the applicability of these media in different purposes.

Herein we have carried out our scientific investigations in two different kinds of self-
assembled media. Firstly, we have explored the self-assembling behavior of RTIL media. RTILs
are highly viscous liquids at ambient temperature. These liquids may have different
combinations of counter ions and the properties can be tuned in desired manner. That is why
these solvents are known as designer solvents. During the last two decades, RTILs have drawn a
huge attention due to its environment friendliness and possibility of wide scale applications in
multiple fields, e.g. organic synthesis, photovoltaic applications, separation sciences, nuclear

reprocessing, etc.*12
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Huge research efforts have been invested in recent years to explore the microscopic
nature of RTIL media. There are several groups, who have reported the presence of microscopic
heterogeneity in these solvents. These solvents are probed through the study of some basic
chemical processes, like hydrogen atom transfer, electron transfer(ET), energy transfer (ENT),
solvation dynamics, etc.'328Electron transfer processes in RTIL have been studied by several
research groups . In most of the cases, it has been found that the electron transfer rate is faster by
about almost one order than the diffusion controlled rate. The faster electron transfer rates
observed in most of the cases, has been explained by the reactants movement through local low
viscosity pockets. However, Maroncelli and coworkers as well as Vauthey and coworkers
demonstrated that, the faster ET rates observed in RTIL media were really not associated with
some special property of RTIL.2"?® Instead, they showed that this feature might also be observed
in the case of the conventional organic solvents having comparable viscosities. They propose
that, in those cases, the ET process takes place in ‘transient quenching regime, as the transients
used there has lifetime in ns regime. They also suggest that the diffusion controlled reaction can
only observed at ‘stationary quenching regime’. In the case of highly viscous solvents, like
RTIL, the stationary condition can be achieved only after a few hundreds of nanoseconds.
Therefore, to measure the actual diffusion controlled rate, reactions involving long lived
transient reactants, e.g. anion radicals or molecules in the excited triplet states, need to be
investigated. Herein, we report electron transfer and triplet - triplet energy transfer studies to
observe diffusion controlled processes involving long lived transient species, say, anion radicals
and triplet states. We could probe the microscopic heterogeneity of the RTIL media and could

estimate the microscopic viscosity of the nonionic pockets of the RTIL media.

The second part of this thesis is focused on the studies of exciton dynamics in various
kinds of organic nanoaggregates. Organic molecules are known to form aggregates because of
intermolecular interactions, such as van der Waals interaction, H-bonding interaction, m-m
interaction, etc.?33The excited state properties and dynamics of the molecules change
significantly in the self-assembled form of moleculesas compared to those in the solution phase.
Organic semiconductors in the form of film or aggregates are considered as potential materials
for applications in photovoltaic devices (PV), organic light emitting diodes (LED), biological or
chemical sensor, etc.3**° However, the efficient use of these materials in optoelectronic devices

relies on the basic understanding of the excited processes. In this part of the thesis, we have
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focused on the synthesis of the organic nanoaggregates using facile solvent route and
morphological as well as photophysical characterization of these materials.***? We have
employed time resolved absorption and fluorescence spectroscopic techniques to explore the
exciton dynamics and estimate the exciton diffusion parameters.

Time resolved spectroscopic techniques have been extensively used to monitor the
excited state dynamics in real time in order to understand the mechanisms of the excited state
processes at the molecular level. In 1949, Norris and Porter invented the microsecond flash
photolysis technique to detect and study the transient species in photochemical reactions for the
first time. Time resolution of this technique further could be improved to nano, pico and
femtosecond time scales because of invention of pulsed laser systems in the following years..43%
Prof. Ahmed Zewail revolutionized the field of chemical reaction dynamics by application of the
femtosecond time resolved pump —probe technique to understand the microscopic dynamics of
the bond-breaking process in simple molecules as well as many other kind of fundamental
chemical processes. For his pioneering work in this field, he was honoured by the prestigious
Nobel Prize in 1999. Now the spectroscopic studies can also be carried out down to the sub fs

time resolution.

Time resolved spectroscopic techniques have been applied very effectively to study the
dynamics of excitons and the excitonic processes following generation of excitonic states in
crystals and nanoaggregates. The most important phenomenon, which occurs at high exciton
density is the exciton - exciton annihilation process.*> #’This process is diffusion controlled and
the annihilation rate is directly related to the exciton diffusion coefficient in the matrix.
Therefore, it is possible to estimate the exciton diffusion parameters by studying the exciton—
exciton annihilation process. In fact after photogeneration of excitons it should diffuse to the
donor-acceptor interface where the charge separation takes place in a photovoltaic device.
Therefore, long exciton lifetime and larger value of exciton diffusion coefficient may provide
better charge separation yield. Efficient solar light absorption, long exciton lifetime and exciton
diffusion lengths are some primary criteria for a good organic solar cell material. On the other
hand, for LED device the material should possess long exciton lifetime, high emission yield and
better color tunability. The second part of the thesis is dedicated to explore these aspects in some

specific organic molecules.
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For the convenience of presentation and discussion, the content of this thesis has been
organized in eight chapters. Chapter 1 describes the introduction to the general aspects of self-
assembled media, which are the main focus of this thesis. The motivation and objective of the
present research work is also discussed here. The second Chapter discusses about the
instrumentation and experimental techniques used for the research works presented in this thesis.
The third Chapter is dedicated to the electron transfer and triplet- triplet energy transfer study in
RTIL media. On the other hand, particular aspects of synthesis, characterization and relaxation
dynamics of the photoexcited states in molecular nanoaggregate systems are presented in self
contained manner from Chapter 4to Chapter 7. A concise description of the contents of the thesis

is provided below.

Chapter 1

This chapter provides detailed discussion on the basic principles and concepts related to
the present studies reported in this thesis. Relevance and motivation of the present research work
have also been discussed in this chapter. Since the thesis deals mainly with the self-assembly of
molecular systems, we have provided about a detailed account of various kinds of molecular
self-assemblies and the driving force of formation of such assemblies. A brief introduction to the
nature, importance, application of ionic liquids have been presented here. Since the major part of
the thesis deals with organic nanoaggregates, an introductory discussion has been provided about
these systems, for example, basic differences in properties of organic and inorganic
nanoaggregates, types of organic nanoaggregates, basic introduction to excitons, photophysical
processes which occur in the molecular and nanoaggregate systems as well as the exciton
dynamics in these nanoaggregates.. We have also described the basic working mechanisms of
organic photovoltaic and organic light emitting diodes to emphasize the importance of the
present studies on exciton lifetime and exciton diffusion properties. Further, we have explained
about the exciton - excion annihilation process, occurring at high exciton density condition. We
have also provided the basic steps of estimation of exciton diffusion length and explain some

basic criteria of a good solar cell material in this chapter.

Chapter 2
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This chapter provides the details of various methods of synthesis of organic
nanoaggregates and the morphological characterization techniques of the nanoaggregates. It
provides a detailed discussion on the working principles of these characterization tools. It
describes the procedures of spectroscopic measurements of the nanoaggregate materials and
RTIL samples. The basic principles of of steady state absorption and emission measurement
techniques and the spectrometers are described here. Most of the research works being reported
here have been carried out using time resolved fluorescence and absorption techniques.
Therefore, brief descriptions of the experimental setups, for example, time correlated single
photon counting spectrometer, fluorescence up-conversion spectrometer, nano-second flash
photolysis set up and sub-picosecond time resolved transient absorption spectrometer have been

provided. The details of the nanosecond pulse radiolysis also have been described in this chapter.

Chapter 3

In several papers published earlier, the electron transfer (ET) or energy transfer (ENT)
rates in RTIL media were shown to be faster than the diffusion controlled rate. This observation
was explained by considering the diffusion of the reactants through low viscous pockets inside
RTIL media. However, Maroncelli and coworkers as well as Vauthey and coworkers assigned
these observations by the transient quenching effect.?”?®They also predicted that the diffusion
controlled ET or ENT processes could be observed only in the stationary quenching regime.
Therefore, in this work, we have investigated the ET processes from the long-lived radical
anions of pyrene and benzophenone to molecular acceptors, say, benzophenone and fluorenone,
respectively, in two RTIL media, namely, [BMIM][PFs] and [BMIM][BF4], as well as a few
other conventional organic solvents using the nanosecond pulse radiolysis technique. Anion
radicals have lifetimes longer than 1 ps. Therefore, it is expected that, stationary quenching
regime may be achieved in these viscous ionic liquids using the long-lived transients and
diffusion controlled reaction process may possibly be observed. Here, decay of the donor radical
anion and concomitant formation of the acceptor radical anion ensure a bimolecular ET process.

The rate constants for the bimolecular ET process in both normal organic solvents and RTIL
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solvents have been found to be nearly equal to diffusion controlled rate calculated using the bulk
viscosity of the corresponding solvents. This suggests that even in highly viscous RTIL solvents,
diffusion controlled reaction may be observed, if the transient species possess sufficiently long
lifetime to achieve the stationary condition.

It was also discussed earlier that, the microscopic heterogeneity was more prominent with
the RTIL solvents having long alkyl substitution. Therefore in the next step, we have studied the
ET and triplet-triplet energy transfer (TET) processes in RTILs having alkyl substituents with
various chain lengths to observe the effect of microscopic heterogeneity in the rate of the
reactions occurring at the stationary condition. TET and ET processes involving a few long-lived
(lifetime is about a few microsecond) triplet states as energy donors and radical anions as
electron donors, respectively, have been investigated here in a series of 1-alkyl-3-methyl-
imidazolium cation based ionic liquids, SDS micelle as well as in conventional solvents. Long
lifetimes of the transient donors ensure occurrence of these processes in the ‘stationary
quenching regime’ even in highly viscous RTIL solvents. Results of our molecular dynamic
simulations reveal that self-organization of the RTIL solvent molecules, which creates nonionic
and ionic pockets in RTIL, becomes more significant as the alkyl chain length increases. In the
cases, where both the reactants are neutral molecules, which prefer to stay inside the nonionic or
nonpolar pockets, the diffusive motion of the reactants experiences much lower microscopic
viscosity as compared to the bulk or macroscopic viscosity of the solution. However, if one of
the two reactants is ionic and the other is nonionic, they reside at ionic and nonionic pockets of
the RTIL solution, respectively and the motion of the reactants occur through different regions of
the RTIL solution. Therefore, the resultant viscosity experienced by the reactants become equal
to the macroscopic viscosity of the solution and the reaction rates show a linear relationship with
inverse of viscosity of the solution (Smoluchowski equation). Our estimated ET and TET rates
also indicate that the viscosity of the nonionic pocket in 1-decyl-3-methyl-imidazolium cation
based ionic liquid is nearly equal to that of the core of the SDS micelle.

Chapter 4

In this chapter photophysical properties of the anthracene nanoaggregates have been
discussed. Anthracene is a well-known polyacene molecule having absorption in the near UV
region and emission in the violet-blue region with significantly large emission yield. Polyacene
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molecules are well-known as organic semiconductors and can form aggregates due to m-m
interaction. These molecules even arrange in various crystalline forms having widely varied
photophysical properties. Significantly large absorption coefficient and emission yield also make
these materials suitable for application in photovoltaic or light emitting devices. Anthracene
being one of such simple molecules have been chosen for studying the photophysical properties
of organic nanoaggregates. Anthracene nanoaggregates(NA) have been synthesized using well
known reprecipitation method in the presence of PVA stabilizer.**?Dynamic light scattering
(DLS) and Atomic Force Microscopy (AFM)techniques have been employed to reveal that the
particles of anthracene nanoaggregates have shapes of nanodiscs with the average diameter and
height of about 260 nm and 50 nm, respectively. Maxima of the 0 - 0 vibronic bands in both the
absorption and emission spectra of the NA are red-shifted by about20 nm as compared to the
corresponding one in the monomeric absorption and emission bands. Time-resolved emission
studies show wavelength dependent dynamics, which originates from the distribution of particle
size as well as the orientational heterogeneities in the aggregate leading to different kinds of
defect sites and hence population of the excimeric states of different conformations. Ultrafast
transient absorption studies reveal nonexponential dynamics of the singlet excitonic state due to
exciton-exciton annihilation reaction at high excitation intensity. On the other hand, nanosecond
laser flash photolysis studies reveal significant population of the triplet exciton, which also
undergoes exciton - exciton annihilation reaction. Rate constants of exciton - exciton annihilation
reactions undergone by the singlet and the triplet excitons have been determined as 3.7 x10° cm?®
stand 2.2 x10™% cm® 52, respectively and exciton diffusion lengths to be about 13.2 and 6.5 nm,
respectively. While the value of the exciton diffusion length for the singlet excitonis comparable
to, but that for the triplet exciton is significantly shorter than, those reported in the case of the
anthracene crystals. These observations have been rationalized by predicting more disordered
structure in the self-assembled nanoaggregates as compared to those parameters for the crystals

of anthracene.

Chapter 5

In this chapter, synthesis and photophysical properties of doped anthracene
nanoaggregates have been discussed. Singlet states of polyacene molecules e.g. perylene,

tetracene and pentacene, are characterized with large emission yields and the combination of the
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emission spectra of these molecules cover the entire visible region of the spectrum of
electromagnetic radiation.. Molecular structures of these molecules also are very similar to that
of anthracene molecule and therefore they are suitable for doping in anthracene nanoaggregate
matrix. In addition, absorption spectrum of each of these molecules in the nanoaggregate has
good overlap with the emission spectrum of anthracene nanoaggregate and hence, anthracene
nanoaggregate doped with those polyacene hydrocarbons are suitable for fluorescence resonance
energy transfer study. Considering the possible application of the doped anthracene
nanoaggregates in white light generation, singly and combinedly doped antrhracene
nanoaggregates have been synthesized wusing reprecipitation technique. Following
photoexcitation of anthracene molecule in the nanoaggregate, anthracene exciton transfers
energy to the dopant molecule(s).Energy transfer (ET) efficiency of about 98% could be
achieved with the concentration of about 6 x 10 mol. dm= for perylene or tetracene as the
acceptor and about 92% efficiency with the doping concentration of about 5 x 10?mol dm for
pentacene as the acceptor. Very fast energy transfer rates (~3 - 6 x 10** dm® mol*s™) observed
here could not be explained by invoking onlyFdrster’s mechanism. However, the rate of
diffusion of anthracene exciton, determined experimentally using exciton — exciton annihilation
reaction in anthracene nanoaggregate matrix, has been shown to agree well with the ET rate.
This observation leads us to conclude that the ET rate in the nanoaggregate matrix is controlled
by exciton diffusion. Using those three dopants with proper concentration ratios, efficient white
light emission has been achieved following optical excitation of the nanoaggregate sample at the

absorption band of the anthracene molecule.

Chapter 6

Polyacene molecules may arrange in two different crystalline phases, known as a and 3
phase.*® Anthracene has beenfound to arrange in p phase. On the other hand, pyreneordperylene
has tendency to form a phase which is suitable for excimer formation. Therefore, depending
upon the molecular arrangement in the crystal or nanoaggregate, the excited state dynamics
maybe affected significantly and hence also applicability of these materials in devices. To
delineate this issue, we have carried out photophysical studies in pyrene and perylene
nanoaggregates and these aspects have been discussed in this chapter. Nanoaggregates of pyrene

and perylene have been prepared in presence of PVA stabilizer using reprecipetation method. It
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has been found that, the average sizes of the nanoaggregates are about 120 and 140 nm for
pyrene and perylene, respectively. The characteristic features of vibronic bands present in the
absorption spectra of these molecules in solution change significantly in the nanoaggregate.
These two molecules are well-known to show excimer emission in highly concentrated solution.
The bulk solid in crystal also shows excimer emission upon photoexcitation in the near UV
range. The fluorescence spectra of the nanoaggregates of both these molecules are characterized
mainly by excimer emission. The excimer emission of pyrene is highly efficient and may have
wide scale applications in LED and display systems. However emission from perylene excimer
is quite weak in nature and may not be suitable for above applications. TCSPC technique has
been employed to estimate the life times of the excimeric states(28 ns and 11 ns for pyrene and
perylene, respectively). Formation of the excimeric state occurs with the time constants
0f1.1+0.2 ns and 4+0.4 ns for perylene and pyrene, respectively, at room temperature. Formation
time constant has been found to decrease with increase in sample temperature and indicates
presence of energy barrier in the formation of the excimeric state from the excitonic state for
both nanoaggregates. In both the cases, excitation intensity dependent exciton—exciton
annihilation process has been analyzed to estimate the exciton diffusion parameters for these

nanoaggregates.

Chapter 7

In this chapter, focus has been made on the comparative studies of excited state dynamics
of the nanoaggregates of pthalocyanin (PC), Zn-ion complexes of PCs and its derivatives. These
molecules are also useful for photovoltaic applications. We have carried out comparative study
of exciton dynamics to get idea about the effect of enlarged n-conjugation, metal ion inclusion in
these dyes and also substitution of tertiary butyl group on the aromatic ring. In all these cases, we
observe formation of disc shaped nanoaggregates having diameter varying in the range200-400
nm and height of 40-50 nm. The steady state absorption spectra of the nanoaggregates show both
Soret and Q-band and the absorption band shows mainly bathocromic shift as compared to that
of the monomer. This suggests formation of J aggregates of these dyes.*’ The excited state
dynamics studies have been carried out following photoexcitationof the monomers and
nanoaggregates at 390 nm. Our pump-probe measurements on the nanoaggregates show excited

state absorption in the wavelength region of 450-600 nm region and the ground state bleaching in
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the 650-750 nm region for all the nanoaggregates. The exciton dynamics has been found to
follow nonexponential dynamics, which has been fitted using tri-exponential fitting functions.
The exciton decay rates are found to depend upon the exciton densities and indicate involvement
of exciton-exciton annihilation process. The exciton density dependent annihilation process has
been analyzed to estimate the exciton diffusion coefficient and diffusion length of the material. It
has been observed that the metal ion complex formation and enlarged m-conjugation causes faster
exciton diffusion process and elongated exciton diffusion length which is better for photovoltaic
application. On the other hand, substitution with t-butyl group probably causes inefficient
packing i.e. intermolecular distance increases and this causes slower exciton diffusion and

shorter exciton diffusion lengths.

Chapter 8

The work summarized above leads to the conclusion that, the diffusion controlled ET or TET
process maybe observed in RTIL media with using long lived transients e.g. anion radicals or
triplet excited states of molecules. Our investigation also reveals that the RTILs form nonionic
and ionic pockets and it is more evident if the chain length of alkyl substituent is long. Nonionic
molecules prefer to be solvated in the nonionic pocket; on the other hand ionic reactants remains
mostly in the ionic region. The nonionic molecules present in the nonionic pockets of the RTILs
faces lower viscosity as compared to that of the bulk viscosity of the RTILs. The ET and ENT
rates observed here indicate that, the viscosity of the nonionic pocket is equivalent to the

viscosity of the core of SDS micelle.

The second part of the thesis leads us to the conclusion that, organic nanoaggregates can
be easily synthesized using facile solvent route. Aggregates may have different photophysical
properties depending upon the molecular arrangement and type of intermolecular interaction
inside the nanoaggregate matrix. We have explained different photophysical properties and
exciton dynamics for the polyacene nanoaggregates. The excimer formation dynamics and effect
of excimer formation on the possibility of device applications also has been explained. We have
also chosen other kind of dyes, which also form J or H aggregate and have absorption in the
different wavelength region of the solar spectrum. The exciton density dependent annihilation
process has been studied extensively to estimate the exciton diffusion parameters and prospects
of these materials in photovoltaic application have been discussed.
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LIST OF ABBREVIATIONS

AFM: Atomic Force Microscopy

ADC: Analog to Digital Converter

BBO: Beta Barium Borate

BMIM/CsMIM: 1-butyl-3-methyl-imidazolium
CCD: Charge Coupled Device

CFD: Constant Fraction Discriminator

CPA: Chirp Pulse Amplification

DLS: Dynamic Light Scattering

DMSO: Dimethylsulfoxide

DMIM/CMIM: 1-decyl-3-methyl-imidazolium
EEA: Exciton — Exciton Annihilation
EMIM/C,MIM: 1-ethyl-3-methyl-imidazolium
ESA: Excited State Absorption

ET: Electron Transfer

FCS: Fluorescence Correlation Spectroscopy
FRET: Fluorescence Resonance Energy Transfer
FWHM: Full Width at Half Maxima

GSB: Ground State Bleaching

HOMO: Highest Occupied Molecular Orbital
HMIM/CsMIM: 1-hexyl-3-methyl-imidazolium
IC: Internal Conversion

ICCD: Intensified Charge Couple Device

IRF: Instrument Response Function

ISC: Inter System Crossing

LINAC: Linear Accelerator
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LUMO: Lowest Unoccupied Molecular Orbital
MCA: Microchannel Analyzer

MD: Molecular Dynamics

PMT: Photomultiplier Tube

NA: Nanoaggregate

OPV: Organic Photovoltaic

OLED: Organic Light Emitting Diode

PVA: Poly Vinayl Alcohol

PL: Photoluminescence

RTIL: Room Temperature lonic Liquid

SAXS: Small Angle X-ray Scattering

SDS: Sodium Dodecyl Sulfate

SE: Stimulated Emission

SHG: Second Harmonic Generation

SV: Stern Volmer

TA: Transient Absorption

TAC: Time to Amplitude Converter

TET: Triplet Energy Transfer

TCSPC: Time Correlated Single Photon Counting
THF: Tetrahydrofuran

TRES: Time Resolved Emission Spectra
TRANES: Time Resolved Area Normalized Emission Spectra
UTA: Ultrafast Transient Absorption

XRD: X-Ray Diffraction
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Figure 3.4: Time-resolved transient spectra following pulse radiolysis of 5 x
102 mol dm= of benzophenone and 5 x 102 mol dm™ of flurenone in
[BMIM][PFe], Inset: Decay trace of benzophenone radical anion at 680 nm
and formation of fluorenone radical anion at 530 nm

Figure 3.5: Decay of benzophenone radical anion measured at 680 nm in
absence of fluorenone (a) and in presence of 1.9 (b), 3.8 (c), 6.0 (d) and 8.0
(e) x10° mol dm™ of fluorenone in acetonitrile. Inset: Linear plot of the
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Figure 3.6: (A) Time resolved transient absorption spectra recorded at
different delay times following photoexcitation of a solution of 6 x 10~ mol
dm= of BP and 4.8 x 10 mol dm™ of NP in C4Mim. Inset: Temporal profiles
recorded at 525 nm (Tdecay~ 0.6 ps) and 415 nm (tgromth~ 0.6 ps). (B) Temporal
profiles recorded at 525 nm following photoexcitation of a solution of 6 x 10~
mol dm of BP and different concentrations of the quencher (NP). The inset
represents the plot of k' vs. quencher concentrations and the rate constant
(Kver) for TET process is given in the inset.

Figure 3.7: Time resolved absorption spectra recorded following
photoexcitation of 1 x 10 mol dm™ of RuBPY?* and 4.3 x 10" mol dm™ of
AN in C4sMim. Inset: Temporal profiles recorded at 620 nm and 403 nm,
showing the decay of stimulated emission from the T: state of RUBPY and
rise of absorption due to increase in population of the Ti state of AN,
respectively

Figure 3.8: (A) Time resolved absorption spectra recorded at different delay
times following electron pulse radiolysis of 4 x 102 mol dm™ of PY and 2.2 x
10 mol dm™ of BP in CsMim. Inset: The Kinetic traces recorded at 490 nm
and 680 nm along with the best-fit functions and the associated decay (D) and
rise (R) lifetimes for the PY*and the BP*, respectively.(B) Temporal profiles
recorded at 490 nm for different quencher concentrations along with the best
fit functions. The inset represents the k' vs. quencher concentration plot. The
bimolecular ET rate constant is also given in the inset

Figure 3.9: (A) Time resolved absorption spectra recorded at different delay
times following electron pulse radiolysis of 4 x 102 mol dm of PY and 2 x
103mol dm™ of MV?* in C4Mim. Inset: The kinetic traces recorded at 490 nm
and 610 nm along with the best-fit functions and the associated decay (D) and
rise (R) lifetimes of the donor and acceptor respectively. (B) Temporal
profiles recorded at 490 nm for different acceptor concentrations and the inset
graph represents the k' vs. acceptor concentration plot. The bimolecular ET
rate constant thus determined is also given in the inset

Figure 3.10: Variation of bimolecular rate constants of the TET and ET
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processes as a function of the inverse of viscosity (1/n) (equation 2) in the
case of (A) nonionic donor — acceptor pairs (open circles) and (B) nonionic
molecule (or cationic) donor — cationic (or nonionic molecule) acceptor (open
circles). Filled squares represent values of kpifr calculated using viscosity of
solutions determined experimentally. Solvent media: (1) Acetonitrile, (2)
ethylene glycol, (3) SDS Micelle, (4) C2Mim, (5) C4sMim, (6) CsMim, (7)
C10Mim

Figure 3.11: The RTIL solvent molecules with long alkyl chain undergo self-
organization to form micelle-like structures creating distinct regions with
nonpolar and polar pockets. Neutral donor and neutral acceptor molecules
mainly remain in the nonionic alkyl pocket and diffusion occurs through low
viscosity nonionic pocket. On the other hand, ionic donor molecules
preferred to be solvated in the ionic region. The reactants need to diffuse
through both ionic and nonionic pockets to take part in the energy transfer or
electron transfer process

Figure 4.1:.Size distribution of the anthracene nanoaggregates determined
using DLS (A) and AFM (B) techniques

Figure 4.2: XRD pattern recorded for anthracene nanoaggregate and bulk
solid

Figure 4.3: UV-visible absorption spectra of anthracene dissolved in
acetonitrile and anthracene nanoaggregate dispersed in water

Figure 4.4. Steady state fluorescence spectra of anthracene in acetonitrile
solution and anthracene nanoaggregate dispersed in water. Inset: Excitation
spectrum recorded for anthracene nanoaggregate for 445 nm emission

Figure 4.5: Temporal florescence profiles recorded at three different
wavelengths along with the multi-exponential best-fit functions for the
anthracene nanoaggregate sample. The lifetimes (t) and the relative
amplitudes (a) associated with the best-fit functions are given in Table 4.1
Figure 4.6: Time-resolved area normalized emission spectra (TRANES) of
anthracene nanoaggregate

Figure 4.7: (A) Time-resolved transient absorption spectra recorded at
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different delay times following photoexcitation of the nanoaggregate sample
by using 400 nm laser pulses.(B) Temporal profiles recorded at three different
wavelengths, along with the best fit functions (they have been normalized at
the maximum ESA value)

Figure 4.8: Temporal TA profiles recorded at 590 nm following
photoexcitation of anthracene nanoaggregate using 400 nm light of different
pump intensities, along with the best-fit functions following equation 13.
Inset: plot of k2 vs. [S1]o

Figure 4.9: Time-resolved transient absorption spectra recorded at differrent
delay times following photoexcitation of the anthracene nanoaggregate
sample using 355 nm laser light of 10 ns duration

Figure 4.10: Temporal TA profiles, along with the best-fit functions,
recorded at 544 nm following photoexcitation of the anthracene
nanoaggregate by using different pump intensities. Inset diagram represents
the estimated k'2(T) vs. [T1]o plot

Figure 5.1: (A) Size distribution estimated using DLS technique and (B)
AFM image of PeAn

Figure 5.2: Normalized steady state absorption spectra of anthracene (An) in
THF solution, An nanoaggregate, Perylene (Pe) doped An nanoaggregate with
doping concentration of 4.8 x 10° mol dm, Pe in THF solution and Pe
nanoaggregate

Figure 5.3: Steady state fluorescence spectra of anthracene (An) (2 x 10 mol
dm) and perylene (Pe) (1 x 10 mol dm=) in THF as well as undoped An
and Pe nanoaggregate samples dispersed in water. In addition, this figure also
shows the emission spectrum of PeAn nanoaggregate with 0.01% doping
(concentration 4.8 x 10 mol dm®) of Pe. Excitation wavelength is 355 nm
Figure 5.4: (A) Fluorescence spectra for An nanoaggregate and PeAn
nanoaggregate samples having dopant concentrations up to 1 x 10 mol. dm
and (B) the samples with dopant concentrations varying from 0.1 to 24.2 x 10
2 mol. dm=. Inset of A: Plot of energy transfer efficiency (¢er) vs. dopant

concentration. Inset of B: Emission spectra normalized at the maximum
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intensity

Figure 5.5: Stern-Volmer plots for perylene doped anthracene
nanoaggregates using (A) steady state and (B) time resolved emission
measurements

Figure 5.6: Temporal profiles recorded following photoexcitation of the
undoped anthracene and differently doped PeAn nanoaggregate samples at
374 nm

Figure 5.7: (A) Temporal emission profiles recorded at 430 nm following
photoexcitation of the undoped anthracene nanoaggregate samples using
different excitation energies, along with the best-fit functions generated using
equation 8. (B) and (C): Plots of k'> vs. [Si]o (exciton concentration at zero
delay time). Insets provide the values of k> determined from the slopes of the
best-fit lines

Figure 5.8: Temporal profiles recorded at 430 nm for differently doped PeAn
nanoaggregates using excitation energy of 3 pJ/pulse, along with the best-fit
functions generated using equation 8 (The best fit parameters are given in
Table 5.4)

Figure 5.9: (A) Temporal profiles recorded at 430 nm for anthracene
nanoaggregate (An NA) and TeAn nanoaggregates with 0.5 and 5% doping
using excitation energy of 3 pl/pulse, along with the best-fit functions
generated using equation 8.. Inset of A shows the temporal profiles at
different time and intensity scales. (B) Rise of tetracene excitonic emission
intensity monitored at 495 nm. Rise times are given in the insets of B

Figure 5.10: (A), (C) and (E) represent the plots of ET rate constants,
calculated following Forster’s FRET model, vs. the concentration of perylene,
tetracene and pentacene respectively. (B), (D) and (F) Show the comparison
between experimental data (red line with open circles) and simulation data
(black line) for quenching efficiency study for all those three systems

Figure 5.11: Photographs of emissions observed from anthracene
nanoaggregates: undoped anthracene [A], perylene doped anthracene [P],

tetracene doped anthracene [T], pentacene doped anthracene [Pn] and teranery
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doped anthracene [W] nanoaggregates dispersed aqueous solution under UV
excitation (355 nm)

Figure 5.12: The position coordinate in CIE 1931 plot for the above samples
Figure 6.1: Size distributions estimated from DLS measurements and the
AFM images of the perylene (A and B) and pyrene (C and D) nanoaggregates,
respectively.

Figure 6.2: XRD patterns for and pyrene and perylene nanoaggregate
samples (red curves), which have been compared with those of pyrene and
perylene crystals (black curves), respectively.

Figure 6.3: UV-Visible absorption, excitation spectra and fluorescence
spectra of perylene (A and B) and pyrene (C and D) in dilute DMSO solutions
(black curves) and in nanoaggregates (red curves).

Figure 6.4: Temporal profiles recorded at a few selective wavelengths following

photoexcitation of perylene nanoaggregate at 374 nm. Black lines represent the best-

fit functions.

Figure 6.5: (A) Time-resolved emission spectra (TRES) of perylene
nanoaggregate dispersed in water in nanosecond time domain.

(B) Time-resolved area normalized emission spectra (TRANES) of the
excimeric emission of perylene nanoaggregate. The Y emission comes from
an excitonic state in a shallow trap and the E emission comes from the self-
trapped excitonic state in a deep trap or excimeric state.

Figure 6.6: Temporal profiles for exctonic emission of pyrene in the
nanoaggregate recorded at three selective wavelengths and the associated
three exponential best-fit function. The best-fit parameters are provided in
Table 6.2.

Figure 6.7: TRES and TRANES of pyrene nanoaggregate measured using
TCSPC technique. The inset shows the peak frequency shift due to geometric
relaxation of the excimer in deep trap.

Figure 6.8: Temporal profiles recorded at 560 nm and 600 nm for pyrene (A)
and perylene (B) nanoaggregates, respectively, at 290 and 345 K. Black curve

is the instrument response function. Insets show the plot of In(k) vs. 1/T for
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the respective nanoaggregates.

Figure 6.9: The schematic diagram depicting the processes for trapping of
excitons in pyrene and perylene nanoaggregates after photoexcitation of the
samples.

Figure 6.10: Time resolved transient absorption spectra recorded following
photoexcitation of perylene nanoaggregate dispersed in water. Inset shows
one portion of the transient absorption spectra recorded at 1000 ps delay time
on the magnified scale to show the stimulated emission band.

Figure 6.11: Temporal dynamics of free excitons in perylene nanoaggregate
recorded at three selective wavelengths. Nonexponential dynamics of the
exciton has been fitted with a three exponential function and the lifetimes
estimated at different probe wavelengths are very similar.

Figure 6.12: Time resolved transient absorption spectra recorded following
photoexcitation of pyrene nanoaggregate dispersed in water. Inset: Shows
time resolved emission spectrum recorded at 0.6 ns delay after
photoexcitation at 374 nm using TCSPC technique.

Figure 6.13: Temporal dynamics of free excitons in pyrene nanoaggregate at
three selective wavelengths. Non exponential dynamics of the exciton has
been fitted with a three exponential function and the lifetimes estimated at
different probe wavelengths are very similar.

Figure 6.14: (A) Temporal profiles recorded at 630 nm for different
excitation pulse energies for perylene and (B) k' vs. initial exciton density or
[S1]o plot.

Figure 6.15: (A) Temporal profiles recorded at 630 nm for different
excitation pulse energies for pyrene nanoaggregates and (B) k'z vs. initial
exciton density or [S1]o plot.

Figure 7.1: XRD pattern obtained for pthalocyanine nanoaggregates (A)
tBuPC and Zn-tBuPC, (B) ZnPC and Zn-tBuPC (C) tBuNPC and Zn-tBuNPC.
Figure 7.2: Absorption (black) and emission (red) spectra of tBuNPC (2.5 x
10° mol dm) and Zn-tBuNPC (5 x 10 mol dm™) in toluene and absorption

spectra of tBUNPC and Zn-tBuNPC nanoaggregates dispersed in water (blue

XXXVI

183

184

185

186

187

190

191

203

204



curves). Emission spectra are recorded following photoexcitation at 355 nm.
Figure 7.3: Absorption spectra of monomer (black) and nanoaggregate dispersed in
aqueous solution (blue) and fluorescence spectrum of monomer (red) of tBuPC and
ZnPC.

Figure 7.4: (A) Time resolved TA spectra of tBUNPC (2.5 x 10° mol dm?) in
toluene following photoexcitation using 400 nm laser pulses. Purple colored
curve represents the shape of the steady state absorption spectrum of tBUNPC
in toluene. (B) Temporal dynamics of the transient species recorded following
photoexcitation of NPC in toluene.

Figure 7.5: Time resolved TA spectra of tBUNPC nanoaggregate dispersed in
water recorded following photoexcitation at 390 nm. Insets show the temporal
dynamics of excitonic decay and bleach recovery monitored at 580 and 720
nm respectively, along with the best fit functions and the lifetimes associated
with the best-fit multiexponential functions.

Figure 7.6: (A) Time.resolved TA spectra of Zn-tBUNPC (1 x 107> mol dm)
in toluene following photoexcitation using 400 nm laser pulses. (B) Temporal
profiles recorded at two selective wavelengths along with the best fit
functions. The lifetimes associated with the multi-exponential fit functions are
given in the insets.

Figure 7.7: (A) Time-resolved TA spectra of Zn-tBuNPC nanoaggregate
dispersed in aqueous solution following photoexcitation using 390 nm laser
pulses. (B) Temporal profiles recorded at two selective wavelengths along
with their best fit functions. The lifetimes associated with the multi-
exponential fit functions are given in the insets.

Figure 7.8: Time-resolved TA spectra of tBuPC in toluene solution following
photoexcitation using 390 nm laser pulses. Inset: Temporal profiles recorded
at two selective wavelengths along with their best fit functions. The lifetimes
associated with the multi-exponential fit functions are given in the insets.
Figure 7.9: (A) Time resolved transient spectra recorded following photoexcitation

of nanoaggregates of tBuPC dispersed in aqueous solution. (B) Temporal dynamics

at 500 and 600 nm along with the best fit functions and the associated lifetimes of
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three components.

Figure 7.10: Time-resolved TA spectra of ZnPC in toluene solution following
photoexcitation using 390 nm laser pulses. Inset: Temporal profiles recorded
at two selective wavelengths 600 and 650 nm along with their best fit
functions. The lifetimes associated with the multi-exponential fit functions are
given in the insets.

Figure 7.11: (A) Time resolved transient spectra recorded following
photoexcitation of nanoaggregates of ZnPC dispersed in aqueous solution. Dashed
pink line represents the steady state absorption spectrum of ZnPC
nanoaggregate. (B) Temporal dynamics at 520 and 670 nm along with the best fit
functions and the associated lifetimes of three components.

Figure 7.12: Excitation energy (in pJ/pulse) dependence of the dynamics of
ESA and bleach recovery monitored at 580 and 720 nm, respectively, in the
case of tBuNPC nanoaggregate dispersed in aqueous solution.

Figure 7.13: Excitation energy (in uJ/pulse) dependence of the dynamics of
ESA and bleach recovery monitored at 580 and 720 nm, respectively, in the
case of tBUNPC nanoaggregate dispersed in aqueous solution. Each of the
temporal profiles has been fitted using equation 7.9. Values of ki and k'

associated with the fit function are given in Table 7.3.
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CHAPTER 1

INTRODUCTION

1.1. GENERAL INTRODUCTION

“Chemistry” is a part of science, which deals witte study of molecular structure,
property and chemical transformation of materiaBhemical science has been practiced
knowingly or unknowingly from the ancient age ovikzation. With the progress of time,
scientists have been interested to have betterstatheling about the chemical processes leading
to development of this brunch of science. During last several decades, many sophisticated
instrumentation techniques have been devolvedderdio obtain molecular level understanding
of physical and chemical processes. Detail undedstg about the molecular structure,
properties and reaction pathways in naturally agegrsystems guided the scientist community
to develop artificial chemical devices to servite tmankind. Spectroscopy is one of such
techniques, which provide us information aboutrti@ecular energy levels and their reactivity.
Thus spectroscopic techniques have become an erdiaple tool for qualitative and quantitative
analysis. Different frequency ranges of electronegignradiation may be used to introduce
transitions in different kinds of molecular enerlgyels and various kinds of spectroscopic
techniqgues may be used to obtain deeper understpathiout the energy levels and reactivities
of molecular systems? Development of theoretical simulation techniquésiolecular systems
has also complimented these efforts immensely tfoldinthe fundamental details of the

matters>*

Science has come across a long way to reach #@semgrstatus. This journey has been
completed to fulfill the need and necessity of thanan civilization. During this process,
researchers aspired to understood the underneddcurer and physical mechanism and out of
this curiosity leading to the development of thedamental science. Therefore in the present
day research, emphasis is put in understandingb#tsec molecular level properties of the

materials as well as mechanism of interactiondedlto a particular application of the materials.



Therefore, in this present thesis, we discuss sgmhof new materials, characterization of the

spectroscopic properties of these materials toogggheir possible applications.

The environmental pollution has become a seriousblpm towards the human
civilization. Pollution from chemical industry isie of the major contributors in different kinds
of environmental pollution. Therefore, scientistrsaunity has put huge efforts to replace those
conventional solvents which are major players itupiag the environment. In the last century, a
new kind of solvent systems, popularly known asmaemperature ionic liquids (RTIL), has
been discovered. These were considered as gréemtsoas these solvents have less pollution
hazards and can have wide scale applicafi6i$owever, recently the environment friendliness

of RTILs are also doubted.

The efficient application of this new class of soits needs understanding of their
microscopic properties and their role in differéamds of chemical processes conducted using
these solvents. Here, we made an attempt to adthresssue of microscopic nature of RTILs
and their effects on some basic reactions e.g.ggneansfer and electron transfer processes.
Long lived transients have been used to monitorrélaetions in stationery conditions in these

viscous liquid systems.

The second part of the work is mainly focused amittvestigations of the phophysical
properties of various kinds of organic nanoaggregatterials having possibility of use for
photovoltaics, display devices and other optoebeitr devices. Extraction of energy in the
useable form has been a field of active researdhtefest during the last several decades. The
increasing demand of electrical power in the modsy® makes this research field alive till date.
Decrease in the reserves of natural gas and cealmees has emerged the surge of more
intensive search for renewable energy resourcekr Smergy harvestation is one of such
renewable energy sources whose efficient use itsalffulfill the present daily energy demand.
Photosynthesis process observed in plants occuoagh solar light absorption, which inspires
us to mimic such systems, which can absorb sagat Bnd convert it to the electrical energy.
Inorganic, organic and hybrid inorganic-organic en@s are being tried for solar energy
harvestatior:* Inorganic semiconductor materials are extensiushd in the form of thin film

and nanomaterial for solar cell applicatidis.However application of organic molecules for



solar cell applications are mostly limited to coatlog polymers and some specific molecules.

151850 there are plenty of unexplored area which caexipéored for this purpose.

In addition to efficient energy extraction, effioteuse of the extracted energy is also
essential to meet the energy demand in the regentla this context different light emitting and
display devices have come into the market. Lighitterg diode is considered as one of the most
potential device for such applicatioHs™® Significant research effort has been put to search
suitable material for this applicatiéfi?* Both inorganic and organic materials have beeml use
for such uses. Organic LED materials are low cedficient and flexible and therefore
considered as potential materials for next germiatiED device$®?? Therefore organic
semiconductor materials possess the applicabditghergy harvestation and lightening devices.
However, efficient device applications always regubasic understanding of underneath
mechanism of device operation and photophysicgtgnees of the material. Ease of processing
of those materials for device application is alsquired to make these materials more cost
effective. Major part of the present thesis is fEul on the study of exciton dynamics, exciton
diffusion parameters and other excited state ptmseof different organic nanoaggregates to
explore the prospect of these materials for abasaecd applications. But before going to the
rigorous discussion about the work it is essemtigdrovide some basic concepts related with the
thesis. In this chapter we will give a brief inttmtion about those basic concepts and the

objectives of the thesis.
1.2. SELF ASSAMBLED MOLECULAR SYSTEMS

Self assembled molecular systems are formed dtretmvolvement of a number of non-

covalent interaction forces, which cause this gseljanization process thermodynamically
feasible and make the molecular self assembly sysenough stable in the ambient condifidn.
% |n nature, there are several kinds of self assethilolecular systems which are indispensible
for their biochemical functionality. For exampleolecular self assembly can be observed in the
DNA, chloroplast, aggregates of proteins, celluta@mbranes, micelles formed by surfactants
and many others. These self-assembled systemsdeoedimeta-stable forms of the materials.
As these self organizations are thermodynamicallyed, there are less probabilities of impurity

incorporation and is quite robust for applicatiamgose.



As discussed earlier, many biological structuresranthing but structurally well-defined
aggregates arranged through noncovalent interactidime aggregate formation involves
stepwise interactions leading to formation of nusnsrnoncovalent weak chemical bonds. These
noncovelent bonds are typically hydrogen bondsicitmonds, and van der Waals bonds which
are associated with the molecules to form wellstdi and stable macroscopic structidrés.
Although these bonds are weak in nature, the dolkdnteractions may result in very stable
structures and materigd$?® Self assembly systems present in the biologicsiesys and there
efficient functionality motivates the scientific mounity to biomimic and design such self
organized materials for wide scale applicationse €fficient use of a material relies upon the
basic understanding about its nature, its physieatal properties. Therefore, it is the primary
need to understand the interaction forces whichiavelved to make such molecular self
assembled systems. In the next sub-section we paveide a brief description of such

noncovalent interaction forces.

1.2.1. INTERACTION FORCES GOVERNING MOLECULAR SELF- ASSEMBLY
FORMATION

Non covalent interaction forces responsible fof-egganization of molecules include van
der Waals force, H-bonding;r interaction, etc. The stabilization energy asgediavith such
noncovalent interactions is not very large butisight for the self-assemblies to exist in the
ambient condition. Few important and widely stud@@ractions forces described in this thesis

are as follows.

Van der Waals Interactions: Van der Waals forces include attractions and mpuo$ between
atoms, molecules, and surfaces, as well as otteminlecular force$*° These are the most
fundamental interactions present between any temsitor molecules and are generally divided

into following categories.

< [Force exists between two permanent dipoles (Kedemn)
< Force exists between a permanent dipole and aspaineing induced dipole (Debye
force)

< Force exists between two instantaneously inducedles (London dispersion force).



Van der Waals forces are relatively weak in naageompared to the force between two
atoms/ions/molecules linked by covalent or ioniad® but play a fundamental role in various
fields such as supramolecular chemistry, polym&nse, structural biology, surface science,
nanotechnology and condensed matter physics. Viakvdals forces are major driving force of
many properties of organic compounds, includingrtielubility in polar and non-polar media,

etc.

Hydrogen bonding Traditionally, hydrogen bonds have been definedDeH---A, wherein
both the donor D and acceptor A are highly ele@gative atoms, such as N, O, ot°E* Since
there is no strictly defined cut-off for an atoralsility to participate in hydrogen bonding, this
concept has been extended to weaker donor atonfisasucarbon (in all three hybridization
states) or unusual acceptors such-agstems. These bonds are formed when an acidioggd
atom attached to donor, interacts with the accegttmm having nonbonding electron lone pairs.
The intermolecular H-bondings have the advantagsetdctivity and directionality, which are
important in building biological nanostructures.eT$trength of the bond depends on the number
as well as the sequence of the H-bonds. Many exaagficontaining this type of bond-mediated
self assembled moieties are present in nature Hsaasvén the synthesized materials. Hydrogen
bonding not only initiates the self-assembly bwtoahelps in designing unique organized
structures, which were impossible otherwise. Thestmimportant example of hydrogen bond
assisted self-assembly is the base pairing withirieotides resulting in the formation of DNA

helixes.

n-nt interactions: The term refers to the attractive, noncovalenerattions between two
aromatic rings resulting in alignment of positiveatrostatic potential of one ring with negative
electrostatic potential of another ring formingaifset stack. Well known example is formation
of benzene dimer througin stacking®? These interactions are important in nucleobaskistg
within DNA and RNA molecules, protein folding, tehafe-directed synthesis, materials science,
and molecular recognition. Intermolecular interaes involving aromatic rings are key

processes in both chemical and biological syst&fifs.

These kinds of interactions are responsible for nyndiverse phenomena such as the
vertical base-base interactions, which also stwbithe double helical structure of DNA, the

intercalation of drugs into DNA, the packing of @ratic molecules in crystal, the tertiary
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structures of proteins, the conformational prefeesnand binding properties of polyaromatic
macrocycle, complexation in many host-guest syst@nasaggregations i-conjugated organic
macrocycles like porphyrins and phthalocyanitiéén-n attractions of these molecules are not
limited to self-aggregation, but it also extendstlte n-stacking seen with a wide variety of
covalently attached-systems in organic solvents. Studies carriedothis area suggests that
stacking within molecules depends on many factike kolvo-phobic effect favoring the
geometry of maximun-overlap?® The n-n interaction also can provide the strong electronic
interaction between an electron donor and an eleccceptor. They are characterized either by
charge-transfer transitions in the UV-visible alption spectrum or by a broadened UV-visible
spectrunf? It has also been suggested that the attractiosesarfrom the uneven charge
distribution acrosst-systems. In a particular orientation of twesystems, positively charged
atoms on one molecule may be aligned with negatislehrged atoms on the other, so that there

is an attractive electrostatic interaction.

In this thesis, aggregation of polyacene molecufgghalocyanine and its derivative
molecules have been described in the following tdrap Ther-n interactions play the major

role in the co-facial stacking of these moleculpsrueach other.

1.2.2. ROOM TEMPERATURE IONIC LIQUID (RTIL): SELF A SSMBLED MEDIA
FORMING MICROSCOPIC POCKETS

RTILs belong to a class of low temperature molt@tssvhich have melting points below
100 °C. The development of ILs started in 1914 wRanl Walden described the synthesis and
properties of the “first” IL, ethylammonium nitratenelting point =14°C)® In the late 1970s,
Osteryoung group and Wilkes et. al. synthesizedbrobluminate melts liquid at room
temperature, but these fluids are found to suffemf their high sensitivity to atmospheric
moisture’’™> However, in 1990s, a significant milestone wasia@d when the RTILs
comprising of imidazolium as cation and tetrafldmomate, hexafluorophosphate as anions were
synthesized®*’ Unlike haloaluminate based ILs, this new genematd ILs were relatively
resistant to hydrolysis and could be preparededtand handled outside a glove B6X’ RTILs

are reported to possess unique physicochemicalegrep such as high polarity, negligible



vapour pressure, high ionic conductivity and exassllradiation and thermal stabil@2> All
these properties make them good substitutes forerional organic solvents. In addition, these
solvents can solubilise most of the inorganic amdanic reagents and possess a large
electrochemical window, which make them useful gnthesis, and solar cell applicatiéhi®.
Due to their good radiation stability, they are esged as future solvents for nuclear fuel cycle
including actinide electro-refining, and solventraxtion/’?> Owing to these, a surge in the
interest of the scientific community (especiallytive last two decades) can be observed from the
exponential growth in the number of publicationsRiFiLs.

Further, these media are often referred to as gdesi solvents. This is due to the fact
that by altering the cation-anion combination, tharacteristics associated with ionic liquids,
such as hydrophobicity, miscibility (with other gehts), polarity and other physicochemical
properties can be easily tuned, as desirable fpeaified task?>®">"According to Plechkova
et. al. pairing of all known anion and cation congions can obtain approximately®19pes of
different ILs”® Nevertheless, till now, most of the research haesnbfocused on RTILs with
commonly used cation-anion combinations. The stinest of some of these cations and anions
are shown in Figure 1.1.

RTILs are composed of ions. However they are dfierfrom the molten salts, which
have much higher melting point temperatures. Egsdbnt melting point of a crystal is a
synergistic effect of the cation and the aniona Influence its lattice energy. The low melting
points of RTILs are the result of weak inter-ionmnteractions due to inefficient packing of
irregularly shaped ions and diffuse charged nat@isdunter ions.
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RTILs are different from the conventional organitvents with respect to their structure
and physicochemical properties (mentioned earli8pecially, the microscopic nature of the
RTILs is reported to be not homogeneous, unliketrobshe conventional organic solvents’?
Within an IL, there are many correlation lengthlesaresent between the ion paitghese are
due to a various inter-ionic interactions co-exigtiin these fluids as a result of complex
interplay of forces such as Coulombic, van der Wé#dipole -dipole, dipole-induced dipole,and

dispersion), hydrogen bond, amd stacking interaction¥:*®

It is also reported that, RTILs with long alkyl stituent may have significant effect on
microscopic pocket formation due to favourable loyptobic interaction of long alkyl
substituents. We want to probe such microscopikeotormation by observing energy and
electron transfer processes or observe the effaviaoscopic pocket formation on the reaction

rates.

1.2.3. SELF-ASSEMBLY BY AGGREGATION

Gunter Scheibe and Edwin E. Jelley in the late $9B@ependently investigated the
photochemistry of cyanine dyes and it led to thet filiscovery of aggregate formation of organic
dye molecule€’®® Organic dye molecules with extendeetonjugation favour to go for self
aggregation and form larger sized nanoaggredatésThis bottom-up approach used for
synthesis of the nanoaggregates gives one of fiweat methods for the synthesis of organic
nanoparticles. Formation of molecular aggregatepends upon various factors such as

concentration, temperature, solvent medium, andyrogrer factors, %%

Precise arrangement of monomers in aggregate teatsong intermolecular interaction,
which causes the differences in the photophysiellbior of the aggregate and corresponding
monomer. Hence aggregates may possess new funcii@isare not observed in their
monomeric fornf>?® The change in the photophysical properties filsseoved in the UV—
visible absorption spectra, which arises due to itltermolecular interaction and excitonic

coupling present in the aggregate$®

The molecular aggregates are broadly classified tato types depending upon the

molecular stacking pattern present in the aggregatgregates, where molecular transition



dipoles are arranged in head-to-tail configuratiarg known as J-aggregates (shown in Figure
1.2). This name was given after the name of thensst, Jelly, who reported the J-aggregate
formation for the first timé% In the case of J-aggregates, the absorption Heowissred shift i.e.
absorption maximum is shifted to the longer wavgtbnregion as compared to that of the
corresponding monomé® The newly developed band is also well known asddb which is
sharp and intense as compared to the monomericrmioso band. J-aggregates are also

characterized by their red shifted strong emission.

Another class of the aggregates, which are fredyenibserved, is known as H-
aggregates. Here molecular transition dipoles gedrin face-to-face configuration (shown in
Figure 1.2)!% These aggregates show blue shift in the absorpimmd i.e. the absorption
maximum of the aggregated species is shifted t@tomavelength region as compared to that of
the monomeric form? Since these aggregates shows ‘hypsochromic $héy are named as H-
aggregates. Unlike to the J-aggregates, H-aggregaimv broader absorption band also known
as ‘H-band’ and are nearly nonfluorescent, whenpamed with the corresponding monomeric

species®

Monomer

N

il

H-aggregate J-aggregate

Figure 1.2: Type of stacking in molecular aggregates.

The above mentioned shifts in the absorption speofr these aggregates may be
explained following the Kasha-McRae exciton model the dimeric molecule$® The model
explains the allowed and forbidden electronic titemss after excitation of the aggregates

depending on the angle between the transition dipgdments of two interacting molecules. In
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the case of face-to-face stacking (seen in H-aggesy where the two transition dipoles are
parallel to each other, the energy level diagragiven in Figure 1.3. Here the ovals correspond
to the molecular profile, and the double arrow @adés the polarization axis for the considered
molecular electronic transition. E' and E" are #éxeitonic states formed by the splitting of the
excited state level and E represents the energl Evthe monomer. The out-of-phase dipole
arrangement corresponds to an electrostaticalgrasted lower of energy level, so E' lies lower
than the van der Waals displaced states of the onemt molecules. The in-phase dipole
interaction gives repulsion, so energy level passesigher values, and E" is displaced upwards
from the displaced origin. The transition momenhdaghing but the vector sum of the individual
transition dipole moments of the component molexuldus, transition from the ground state to
the excitonic state E' appears to be forbiddemsiton moment ~0), while transition from the
ground state to the excitonic state E" is allowdnsition moment non zero). Thus this model
clearly explains the reason of blue-shift in thegtet-singlet transition of the dimer (transitian t

higher energy levef®?

Parallel transition dipole

® O
e it
il —_]e

G Dipole
Monomer levels Dimer levels transition

Figure 1.3 Splitting of energy levels in case of H-aggregafielue shift case) taken from ref
103.

Following excitation to the allowed upper excitosinglet state as shown in the figure
1.3, the rapid internal conversion between the Isingtates dominates over the radiative
transition from the allowed excitonic state to greund state. As a result, the fluorescence signal

from the allowed state to the ground state is yaoblserved. The radiative transitions from the
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lower excitonic state to the ground electronic estate formally forbidden and thus these
aggregates appear as non-fluorescent. Howeverféw aare cases, emissive H-aggregates are
observed due to the distortions in the aggregatengéy leading to a small probability of

transition, corresponding to lifetimes in the naewond rang&*

In the case of J-aggregates, the transition dgpate polarized along the axis of a unit
molecule (in-line in the dimer). Dimer with in-lirteansition dipoles lead to the excitonic energy
level diagram shown in the following figure 1.40Rr the diagram, it is clear that the in-phase
arrangement of transition dipoles leads to an eletitic attraction or stabilization as compared
to the monomer energy level and produce the exsitei® E' of Figure 1.4, whereas the out-of-
phase arrangement of transition dipoles causedsiepu producing the state E". On the other
hand, the transition moments possess nonzero Valuelectric dipole transitions from the
ground state to E', and zero for the state E" ftbenground state. Hence, in J-aggregates, lower
energy transitions are allowed and they are resplendor the observed red shift in the
absorption band’® The emission also comes from the low lyingskate, since the radiative
transition is allowed from this state to the growstdte. Thus the J-aggregates show intense

emission feature.

In-line transition dipole

Sle
o e G

e

G Dipole
Monomer levels Dimer levels transition

Figure 1.4 Splitting of energy levels in the case of J-aggtes (red shift case) taken from ref
103.
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Face-to-face Head-to-tail
8=90° g=0°

Figure 1.5 Two transition dipoles in the “face-to-faced € 90¢’) and “head-to-tail” §=0-)
orientations taken from ref 105.

In real case the molecular transition dipole mayehdifferent angles. Figure 1.5 illustrates
the overall situation of the transition dipole asrientation factor in different aggregaféslt is
seen that the orientation factor becomes zer6=84.7, the so-called “magic angle”. In the
larger angle region (80> > 54.7), a blue-shifted band is observed, whereas ah#ted band
is observed in the smaller angle region (84.8 >0°).

The splitting of the excitonic energy levels is givby A E=E — E", which can also be

represented in the form of equation showing dimetation with transition moment, relative

angle’®

2 M2

AE =

= (cos ® + 3cos?8) AL

Where M is the transition moment for the singletagéet transition in the monomeric form,, r
is the centre to centre distance between two mtdecu and v,a is the angle between
polarization axes for the component absorbing wemig6 is the angle made by the polarization
axes of the unit molecule with the line of molecutgnters. The transition moments to the

excitonic states E' and E" are given by:

M = v2M cosf (1.2)

M = \/2Msinf (1.3)
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A characteristic feature of exciton theory is ithased by equation (1.1). It is seen that the
splitting of the excitonic energy levels is dirgctelated to the square of the transition moment
for the component molecules. Thus, the greaterinbensity of light absorption in the unit
molecule, the greater is the excitonic band spittiAlso the splitting of enrgy levels is inversely
proportional to the cube of the intermolecular a@iste. The square of the transition moment, M,

is a measure of the oscillator strength, f, forttheasition.

The above described theoretical approach expldieschange in the photophysical
behavior of the nanosized molecular aggregates filmenbulk materials or monomers. The
difference is mainly caused due to the newly gdaedraxcitonic levels through splitting of the
single molecular electronic transition level. Thecieed state relaxation dynamics in the
aggregates are dominated by the characteristicogwcidecay processes. A concise account of

the theory related to exciton dynamics is givethim next section of the chapter.
1.3. PHOTOINDUCED EXCITED STATE PROCESSES
1.3.1. PHOTOCHEMISTRY IN MOLECULAR SYSTEMS

Asorption of Light, and Electronic Transitions in Molecules:When an atom or a molecule is
exposed to the electromagnetic radiation, the etefiled generated by the radiation induces an
oscillating dipole within the atom or molecule bistdrbing its surrounding electronic cloud.
When the frequency of the incident radiatioh hatches with the natural frequenay)(of the
oscillating dipole, the light gets absorbed by #tem or molecule and it is transferred to the

electronically excited state having higher energy.

— (14)

ey
=

Where,AE = E_ - E. is the energy difference between the initi&!) (and final €, ) energy

states of the molecule ahds the Planck’s constant.

The rate of photon absorption is governed by thehert-Beer's Law which states that, light

absorbed by a medium is independent of the intewsitncident radiationi() but proportional

to the number of molecules absorbing the radiatienconcentrationd) and path lengthl}.
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—T= ¢ dl (1.5)

Where ., is the proportionality constant, is the concentration ardll is the thickness of the

medium. Solution the above differential equatiooviies,

I Iy
lnf—c = a,Cl or ln:rg?E =g, Cl =0D (1.6)

Where, =, = «,/2.303 is molar exctinction coefficient and is the fuwoctiof the absorption
frequencyv. This quantity, leg [;/I is called as absorbance (A) or optical densitpOf the

medium.

Absorption of light by a molecule leads to its iiton to the higher electronic level. The
transition depends upon the nature of the molecolditals involved in the process. A
convenient notation, developed by M. Kasha, is useekpress the electronic states in terms of
the initial and final orbitals involved in the tsition*®” Commonly, organic molecule
possesses, © and n orbitals depending upon the electronic apebletween the two atomic
orbitals. An electron from any one of the lower wuied orbitals get transferred to the higher
unoccupied orbitals e.gs* or =n*, following absorption of light of suitable energyhe n-
electrons (nonbonding electrons) are excitable wélatively lower energy radiation and give
rise to the longest wavelength absorption band. W&ren-electron is excited tataorbital, it is
designated as (ar) transition. When a electron is promoted, it may be (1) or (nm-oc )
transition, depending on the final energy levetiofinds respectively. Theo(- ¢ ) transitions
are also possible but require much higher energy mway appear in the far UV region.
Schematic of these transitions are shown in FiguBe The work presented here mainly focused

onm-T and n-n transitions in molecules and aggregates.
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Figure 1.6: Approximate energy level diagram showing differgmtes of transitions in organic

molecules.

Electronic states signify the properties of aél #lectrons in all of the orbitals. Transition
of an electron from one orbital to another willuktsn a change in the electronic state of the
molecule. Hence proper designation and charactenzaf these states is necessary. The
representation considering the overall symmetrghefcorresponding MO is the most useful way
to designate an electronic energy state of a mideddowever, this method can produce
difficulties for polyatomic molecules, where thetalts of the electronic structures are not
known. The most common method for such complex oubds is to denote the energy states
simply by their spin multiplicity, defined as 2S+&here S is the spin quantum number. Thus, an
electronic state with all its electrons spin-paihed S = 0, multiplicity = 1. Such electronic ssate
are referred as th@nglet statesnd denoted by the symbol "S". While electronatest with two
electrons having parallel spini.e. S = 1, multpyi = 3, calledtriplet statesand represented by
"T". For most of the organic molecules the groutetionic state is singlet and conventionally
denoted by & The higher electronically excited singlet stees represented as, &, $; etc.,
where the subscript refers to the energy rankinthefstate relative to the ground state. Triplet
states are represented as T, Ts etc. T, state has lower energy than that of the loweg}lein
excited state, S This lowering of the Tstate energy is due to the spin correlation. Tlesgnce

of two parallel electrons in the triplet state wotdifferent orbitals reduces the electron-electron
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repulsion that is present in the singlet states Taduction in repulsion energy makes the triplet

state lower in energy as compared to the correspgrsihglet state.

Y N /
Uiy ™
| First excited
N state
\ b N
{73 "
N © c
=
=
2 b
w
a
Ground
state
.--.__\\ E
N S 5
) r1

Internuclear separation (r)

Figure 1.7: A schematic illustration of Franck-Condon prineipl According to Franck-Condon
principle, the electronic transition takes placerapidly that the internuclear distances in a
molecule do not change to any appreciable exterihgluransition:’®*% This is because the
electrons are thousand times lighter than nucleusT at the time of excitation, the internuclear
separations in the excited state remain the santigaf$n the initial ground state. Alternatively,
Franck-Condon principle can be stated dsarisition between two electronic states occur

vertically in the potential energy diagram.”

The intensity of a vibronic transition dependsedity on the probabilities of finding the
molecule in the two respective vibrational levelsdlved in the lower and higher electronic
states. For a particular vibronic transition, ié twave functions of the two vibrational levels of
the lower and higher excited states have bettdratmaverlap, the transition will be stronger. If
the spatial overlap of the two vibrational stategolved is poor, the transition will be weaker.
Figure 1.7 illustrates a few electronic transitioms accordance with the Franck-Condon
principle. According to this figure, the transitich’ is the most intense one whereas the
transitions ‘a’ and ‘c’ are relatively much weaket.is clear from Figure 1.7 that if the
equilibrium internuclear separation in the two &legic states involved in the transition remains

the same (i.eorr;) the 0-0 vibrational transition will be the mostense one.
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Generally, molecular transitions follow some setattrules, which govern the possibility of

transition between two given energy staf&g®

(i) Al =0,=1 i.e. during an electronic transition, the totabital angular momentumi() either

does not change or changesy.

(i) A5 = 0, i.e. during an electronic transition, total spimgalar momentum,S), is conserved.

As a consequence, transitions are allowed only &stwsinglet-singlet and triplet-triplstates.
The singlet-triplet transitions are forbidden, wslesome perturbing influences bring about spin-

orbit coupling.
(iif) Symmetry properties of the energy states nlugstonserved.
1.3.2.EXCITED STATE PROCESSES IN THE MOLECULE

A molecule excited to higher energy state evehtuaturns to the ground state, without
losing its identity unless it is involved in anygibchemical reaction. For a polyatomic molecule,
in condensed phase (e.g solutions, liquids andisolhere are more than one pathways available
for the excited molecule for dissipation of its gatton energy. These different modes of de-
excitation are grouped under photophysical processeurring in the electronically excited
molecules. Some of them are intrinsic propertieghef molecule and are unimolecular while

some others depend on the external perturbaticshénaolve bimolecular interactions.

The characteristics of the excited states of tlweoule determine the photophysical
processes taking place following photoexcitatiomert the chemical reactivity of the molecule
changes with the change in its electronic stateisTdicomplete knowledge of the photophysical
processes and especially the partitioning of theodied photon energy in different channels are
necessary to understand and formulate a detailetianesm of a photochemical reaction.

These de-excitation pathways are often classifi¢al two broad groups: (1) radiative processes,
that involve the emission of electromagnetic radraby the excited state molecules and (2) non-
radiative processes, in which the depopulation ltd excited states takes place without

accompanying any photoemission. Radiative and adiative processes mentioned here are
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usually unimolecular processes. Different unimolacyphotophysical processes that an excited

molecule may undergo are represented by famousnkiy diagram (Figure 1.8).
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Figure 1.8: Jablonski diagram describing photophysical proeg#s organic molecules.

Kinetic parameters associated with these processgg,ate of the reaction, lifetimes, etc may be

given as follows.

Table 1.1: Reactions along with their rate constants foredéht unimolecular processes taking

place during de-excitation of the excited molecule.

Process Reaction Rate
I Excitation Sa+ v = 5,
IL'.'
li 5_to 5, Internal Conversion (IC) 5, — 5, + heat
k.’lf [5"]
lii 5, to 5, Internal Conversion (IC) 5§, = 5, + heat
ki [54]
Iv Fluorescence Sy = Sy + hv;
ks [51]
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Vv 5, to T, Intersystem Crossing (ISC) 5, —+ T, + heat

Vi Phosphorescence T, = 5+ hvy,

In the above equations,,, 5,, 5,, andT, denote the respective electronic states of theoudd.
Under photostationary conditions, we get, rateooffation = rate of decay

I, = Ky [5,.] = {k_r’ + ke + k.rsc}[51] (1.7)

: (1.8)

By definition, fluorescence quantum yielg () is given by

rate of fluorescence k:[5,]
= = & (19)

7 rate of light absorption o

o

Introducing the value o5, ] from equation 1.8 into the equation 1.9 we get,

T

Ko

:p_f = h] b = (l'l{)j

T
KT Ky T Kyge

Similarly, quantum yield for the triplet systeri;) is given by

k...[5 k;
br = ._|:[ 1] = - : i5C 1 (l.ll)
Iy Ke THRig T Kise

The observed fluorescence lifetime)(is the lifetime of the fluorescing state (usuailystate)

and can be expressed as

Ty = T = T [l'lzj
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Where, k. = k;- + k;;- and represents the total nonradiative rate constéme fluorescence

and nonradiative rate constants can be calculateing following expressions.

k=2 (1.13)
F 1—;_
ke = ke + Kpgr = rf_i — k; (1.14)

Similarly, rate of intersystem crossing i.e. forinatof the triplet state may be obtained from eq.
1.15,

kise = or (1.15)
Is

4

The values for-cpf, ¢ and . may be obtained experimentally. The rate cond@ninternal

conversion may be calculated as,

ke = - [_ﬁ-";‘— cﬁf} (1.16)

4

The above mentioned processes are the most comruiteck state unimolecular diexcitation
processes. However, there may be some other kinghotfophysical processes e.g. structural
relaxation, charge transfer, solvation etc. fofeségnt molecules in different kinds of solvent
systems®**2 Molecules also may undergo bimolecular diexcitatiprocesses e.g.
photochemical reaction, quenching via resonanceggrieansfer, excimer or exciplex formation
etc!®® In this thesis, the systems presented are fourthte significant contributions of these

bimolecular processes in the di-excitation process.

1.3.3. PHOTOINDUCED EXCITED SPECIES IN MOLECULAR AG GREGATES:
EXCITONS AND ITS DYNAMICS

Exciton is considered as a bound state of an ele@nd a hole, which are bound to each
other through the electrostatic Coulomb fol¥elt is an electrically neutral quasiparticle that
exists in insulators and semiconductor materialfielVthese materials are excited through

photon absorption or thermally the excitons areegated and it is regarded as an elementary
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excitation of condensed matter that can transpodrgy without transporting net electric
charge'®

Generally the excitons are of two types, (1) Wannéxcitons and (2) Frankel
excoitonst’®*3 M4\annier excitons are mostly associated with thegaonic semiconductors,
quantum dots or metallic nanoparticfé$These materials possess high dielectric consthrgs
to their columbic interaction between the countersi It causes weak interaction between the
electron and the hole associated with a singlet@xciAs a result, these excitons possess low
exciton binding energy and the exciton Bohr radwisich is the average radius between electron
and hole is quite long (few nm). Here the excitéecteon distribution function covers many

lattice sites.

Molecular excitons, also known as Frenkel excitovi'ere the electron-hole pairs are
strongly bound to each othEf. Organic semiconductors are generally low dieleatnaterials
and as a result the coulambic force existing betvike electron and the hole are very strong and
the exciton Bohr radius is very short. The excibimding energy for Frankel excitons are in the
order of eV range. On the other hand the bindirgrgies of Wannier excitons are almost one to
two orders smaller. In this present thesis asmgemainly interested about the exciton dynamics
of organic nanoaggregates. Therefore, only Freekeitons are considered in further discussion

in this thesis.

The spectroscopic properties of molecular aggregateslated with their collective excited
states, characterized by molecules interacting thegeto capture or redistribute excitation
energy. Excitons are quasiparticles exist at thoadlective excited states. These excitons can be
formed by association of free charge carrier ufetg. electron and electron hole) or by direct
photoexcitation. For an aggregate of N moleculatsurthe excitonic band will consist of N
discrete excitonic states; again characteristicalhfy one or a very few (equal in number to the
number of molecules per unit cell) of these exddmtates for the aggregate can be reached by
allowed electric-dipole transitions. Photoexcitatioreates an electron in the conduction band,
leaving a ‘hole’ in the valence band. If the int#ran between the electron and hole is assumed
to be negligible, which is justified when each wlawetion is spread over an expanse of atoms,
then the pairs are free carriers. On the other handattractive coulombic interaction between

the electron and hole ‘quasi-particles’ binds thieta an exciton.
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The decay dynamics of the excitonic state decithes application of these molecular
systems-® The assemblies where the electron and the hotemigine with each other through
emission of a photon and having high emission yoald be used in organic light-emitting diode
technologies. Again, materials where the excittmat are formed through photoexcitation, may
dissociate into free carriers (unbound electrors lawles), are useful in photovoltaic and solar

cell device applications.

The well known example of involvement of excitors the natural light harvesting
assembly, i.e. photosynthesis units comprising ggregated chlorophyll molecules which
absorb the visible light and stored it in the fooinchemical energy:° The process takes place
through many steps and can be briefly summarizedigig absorption causes generation of
excitons in the chlorophyll molecular aggregatee photogenerated excitons migrate in the next
step via different molecular units in a light-hastiag complex towards a reaction center. These
excitons undergo charge separation at the intedatlee reaction centre producing a positively
and a negatively charged species. These chargetespmet off a series of chemical reactions,
which eventually end in conversion of part of tiheident solar energy into chemical energy.
This rapid exciton migration within such aggregaystems leading to efficient conversion of
excitons into charged species has inspired foizatibn in organic based photovoltaic cells for

solar energy hervestatidf*?

Molecules having longr-conjugated systems are considered as organic geductors
absorb in the near UV and visible region. Stackaigrt-electron clouds in these molecular
systems favors to form stable molecular aggreg&e#. assembled molecular aggregates of
polyacene, phthalocyanine and porphyrin derivatieggregated into structures, which are
analogues to such light harvesting systems andanontstacked molecules that can provide
pathways for efficient exciton and charge transpdrfThese materials have strong optical
absorption, which can extend into the red parthef4olar spectrum to a wavelength as long as
800 nm. Therefore these materials are of greatastdor application in photovoltaic devices,
organic light emitting diodes et&* '8 19 pDetailed photophysical study based on the
aggregation of polyacenes and phthalocyanines r®epted in the following chapters of this

thesis. Excited state relaxation dynamics of thaggregates are dominated by the exciton
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dynamics or the excited states of the aggregatenscélit is necessary to understand the basic

concepts and the factors affecting the exciton ohyos processes.

1.3.4. Exciton - Exciton Annihilation in Molecular Aggregates

It is already discussed that, upon photoexcitatibmolecular aggregates Frenkel excitons
are generated and start to hop from one centethi&r.oThis hoping of excitons results exciton
diffusion process. During this exciton diffusionopess, if the density of the photo-generated
excitons is large enough, then there is a possilfiat two excitons can come to a distance
where they can interact with each other and caticjzate in the energy transfer process. At
large exciton density, one of the most common sgammler photophysical processes is the
exciton - exciton annihilation reactidf®*? The annihilation process becomes evident from a
decrease in the excited-state lifetime and a deer@a integrated fluorescence quantum yield

with increasing excitation intensit®*?3

The annihilation process may occure by the intévaatf excitons having same or different
spin multiplicities. However, following photoexcitan singlet - singlet exciton annihilation
process becomes dominating in the initial 10-10Qipe domain. The triplet - triplet exciton
annihilation process is also highly probable fogragates having sufficiently high triplet exciton
guantum yield. The interaction between the singtet triplet excitons are relatively less favored
and has negligible contribution. During the anmtidn process, one exciton transfer its energy
to the other and goes back to the ground stateradintively. tThe second exciton excited to
higher excited state, which further decays throutgnational relaxation and IC process to the
lowest excited state levél? Thus annihilation process added as an alternakaoay path for
excitons along with their natural decay processtse, we have represented the excited state
processes which take place under high exciton teradter photoexcitation of molecular

aggregates.

Free $excitonic state undergoes the following photophglsictocesses.

sm-5 @17
S+S0%-S+S, (L18)
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The generation of two triplet excitons from the iilation reaction between two singlet
excitons is possible form spin multiplicity consation rule but in general it is rarely observed
for molecular aggregates. The reaction scheme pies$en equation 1.18 is the most probable
and we have focused on this reaction scheme fdysisaf the works presented in this thesis. In
this thesis, the major part has been attributethéoexciton dynamics. Thus, at high exciton
density, exciton annihilation reaction may havegnificant contribution to the exciton decay
process. Not only that, the exciton — exciton aitaion process is diffusion controlled and
directly related to the exciton diffusion paramstefherefore, estimation of excton — exciton
annihilation rate constant and exciton diffusiomgmaeters become important. The estimation of
exciton — exciton annihilation rate constant is gioie by solving the differential equation
representing the rate of change af &citons:?® The expression for the rate of change of
concentration of the;®xcitonic state for the above case may be writign a

dis] _ k,[S]*
a2l ysy-2L a9
dt
Here k represents the annihilation free decay of theteri state. kis the rate constant for the
exciton — exciton annihilation reaction. Solutidntlee eq. 1.19 gives us the concentration of the

S, excitonic state at a particular time t1]}S

expkit)

@+k',t) 120

(S =[Sde v

Herek, =k [Si]o/ 2 (1.21)

Any signal, which is proportional to thg 8xcitonic state population, will also follow the
equation. The signal may be the fluorescence eomdsom the $ excitonic state or the excited
state absorption signal. We may observe time depwred of these signals and fit the

experimental data using equation 1.20 to find betwtalue ofk,. The slope ok, vs. [S]o plot

can be used to estimate the exciton - exciton datidgn rate constant. According to the equation

1.21 thek, vs. [S]o plot should pass through the origin when]{®ecome 0. But in reality at
low exciton density, thek, value become zero even when]f$ossess non-zero value. This

exciton density may be considered as the thresbiblthnihilation and useful for estimation of
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the exciton annihilation radius of the material. &dhthe exciton density is less than this
threshold value, there is a little chance for extstto come sufficiently close to participate ie th

exciton - exciton annihilation proce¥8:*?°

Exciton diffusion, diffusion parameters and their mportance

Excitons produced under photoexcitation generalty ribt remain restricted to one
molecular centre in molecular aggregates. Insteadps from one center to the other following
random walk model. The exciton diffusion propegyguantified by exciton diffusion coefficient
of the material. As we have mentioned earlier tbatiton — exciton annihilation process take
place through exciton diffusion and basically itaigliffusion controlled process. Therefore the
exciton — exciton annihilation rate constang) (kas a direct relation with the exciton diffusion

coefficient (D) of the materidf® ***The relation is presented as,
ko= 81DR, (1.22)
Here, R represents the exciton annihilation radius fot thaterial.

Now, this exciton diffusion coefficient is alsorelctly related with the exciton hopping time
(THopp) @nd exciton diffusion length (). by equations 1.23 and 1.24. These are two impbrta
parameters of the material for optoelectronic ootptoltaic applications. The exciton hopping
time basically indicates the average time requicecexcitons to transfer from one center to the
other residing at its neighborhood. The lower vadtie,opp, indicates faster hopping of excitons
and favorable for efficient optoelectronic applioat On the other hand, the exciton diffusion
length is defined as the mean distance traveledewsitons during its lifetimé**'* For
photovoltaic application, specifically after photwgration of excitons, it needs to travel through
diffusion to the donor acceptor interface whererghaseparation can take place. The excitonic
processes, which occur in a photovoltaic device, sshematically represented in Figure 1.9.
Therefore, a material having long exciton diffusiemgth is always desired for photovoltaic
application, because there will be more chanceaherexcitons to reach to the donor — acceptor
interface where charge separation will take placel anay provide larger photovoltaic

efficiency 33!

_ & (Here, d is the inter moleculara®yion) (1.23)

THory ~ o
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Lo= (6Dr)*? (1.24)

The equation for exciton diffusion length reprdserhere is valid for three dimensional exciton
diffusion in the material®® If the exciton diffusion restricted to one or taimensional then the

constant number 6 needs to be replace by 2 osgectively'?%'%% 1%
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Figure 1.9 Excitonic processes involved in the photovol@gwice.

1.4. SCOPE OF THE THESIS

1.4.1. PROBING MICROSCOPIC NATURE OF RTIL SOLVENTS AND ITS EFFECT
ON ELECTRON AND ENERGY TRANSFER REACTIONS

Several groups have tried to probe the heterogeneature of these solvents, by
studying some basic chemical processes like hydrag@m transfer, electron transfer, solvation
dynamics, et¢****°Electron transfer (ET) being the soul of a redomcpss, several reports have
been published on the study of ET processes in Rigdia****** Skrzypczak and Neta have

reported that the ET rate in a RTIL is about aneordf magnitude larger as compared to the
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calculated diffusion controlled rate in the samedmm™* To explain the reason for this
difference, they predicted the existence of vordsnic liquids and the possibility that diffusion
of reacting species took place through movemesegments of the ions while the viscosity was
related to the movement of the whole ions. Paul &achanta observed that the rate of photo-
induced electron transfer (PET) reactions is 24d fogher than the diffusion-controlled value
and they suggested that the microviscosity arobedetectron donor and acceptor was different
from the bulk viscosity of the RTILS®

Recently Maroncelli and co-workers showed thag lik RTIL, the faster rate of an ET
process could also be observed in conventionalnicgsolvents of similar viscosity® They
proposed a model to explain that the following fiactors were responsible for faster ET rate in
highly viscous solvents. Firstly, the quenchingktiquace in the transient regimes due to the
short-lived nature of the transients and hence difieision controlled ET process was not
observed. Secondly, the reactants possessed lgevdynamic radius than that of the solvent
and hence they could diffuse much faster than tkeeded diffusion rate. Hence, they
recommended that ET reaction involving long-livednsients should be an ideal probe to

observe the ET process in the diffusion controtkgime.

In a recent communication, Vauthey and co-workegscdbed the dynamics of PET
reaction between N,N-dimethylaniline and the extis¢ate of 3-cyanoperylene in three RTILs
[namely, 1-ethyl-3-methyl-imidazolium dicyanamid&\{IDCA), 1-butyl-3-methyl-imidazolium
dicyanamide (EMIDCA) and 1-ethyl-3-methyl-imidaaot ethylsulfate (EMIES)] as well as in
the binary mixtures of two conventional solvent${BO and Glycerin) of similar viscositié$'
They concluded that in all these cases, the diftusnotion of the reactants was very similar in
RTILs and conventional solvents of comparable \8ggo They assigned the reason for the
faster ET process in RTILs to the highly viscousura of the solvents, but not related to the
ionic nature of the RTILs. Faster ET rate in highliscous solvents was explained by
considering three quenching regimes, namstgtic, transient and stationaryn the case of
highly viscous solvents, transients having lifetinoé a few nanoseconds get quenched mainly in
the static and transient regimand the average ET rate appears faster than fhgsidn

controlled rate.
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Vauthey and coworkers used the diffusional encautiteory (DET) to calculate the
time-dependence of the ET rate, which decreaseslistenvhile passing through the static and
transient regimes and the stationary value isregthiafter more than a few nanoseconds in the
solvents of low viscositie¥>"**The most important results reported by Vauthey @maorkers
revealed that while the rate of intrinsic ET reatoccurring in the static and transient regime is
controlled by the free energy of reactions, soldymamics and concentration, the rate of the ET
reaction as well as the onset of the stationaryciuieg regime, depend entirely on the viscosity
of the solvent and not on its dipolar or ionic matuTime dependence of the rate coefficients
calculated using DET revealed that the stationalye; ks, is attained only after few hundred
nanoseconds in the case of solvents of very largeosity (say, ~100 cP). In th&tationary
regime quenching is only possible after substantialugibn and an equilibrium between the
diffusional formation of the reactant pairs anditliecay upon reaction is attained, giving rise to

a constant reaction rat&*

Therefore to observe the reaction process in thtosary condition in these viscous
RTIL media one should have long lived transients excited triplet state, anion radicals £f.
19 we can generate these long lived species by (ks photolysis and/or pulse radiolysis
techniqgues and monitor the energy transfer or mlectransfer reaction in the stationary
conditions. So in these present thesis, we hawd the same using the above two techniques and
observe the triplet energy transfer and electrangfier reactions. First we have aimed to verify,
whether we could see the diffusion controlled neactate in RTILs media by using such long
lived transients. Secondly, we would like to obsgettve effect of the presence of long alkyl chain
substituents in the cataionic part of the RTIL$hi@ microscopic pocket formation. We observed
how the above reaction rate constants were affdnyethis microscopic domain formation. We

could also provide some insight about the microgcegcosity of these pockets.

1.4.2. EXPLORATION OF EXCITON DYNAMICS AND ESTIMATI ON OF EXCITON
DIFFUSION PARAMETRS IN ORGANIC NANOAGGREGATES

As we mentioned earlier that the organic nanoagges are potential material for
optoelectronic, photovoltaic device applicatidhs™*’**®*Working efficiency of these devices
mainly depends upon the excitonic property andiefloee, exploration of exciton dynamics and

exciton diffusion parameters are esserfialHowever, for this purpose, plenty of verities of
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organic dyes are available. But for our primaryestigations, we have chosen some basic
polyacene molecules namely, anthracene, pyrengleperetc. These are extendedonjugated
systems and suitable farn interaction. These molecules can produce staldeeggtes, have
strong absorption in the near UV-Visible regionsgess high emission yield, can arrange in
different crystalline phas&® Thus we can understand different aspects of tiyeeggtes, and
corresponding effect on the exciton dynamics andtea state photophysics. Depending upon
their emission spectral range, emission yield atferorelated issues, we may infer their
applicability in emission or display devices. Ore thther hand, depending upon the exciton
lifetime and exciton diffusion properties, we marpoyide some ideas about the suitability of
their applications in photovoltaic devices. In tlast part, our focus will be on the study of
exciton dynamics and diffusion properties of aggteg of different phthalocyanine derivatives.
We observe the effect of introduction of bullBu group and one more-conjugated aromatic
ring in the four peripheral positions, Znion complex formation upon the above mentioned

properties.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES AND INSTRUMENTATION

2.1 INTRODUCTION

Transformation of reactants into products througih@mical reaction has been a subject of
intensive investigations from ancient times. Thaggbirth to the Arrhenius equation, which was
formulated to calculate the rate of a particulact®n’ In 1949, Norrish and Porter developed
the flash photolysis technique to investigate tpectroscopy and lifetime of the transient
molecular species, which are the short lived inetiates between the reactants and products in
millisecond time scale in order to formulate thechanism of the chemical reactidi.Since
then spectroscopy has become an indispensiblddoalentification and characterization of the
various transient species and intermediates gextenatthe course of a chemical reaction as well
as to determine the rates of reactions of thessnddiates. High resolution or ultrafast time
resolution as well as high sensitivity and accuratyhe spectrometers developed over time,
have been the real work horses for microscopic rstaleding of the physical and chemical
processes at the atomic or molecular level. Spsobfmc techniques have been immensely
developed because of availability of highly sophé&ted laser and optical detection systems. On
one hand, lasers with extremely narrow bandwidthiehmade possible the high resolution
atomic and molecular spectroscopy (resolution <0rl'), on the other hand, ultrashort laser
pulses have made possible detection of intermediaiéh lifetimes as short as less than a
femtosecond (I& s), generating the possibility of studies of vt dynamical processes, such
as breaking or forming of chemical bonds followingbsorption of photors. Ultrashort
(picosecond and femtosecond) laser pulses havetigliy been used to initiate and monitor the
cascade of events that occur when the light is ralesbby the molecul&® In addition, high
intensity as well as short duration laser pulsesrehbeen helpful in development of numerous
nonlinear spectroscopic techniques, which have kegneffectively used in investigation of the

processes in the excited states of molecules aneriala.
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Among various experimental techniques available -aeshays to monitor the physico-
chemical processes occurring in the excited statése molecules and materials, those based on
optical spectroscopy are extremely popular. Tealsqused in the present thesis are mainly
based on absorption or emission of light by thenthal species in the excited states. Both
steady-state and time-resolved absorption anddiaemnce spectroscopic techniques have been
used here to carry out the investigations presentéte thesis. The thesis is based on the studies
of the photophysical properties of the transienéated in various kinds of self assembled media.
Techniques used for the characterization of th@aggregates are also described in this chapter.

2.2 STEADY-STATE ABSORPTION AND FLUORESCENCE MEASUREMENTS

The electronic transition of most of the organicocthophores occurs through absorption of
photons in UV-visible region. Therefore UV-Visib&sorption spectroscopy is considered as
one of the basic and widely used technique to ohbtfa¢ information about the ground state
absorption of the sample. Wavelength region andnetkdbn coefficient of absorption of a
chromophore is considered as its characteristicasige and absorption spectroscopy is one of
the powerful techniques for both qualitative andmfitative analysis of the sampfe$vhen a
molecule undergoes monomer to aggregate transtiemthe associated electronic energy levels
also undergo significant changes and this effecdirectly monitored through absorption
spectroscopy by observing the changes in the pasitf spectral lines or bands, broadening or
sharpening of the absorption bands or changes @nettinction coefficient. Present thesis
contains a major portion of the work based on ogaanoaggregates. Therefore the UV-Visible
absorption spectroscopy may be considered as antedstool for characterization of the
nanoaggregate systems.

The UV-Visible absorption spectra were recordedngisia Jasco model V-670
spectrophotometer. Absorbance (A) of a speciesngagoncentratiorC in a chemical system
and molar absorption or extinction coefficientat wavelengtii is given by the equation 2.1.

Iy

.‘—'&Z]UET: £ ,C1

[
=
[

Here,lo andl are the intensities of the transmitted light afiassing through the blank cell
and a cell with sample, respectively dnd the path length of the light beam passing tghothe

sample. For UV-Visible absorption measurements,pdasnwere taken in a quartz cuvette of 1
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cm path length. The schematic diagram of a duatdbed&V-Visible absorption

spectrophotometer is provided in Figure 2.1.

n Reference
£ M / > Oj Detector
IV IV |

Tungsten D, Lamp
Lamp

Data
Acquisition

) _ . Filter Splitter
Diffraction Grating

Figure 2.1: Schematic diagram of UV-Visible absorption spegehraometer.

The steady state photoluminescence measurememotbest most useful technique for
characterization of electronically excited statethe chromophores. At room temperature (~25
C or 298 K), photoluminescence observed from tlgamic molecules are mainly fluorescence
emission and fluorescence spectroscopy is a vemgulpp and sensitive technique for
characterization of the excited states of luminescmmpleS. We have used steady state
emission technique frequently to characterize thenoaggregate samples. Fluorolog 3
spectrofluorometer (Horiba JobinYvon, France), basn used for recording room temperature
photo-luminescence (PL) spectra of the nanoaggeegmnples. The instrument uses a 450 watt
continuous powered high pressure xenon lamp asxXtigation source and the desired excitation
wavelength is selected using an excitation monauohator. Sample is excited ina 1 cm x 1 cm
suprasil quartz cuvette and the fluorescence isared in a perpendicular direction with respect
to the direction of the excitation beam. The ensissvavelengths are selected using an emission
monochromator and detected by R-928F (Hamamatsojoptultiplier tube (PMT) as the
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photodetector. The schematic diagram of the fluzmese spectrometer is provided in Figure 2.2.
The interference from the excitation and scatteagliation is eliminated using appropriate filters

put in the light beam before the emission monoclkatom Emission spectra are corrected by
multiplying the correction factor to the uncorret&pectra. The correction factor is generated by

using the correction kit provided by Horiba.

Light source (broad band)

Detector

Sample — |

Sample compartment Emission monochromator

Figure 2.2: Schematic diagram of Fluorolog 3 spectrofluorom@tmriba JobinYvon)

The emission quantum yield of a material is alsengmortant photophysical parameter for
the application purpose. We have estimated thestomigjuantum yield for the samples using the
comparative emission yield estimation metfiddere we have chosen some reference samples
having known emission quantum yield and could beated using light of the same wavelength
as it is used for the sample. The emission yielddcbe estimated using equation 2.2.

2
Areferencex Fsamplex ”sample

2
Freference A sample ,7 reference

Psample=

X meference (2 2)
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Where Areference@Nd Asamplie are the absorbances at the excitation wavelelgtfasenceand
Fsampie@re the integrated fluorescence intensities@&idlenceanNdnsampie@re the refractive indices
for the reference and the sample solutions, resdet To minimize the self absorption effect
and other ambiguities, absorbances of both the leaamul reference sample are kef.1. For
nanoaggregates, all the steady state absorptioneamssion measurements were carried out

using aqueous dispersion of the sample.
2.3 CHARACTERIZATION TECHNIQUES FOR NANOAGGREGATES

2.3.1 Dynamic Light Scattering"®

Dynamic light scattering (DLS) is a well known tedfue which is very routinely used by
the material chemists for several decades. Thiiqae is useful to obtain the size distribution
of micron to nanometer size particles suspendedliguid mediunt? In a basic light scattering
experiment, one measures the average scatterewsiigtds (that is the average rate of flow of
energy per unit area of cross section) or the gnspgctrum of intensity &) whereo is the
angular frequency of the scattered light. Batand S¢) are measured at various angles as they
are angle dependent. Thebkars information about the static propertieshefgcatterer whereas
S(w) bears information regarding the dynamics ofdtatterer.

When light photons hit small particles, there issignificant probability to undergo
Rayleigh scattering as long as the particles amdlssompared to the wavelength of the light. In
solution phase, small particles undergo Browniantions and so the distance between the
scatterers in the solution is constantly changiri wme. The scattered light then undergoes
either constructive or destructive interference thg surrounding particles, and within this
intensity fluctuations observed by the detectofprimation is contained about the time scale of
movement of the scatterers.

The dynamic information about the particles is vl from an autocorrelation of the
intensity traces recorded during the experimente Becond order autocorrelation curve is
generated from the intensity traces as follows:

CI(E T

g7 (q.1) = (2.3)

LI ent
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Where g(qg;t) is the second order autocorrelation function gtagicular wave vector, g, and
delay timeg, and | is the intensity. The angular brackets erale the expected value operator.

At the initial time delays, the correlation remalmgh because the particles do not have a
chance to move to a great extent from the initaesthat they were in. The two signals are thus
essentially remain unchanged when compared afteryashort time interval. As the time delay
becomes longer, the correlation decays exponentialeaning that, after a long time period
there must not be any correlation between the eseattintensity of the initial and final states.
This exponential decay is related to the motionth& particles, specifically to the diffusion
coefficient. To fit the decay (i.e., the autocoaten function), numerical methods are used,
based on calculations of assumed distributionthdfsample is monodisperse then the decay is
simply a single exponential. The Siegert equatietates the second-order autocorrelation
function with the first-order autocorrelation fuiwet g'(q;7) as follows:

g*(a. 1) =1+pFg" (e D] (2.4)

Here the parametdY is a correction factor that depends on the gegmaetid alignment of the
laser beam.

For a suspension of monodispersed, rigid, sphenmzticles undergoing Brownian
diffusion, the first-order correlation function @gs exponentially and is given as,

g (1) =exp (- Dg1) (2.5)

Where D is the translational diffusion coefficiard q is the magnitude of the scattering

wave vector given by equation 2.6,

dmn g e
= — szin — .
q > > (2.6)

Here, n is the refractive index of the solvent,is the wavelength of light, an@l is the
scattering angle. For small, dilute, non-interagtapheres the hydrodynamic radiug, €an be

obtained from the translational diffusion coeffiti@ising the Stokes-Einstein relationship.

D= (2.7)
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Where k is the Boltzmann constamf,is the solvent viscosity, and T is the absolute

temperature.

For the present work, DLS measurements were caotédsing a Malvern 4800 Autosizer
employing 7132 digital correlator. He—Ne laser aped at 632.8 nm with a power output of 15
mW was used as light source for these experiméidtsneasurements were carried out at an
angle of 130 between the source and the detection light pdthe.general set up for the DLS

instrument is presented in Figure 2.3.

Temperature
Controller

Sample Cell

Sample

e B
|

Container
Pin Hole Lens
—__ PinHole
Filter
Digital
Computer Correlator APD

Figure 2.3: Block diagram of a typical DLS instrument.

2.3.2 Atomic Force Microscopy®!!

Atomic force microscopy (AFM) is a scanning probecmoscopic technique with the
maximum resolution of fractions of a nanometer, alihis 1000 times better than the optical
diffraction limit. It is one of the preferred todisr imaging, measuring, and manipulating surface

of the material at the nanoscafdt can also be used to measure forces, which ®itant for
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the study for biological molecules like proteinsicteic acids eté! Figure 2.4 presents the

schematic layout of AFM instrument.

Detector and
Feedback Electronics

Photodiode

Laser

Cantiliver & Tip

Sample Surface
———— o —

PZT Scanner

Figure 2.4: Schematic layout of AFM instrument.

The AFM basically consists of a cantilever withhap tip (probe) at its end; that is used to
scan the specimen surface. The cantilever is tifpiSaor SgN (silicon nitride) with a tip radius
of curvature on the order of nanometers. When ifhestbrought into proximity of a sample
surface, force between the tip and the sample leadsdeflection of the cantilever according to
Hooke’s law. The deflection of the cantilever immgrally measured using a laser spot reflected
from the top surface of the cantilever into anyawhphotodiodes. Scanning the tip at a constant
height can cause damage to the tip due to collisfotihe tip with the surface. Hence, in most
cases a feedback mechanism is employed to adjaestigito-sample distance to maintain a

constant force between the tip and the sample. €dionally, the sample is mounted on a
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piezoelectric tube that can move the sample inztbgection for maintaining a constant force,

and in thex andy directions for scanning the sample.

The AFM tip is able to scan extremely small intéi@at area using a tip of 5-50 nm which
gives it high sensitivity. This technique is usexl atool for creating the three dimensional
micrographs for the samples with resolution dowrhi® nanometer scale. AFM measurements

included in the present thesis are carried ounstruments namely, NT-MDT, Solver Model.

Samples for AFM analysis were prepared by followingthod. The aqueous dispersion of
aggregate to be analyzed were drop casted on ¢ce pi the clean mica sheets and spin coated
at 5000 rpm speed to get homogeneous distribufi@ggregates over the mica sheet. Then the

samples were allowed to dry under IR lamp.
2.3.3 X-Ray Diffraction** **

Max von Laune first discovered that, crystallindbstiances act as three dimensional
diffraction gratings for X-ray light, as the wavetgh of X-ray and the inter planer spacing in
crystal lattice are in the same rarfgex-ray diffraction caused by crystalline sample sesi

constructive and destructive interference at défifieiangles.

X-ray diffraction required monochromatic X-ray soer In general X-rays are generated
by a cathode ray tube, filtered to produce monadata radiation. The beam is further
collimated and directed towards the sample withigalar incident angle. Constructive inference
take place when the condition satisfy Bragg's law € 2d sim). This equation relates the
wavelength of X-ray with the diffraction angle afadtice spacing. The diffracted X-rays are
detected for a range 0p25 to70 and all possible diffraction angles are attendedhtain the

crystal structural featurg.

For our present thesis we have mainly used pow@Rd ¥echnique as a tool of structural
analysis of molecular aggregates. Powder XRD isapidr analytical technique where the
analyzed material is finely ground, homogenized angktalline phase of the material is
identified.
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In general, X-ray diffractometers consist of thbasic elements: an X-ray tube, a sample
holder, and an X-ray detector. X-rays are generatedcathode ray tube. In this tube a filament
is heated to produce electrons which are furtheelacated by applying voltage and bombard on
a target material. Cu, Fe, Mo, Cr these are somaroan material used as target. The bombard
electrons possess high energy to dislodge inndredbetrons and it causes inner orbital electron
transfer to provide characteristic X-ray from theterial. These spectra consist of several
components, the most common beingafd K. K, consists, in part, of K and K,. K1 has a
slightly shorter wavelength and twice the intenség compared to that of the K
Monochromatic X-rays obtained by filtering, with foils or crystal mochrometers. Copper is
the most common target material for single-crysditftaction, with Cuk, radiation = 1.5418A.
These X-rays are collimated and directed onto @n@pde. As the sample and detector are
rotated, the intensity of the reflected X-raysdsarded. The schematic diagram of XRD setup is
provided in Figure 2.5.

Detector

X-Ray Source

Figure 2.5: Schematic diagram of XRD setup.

The XRD pattern of our nanoaggregate samples vemrerded on a Agilent Super Nova X-ray
diffractometer using Cuzkradiation § = 1.5418 A), over the two theta range of 5-56r the

vacuum dried powder samples.
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2.4 Time Resolved Emission

When a molecule absorbs a light photon, one adjitsted states is populated following
which the latter decays back to the ground stateutih several photophysical processes, the
details of which have already been discussed impt@nd. Fluorescence emission is one of such
processes, which occurs, in general, because ofatliative transition from the;3o0 & state.
The fluorescence signal observed after certain toheexcitation of a sample is directly
proportional to population of the; State at that particular time. Therefore, the timgolved
fluorescence measurement may provide us directrirdbon about the lifetime of the

corresponding state.

In the works presented here, we have used twcerdift time resolved emission
techniques, (1) Time Correlated Single Photon Gagn(TCSPC) and (2) Fluorescence Up-
conversion techniquésThese techniques differ in the working principieveell as in the time
resolution. The first one is used for samples Wittimes in the range of few picosecend to a
few microsecond time scafé? On the other hand, the second one may achieves gefes of a
femtosecond time resolutidiThe basic working principles about these expertaigechniques
are described in the following subsections.

2.4.1 Time Correlated Single Photon Counting (TCSPCTechnique’

TCSPC is a well established technique, which has hesed to monitor the time-resolved

emission. The principle and operation can be desdras follows.

This technique involves the excitation of the skamith pulses from a pulsed laser or
light emitting diode (LED) or a flash lamp and tthetection system monitors the time difference
between the excitation pulse and the first fluoeese photon from the sample. The prerequisite
for this measurement is that only one photon isoled for a large number of excitation pulses
i.e. one photon is observed for < 2 % of the totahber of excitation pulses. That is the reason;
the technique is called as ‘single photon countitg’this situation, the statistics follows the
Poisson distribution and a true time-resolved eimmsprofile is obtained. A schematic diagram

of TCSPC setup is represented in Figure 2.6.
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An excitation pulse (optical pulse) source is $pditinto two parts; the major part is used to
excite the sample and other fraction of it is usedhitiate the detection system. The process is
done in the following way: a small part of the lighom the excitation source is directed to a
START PMT (Photomultiplier tube) to generate thec#iical STARTsignal, which is routed
through a Constant Fraction Discriminator (CFDYXhe START input of a Time to Amplitude
Converter (TAC), which initializes charging opeceatiof TAC. In the mean time, the major part
of the light from the source optical pulse excitke sample, which subsequently gives the
fluorescence emission. The emission photons aredbatected by a STOP PMT (at right angle to
the direction of excitation) to generate an elealr5TOPsignal. TheSTOPpulse is then routed
through another CFD and a variable delay line ®SROP input of the TAC. After receiving the
STOPsignal the charging operation of the TAC is stapped it generates an electrical output
pulse (TAC-output) which has amplitude proportiot@lthe time differenceAt) between the
STARTandSTOPpulses arriving to the TAC. The TAC output pulse¢hien given to the input of
a Multichannel Analyzer (MCA). The MCA is having amalog to digital converter (ADC),
which generates a numerical valug;(rtorresponding to the amplitude of the TAC outpod a
count is added up in an appropriate channel (sdyyaf the MCA, selected by the numbenrdn
generated in the ADC. This cycle (from excitatiordata storage) is repeated for a large number
of times to generate a histogram of counts agadiresichannel number of the MCA. Since the
collection of the emission photons in the stop P kept very low (<0.02 photons/excitation
pulse) the distribution of counts in the MCA chalsnge. the histogram) exactly represents the
probability of emission of a single photon after excitation event and thus the fluorescence
decay of the sample. Since the MCA channels arératdd with respect to time, the
fluorescence lifetime of the sample may be obtaimethe analysis of the observed histogram in
the MCA.
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Figure 2.6: A schematic block diagram of the TCSPC spectromete

All kinetic measurements, in case of laser exatgthave been performed by keeping the
excitation polarizer at the vertical position ahe £mission polarizer at the magic angle (54.7°)
with respect to the excitation polarizer. Thus flnerescence collected at the magic angle with
respect to the excitation polarization remains ffemm any anisotropy components and
represents the actual total fluorescence intewgtay. All the measurements represented in this
thesis are done in a condition such that the coaintse peak of the time-resolved fluorescence
decay are larger than 5000. Appropriate cut-oféff were placed just before the focusing lens
to remove any scattered exciting light entering ih@nochromator from the sample chamber.
The emission decay thus observed is de-convoluitdtiae instrument response to get the actual
lifetime. The instrument response function (IRFjnsasured using a scatterer solution placed in
place of the sample. The TCSPC measurements ahgsesa&arried out in this thesis have been
performed by using an instrument of make IBH, UKhe excitation wavelength was set
considering the absorption spectrum of the samplee fluorescence decay profiles thus
recorded using the TCSPC technique were fittedgusia IBH DAS 6.2 software.

2.4.2 Fluorescence Up-conversion Technigtre'®

This is an advanced technique used for the timehred emission studies with
femtosecond time resolution. To achieve ultra shiare resolution, it is mandatory to have a
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light source which generates femtosecond excitgbolses and the detection technique needs
also not to be limited to electronics response tofi¢ghe detector. Here, ultrashort light pulse
used to create the emissive excited state and arorgtof the fluorescence transient by time
gating using the nonlinear frequency mixing techeily*® The emission light (frequenay;)
collected from the sample following its excitatiauith an ultra-short laser pulse and a suitably
delayed intense laser pulse, known as the gatee {fdsquencywg), are focused into a thin
nonlinear crystal, whose optic axis is oriente@raappropriate angle with respect to &heand

og light beams. The sum-frequency photons (frequengyare generated only during that time
for which the ultra-short gate pulse is presenthatcrystal along with the comparatively long
lived fluorescence light. Thus, frequency mixingcos only for a thin temporal slice of the
fluorescence decay and accordingly acts as a lggte, providing time-resolution quite
comparable to the width of the gate pulses used.slim frequency generation is also called as

photon upconversion process and thus this techrjgtsethe name ‘up-conversia’.

F 0
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-
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Mg Non-linear Signal -
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Figure 2.7: Schematic representation of sum frequency generatia nonlinear crystal.

The efficiency of the up-conversion process, whigha three photon mixing process,

largely depends upon the phase matching conditioong the wave vectorsﬁo of these three
light beams &g, 07, andws), that interact in the nonlinear crystal. The slwegjuency generation
process needs to follow two important criteria, thenergy conservatiénas well as the
“momentum conservation’and these are achieved only at thghdse matching conditién
among the interacting lights in the nonlinear c&t'® The energy conservation criterion gives
us the following relation among the frequencieshef different light involved.

W, +Wy =y (2.8)
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Similarly, the phase matching condition suggests fihllowing relation among all the wave

vectors involved in the nonlinear phenomenon ferriost efficient sum-frequency generation.
K, =k, +K, (2.9)

Here Igg : k?l and IZS are the wave vectors for the gate, fluorescencethe sum frequency

lights. In accordance with relation 2.9, the clesmnto the phase matching condition for sum-

frequency generation is often expressed by thenpetex called phase mismatchk , and is

expressed by the following equation.

+K,) (2.10)

For the co-linear propagation of the gate and theréscence beams, the above expression for

the phase mismatch for the sum-frequency generatiorbe simplified as,
Y R !
Ak:ks_(kg-l_kfl):E(nsws_ngu)g_nfp)fl) (2.11)

Here c is the velocity of light in vacuum ang ny and i are the refractive indices of the sum

frequency, gate and fluorescence lights, in the-lm@ar medium. Obviously, the true phase
matching condition suggests that thé value should be equal to zero. It is thus cleat the

smaller is theAk value, more closer is the situation for the trbbage matching condition and
accordingly the better should be the efficiency thoe fluorescence up-conversion proc&s$.
Such an ideal situation is, however, not possiblachieve practically, because none of the light
beams used are monochromatic in nature. Thus]lfpraetical purposes in the fluorescence up-
conversion measurements, the best efforts are n@adachieve the lowest possible phase
mismatch condition such that the intensity of thensrequency light becomes the maximum. To
achieve this, the optical axis of the nonliner tayss rotated with respect to the polarization
direction and the direction of propagation of tlaegand the fluorescence light pulses until the
intensity of the sum-frequency light becomes theximam for a selectedy value (i.e. the
monitoring emission wavelength). The selectiomgfor the monitoring emission wavelength is

easily achieved by setting the wavelength of theaocbromator in front of the photodetector
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corresponding to the sum-frequency lightthat is expected according to eq. 2.8 for thecsete
on and the fixedog for the gate pulses used. Thus, by selecting réiffeemission wavelengths
for the measurements and accordingly tuning thécalpaixis of the non-liner crystal for the
maximum sum-frequency light for each of these dmlas, one can easily carry out the time-
resolved fluorescence up-conversion measuremengs\iade range of wavelengths covering the
whole fluorescence spectrum of the sample. A pragmection of the non-linear crystal is,
however, essential to achieve this because diffarenlinear materials have different spectral
ranges for their suitability and efficiency to uprwert the fluorescence light by mixing it with
the gate laser light. Among different non-lineaystals, thep-barium borate (BBO) is mostly
used as nonlinear crystal in the fluorescence upeion measurements, because it has a high
transmittance over a wide spectral range (covartnogt of the UV-visible spectral region) and a
reasonably high non-linear efficiency for the suegliency generation process.

Since the beam size of the fluorescence collectad the sample is always quite large, it
is always required to focus the fluorescence beartodhe non-linear crystal with a broad cone.
Thus, the nonlinear crystal used for up-conversi@asurement should have quite high phase
matching acceptance angl) such that the maximum of the fluorescence ligit loa utilized
in the up-conversion process. For a nonlinear aty#ite phase matching acceptance antfe,

is expressed by the following relation.

pg =21 98K (2.12)
d| 00

Here d is the thickness of the nonlinear crystals levident from the above equation that the
smaller the thickness of the crystal, the largehe&sA0 value. Thus, the thinner is the non-linear
crystal, the easier is the tuning of the crystak drr the efficient sum-frequency generation.
However, with very thin crystal the integrated mgay of the sum-frequency light becomes very
low and accordingly the system becomes overalficieht. Thus, in all practical systems, there
is a compromise to select the optimum crystal théds. Crystals with thickness of about 0.5 mm
are quite commonly used in most fluorescence up®ON Measurements, without sacrificing
much on the acceptance angle and at the same ttmgaarificing much on the time resolution

of the measurements.
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Brief description of the present fluorescence up-conversion setup

The block diagram of the femtosecond fluorescengeanversion instrument used for our
experiments is shown in Figure 2.9. In this instemiy the ultra short laser pulses (wavelength
around 780 nm, pulse duration of ~100 fs, at a tiepe rate of 1kHz) obtained from an
amplified ultrafast laser system have been used.dthiput laser beam is first passed through a
harmonic generator unit, where thH¥ Barmonic (390 nm) of the laser light is generatsithg-
-BBO crystals and by proper tuning of their optigisafor the required phase matching
conditions. The higher harmonic light thus produtedeparated from the residual fundamental
light by using a dichroic mirror and is used foe thxcitation of the samples of our interest. The
intensity of the higher harmonic light is normalkept reasonably low to ensure that the
fluorescence intensity remains linearly dependenth@ excitation laser intensity. This is also
required to minimize the photo-degradation of tlanpgles during the measurements of the
fluorescence decays.

In our experimental arrangement, the sample salis@enerally kept in a rotating quartz
cell of 1 mm thickness. The sample cell is rotatedtinuously during the measurement to
prevent localized heating of the sample and coresfyuto minimize its photo-decomposition.
A cut-off filter is used immediately after the sampgell to prevent the residual excitation light
and/or Raman light to reach the detection systdm.tifansient fluorescence originating from the
sample is then focused onto an up-conversion dry@8ta mm thick BBO crystal), using two
parabolic mirrors. The residual fundamental beamsed as the gate pulse is first directed to an

optical delay line and subsequently focused oneaughrconversion crystal.
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Figure 2.8: The Schematic diagram of the fluorescence up-asiom spectrometer. .

A translational stage, driven by a stepper motdh & step size of 0.um, is used to
change the delay of the gate pulse. Each stepeofréimslational stage changes the optical path
length of the gate pulse by Qu2n, thus delaying the pulse by 0.66 femtosecondsfep. The
gate pulse is focused onto the up-conversion drysiag a lens to mix with the fluorescence
signal and thus to generate the sum-frequencyeouphconverted signal. The upconverted light
is focused onto a slit of a double monochromattergbassing through a UV band pass filter
(UG 11) that eliminates the gate and the unusemtdkcence light but transmits the up-converted
light. This up-converted light is finally detectég using a photomultiplier tube connected to a
photon counting system (CDP Inc. Russia).

A variable wave plate (Berek Compensator) in théh pd the excitation beam is used to
control the polarization direction of the excitatipulses relative to the horizontally polarized
gate pulses. Fluorescence up-conversion measurgraemtnormally carried out under magic
angle condition to avoid the rotational depolaimateffect of the probe molecules on the

observed fluorescence decays.
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2.5 Time Resolved Transient Absorption Spectroscopy

Following absorption of a photon, the propertied #re recativities of the excited states
of the molecules become significantly differentnfrahose of the ground state because of
different electron density distributions in the ié&d states. These states are of short lifetimes
and commonly called agransients Since the electron density of the molecule gn#icantly
different from that in the ground state, the abSormpspectrum associated with these transient
species significantly differs from that of its it form. Therefore the transient absorption
spectroscopic technique is useful for charactaedmatf the transient species in a way similar to
the technique of characterization of the groundestpecies using steady state absorption
technique’. Since these transients are short lived, the tieselution of the transient absorption
technique should be fast enough to monitor the tgrand decay kinetics of the transients and
sensitive enough to record their spectra duringr thietime. We have used two different
transient absorption techniques, the basic priecgdl which is very similar, but differs in the
time resolution and hence the experimental setuye @ these is used for transient absorption
measurements in the ns to ms time range after pkoitation of the samples. This technique is
commonly known as ‘laser flash photolysis’, becaumsgeneral a nanosecond laser is used for
sample excitation or photolysis, following whichodéimer light flash is used for optical detection
of the transienté2 The time resolution of the set up is dependentonbt on the duration of the
excitation pulse but also the time response ofdétector, a fast photomultiplier or photodiode.
The second one may have the time resolution dovievids or sub-picosecond level and is well
known as ‘ultrafast pump — probe transient absonptechnique*®?! The later technique is
known as pump-probe spectroscopy, because, herdighly intense ‘pump’ beam is used to
produce the transient species and another weakiynse beam used to ‘probe’ the transient
species at different delay times between the pumg probeé’?? Time resolution of the
spectrometer, however, depends only on the durafidhe excitation pulse, but not on the time
response of the detector, which is really a slow mwegrating photodiode. However, to obtain
information in femtosecond time domain precisiotagdine of sub-micron distance resolution
is essential to be able to delay the probe pulsle mspect to the pump pulse by a few fs. The
probe beam may be generated in different speegibn e.g. visible, infra red, terahertz ¢’

In the present thesis we have mainly used UV-wsipbmp and UV-visible-near IR probe

spectroscopy to characterize the transient species.
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In the transient absorption experimergscdbed above, there can be three different
contributions to the transient absorption sign@lse electronic transitions associated with these
three different type of TA signals are representedrigure 2.9. First the strong pump pulse
excites the molecules from the ground statg (& a higher excited state $r S,. Then, the
molecules in the excited state absorb probe lighlted as excited state absorption (process A in
Figure 2.9¥%?This is seen as decrement in the probe light @mdéthere is an increaseAA.

The probe pulse may also excite the molecules ttrground state to the excited state, which
will result in a bleaching of the ground state,qass C in Figure 2.9. This will be seen as an
increase in the detected probe intensity in presericoump compared to that in absence of
pump, which eventually appears as negative?* Finally there may be stimulated emission
from the excited molecule, which can be seen asga®B in Figure 2.9 and this will be detected

as a decrease in th\.?>?°
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Figure 2.9: Scheme of the states involved in a pump probererpeat in a dye solution. (A)
Excited state absorption (B) Stimulated emissi@).Eleaching.
Brief description about the experimental setup amatking principles of the two transient

absorption spectroscopic techniquesare providéeriollowing sub sections.
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2.5.1 Nanosecond Flash Photolysis

Photoinduced long lived transients (e.g. long ligeadglet, triplet excited state, radical
cation, anion etc.) can be monitored by laser fialsbtolysis experimerft® The technique was
introduced by Porter and Norris in 1949 and sitemtit has become a basic tool in the study of
the photochemical and photophysical properties ommounds under the effect of light
irradiation. The sample is excited by the intensksg of the pump source (normally a laser) to
create the excited state population with suffidiertigh concentration. The spectral and
temporal properties of these excited state molscaite monitored by a white probe light from a
pulsed xenon lamp passed through the sample dtaiggles to the path of the exciting pulse.
After passing through the sample the probe lighttiiescted to a monochromator / spectrograph.
The transmitted probe light is then measured eiplyea single detector (for kinetic analysis at a
single wavelength) e. g. PMT or by an array dete(ftr spectral analysis at a given time). The
transmission intensity of the sample before, dyrargl after the exciting pulse are converted by
the detector into electrical signals and measunredrb oscilloscope (in the case of the single
detector) or acquired by a CCD camera (in the cdsan array detector). The changes in the
transmission intensity are normally converted icttanges of optical density. The basic layout of

the set up is shown in Figure 2.10.
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Figure 2.10:Basic layout of nanosecond flash photolysis expenital setup

In this present thesis, the flash photolysis expents with about 5 ns time resolution
were performed using a Laser Kinetic Spectroméidimpurgh Instruments, UK, model LP920).

The sample in a 1 cm x 1 cm quartz cuvette wastexkaising second or third harmonic of
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Nd:YAG laser (Thales Laser SA, France, model: SAGA) 532 nm and 355 nm, respectively;
having laser pulse width of ~5 ns duration and AROpulse energy . Continuum light (250 —
1000 nm) from a pulsed 450 W xenon arc lamp wasl asethe optical probe. Time-resolved
transient absorption spectra in the 300 - 850 ngiorewere recorded using an ICCD camera
(Andor, UK, Model: iStar-320T) and the temporal aipgion profiles at selected wavelengths
were recorded using photomultiplier tube (Hamam#&820) connected to a 200 MHz digital

oscilloscope.

2.5.3 Ultrafast transient absorption spectrometer

This is one of the most useful techniques to restte excited state dynamics in the sub-
picosecond time regint&?® Achievement of such ultrafast time resolution feegi a source
which can provide the pump and probe lights hayualge width< 100 fs. Invention of ultrafast
laser systems resolved the issue of such shor golsrced®>! Ti-Sapphire crystal having broad
stimulated emission band are considered as motbseilaser material for this purpose and
mostly used for the ultrafast spectroscépy? Er* doped fiber laser also provide short pulses
having pulse width of ~80 fs. These materials pesdaroad stimulated emission band and
provide large gain bandwidth which is an essemaldition for ultrashort pulse generation. In
Ti:Sapphire crystal the basic principle of femtas®t pulse generation relies on Kerr lensing
effect of the Ti-Sapphire gain medium which leadlself focusing of the Gaussian laser beam
passing through it. The Kerr lens forms a passintrdcavity’ aperture and introduces power
dependent loss and intence longitudianal modeeked to generate fs light puls&s.

The output energy from these ultrafast laser adoits and in range of few nJ. This small
energy/pulse is not suitable to generate significemcentration of transient species. Therefore,
the energy of the output beam required to be amglivhich is carried out following the chirped
pulse amplification (CPA) techniqd@. This technique is employed in order to avoiddhenage
of the gain medium by the high-intensities puldes. example, a 3 mJ, 80 fs pulse focused to a
100 um spot size has a peak fluence of ~4 ¥ ¥@cm2, which is ~ 1000 times higher than the
damage threshold of most optical materials (GW/cni®e peak power reduction is done by
temporal stretching of femtosecond pulses. Thetcéteel pulses are then safely amplified,

followed by recompression to the femtosecond domati
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An ultrashort laser pulse is characterized by thead spectral distribution. By using a
combination of gratings and/or lenses, the indigidinequencies within an ultrashort pulse is
separated (stretched) from each other in timeReggpae 2.8). The longer component wavelength
(red part) is diffracted at larger angle as comgaxe blue part. This wavelength dependent
divergence creates a path difference between thamd blue part of pulse leading to temporal
stretching of the incoming pulse. The duration lué incoming femtosecond pulse is usually
stretched (chirped) up to few hundred ps. The tieguthirped pulse is ready to be amplified,
since peak power of a stretched pulse after arogtibn is lower than the damage threshold of
the amplification crystal.

The most widely used approach of pulse amplificattothe regenerative and the multipass
techniques. The regenerative amplification tragsghlse to be amplified in a laser cavity until
the gain is saturated. Trapping and dumping theegoul and out of the resonator is performed by
a fast-switching Pockel cell and a broad-band jmar Amplification done by excitation of gain
medium with powerful Nd:YAG (or similar laser) lassource. The Pockel cell consists of a
birefringent crystal, which can change the poldararaof a traveling laser field by applying a
voltage on it and controls the injection and exicac of laser pulses from the regenerative
amplification cavity. Further amplification carriexit using multipass amplification technique
where different passes are geometrically sepatatede another.

After amplification the pulse is recompressed b#xlits original duration by a conjugate
dispersion line in the compressor (Figure 2.8). fitaén challenge for a compressor is to recover
not only the initial pulse duration and qualitytlaiso to compensate the dispersion introduced
in the amplification stage itself. To achieve tlgsal, the distance between gratings in the
compressor is set longer than that in the stretchleis will compensate overall second-order
dispersion and help in producing relatively shaitsps, but at the expense of introducing higher-
order dispersion terms, which usually create etg¢raporal features in the compressed pulse

such as prepulses and/or wings.
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Figure 2.11: (A) Schematic diagram of pulse chirping and (Bh&uatic diagram of pulse

compression.

Fundamental wavelength of 800 nm or 780 nm lightaioled from the femtosecond
amplified laser source is not suitable for exaitatias most organic chromophores absorb in UV
and visible region. To obtain femtosecond pulsed4Gff nm or 390 nm, which are suitable for
photoexcitation of large numbers of organic andgaaic molecular systems, second harmonic
generation (SHG) technique was employed. Type | BB@tal of 0.5 mm thickness is used for
generating second harmonic generation. The secomdndmic generated is polarized
perpendicular to the fundamental (type | phase hiagg. This 400 nm or 390 nm wavelength
light is used for sample excitation in most of th@nsient absorption studies presented in the
thesis. The second harmonic and the fundamental s be used further to generate third
harmonic light. Pyrene nanoaggregates are excitédtinrd harmonic 266 nm light.

In pump probe spectroscopy, it is necessary to h@minuum of light to probe the
photogenerated transient species. In the experahesgtup presented here, white light is
generated by focusing small part of fundamentaly(32with a lens on to a sapphire or rotating
CaF, window of 1.5 mm thickness. Self phase modulatbithe 800 nm or 780 nm laser pulse
leads to generation of higher and lower frequent@esling to spectral broadening covering
visible and near-infrared regid.

During pump —probe spectroscopy the second harmtimid harmonic or the fundamental

having major energy is passes though the sampleegsump beam to create the transients. The
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probe light pass through same region of samplégfatent relative delay times and detected by
the detector. Photodiode with band pass filterpmcgograph with CCD is frequently used as
detectors in this instrument. The relative delagMeen pump and probe beam is maintained by
passing one of the above beams through the caedrdilay rail system. The polarization of the
pump and probe beam are maintained in the magite ammgpformation to avoid the rotational
dipolarization effect.

We have used two different ultrafast transient gitson setups. The brief description
provided below. One of present work carried ounhgsTi-Sapphire based oscillator purchased
from Thales Lasers SA, Franteln brief, laser pulses of 5 nJ energy and 50 fitiration at 800
nm are generated from the Ti: Sapphire oscillatdrich is pumped by diode pumped solid state
laser (DPSS). The pulses obtained from the oswillate amplified based on chirped pulse
amplification (CPA) technique. After amplificatiopulses with energy of 200 and duration of
70 fs centered at 800 nm are obtained. PulsesCah®0 as well as its second harmonic, 400 nm
(generated in $ barium borate (BBO) crystal) are used as pumpepalsd the white light
continuum (generated by focusing the fundamentad sapphire window) is used as probe. The
pump-probe method is used for the generation amectien of the transients. The schematic

digram of our transient absorption setup is progioheFigure 2.12

Amplifier

Compressor

 Oscillator

/+f

Delay rail

P=——

Optical Chopper

Sample

Figure 2.12: Optical layout of our old transient absorptiontpemeter.
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Other experiments are carried out with our newsiemt absorption spectrophotometér.
In this setup, the fiber laser ‘C-fiber’ procurewrh Menlo, Germany, provide the seed pulse.
The fiber laser provide wide band stimulated emisgiutput with a central wavelength of 1560
nm which is further frequency doubled inside thenldeoscillator module and provide the final
output with central wavelength of 780 and a pulséthvof 80 fs with 90 mW power and 102
MHz repetition rate. Further the seed laser pudgen for chirp pulse amplification. The final
output from the amplified laser system (Amplitudlance) possesses 3 mJ per pulse energy
having the central wavelength at 780 nm with palgeation of ~90 fs at a 1 kHz repetition rate.

The pulse width of the amplified laser output waspiected through using autocorrelator module.

One part of this laser beam (about 2 pJ per pudsayed to generate continuum probe
light (340-1100 nm) after passing through a 2 mnckthrotating Cak or sapphire plate
following self phase modulation mechanism. Otheay parts of the laser beam is passed through
nonlinear crystal for second and third harmonicegation having output energy of about ~12
and ~15 pJ per pulse, respectively. The transidrsoration signal is recorded using a
spectrograph and a CCD detector. Samples of abouh Thickness (absorbance is about 0.3-0.5
at 390 nm or 260 nm, which are the excitation wagths) taken in a rotating cell were used for
sub-picosecond pump-probe measurements. The tehprofdes were recorded at different
wavelengths and time resolved spectra were coristfdoom the decay kinetics after correction
of the zero delay time. The temporal profiles wéteed to multi-exponential decay and/or
growth functions convoluted with a Gaussian funtt@ving an FWHM of 150 fs. The intensity
dependent experiments of the nanoaggregates weatedcaut using 390 nm light with variable
pump pulse energy in the range of 3-12 yJ per pulde excitation intensity dependent
measurements of pyrene nanoaggregates were cauti@dth 260 nm light pump with energy in
the range of 10-20 pJ per pulse. The excitatiomggneould be changed by using neutral density
filters. The schematic diagram of the spectrometer usedhforitoring the transient species in

femtosecond time-domain is represented in figui8.2.
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Figure 2.13: Optical layout of our new ultrafast pump-probeupet

2.6. Nanosecond Pulse Radiolysis

In pulse radiolysis, the system under investigatgogenerally irradiated with an intense
pulse of electrons to generate a significant comagion of transient speciés?®® The resulting
transient species are then monitored online byitaltda physical technique, such as optical
absorption, conductivity, electron spin resonancélumrescencé>*® Typically, electron pulse
should be of sufficiently high energy to produce adequate concentration of the transient
chemical species in the irradiated sanipla.schematic of the pulse radiolysis set up useitién

experiments for the present thesis is shown inreigu14*?
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| PULSE RADIOLYSIS SET UP |
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Figure 2.14: Schematic diagram of the nanosecond pulse radiolgstup used for the

experiments presented in this thesis.

Herein, the sample solutions are taken in a quanette (1cm x 1 cm) and are kept at a
distance of ~12 cm from the titanium electron beamdow of the linear accelerator system
(LINAC), where the beam diameter is ~ 1 cm. The @ansolutions are then irradiated with 7
MeV electron pulse sourced from the LINAC. Subserlye a collimated light beam from a
pulsed 450 W Xenon arc lamp is used to monitorctienges in the absorbance of the irradiated
solution. The transmitted (after passing through shmple cell) light beam is directed to the
spectrophotometer through a tunnel in the wall kakimg use of the fused silica lenses and
mirrors. The light beam is then focused on theasrte slit of a monochromator, on the exit slit
of which a photomultiplier (PMT, model no. Hamamak 955) is fixed. PMT signal is then fed
into a storage oscilloscope from which traces aamsferred to a computer. Details of the
LINAC and kinetic spectrophotometer are given ia tbllowing sections.
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Linear accelerator (LINAC): Accelerator is the matomponent of pulse radiolysis
system as it provides short pulse, high energytreles which are essential to generate the
transient species. The LINAC system was obtainenh fv/iritech Ltd., U. K. The components of
this machine are discussed in brief as follows. 3¢leematic diagram of the LINAC is provided

in Figure 2.15.
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Figure 2.15: Schematic diagram of LINAC system

Electron gun: A tungsten electrode in the form giedlet is continuously heated by electrons
from the filament of the gun kept at a potentiat@D KV (DC) with respect to the cathode. The
cathode potential is varied fon® at amplitude of 43 KV. As a result of thisy& electron pulse

of energy 43 KeV is generated in the system imtialhis electron pulse is focused into a
deflector chamber with the help of electromagnketises before it enters into a cylindrical wave

guide.

Wave guide: A magnetron with 3 GHz frequency anl MW peak power produces a
synchronous traveling R.F. (radio frequency) fiel® us pulse width. The electrons produced in

the electron gun assembly are allowed to enterthtovave guide in a phase synchronous with
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the R.F. field, wherein the electrons are accederat vacuum to a final energy of 7 MeV. A
well-defined uniform beam of accelerated electroase obtained after focusing by
electromagnetic coils and comes out from the wawudegthrough a titanium window with mean
diameter of ~ 2 mm. Electron pulses of various hgdirom 50 ns to 2is with peak current
ranging from 1.56 A to 70 mA can be produced by timiachine. The nano-second pulses are
obtained with the help of deflector plates placetireen the anode of the electron gun and the
corrugated wave guide. The 43 KeV electrons emittech the electron gun are deflected and

collected by a beam catcher.
Dosimeters for pulse radiolysis

The electron dose applied to the sample duringepuadiolysis is considered as one
important parameter. Thiocyanate dosimeter is comynased to measure the absorbed dose per
pulse for pulse radiolysis experiméftlt is an aerated aqueous 0.01 mol Hmotassium
thiocyanate (KCNS) solution. The species such "ag and H-atom generated upon electron
beam irradiation of the sample solution are scagdrigy the dissolved oxygen. Therefore, the
hydroxyl (¢OH) radical only exist and it oxidizesCH  ions to produce (SCNY  radicals.
Involved reactions are shown bel8tv.

SCN- + «OH_ SCNe + OH- [2.13]
SCNe + SCN- (SCN)2 «- [2.14]

The radiation dose is estimated from the maximusodiance AOD) of the radical (SCN)s

at 475 nm. The G-value and the extinction coeffitie) of this radical is reported to be 3.3 per
100 eV of absorbed dose and 7600 dnol* cm?, respectively at 475 nfii.From the measured
AOD, the absorbed dose per pulse (D) is computed fhe following equatiofi®

Gelg
Here, | andb are path length of the light and density of thieitson, respectively.

The experiments represented in this thesis areélynmried out with a dose in the range

of 30 + 5 Gy and pulse width used are mostly 102@0 ns. The samples are irradiated after
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purging the solution for 10-15 min. with the IOLAdrade nitrogen gas. The electron transfer
reactions were monitored using donor concentragilomost one order higher than the acceptor
concentration. It minimise the formation of the icadl anion of the acceptor by direct electron
capturing and enhance the possibility of observatibbimolecular electron transfer process.

2.6. Materials and Methods

2.6.1. Materials: The details of the source and quality of the malgrused for the work

presented in this thesis are provided here.

Chapter 3 comprises of the experiments based a@tr@heand triplet energy transfer study in
room temperature ionic liquid medium. RTIL solve(gach of them is HPLC grade), namely, 1-
ethyl-3-methyl-imidazoliumtetrafluoroborate ([EMIMF;] or C,Mim), 1-butyl-3-methyl-
imidazolium-tetrafluoroborate ([BMIM][BE] or C;Mim), 1-butyl-3-methyl-imidazolium-
hexafluorophosphate ([BMIM][PSD, 1-hexyl-3-methyl-imidazoliumtetrafluoroborate
([HMIM][BF 4] or CsMim) and 1-decyl-3-methyl-imidazoliumtetrafluorolade ([DMIM][BF,]
or CoMim), (with >99% purity, <100 ppm water content ardlO0 ppm halide ion
concentration) were procured from loLiTec, Germaiyey were used here without any
purification. Another group in our division verilethe water content of the ionic liquids by
using Karl Fischer titration with the aid of a Matm 831 KF Coulometer and found to be
within the limits specified by the manufactur&ts?* They also indicated negligible effect of
these impurities on fluorescence studies. All tbaid liquids chosen for this study were
colourless. Therefore, we made a consideration ttiegte ionic liquids containing permissible
amount of water and halide ions should have noceff@ the rates of the photo and radiation

chemical processes studied here.

Spectroscopic grade acetonitrile and ethylene ¢lysere purchased from Spectrochem
India or Sigma-Aldrich, USA and were used as resgiwithout further purification. Sodium
dodecyl sulfate (SDS), benzophenone (BP), naphikaldP), biphenyl (BIP) anthracene (AN),
pyrene (PY), tris-(bypyridine)-ruthenium ([Ru(bglff, RuBPY**) chloride and methyl viologen
(MV?") chloride were procured from Sigma-Aldrich, USAeBe chemicals were of better than

99% purity and used as received. Solutions, whigewused for laser flash photolysis and
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electron pulse radiolysis experiments, were purgéth IOLAR grade nitrogen for about 15

minutes to ensure complete removal of oxygen digsbin the solutions and properly sealed.

Chapter 4 describes the exciton dynamics studynthracene nanoaggregates. Scintillation
grade anthracene (purity > 99%) procured from Flwiees further purified by recrystallization
from toluene followed by vacuum sublimation. Puritf/the sample was verified using NMR
spectroscopy as well as comparing the absorptidrflaarescence excitation spectra recorded in
cyclohexane. Perfect matching between these albsorand excitation spectra ensured the high
purity of the sample used for the experiments. 8pscopic grade acetonitrile from
Spectrochem (India) Pvt. Ltd. was used as receiviitipore water was used for preparation of
anthracene and all other nanoaggregates. Polyaioghol (PVA; 99+% hydrolyzed), which was
used as stabilizer in preparation of all the nagoagates, was purchased from Sigma-Aldrich

and was used without any further purification.

Chapter 5 deals with the energy transfer studyojppeéd anthracene nanoaggregates. For this
work, scintillation grade anthracene (An) purchasexn Fluka (purity > 99%) was further
purified by recrystallization from toluene followéy vacuum sublimation. Perylene (Pe) (purity
> 99%), tetracene (Te) (purity > 97%) and pentag@hg (purity > 97%) were procured from
Sigma-Aldrich and used after purification throughcrystallization and vacuum sublimation.
Spectroscopic grade tetrahydrofuran (THF) has bmewcured from Spectrochem Pvt. Ltd.,
India, and used as received.

Chapter 6 describes the exciton dynamics studyycére and perylene nanoaggregates.
Scintillation grade pyrene and perylene were pwetarom Sigma-Aldrich, andspectroscopic
grade dimethyl sulphoxide (DMSO) procured from Spmhem Pvt. Ltd. (India) All these
reagents were used as received without furthefipation.

Chapter 7 presents the studies based on excitaandgs in pthalocyanine nanoaggregates.
Zinc Phthalocyanine (purity97 %), Zinc 2,9,16,23-tetrirt-butyl-29H,31H-phthalocyanine
(purity >96 %), 2,9,16,23-Tetrtert-butyl-29H,31H-phthalocyanine (purit97 %), 2,11,20,29-
Tetra-tert-butyl-2,3-naphthalocyanine (NPC) (purit97 %), Zinc 2,11,20,29-tetra-tert-butyl-
2,3-naphthalocyanine (NPC) (purity90 %), Solvent tetrahydrofuran (HPLC grade) all are
procured from Sigma Aldrich and are used withouthier purification.
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2.6.2. Synthesis methods of NanoaggregateSeveral procedures for synthesis of organic
nanoaggregates already have been rep8#t®dmong these methods, reprecipitation method
has become the most popular because of its siryplighd facilenes®*® Anthracene
nanoaggregates have been prepared using repréoipitaethod, where acetonitrile and water
have been used as the good and poor solubilityestdy respectively. 10 mM anthracene
solution in acetonitrile and 1mg/ml PVA solution millipore water were prepared. 200 pl
aliquot of the former solution was injected intcethO ml PVA solution (1 mg/ml) under
vigorously stirring condition. After 15 minutes siirring, anthracene nanoaggregate dispersed in
water was obtained. PVA acts as the stabilizerttier nanoaggregates and also limits the size
distribution of the nanoaggregates. PVA with saroacentration has been used as stabilizer
during the synthesis of all the other nanoaggregatesentend in the thesis. The good solubility
solvent, the concentration, volume ratios of therpand good solubility solvents are changed in
system to system depending upon the solubility irequent or for generation of small size
nanoaggregates.

For doped anthracene nanoaggregates, we prepasettaacene solution (1 x Tonol dmi
% in THF (good solvent). Solution of the acceptor dopant) molecule (i.e. tetracene, pentacene
or perylene) was also prepared in tetrahydrofuidtH) and the solutions of anthracene (donor)
and the dopant were mixed together to get the propeor — acceptor concentration ratio (D/A)
or donor concentration. Finally, 20 of the above solution is injected into 10 ml bétaqueous
PVA solution and sonicated for 10 minutes to getiemys dispersion of nanoaggregates.
Perylene and tetracene molecules have good saulli THF and hence we can change
concentration of the dopant up to about 0.25 mui® dr more. However, pentacene is sparingly

soluble in THF and hence we could change the cdratém up to about 7.2 x Fomol. dni.

Pyrene and perylene nanoaggregate were synthassnegl dimethyl sulfoxide (DMSO) as
the good solubility solvent and water as the padulslity solvent. 100 pul of DMSO solution
containing 1 mM of the aromatic hydrocarbon wasgdtgd into 10 ml aqueous solution of PVA
and was sonicated for about 10 minutes to obtaurea@gs dispersion of perylene or pyrene
nanoaggregate.

A stock solution of the phthalocyanine derivativds mg/ml) in THF was prepared
(concentration ~1.0 x 10mol dm® and 500 pl of this solution was added to 10 magdieous
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PVA solution under mild stirring condition for 15imutes. This method produces stable
dispersion of aggregates of phthalocyanines inwate
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CHAPTER 3

EFFECT OF MICROSCOPIC HETEROGENEITY ON THE
ELECTRON TRANSFER AND TRIPLET ENERGY TRANSFER
REACTIONS ASSOCIATED WITH LONG LIVED TRANSIENTS

3.1. INTRODUCTION

Room temperature ionic liquids (RTIL), which ardeof referred to as ‘designer solvents’, are
considered as the novel solvents of interest ardgtieen alternatives to conventional organic
solvents. They have been the great focus of thensisis in various fields, since they can be
tuned for diverse applications due to their unushaisical and chemical properties like high
thermal stability, inflammability, low volatilitychemical stability and excellent solubility for

many organic compounds. ' Due to good radiation stability of RTILs, theseveuits are also

being considered as future solvents for nuclear ¢éyele and can be used in actinide electro-

refining and solvent extractidh®

In spite of huge research efforts in recent yeé#hrs, properties of RTIL are not yet well
understood. Several groups have reported the pressinmicroscopic heterogeneities in these
solvents:® ~ *° Significant efforts have been put to explore theroscopic nature of these
solvents using fundamental chemical processes esptbbe, like hydrogen atom transfer,
electron transfer, energy transfer, solvation dyisametc!” 32 Energy transfer (ENT) and
electron transfer (ET) reactions have particuldmden used by different research groups, who
found that the rates of these processes conducted|iLs were faster by about one to two order
than the diffusion controlled rates. These obs@mathave been explained by the presence of

local low viscosity pockets in RTIL solutions.

Maroncelli and coworkers as well as Vauthey and areers demonstrated that the faster ET
rates observed in RTIL media were really not asgediwith some special property of RTHCs.

9 Instead, they showed that this feature might alsMiserved in the case of the conventional
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organic solvents having comparable viscosities. yTpeoposed presence of three distinct
guenching regimes appearing at three different theedes. If the reactants stay very close to
each other, e.g. at very high concentration ofgtirencher, they form a contact complex and they
need not to diffuse for the reaction and the reactate falls in thestatic quenching regimeln

this regime, the reaction rate is governed by ttievation energy. If the ET process has low or
zero activation barrier, the reaction rate is qtas in this quenching regime. Subsequently, the
‘transient quenching regimeippears where reactants need to diffuse towards ether for
reaction to occur. However, even in this quenchregime, equilibrium condition is not
achieved. Thestationary quenching regimés attained at longer time domain, when the réte o
diffusion and the rate of reaction are equal toi@ahan equilibrium condition. Therefore, the
diffusion controlled reaction can only be obseraéer achieving the stationary condition. In the
case of highly viscous solvents, like RTIL, thetistaary condition can be achieved only after a
few hundreds of nanosecontisf the excited state undergoing ET reaction hagtilife shorter
than 10 ns, the observed quenching process ocaairdynin the static and transient quenching
regimes. As a result, the average reaction ratesaapd to be faster than the diffusion controlled
rate. Therefore, to measure the actual diffusiontrotled rate, reactions involving long lived
transient reactants, e.g. anion radicals or moéscuh the excited triplet states, need to be
investigated. In order to delineate this aspecthese tried to observe the electron transfer rate
between two different pairs of radical anions ardtral molecules, namely, pyrene (PY) radical
anion — benzophenone (BP) and BP radical anionerdhone, using nanosecond electron pulse
radiolysis technique in two very common RTIL soltemand few other conventional solvents
having different viscosities.

Dutt and coworkers studied rotational diffusionogess for neutral and charged
fluorophores and suggested the existence of paldmanpolar pockets in solutions of RT..
There are several other reports which also indécatesence of such microscopic pockets inside
RTIL media. Here in the second part we want to expthe effect of long alkyl substituents of
RTILs on such microscopic pocket formation by oksey the TET and ET processes using a
few neutral and / or ionic donor -acceptor paiact®n schems are provided in supplementary

data (SD) section (S3.1). We also wish to probeniwoscopic viscosities of these pockets.
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3.2. RESULTS AND DISCUSSION

3.2.1. Establishing the fact that, diffusion contrbed ET process can be observed with long
lived transients

3.2.1.1. Radiolysis of ionic liquid and characteriation of radical anions: Several studies on
pulse radiolysis of ionic liquids in nanoseconddidbmairf® 2" 2% 3¢ 4%s well as in picosecond
time domairt’** have been published. These works indicate thatftfe imidazolium ionic
liquids, the electrons produced by ionization aapidly scavenged by the solvent molecules
before they become fully solvated, while the el@t$r in the ammonium ionic liquids are
solvated quickly to form the solvated electronstaN&nd his coworkers recorded the absorption
spectra of the transient species formed upon piudssdiation of deoxygenated liquid
[BMIM][PF ¢].** The spectrum recorded ap$ following irradiation using electron pulses of <1
ps duration exhibited a maximum at 325 nm and alsleoinear 370 nm. They have predicted
that in the radiolysis of this RTIL, the energy dsjped in the liquid is possibly absorbed by
BMIM ™ (~53%) and by PF(~47%), according to their relative electron ddasitin both cases,
the first step is ionization, forming a thermalizgddctron and the remaining radical.

BMIM™ — BMIM?Z® + e~ (3.1)
PF; — PF," + e~ (3.2)

Geminate recombination of the primary radical spedeads to formation of the excited states
and subsequently C-H and C-C bond scission reacfiothe methyl and butyl groups lead to
formation of H atoms and alkyl radicals, respectively. In addititormation of P, F and F

are also expected from the dissociation reactioRFef and Pk species. Thermal electrons thus
produced may or may not be solvated but theserefestand H atoms react with BMIMto
from BMIM - radical (equation 3.3) and ldtom adduct (equation 3.4), respectively, ancekcts
very rapidly, possibly via addition to the ring axidation. These processes are complete within
<10 ns and their products are observed immediatijpe end of the sub-microsecond pulse.
However, these radiolysis products have negligéiisorption in the wavelength region of our

interest (i.e. >400 nm).

BMIM™ + e_, — BMIM (3.3)

a
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BMIM™+ H — H- BMIM’ (3.4)

Pulse radiolysis technique has been frequently dise generation, characterization as
well as studying reactions of radical anions irusohs? ?" % %> “§yjishart and Neta reported
that dry electron capture by aromatic solutes, fschenzophenone and pyrene, is very efficient
in ionic liquids, while the reactions of the sokdtelectron with the same compounds are
diffusion limited, and slower due to the high visitp of the ionic liquic®’ In this work, we have
used this technique to generate and characterzspictroscopic properties of the radical anions
of pyrene, benzophenone and fluorenone in [BMIM}JREnd [BMIM][BF,]. 5 x 10? mol dm?
of the solute dissolved in an RTIL was subjecteceliectron pulse irradiation and the decay
kinetics of the transient species were recordethen400 — 770 nm region. The time resolved
transient spectra were constructed using theseydeszes.

The time resolved transient spectra recordedviatig pulse radiolysis of the solutions of
these solutes in [BMIM][P§ are presented in Figure 3.1. The transient alisorspectrum
recorded at 0.5 ps following electron pulse radim\of pyrene in this solvent has the absorption
maxima at 490 nm and a shoulder at 450 nm, whintbeaassigned to pyrene radical anion,, Py
and radical cation, Py respectively’> Simultaneous formation of both the pyrene radézgion
and radical anion, has been observed by pulselyati®f pyrene in DMSO and RTH% **we
mentioned earlier that the yield of solvated elatiis small in imidazolium ionic liquids because
the electrons are rapidly scavenged by the solveiecules before they become fully solvated.
Therefore, in the present case, formation of tmedeals can be predicted by the reactions with

the dry and / or solvated electron and BMiM respectively. Wishart and Neta reported that dry

electron capture by aromatic solutes, such as Ipdrezmne and pyrene, is very efficient in ionic
liquids?’ Therefore, formation of Py and Py can be predicted via the reactions 3.5 and 3.6.
Since the absorption coefficients of these twoaaldiare very similaf2.2 x 1 dm® mor* cmi

1, the relative heights of the peaks at 495 andrtfCclearly suggest much larger yield of the

radical aniorf?
Py +e (Th) — Py~ (3.5)

Py + BMIM?*® — Py~ (3.6)
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Formation of the radical anions of benzophename fluorenone is also confirmed by
the absorption bands with the maxima at 680 nm %3@ nm (and a shoulder at 470 nm),
respectively (Figures 3.1B and 3.1¢)“® While, the time evolution of the transient spectra
reveals that the radical anion of pyrene decaysatomously without formation of any other
radiolysis products (inset of Figure 3.1A), the aleof the benzophenone radical anion band
with the maximum at 680 nm leads to the concomitiet of another band with the maximum at
540 nm. The latter can be attributed to the foramatf ketyl radical of benzophenoffeln the
case of fluorenone also, the change in the shafieedfme-resolved spectra during the course of
decay of the fluorenone radical anion is a clealication of formation of ketyl radical of
fluorenone, which has already been characterizeanbgbsorption spectrum with the maxima at
350 and 500 nrftY Formation of ketyl radicals of benzophenone andréuone can be
envisioned by the reaction of the anion radicahwiie H atom generated by radiolytic C-H

bond scission of the methyl and butyl group of [BM[IPF¢] (vide supra).
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Figure 3.1: Time resolved absorption spectra and decay tracas@spondin@max of the
radical anions of pyrene (A), benzophenone (B) famatenone (C).

For determination of the lifetimes of these rabtli@aions, we have analyzed the decay
profiles recorded at several wavelengths of theogdiion spectra and found that each of them
could be well-fitted using an exponential functiaith a single lifetime component. Only one
decay trace, recorded at the wavelength of maxirabsorption of each of the radical anions is
given in the insets of Figure 3.1 along with thestbft single exponential function and the
associated lifetime. The lifetimes of the anionical$ of pyrene, benzophenone and fluorenone
in [BMIM][PF¢] are5.3, 5.4 and 5.7 us, respectively. We discussditethat for investigation
of the electron transfer processes occurring indiffeision controlled regime in viscous RTIL
media, the electron donor needs to be long-livedugh to survive for several hundreds of

nanoseconds. Therefore, these radical anions @eultsed as promising electron donors for this

purpose.

Characteristics of the radical anions of these tesluhave also been studied in
[BMIM][BF 4]. Absorption spectra of the anions in this solveave been found to be very
similar to those recorded in the other RTIL. THetlimes have been determined to be in the

range of few microseconds.

3.2.1.2 Electron Transfer Study:We have investigated the dynamics of ET from acadi
anion, which is formed by capturing a thermal etattto an acceptor molecule in the ground

electronic state. We have chosen the donor — amcggirs of molecules on the basis of the
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consideration that the absorption band of the daadical anion does not have significant
overlap with that of the radical anion of the adoepnolecule so that the decay of the former
and formation of the later can be monitored withany interference. Therefore, we have chosen
Pyrene - Benzophenone and Benzophenone - fluorepaing for our study. In these systems,
concentration used for pyrene (or benzophenone)r (8 x 10° mol dnm®) is about ten times
larger than that of the acceptor molecule, benzophe (or fluorenone) (varying in the range 1 —
8 x 10% mol dni®). In this condition, the thermal electrons areferentially captured by pyrene
(or benzophenone) to form the radical anion, whiahsfers its extra electron to benzophenone
(or fluorenone). ThAG values for these two pairs of donor radical arind molecular acceptor
systems have also been calculated using equatibr{Table 3.1) and has been found to be

negative, suggesting the fact that these pairsudtable for study of ET process in RTILs.
AG=—E, . A/A7 )+ E,...(M/M™) (3.7)

Where E{(M/M") and E.A/A") are the reduction potentials for the quencherecude and the
radical anion, respectively. In the present caseesone of the reactants undergoing ET reaction
and one of the products formed are neutral molsculee work function term arising due to
columbic interaction between the ionic species \Wdlve negligible contribution and is not

considered here.

We have recorded the temporal profiles for the diemt species formed following
radiolysis of 3 x 18 mol dm® of pyrene and 3 x ID mol dm?® of benzophenone in
[BMIM][PF¢] in the 420 — 770 nm region and the time-resolspédctra of the transient species
thus constructed using these temporal profilesshosvn in Figure 3.2. We find a rapid decay of
the transient absorption band with the maximum 3 Am and the concomitant growth of a
transient absorption band with the maximum at 680 ihis time evolution of the transient
spectra suggests the transfer of an electron fiwmradical anion of pyrene to benzophenone
forming the benzophenone radical anion. This hanearther confirmed by monitoring the
decay of the pyrene radical anion at 490 nm andjtberth of the benzophenone radical anion at
680 nm following pulse radiolysis of the solutiozmntaining pyrene of fixed concentration (3 x
102 mol dm?® of pyrene) but varying concentrations of benzoimenin the range 1.6 -6.8 x 10
mol dm?>. The results have been presented in Figure 3.8hvdhearly reveals that the decay rate
of pyrene radical anion increases with the incregasoncentration of benzophenone in solution.
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This observation confirms the electron transfeeraction between the pyrene radical anion and

benzophenone in its ground electronic state.

The decay traces are fitted single exponentiaily the pseudo first order rate constants
(the inverse of the corresponding lifetimes) foe tBT reaction in the presence of different
concentrations of benzophenone are determined €Tal)). The bimolecular rate constant for
the ET process from pyrene radical anion to benegophe molecule in [BMIM][P§ has been
determined from the slope of the plot of the psefirgb order rate constants vs the concentration

of benzophenone. The rate constant thus deternisred x 16 dm® mor s™.
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Figure 3.2: (a) Time-resolved transient spectra following puiadiolysis of 3 x 18 mol dni® of
pyrene and 3 x I®mol dm?® of benzophenone in [BMIM][P§; (b) Decay trace of

pyrene anion radical at 490 nm and formation ofzbphenone radical anion at 530
nm.
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Figure 3.3: Decay of pyrene radical anion measured at 490mabsence of benzophenone (a),
and in presence of 1.6 (b), 3.3 (c), 5.7 (d) ad(6) x10°> mol dm? of benzophenone in
acetonitrile. Inset: Linear plot of the pseudoffirerder rate constants vs the
concentration of Benzophenone ([BP]) in [BMIM][]F

Quenching of benzophenone radical anion as therefedonor has been studied using
fluorenone as the electron acceptor in [BMIM]fPH-igure 3.4 presents the time-resolved
spectra of the transients following pulse radiaysi 5 x 1 mol dni® of benzophenone and 5 x
10° mol dmi® of fluorenone in this RTIL. We determined the blewular rate constant for the
ET reaction between benzophenone radical anionflancenone using different concentrations

of fluorenone in the range 2 - 8 x 1Mol dm® as the quencher (Figure 3.5).
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Figure 3.4: Time-resolved transient spectra following pulseiobysis of 5 x 1¢ mol dm?® of
benzophenone and 5 x i6nol dm?® of flurenone in [BMIM][PFg], Inset: Decay
trace of benzophenone radical anion at 680 nm amnddtion of fluorenone radical
anion at 530 nm.

Similar studies as described in the earlier sestiosing [BMIM][PF] as the solvent
were extended for the other RTIL, namely, [BMIM][BFas well as other conventional solvents,
namely, acetonitrile, 1-pentanol and 1-decanol afl as ethylene glycol (EG) and ethylene
glycol — glycerol (GL) solvent mixtures. The bimolgar rate constants for the ET reactions for
the pyrene — benzophenone and benzophenone -rilumgepairs have been estimated. Results

obtained are presented in Table 3.1.
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Figure 3.5: Decay of benzophenone radical anion measured ah®8@ absence of fluorenone
(a) and in presence of 1.9 (b), 3.8 (c), 6.0 (a) &® (e) x1G mol dm?® of fluorenone
in acetonitrile. Inset: Linear plot of the pseudwstf order rate constants vs the
concentration of fluorenone ([FL]) in [BMIM][P
In a first approximation, i.e. assuming sphericahatants of identical radii, we have
calculated the diffusion controlled reaction ravastants (k) for all those solvents and solvent
mixtures used in the present study (Table 3.1)qusie equation 3.8 and the values are given in

Table 3.1314849

g x 10°
3n

Kairr = RT (3.8)
WhereR is the gas constant (8.3144 3 kol™), T the room temperature (%5) andn is bulk or
macroscopic viscosity of the solvent in cP unit.2AtC, the bulk viscosities of the pure solvents
as well as the solutions in the presence of thbdsyconcentrations of the donor and acceptor
molecules have been measured and the values age givTable 3.1. We find that in the
presence of the donor and acceptor molecules, utkeviscosities of both the RTILs used here
are reduced significantly, e.g. the viscosity of@{BMIM][PFg¢] at 298 K is 270 cP, but the
viscosity of the RTIL decreases to 212 cP in tlesence of 3 x I®mol dni® of pyrene and 5 x
10° mol dm?® of benzophenone and to 196 cP in the presence »f18° mol dm?® of
benzophenone and 5 x 1@nol dm® of fluorenone. Here we have assumed that dueriaticn

of the concentration of the acceptor molecule srdnge 1.5 — 8 x T0mol dmi®, the viscosities
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of the solutions do not change significantly. Cami@nal solvents, e.g. acetonitrile, 1-pentanol,
1-decanol and EG, have much lower viscosities aspened to those of RTILs and ethylene
glycol-gycerol mixtures have moderate viscositi&& have also observed that the radiation dose
used here do not change the viscosities of theeatdy

Table 3.1: Standard free energy changessf) for the ET reaction between the anions and the
guenchers, viscosities of the solutions, experiaigntietermiined rates of ET reactions
(keT), the rates of diffusion controlled reactions c#éted using equation 3.84{K and
the ratio betweengd¢ andkgit.

A. Pyrene- Benzophenone pair

Solvent AG’(eV) | Viscosity (CPJ | ker (dn.mol’s?) | kg, (dn? mol* s?) | ker ki
[BMIM][PF ¢] -0.26 208 57+05x10 |3.2xad 1.78
[BMIM][BF 4] 80.7 10.3+1x 10 8.2 x10 1.26
EG + GL (0.5:0.5) 75.2 1.3+0.2x%0 |8.8x1d 1.47
EG + GL (0.7:0.3) 38.1 2.3+0.2x%0 |1.73x16 1.33
EG 15.4 47+01xf0 |43x10 1.09
1-decanol 11.8 8.1+0.2x%0 [5.6x16 1.44
1-Pentanol 3.35 2.7+0.3x%10 |[1.97x10 1.37
Acetonitrile 0.35 1.8+0.2x 1b 1.89x10° 0.95
B. Benzophenone —Flurenone pair

Solvent AG°(eV) Viscosity (cP)? ker (dm3.mol™®s™) | kasr, (dm> mol™s™) | Ker /kaire
[BMIM][PF] -0.54 195.4 4.9 0.5 x10’ 3.4 x 10’ 1.44
[BMIM][BF,] 76.2 12.7+0.7x10" | 8.7x10’ 1.46
EG + GL (0.5:0.5) 75.3 1.2+0.2x10° 8.8x 10’ 1.36
EG + GL (0.7:0.3) 38.2 1.4+0.2 x 10° 1.73 x 10° 0.81
EG 15.6 3.9+0.5x10° 4.23x10° 0.92
1-decanol 12 5.7+0.2 x 10° 5.5 x 10° 1.04
1-Pentanol 3.34 1.5+0.2 x10° 2 x10° 0.75
Acetonitrile 0.353 1.4+ 0.1x10" 1.87 x10%° 0.75

®Average viscosity of the solution is considereceher
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In Table 3.1, we observe that the ratios of thpeexnentally determined values ok
and the calculated values qfigkusing equation 8 for all the solvents and solventtures used
in our study vary in the range from 0.75 to 1.64hick leads us to consider that the
experimentally determined ET rates are nearly etuahe diffusion controlled rate within the
experimental error. This leads us to conclude ftliied,in the case of conventional solvents, the
rates of ET reactions between anions and a nestdate molecules in RTIL are diffusion
controlled.

Vauthey and coworkers observed time-dependentigeafates of bimolecular quenching
reactions in RTIL as well as in other viscous sotgeand explained the phenomenon by
predicting the existence of three distinct quenghiegimes™ In the Static’ regime, the reactant
pairs are already in contact with each other andiffosion is necessary for the reaction to take
place and the quenching rate is the intrinsic HE,rlg. In the next regime, namely thedn-
stationaryor transient’ regime, the reaction rate constantly decreasds timite, because of the
fact that immediately after the reactions betwdenreactants in close contact, the hole created
by the reaction in the pair distribution distanetveen the reactants gradually increases and the
reactants needs to diffuse to react. This contimsdong as an equilibrium is established
between the rate at which the intrinsic reactioouos and the rate of diffusion of the reactants to
give rise to a constant reaction rate. This isechthe ‘stationary’ regime. The duration of the
static regime depends on the intrinsic ET rate @onslk, whereas that of the transient regime
depends on the viscosity of the solvent. Therefatgle the stationary regime may be reached
after a few nanoseconds in the case of low vissmlgents, such as acetonitrile, it may take
several hundreds of nanoseconds to reach the sagimeer in the case of viscous solvents, like
RTIL.%! In the case of highly viscous solvents, the reactate (here g), which is controlled
entirely by the rates of approach of the reactiagspthrough diffusion to the optimal distance to
form an encounter complex (and can be represergedi:d, is significantly slower than the

intrinsic ET rate constantgk

In the present study, because of long duratiothefelectron pulse (~500 ns), the static
and transient quenching regime is not resolvablé hence the value ofgkcould not be
determined even in the case of conventional sadvehtow viscosity. But the long lifetimes of
the donor radical anions allow us to monitor thergthing rates in thgtationary regimeand the

transient decay of the donor radical anions appeafsllow single exponential kinetics. This
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suggests that the rate of the bimolecular ET pocesletermined only by the diffusion rate of
the reactants in all kinds of solvents. We obséinat, like in conventional organic solvents, the

ET process is diffusion controlled in RTILs too.

3.2.2. Probing the Effect of Long Alkyl Substituenton the Microscopic Heterogenity and its
Effect upon Electron Transfer and Energy transfer Reactions

3.2.2.1. TET Studies System using Nanosecond Lasélash Photolysis Technique:The
lowest excited triplet (j states of BP and RuBBY which have been used here as
photosensitizers, are populated via intersysterssing process with a quantum yield of near
unity following photoexcitation to the excited &atin the singlet manifold and the Jtates are
very long-lived (lifetimes are about 1 ps or lojgeén normal organic solvent§: **
Spectroscopic and kinetic properties of thesfites of these molecules could be effectivelguse
for investigation of the reactions or photophysigedcesses in RTIL occurring in the stationary

guenching regime (vide infra).

TET Process BP-NP and BP-BIPiIn this work, we have estimated the rates of TEdcpss
occurring from the T state of BP (E~ 2.95 eV) to the Tstate of NP (E~ 2.64 eV) or to BIP
(Er ~ 2.82 eV) in homogeneous solutions, SDS micdlavall as in four RTIL solvents. Like in
the case of common organic solvents, the triplptetr (T-T) absorption spectrum of BP
recorded in GMim appears in the 420 - 650 nm region with the imasn at 525 nn{S3.2 in SD
section)>> Temporal profiles recorded at 525 nm have begedfisingle exponentially with the
lifetime of 1.5 us but with some residual absonptieeyond delay times longer than 6 ps. Latter
may be attributed to formation of the long-livedyeadical of BP by abstraction of hydrogen
atom from the alkyl group of the RTIL by the 3tate of BP?> **Muldoon et. al. established the
mechanism of hydrogen atom abstraction by BP trijpten the alkyl chain of the RTIL solvent
molecule to form benzophenone ketyl radical (BPH#e find that the Tstate of BP in RTIL is
sufficiently long-lived to make it a suitable profwe our purpose (vide infra).

Not only that the lower energy of the $tate of NP or BIP with respect to that of BP nsake
the former a good acceptor, but also the positiothe T - T absorption band of NP or BIP is
distinctly different from that of the BP triplet @nhis gives a clear advantage in determining the
rate of the TET process by monitoring the decayhef donor triplet and also the rise of the

acceptor triplet. Maximum of the T — T absorptigestrum of NP appears at around 415 nm and
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that of BIP at 360 nm: Since the absorption coefficient of the RTIL soligis quite large
below 380 nm, monitoring the rise of the BIP triphas not been possible, but the decay of the
BP triplet monitored at 525 nm provides informatedvout the TET rate in the case of BP— BIP

pair.

TET process is a widely used photophysical progess. in photosensitization reaction),
which is allowed under Wigner’'s spin conservatiater Therefore, the rate of this process is
solely governed by the rate of diffusion of theataats in solution. In turn, the latter depends
upon the macroscopic viscosity){ if the reaction is conducted in homogeneoustgwiland the
rate of the TET process is directly correlated wike viscosity of the solution. However, in
heterogeneous media, such as micelles and RTHespfahe TET process is expected to depend
upon the microscopic viscosity of the site, at whithe donor and acceptor molecules are

preferentially located in the medium.

In Figure 3.6, we have presented the time-resaolkaatsient absorption spectra of thestate
of BP in the presence of 4.8 mol dnof NP in deaerated solution of;}@im following
photoexcitation at 355 nm (NP molecule does nobdbst this wavelength). The transient
absorption spectrum with the maximum at 525 nm neb& immediately after the ns laser pulse
has the characteristics of the BP triplet only. ld@ar, with increase in delay time, the
absorption band due to the BP triplet decays viithdoncomitant development of an absorption
band with the maximum at 415 nm, which is the ctimrstic of the NP triplet. The temporal
profiles shown in the inset of this figure ensuhattthe triplet state of NP is populated via

transfer of energy from the triplet state of BRhat of NP.

We determined the decay rate constants of the divipdet (K) in the presence of different
quencher concentrations varying in the range oflo4x 10 mol dm®. Faster rates of the decay
of the BP triplet in the presence of higher conitins of NP provide the direct evidence of the
TET process. Each of the temporal profiles recomes?5 nm is fitted with a single exponential
function, OD(t) = a exp(-Kt) + OD(»), assuming quenching process follows pseudo-dirder
kinetics. The factor OD¢) represents the residual absorption due to foomatif a long-lived
reaction product, e.g. the benzophenone ketyl ahdticche present case. Slope of the best fit line

to the plot of k' vs quencher concentration prosidlee value of {¢+.
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We adopted similar approach to determine the ramstants of the TET process for BP — NP
and BP — BIP pairs in those four RTIL solvents, SBD&elle and two other conventional
solvents (Table 3.2). Residual distributions fag it functions for BP - NP pair in four RTIL
solvents are given in S3.3 in SD section.

In conventional liquids, the value ohik can be calculated using the simple Smoluchowski
equatiom® *° If we assume that the reactants are of sphericapesh of identical radii,
Smoluchowski equation may be simplified to equat®@ to obtain the values obik with

reasonable accuracy.

Bulk viscosities of the solutions containing bolie tdonor and the acceptor molecules have
been measured at 298 K and thus the values,pfdte calculated and given in Table 3.2. We
observe that, in the cases of the TET processebdibr the BP — NP and BP — BIP pairs, the
krer/kpirr ratio is increased monotonously as the viscoditthe reaction medium is increased
and this ratio is larger by more than one ordemaignitude as the solvent is changed from
C,Mim to GoMim (Table 3.2). This possibly suggests some spekihd of organization of the
solvent molecules to larger extent as the alkylrckength of the RTIL molecule is increased.
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Figure 3.6: (A) Time resolved transient absorption spectra mded at different delay times
following photoexcitation of a solution of 6 x $@nol dm?® of BP and 4.8 x I®mol dm?® of NP
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in C;Mim. Inset: Temporal profiles recorded at 525 rgcby 0.6 us) and 415 nmtfrow~ 0.6
us). (B) Temporal profiles recorded at 525 nm folilmgvphotoexcitation of a solution of 6 x 10
mol dm?® of BP and different concentrations of the quendh&®). The inset represents the plot
of k' vs. quencher concentrations and the ratetaohgkret) for TET process is given in the
inset.

Rate constants of the TET process for the BP —iNPBP - BIP chemical systems have also
been estimated in SDS micelle and those have basm gn Table 3.2. Viscosity of the
nonpolar core of the SDS micelle has earlier bestimated to be about 24 cP by using
electronic spin resonance technique and the difusbntrolled rate to be ~3.2 x316m® mol*

s', adopting ET reactions using PY - RuBPhemical system as the prob&>®De Schryver
and coworkers explained that this value of diffasi@ontrolled quenching rate constant is

typical for the micellar interiot®

Table 3.2:Viscosities of the solutions, values gikkdetermined experimentallypk values
calculated using equation 2 angHkpiz for BP — NP and BP - BIP pairs in two conventiona

solvents, SDS micelle and four RTIL solvefits.

Solvent n KreT Koiff Krer /Kpitt
(cP) (10® dm®mol™*s?) | (10® dm®mol’s?)?

Acetonitrile 0.35 (0.35) 113 (160) 186 0.61 (0.6)
(ACN)
Ethylene Glycd 15.6 (15.6) 4.3 (5.4) 4.24 1.01 (1.5)
(EG)
SDS micelll 24 (245 2.5(3.3) 3.2 0.78 (1.03)
(SDS)
C,Mim 44.2 (44.6) 1.9 (2.2) 1.5 (1.49) 1.3 (1.5)
C4Mim 91.2 (92.1f 1.7 (1.2) 0.73 (0.72) 2.3 (1.7)
CeMim 205.1 (207.2Y 1.4 (1.6) 0.33(0.32) 4.3 (5.0)
C1oMim 493.2 (501.4 2.3(2.2) 0.14 (0.13) 16.9 (16.9

"Results for the BP — BIP pair has been given ingliefirst bracket?Calculated using equation 2;

bref 57;ref 58; iscosities of the solutions of RTILs have beeredmined experimentally. Viscosities
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of the solutions have been found to vary marginailthe presence of different concentrations of the

solutes and hence the average value of those gbthdons has been given here.

TET Process in RUBPY* — AN system:RuBPY** — AN pair has been chosen as another one
for the TET studies in RTILs considering the fauattthe most probable location of RuBPY
should be near the ionic head group region of th& #icelle or RTIL solvents, if the latter
really possess a micelle-like microscopic structwrbereas that of AN should reside in the
nonpolar core (alkyl group) regiofiHigher energy of the {Tstate of RuUBPY" (Er ~2 eV) than
that of AN (& ~ 1.8 eV) make the TET process from thestate of RuBPY' to AN molecule

possible®

Time resolved transient absorption spectrum of Ehstate of RuBPY' in C;Mim shows
several distinct features, namely, the ground dikgaching band in the 400 - 530 nm region, the
stimulated emission band originating from the sfate in the 580 - 700 nm region with the
maximum at ca 620 nm and the excited state absor(ESA) band due to T-T absorption in the
360 - 390 nm region with the maximum at ca 375 &3.2 in SD section). Since RTIL solvents
absorb in the wavelength region below 380 nm, noomigy the ESA band in the 360 - 390 nm
region is not expected to provide accurate reselggrding the triplet lifetime of RuBPY in
RTIL. However, monitoring the decay of the stimekhtemission intensity at 620 nm may
provide useful information regarding the dynamidstiee T, state of RuBPY¥" in RTIL. In
addition, the T - T absorption spectrum of AN appea the 380 — 450 nm region with the
maximum at 403 nm and hence rise in populatiomefT; state of AN could also be followed at
this wavelengtf* The lifetime of the triplet state of RuBPYthus determined in RTIL is 0.93

Ks, which is quite long to make it a suitable syster our purpose (S3.2 in SD section).

Laser flash photolysis technique has been usedutty ghe interaction of the ;Tstate of
RuBPY** with AN in different kinds of solvent media follomgj photoexcitation of the donor at
532 nm. The time resolved absorption spectra daxbfollowing photoexcitation of a solution
containing 1 x 18 mol dm® of RuBPY** and 4.25 x 18 mol dm® of AN in C;Mim are shown
in Figure 3.7. Decay of the stimulated emissiomrfrie T; state of RuBPY" in the 580 — 750
nm region or recovery of the bleach band in the 45820 nm region is accompanied by a
concomitant rise of the AN triplet absorption sibgmathe 400 — 450 nm region. This observation
establishes the TET process from thestite of RuBPY" to AN molecule. Rates of pseudo first
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order decay (k') of stimulated emission monitore®20 nm or bleach recovery at 575 nm or
growth of the AN triplet at 403 nm have been deieed in the presence of different
concentrations of the quencher and hence the boaulalerate constant for the TET process in
C;Mim has been obtained from the slope of the linato the data in the plot of k' vs.
concentrations of the quencher. The rate constdritee TET process have been estimated in all

other solvent media and given in Table 3.3.

403 nm: 1, = 0.55 ps

0.01+4
620 nm: 1, =0.55 pus
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Figure 3.7: Time resolved absorption spectra recorded follgwihotoexcitation of 1 x Tdmol
dm*® of RUBPY** and 4.3 x 18 mol dni®of AN in C,Mim. Inset: Temporal profiles recorded at
620 nm and 403 nm, showing the decay of stimulatagsion from the Tstate of RuBPY and
rise of absorption due to increase in populatiothefT; state of AN, respectively.

Table 3.3: Viscosities of the solutions, values ofgk determined experimentallypk values
calculated using equation 2 ang-#kpir for RUBPY" — AN pair in two conventional solvents,
SDS micelle and four RTILSs.

Solvent N (cP) Krer (102dm3 mol™s™) | kpirr (10® dm®mol™s™) Krer /Koits
CAN 0.35 120 186 0.65
EG 15.7 4.8 4.21 1.14
SDS 24 5.9 3.2 1.84
C,Mim 44.6 3.3 1.49 2.2
CiMim 92.1 1.3 0.72 1.81
CeMim 207.2 0.7 0.32 2.19
CioMim 501.4 0.4 0.13 3.1
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We calculated the values ofik and also the values ofd/kpis for the TET process for the
RUuBPY** — AN pair in all those solvents used here. Thesaes are also given in Table 3.3. We
find that ket/kpir values follow a different trend as compared tosthobserved for the other
two donor — acceptor pairs discussed in the eastetion. For the present triplet energy donor —
acceptor pair, the tk/kpir values increase only marginally as the viscositythe solvent
increases but remain more or less similar as thesbis changed from im to C;oMim. So,
in the present case, the rate of the TET procdksyv® a similar trend as the bulk viscosity of the
RTIL solutions and the rate of the TET processigmiicantly slower as compared to those

observed in the cases of BP —NP and BP — BIP clasystems.

3.2.2.2. ET Studies using Nanosecond Electron PulBadiolysis Technique:We studied the
ET processes from the PY radical anion {RYwhich was generated using electron beam
irradiation, to BP or M". Use of PY concentration, which was larger by entbran about ten
times as that of the acceptor, ensured that PY autde in solution captured electrons to
generate PY preferentially. Both PY and BP molecules are exgedb reside in the neutral
alkyl group region, whereas MVshould preferentially be located near the ionicchgeoup
region of RTIL. PY has the lifetime of about j&s in GMim, which is quite long to achieve the
stationary state condition in the RTIL media (vid&a). Therefore, the ET studies in the PY —
BP and PY — MV" systems are expected to complement the resuttedfET studies discussed
in the earlier sections to enable us to provide emegalized concept about the micro-

heterogeneous structure of the RTIL solvents.

ET Process from PY to BP: The PY has an absorption maximum at ca. 490 nm and the BP
radical anion (BP) has an absorption band in the 600 - 740 nm regith the absorption
maximum at ca. 680 nm. Distinct absorption bandghefdonor and the acceptor anion radicals
make the observation of the ET process unambiguduse resolved absorption spectra
recorded following electron pulse radiolysis ofodusion containing 4 x 16 mol dm® of PY and

2.2 x 10 mol dni® of BP in GMim (Figure. 3.8A) and the temporal profiles recenidat 490 and
680 nm (inset of Figure 3.8A) clearly revealed thatures of the ET process from P¥ BP.

We have also recorded the temporal profiles for deeay of PY at 490 nm with varying
concentrations of BP in the range of 0 - 5 1ol dni® (Figure 3.8B). They have been fitted

single exponentially and the plot of the pseudcstfiorder rate constants vs. acceptor
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concentration has been used to determine the oatgtant of the ET processgfk ket has also
been estimated for this reaction in other RTILs &ad been compared with the theoretically
calculated diffusion rate constants (using equadB) in Table 3.4 .Quality of fits to the
temporal profiles and residual distributions in tese of ET process for PY-BP pair in four
RTIL solvents are shown in S3.4 in the SD secte find that, like in the case of the TET
studies in BP - NP (or BP - BIP) systems, the rafithe experimentally determined rates of ET
in the PY -BP system to the diffusion controlled rate in RTdblutions calculated using
equation 3.8 gradually increases as the alkyl chemgth of the RTIL solvent molecule is
increased. We find that, in the case @fMim, the experimentally determined ratgykis about
ten times faster as compared to the diffusion odlett rate, ki, calculated using the bulk

viscosity of the solution.
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Figure 3.8: (A) Time resolved absorption spectra recorded Herdint delay times following
electron pulse radiolysis of 4 x Tnol dm? of PY and 2.2 x 1®mol dm?® of BP in CGMim.
Inset: The kinetic traces recorded at 490 nm and 680Iongawith the best-fit functions and the
associated decay (D) and rise (R) lifetimes forRYeand the BP, respectively.(B) Temporal
profiles recorded at 490 nm for different quencltencentrations along with the best fit
functions. The inset represents the k' vs. quencbecentration plot. The bimolecular ET rate
constant is also given in the inset.

95



Table 3.4: Viscosities of the solutions, values afrkdetermined experimentallypk values
calculated using equation 3.8 ang/kpis for PY — BP system in two conventional solventsSSD
micelle and RTILs.

Solvent n (cP) ker (102dm®>mol™s™) | kpier (10® dm®mol™s™) | ker /koist
can 0.35 180 186 0.96
EG 15.7 4.7 4.21 1.12
SDS 24 2.7 3.2 0.84

C,Mim 44 2.6 1.94 1.32

CsMim 93 1.5 0.7 2.1
CeMim 185 14 0.37 3.8
Ci0Mim 490 1.5 0.14 10.4

ET Process in PY— MV?* System:Time resolved absorption spectra recorded followintse
radiolysis of a solution containing 4 x 1énol dm® of pyrene and 2 x THmol dm?® of MV* in
CsMim is shown in Figure 3.9A and the temporal pedilrecorded at 490 and 610 nm in the
inset of Figure 3.9A. Knowing the fact that reduddtV ] radical is well-characterized by a
strong absorption band in the 550 - 700 nm regigh the absorption maximum at ca. 610 nm
(S3.5 in SD sectiorff these data clearly reveal the occurrence of thepitess from PYto
MV?2*. ET rate constants have been estimated usingngmdncentrations of MY and the
values of kr /kpir thus calculated are given in Table 3.5. We finat tine results presented in
this table resembles nearly to those observeddrcéise of the TET process for the RuBPY

AN system.
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Figure 3.9: (A) Time resolved absorption spectra recorded Herdint delay times following
electron pulse radiolysis of 4 x #énol dm® of PY and 2 x 18mol dnmi® of MV?* in C,Mim.
Inset: The kinetic traces recorded at 490 nm and 610Ilongawith the best-fit functions and the
associated decay (D) and rise (R) lifetimes ofdbeor and acceptor respectively. (B) Temporal
profiles recorded at 490 nm for different accemoncentrations and the inset graph represents
the k' vs. acceptor concentration plot. The bimalecET rate constant thus determined is also
given in the inset.

Table 3.5: Viscosities of the solutions, values oftldetermined experimentally,pk values
calculated using equation 3.9 angtkpi forpyrene-MVF* pair in four RTILs and two
conventional solvents.

Solvent | n (cP) ke (102 dm3mol™s™?) kpitr (10° dm*mol™s™) Ker /Kot
ACN 0.35 140 186 0.75
EG 15.7 4.2 4.2 1
C,Mim 36 1.5 1.8 0.83
CsMim 95.6 0.6 0.7 0.86
CeMim 192 0.17 0.34 0.5
Ci0Mim 480 0.14 0.14 1
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3.2.3. Correlation of the Rate Constants of the TETand ET Processes with Viscosities of
the Media: In the above discussion, we assumed about occe@@ithe TET and ET processes
investigated here in the stationary regime of tlfuslonal quenching and hence the pseudo-
first-order rate constants of the quenching reastizvere determined using single-exponential
fits to the temporal decay profiles of the donaplét or radical anion. The single exponential
fitting approach can be adopted if the long-timgnastotic behaviour of the decay is fitted only
after the transient effect has ceased to contritautee decay dynamics. The time-dependence of
the bimolecular reaction rate constant, k(t), cam dalculated using the Smoluchowski

formulation modified by Collins and Kimball (equari 3.9)°% ®*

TDp,t

o=
k(t)=k, |1+ 39)

Where kg (=4nRpgDpo) is the Smoluchowski limit for the diffusion coalled rate, and R, and

Dpo are the reactions radius (or may be consideredoasact radius) and mutual diffusion
coefficient (given by equation 3.10), respectiveigt the donor (D) and quencher (Q). The
second term in the bracket in equation 3.9 reptedée contribution of the transient quenching

process.

Dpo = ke T [1 +1J (310)

6y (1, rq

Where p and g are the van der Waals radii calculated using tbm& volume addition method

as proposed by Edwafd.

In a much simplified approach, a rough estimatibthe time domain, within which the effect of
transient quenching is prevalent and beyond whiehquenching process may be considered as
mainly dominated by diffusion controlled processncbe made by assuming that the

contribution of the transient effect should be darathan 50% of kor the value of the factor

R/(mt) < 0.5. Adopting the values ofgg for the BP-NP and Py-BP pairs calculated by the

volume addition method of Edward (6.5 and 7.3 Aspextively) and By values calculated

using equation 3.10, we estimate the time-domaithinvwhich the transient quenching effect
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should be dominant and the results of these cdlongare given in the TABLE S3.6 in SD

section.

Table S3.6 reveals that, in the case of TET prodesgshe BP-NP pair, the diffusion
controlled process is dominant beyond 40 ns tinmaaio in GMim. Following this information,
the pseudo-first order fittings to different decpsofiles recorded in this solvent have been
performed for the time domain longer than 40 ngFi3.6). However, in the case ofd@lim,
the regime of transient quenching is extended ugbtmut 200 ns and hence the quenching data
were fitted by pseudo-first order kinetics only beg this time domain to ensure determination
of the reaction rate occurring in diffusion conkedl regime (see S3.3 in SD section). To ensure
good fitting of the data, the single exponentiafdinction and the residuals have been plotted in
S3.3 in SD section. Similar approach of data fiftimas adopted in other cases too. To cite the
other example, table S3.6 reveals that in the o&&3 process for the Py-BP pair, the diffusion
controlled regime is ensured beyond 280 ns timeaidorfor the solvent of highest viscosity. In
addition, Figure 3.8B as well as Figure S3.4 in &dotion show the pseudo-first order kinetic
fittings along with the residual distribution ansilyto the decay profiles representing quenching
of PY™ by BP recorded using pulse radiolysis techniqneall these cases the decay profiles
have been fitted in longer than 300 ns time domainhich ensures that we report here the
diffusion controlled rates free from the effecttansient quenching even in the case of solvent
of the highest viscosity. In addition, perfect ineplots of k vs quencher concentration (which
may be considered as Stern-Volmer kind of plotsduph the entire range of concentration of
the quencher also dictates occurrence of the qumggtrocesses in the diffusion controlled

regime without any significant contribution of tea@nt quenching.

Since diffusion of the reactants, which brings tactants in contact to interact with each
other is the only factor controlling the rates diede barrierless TET and ET processes
investigated here, we have made an attempt tolateréhe rate constants of these processes with
the inverse of viscosity (i.e.1jy as revealed by equation 3.8 (Figure 3.10). Feataf this figure
lead us to make an interesting inference thathendases of both the TET and ET processes
involving either the ionic donor or the ionic actap the bimolecular rates of these reactions
follow a linear relationship with f/and slopes of the best-fit lines agree reasonakly with

that calculated using equation 3.8 (6.6 X @& mol's'cPY). This suggests that diffusion of
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these reactants is controlled by the macroscopiouti viscosity of the solutions of RTIL as
measured experimentally. However, in the caseoofod - acceptor pairs, in which both the
molecules are nonionic, rates of both the TET ahddactions in RTIL solvents do not follow a
linear relationship, but become faster than theutated rate of a diffusion controlled process in
the corresponding solvent as the length of the latkhain in the RTIL solvent molecule
increases. Further, the ratiogekkpir or ket/kpir (Tables 3.2 and 3.4) increases by about 10
times in the cases of nonionic donor - acceptoreaide pairs, while this value is near to unity in
the cases of donor — acceptor pairs, in whichandem is an ionic species (Tables 3.3 and
3.5). These observations obviously suggest theainéerogeneous structutre of RTIL liquids,
which have sites or pockets of different microvisities and a particular reactant is solvated in a

region of like nature, say, nonpolar or polar.
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Figure 3.10: Variation of bimolecular rate constants of the T&¥d ET processes as a function
of the inverse of viscosity () (equation 3.8) in the case of (A) nonionic doracceptor pairs
(open circles) and (B) nonionic molecule (or caitprdonor — cationic (or nonionic molecule)
acceptor (open circles). Filled squares represahieg of ki calculated using viscosity of
solutions determined experimentally. Solvent medig: Acetonitrile, (2) ethylene glycol, (3)
SDS Micelle, (4) GMim, (5) CMim, (6) CsMim, (7) CoMim.

3.2.4. Heterogeneous Structure of RTIL SolventsAs discussed in section 3.3.1, both
Maroncelli and co-workers as well as Vauthey andaréiers predicted that diffusion controlled
processes can be observed in viscous solventsRIiK&, only by using long lived transient
donors, which survive for more than a few microsecenabling one to monitor the reactions
occurring in the stationary regimi®.®” Experimentally we have also established this ptei

In the second part of this work, we have choserva long-lived (lifetime of about a few
microsecond) triplet states as energy donors, spipic properties of which are well known,
as well as radical anions as electron donors, teraiéne the rates of the energy and electron
transfer reactions, respectively, in a series ofLRJolvents, SDS micelle as well as in two
conventional solvents. However, considering the flaat RTIL solvents consist of a polar head
group as well as a non polar tail of long chairybatitoup, we have selected both the neutral and
ionic solutes as the donor or acceptor to explom the different kinds of interactions between
the solute and the solvent influences the rateattions. Complementing our expectations, our

experimental results revealed two interesting faEtate of the energy or electron transfer
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reaction, for which one of the reactants is an dospecies, is controlled by the bulk or
macroscopic viscosity of the solvent, includingalhthose RTIL solvents used here. However, in
those cases, for which both the donor and the &mcemlecules are nonionic, the reaction rate
becomes faster as compared to the diffusion cdetrohte as the length of the alkyl chain of the

RTIL solvent molecule becomes longer.

Considering the fact that both the TET and ET psees investigated here are barrierless, the
rate of the reactions should be determined bydtesaf diffusion of the reactant species bringing
them together in contact. Therefore, observatioagann this work suggest significant role of
the microscopic structure of the solvent deterngrthme rates of diffusion of the reactant species.
Faster TET and ET rates as compared to that cédclfar the diffusion controlled process, as
observed in the cases of the neutral donor - accgatirs in RTILs with longer nonpolar alkyl
chain, may be interpreted as that the effectiwiémal force exerted by the solvent to the solute
diffusion, for which the microviscosity of the stin at the location of the solute should be a
good measure, is less as compared to the bulksitganf the solution. In other words, motions
of both the neutral reactants occur through a regidere the local viscosity is less as compared
to the bulk viscosity of the solution. Significantrease of TET or ET rate between the neutral
reactants, which is revealed by gradual increas¢éhénvalue of ki/kpir or kret/Kpir, with
increase in the length of the alkyl chain of thellR3olvent molecule, suggests that the nonpolar
alkyl chain plays an important role in creatingregeneity in the solution. van der Waals
interaction between these alkyl chains of RTILssates a nonionic alkyl pocket in RTIL
solution. Both the donor and the acceptor molecple$er to stay inside the nonionic pockets.
The TET or ET process takes place between the dorbacceptor molecules residing inside the
same pocket and the diffusive motion of the redstaxperiences much lower microscopic
viscosity as compared to the bulk viscosity of sb&ution. This is the reason why the TET or ET
rates in the cases of donor — acceptor pairs domgisf neutral molecules become faster than the
diffusion controlled rate.

Results of our molecular dynamic simulations reviedt self-organization of the RTIL
molecules becomes more significant as the alkyincleength increases and nearly a micelle-like
structure may be predicted in the case gMim. RTILs containing long alkyl chain have been

shown to exhibit surface active properties, desgphaas surface active ionic liquids (SAILS)
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which are capable to form supramolecular aggreg&t&SConsidering this fact, we thought of
determining the rate constants for the TET prodesshe BP - NP and BP — BIP pairs in SDS
micelles (Table 3.2). Since the SDS miceller mdeaiso contain an alkyl chain of twelve
carbon atoms, we may assume that the microviscasityhe nonpolar alkyl chain region, at
which the neutral molecules reside ingk@im, may be comparable to that in the case of SDS
micelle. To our pleasant surprise, we find that thtes of the TET process for these two
chemical systems determined ingkdim and SDS micelle are comparable (Table 3.2)cdssy

of the nonpolar core of the SDS micelle has ealEen estimated to be about 24°@nd this
leads us to predict that the microviscosity of tle@polar alkyl chain region of the,dMim also

is very similar.

Further to substantiate the conclusion that theroeitvironment observed by the apolar
solutes in GeMim is very similar to that in SDS micelles, we peal the polarity of the
microenvironment of the pyrene molecule in all #né3TILs used here by adopting the method
of Acree et al’ This method compares the ratios of intensitiethefvibronic bands at 373 and
385 nm (i.e. 4-913g5) in the fluorescence spectra of pyrene to compaepolarity of the media
in which the probe resides. Our results shown gufg S 3.7 in SD section shows that the
polarity of the microenvironment in which the pyeemolecule resides in;@/im liquid is very
similar to that of SDS or TX-100 micellé5Therefore, comparable rates of the TET reactions i
SDS and @Mim are not merely a coincidence but conclusionutbsimilar viscosities and
polarities of the microenvironment of an apolari@aon these two media is quite reasonable.

On the other hand, in the case of RUBRYAN and Py — MV}* pairs, in which one of the
reactants is a cationic species, the rates of te |nd ET processes, respectively, are nearly
equal to the diffusion controlled rates, which agdculated using the bulk viscosity of the
solutions. In these cases, AN and PY, being neotodecules, are more likely to be located in
the nonpolar alkyl chain region. Whereas RuBP¥nd MV?* preferably reside in the ionic
pocket of the RTIL solvent and diffusive motionthése ionic species may be slowed down due
to columbic interaction between the ionic soluté #me ionic head groups of the RTIL solvent
molecules. This suggests that the motion of thetasas for these two pairs of reactants, occur
through different regions of the RTIL solution, whiis inherently heterogeneous. Therefore, the
reaction rates are expected to experience the waup viscosity of the solution.
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In support of our experimental findings being reépdrhere, we find a large number of
reports, which have already provided consideraidéght into the nature of interaction between
the solute and ionic constituents of various RTIlhlvents, thus shedding light on the
microenvironments of these promising, but complesdia.®® *®Guo et. al used fluorescence
correlation spectroscopy (FCS) to study the diffnsiynamics of rhodamine 6G dye to provide
experimental evidence for chain length dependeiftaggregation in RTIL solvents of a
homologous series of N-alkyl-N-methylpyrrolidiniulbis-(trifluoromethylsulfonyl) imide,
[C.MPy][Tf,N] with varying alkyl chain length (n = 3, 4, 6, 81d 10)*° They observed biphasic
diffusion dynamics of the solute. However, both ttast and slow diffusion coefficients
decreased with increasing alkyl chain length, i relative contribution from slower diffusion
increasing for longer-chain [®Py][Tf,N]. This led them to propose that the biphasicugikn
dynamics originated from self-aggregation of thepmar alkyl chains in the cationic {@Py]".
Later, Patra and Samanta, as well as Bhattachaggaco-workersalso reported about the

biphasic dynamics in RTILs with long alkyl chaff{¢®

MD simulations and early SAXS results only idewtifi self-aggregation for alkyl chain
lengths longer than n = 4 in KIM systems. More recent SAXS results for thgVllM series
from n = 2 to 9 suggested the existence of selfegagion domains for n >": "® These works
demonstrated that the liquid structure of a nedlLRvas largely determined by a combination of
intermediate and long range Coulombic and hydrdgemding interactions as well as packing
factors. The translational diffusion rate of a $elwas shown to differ depending upon which

spatial region of the RTIL, the probe molecule waperiencing.

Samanta and coworkers investigated the rotatiop@hmics of dipolar and nonpolar solutes
in a series of N-alkyl-N-methylmorpholinium (alkyf ethyl, butyl, hexyl, and octyl)
bis(trifluoromethansulfonyl)-imide (EN) ionic liquids to reveal their location in distin
environments of these media using fluorescenceoinjsy decay measurement metfiddhey
revealed that the dipolar solute, 4-aminophthalenigis located in a polar environment because
of its H-bonding interaction with the constitueahs of the ionic liquids, whereas the location of
the nonpolar solute, AN, was in the nonpolar regibnhe ionic liquids formed largely by the
alkyl group of the cation. On the other hand, tipldr solute, PRODAN, was to be distributed
in both the regions. These results revealed theométerogeneous structure of the ionic liquids,
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formed by the segregation of the alkyl chains oe band and the charged components on the

other and hence emphasized the importance of swlaiftreactants.

Considering variation of the rate constants of TEAd ET reactions between neutral
molecules or molecular ions conducted in RTIL sotgewith increasing length of the alkyl
chain as well as the results of MD simulations,psedict preferential organizations of the RTIL
molecules with long alkyl chain length to form ngaa micelle-like structure creating distinct
regions with nonpolar and polar pockets. Reactpeties is preferentially solubilized in a
particular region depending on its polarity and diffusional motion is dependent on the
microviscosity of the region, in which it is sollibed. These facts may be depicted in a

schematic diagram represented in Figure 3.11.

3.3. CONCLUSIONS
This work presented in this chapter first experitain verified whether we can observe

diffusion controlled reaction in viscous RTIL medhiéh long lived transients. In the second part
the studies extended for observation of TET and&gctions involving long lived triplet states
and radical anions, respectively, in conventionalvents, SDS micelle and RTIL solvents,
namely, 1-alkyl-3-methyl-imidazoliumtetrafluorobt¢ea in which the chain length of the alkyl
group is varied up to ten carbon atoms. These gdfu controlled reactions occur in the
stationary quenching regime. Strong dependencbeofdaction rates on the non-ionic or ionic
nature of the reactants elucidates the microschpterogeneity of the RTIL solvents, which
becomes more significant as the alkyl chain lerggtthe RTIL solvent becomes longer. Results
of our MD simulations predict preferential orgariaas of the RTIL molecules, specifically
with long alkyl chain length, to form nearly a mlieelike structure creating distinct regions with
nonpolar and polar pockets. Reactant species ferprdially solubilized in a particular region
depending on its polarity and its diffusional matis dependent on the microviscosity of the

region, in which it is solubilized.
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Figure 3.11: The RTIL solvent molecules with long alkyl chaindemgo self-organization to
form micelle-like structures creating distinct regs with nonpolar and polar pockets. Neutral
donor and neutral acceptor molecules mainly renraithie nonionic alkyl pocket and diffusion
occurs through low viscosity nonionic pocket. Qre tother hand, ionic donor molecules
preferred to be solvated in the ionic region. Téactants need to diffuse through both ionic and
nonionic pockets to take part in the energy transfelectron transfer process.

Rates of TET and ET processes estimated for thealelonor — neutral acceptor pairs, which
prefer to remain solubilized in the nonpolar poclket faster than those calculated using the
Smoluchowski equation (equation 3.8) and the bulkacroscopic viscosityy] of the solutions,
determined experimentally. This suggests that therascopic viscosity experienced by these
solutes is lower as compared to the bulk viscaositthe solutions. Comparable values of TET
and ET rate constants for these neutral donor tradeacceptor pairs in the;@im and in SDS
micelle suggest that the viscosity of the nonigmicket of the @Mim is nearly similar to that
of the core region of SDS micelle, which has besported to be about 24 ¢PHowever, when
one of the reactant species of the donor - acceyiioris ionic, the rate of the TET or ET process
is slower and is nearly equal to that calculateshguisSmoluchowski equation and the bulk
viscosity, possibly because of electrostatic intBoam between the ionic head groups and the
ionic reactant as well as diffusion of the reacattitrough different kinds of regions of the
heterogeneous RTIL solutions. Thus this work tesgyablishes the microheterogeneous structure
of the imidazolium cation based ionic liquids catisig of regions of different polarities as well

as different microviscosities.
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CHAPTER 4

EXCITON DYNAMICS IN ANTHRACENE NANOAGGREGATES

4.1. INTRODUCTION

During the last two decades, nanoscience has beeofagcinating field of research for
the scientists from different disciplines. Preparatand properties of the nanomaterials have
received huge attention due to their wide scaldieatfpns in multiple fields:” Among them,
nanomaterials prepared using organic molecules Baga/n immense potentiality due to their
low cost, ease of syntheses and excellent opticglgoties. The quantum confinement effect is
less pronounced for organic nanoaggregates, thastan additional advantage because of the
possibility of producing different monomers by stitosion ° which helps tuning the properties
of the nanoaggregates in desired manner. Orgamocoeaposites are found to be useful for
application in OLEDS? field effect transistors organic solar cell¥ wave guides? etc.

Different kinds of interactions, e.g. hydrophobiez interaction, H-bonding, etc lead to
formation of nanoaggregates and these interactiames weak in nature. Therefore, the
thermodynamic stability is, of course, a point afncern for these materials. Materials
consisting of polycyclic aromatic hydrocarbons &m®wn to be good organic semiconductors
(OSC), having excellent optical and electronic pmes. They form crystals due torn
intermolecular interactions. These molecules are extremely hydrophobic and form
nanoaggregates, which are quite stable in ambi@mditon>*’It is important to understand the
properties of these materials for their applicagiam preparing devices. Methods of synthesis of
the nanoaggregates of the polyacene compounds besmre reported earlier by several groups
and their basic photophysical properties have hksen explored in recent years.” Exciton
dynamics in bulk crystal form and in thin films fa few of these polycyclic aromatic
compounds have also been reported edfli€r. However, to the best of our knowledge, no
information about the exciton dynamics in the n@ygoagates of these compounds is available in

the literature.
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Anthracene, in its crystalline form, has been fouttd display many attractive
optoelectronic properties, such as high chargéeramobility?* anisotropy?>' **aromagnetism>
etc. Moderate band gap of 3.1 &vand high emission quantum yiéidmake anthracene a
potential material for application in OLE,organic photovoltic&® optoelectronic devices,
etc. Knowledge about the photophysical and diffagicoperties of excitons populated in various
kinds of materials is importanin designing the optoelectronic devices with immdv
performance. Although exciton dynamics in the @alste phase and in thin films of anthracene
have been extensively studied by several grétpsto the best of our knowledge, these
properties have not been discussed in hanoaggsedateparation of anthracene nanoaggregate
by reprecipitation technique has been reporteditgcand these particles have been shown to be
quite stable in ambient conditidh.*” 3438

Herein, we have investigated the basic photophlypicgperties and exciton dynamics in
anthracene nanoaggregates using steady state rapdeasolved absorption and fluorescence
spectroscopic techniques. We have determined ttieaign intensity dependence of the exciton
— exciton annihilation rates to estimate the diffasconstants and diffusion lengths for both the
singlet and triplet excitons.

4.2. RESULTS AND DISCUSSION

4.2.1. Morphological characterization: Morphological analysis is considered as the primary
step in characterization of the nanomaterials. Hef2LS and AFM techniques have been used
to determine the size distribution of the nanoaggtes. Size distribution of the nanoaggregates
determined using DLS technique has been showngur&i4.1A. It is observed that the average
size of the nanoaggregates is about 260 + 25 nnM ARage of the nanoaggregates is also
shown in Figure 4.1B. We find that the average edd the nanoaggregates is about 50 + 10 nm
and the diameter of the nanoaggregates varieseirb@h- 400 nm range. AFM analysis also
indicates that the particles of these nanoaggregatenot spherical in shape but the aspect ratio

varies in the range 0.05 - OTherefore, they may be better described as nacmdis
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Figure 4.1.Size distribution of the anthracene nanoaggrega#ésrmined using DLS (A) and
AFM (B) techniques.

Arrangement of the anthracene molecules in the aggregates has been understood
from the X-ray diffraction analysis. After vacuumyihg of the nanoaggregate sample, it was
brought to powder form and XRD measurement wasopedd. The XRD pattern has been
compared with those of the crystalline forms repdrtearlier® “° In the case of the
nanoaggregate sample; we observe a weak but beatdréless XRD band in the range of 15 -
35 degree of the diffraction angle with a few irgerines superimposed on it (Figure 4.2). Those
sharp lines are perfectly coincident with thoseeobsd in the XRD pattern of the crystalline
state. This observation leads us to describe theoaggregated form of anthracene as a
crystalline substance with the presence of a lamgmber of defect sites, providing it partial
amorphous nature. The defect sites may have rexblarleffect on the photophysical properties
of the excitons populated in the nanoaggregat®agpared to those in anthracene crystal or thin

film.
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Figure 4.2: XRD pattern recorded for anthracene nanoaggregatdulk solid.

4.2.2. Steady state absorption and emission spectrin Figure 4.3, we have compared the
steady state absorption spectrum of anthraceneldessin acetonitrile with that of the aqueous
dispersion of the nanoaggregate. It is well knohatt the absorption spectrum of anthracene in
organic solvents shows distinct and sharp vibrafioprogressions. Similar vibrational
progressions have also been found in the absorgp@ctrum of the nanoaggregate sample.
However, the positions of each of these progressismearly the same as that observed in the
case of the molecule in solution, the lowest enengg (corresponding to the 0 - O transition)
appears at a position, which is red-shifted by alunm as compared to that in solution. In
addition, the relative heights of the individuabronic bands are significantly changed and the
widths of these bands arising due to Devydov smijtare also increasédThe long tail in the
red region of the absorption spectrum of the nagasgate sample is assigned to Mie scattering.
Absence of this extended absorption in the redoregif the fluorescence excitation spectrum
(inset of Figure 4.4) confirms its assignment teeMcattering. All these new features observed
in the absorption spectrum of the nanoaggregatmpared to that of the molecule in solution
may be attributed to strong intermolecular intecactbetween the different monomeric

anthracene units in the closely packed nanoaggre gaate.
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Figure 4.3: UV-visible absorption spectra of anthracene digswlin acetonitrile and anthracene

nanoaggregate dispersed in water.

Room temperature PL spectra recorded for the arghea molecule in acetonitrile
solution as well as for the agueous dispersionhef nanoaggregate sample are presented in
Figure 4.4. We find that the emission spectrumhefianoaggregate also consists of the features
of sharp vibrational progressions. However, likethe case of the absorption spectrum of the
nanoaggregate, the largest energy vibronic barigeiemission spectrum is also found to be red-
shifted by about 20 nm as compared to the 0 — Borib band of the monomer in acetonitrile
solution appearing at 380 nm. Absence of this wilirdoand in the emission spectrum of the
nanoaggregate sample, ensures the absence of @lajeds monomer molecule in aqueous

dispersion of the nanoaggregate sample.

We have determined the emission quantum vyigld 6f the nanoaggregate sample
relative to that of the monomer in acetonitrile d@he former is found to be reduced by about one
half as compared to the later. Increased ratdefiitersystem crossing (ISC) process may be
one of the possible reasons for the redupeth the nanaoaggregate sample. However, in the

crystalline form of anthracene, the rate of theisystem crossing (ISC) process has been found
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to decrease significantly as compared to that efrttonomer in solutiof? 3 The reason has
been explained as follows: In the case of anthmoealecule in solution, the energy level of the
T, state lies just below the; 8nergy level. This leads to efficient couplingvibeén these two
states and hence the rate of the ISC processydast In solid crystalline form, due to stronger
intermolecular interactions, the relative positiasfsthese energy levels are changed and the
energy level of the Jstate is lifted up with respect to that of theeRcitonic state by about 73
meV. In addition, the ST; energy gap being large (1.3 eV), coupling betwibexse two states
are poof***Hence in the crystalline solid form, the rate loé 1SC process is likely to decrease

as compared to that of the molecule in solution.

In the case of anthracene nanoaggregates, tberpdion spectrum possesses good
similarities with that of the anthracene crystal.addition, our XRD analysis has revealed that
the nanoaggregate also possesses good crystdiiamacter. Therefore, these characteristics of
the nanoaggregate sample suggest that the energlg lassociated with these two kinds of
materials may be quite simil&t.We have also discussed earlier that, quantum remfent
effect in the nanoaggregate is small and hencelaities in the energy levels in the
nanoaggregate and in crystalline solid are a gasdipility. Therefore, we may assume that the
rate of the ISC process in the nanoaggregate isanggr than that of the monomer molecule in
solution and hence the ISC process can not be @omsible factor for smalleg- in the
nanoaggregate. We predict that one or both of dthemphotophysical processes, namely, faster
rate of the internal conversion process and trappfrexcitons in the defect sites, are responsible

for lower @- in the nanoaggregate (vide infra).
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Figure 4.4 Steady state fluorescence spectra of anthracenacetonitrile solution and

anthracene nanoaggregate dispersed in water. |Bs@tation spectrum recorded for
anthracene nanoaggregate for 445 nm emission.

4.2.3. Time-resolved studies using TCSPC techniqué&o resolve the deactivation pathways
for the excitonic states of the nanoaggregate @dedlfollowing photoexcitation, time-resolved
fluorescence experiments have been performed mgusCSPC technique. Temporal emission
profiles have been recorded at regular intervalsOofim in the 400 — 650 nm region with a time
resolution of about 200 ps following photoexcitatiof the aqueous dispersions of the
nanoaggregate sample at 374 nm. Each of theseg gecfiles could be fitted with a multi-

exponential function consisting of two or three gmments by using iterative deconvolution
method. Three of them, along with the best-fit tiowes, are shown in Figure 4.5 and the

lifetimes () as well as the relative amplitudes (a) thus estth are presented in Table 4.1.
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Figure 4.5 Temporal florescence profiles recorded at threrediht wavelengths along with the
multi-exponential best-fit functions for the antbeae nanoaggregate sample. The

lifetimes () and the relative amplitudes (a) associated withhest-fit functions are
given in Table 4.1.

Table 4.1: Lifetimes () and relative amplitudes (a) associated with tb&tfit functions for the

temporal fluorescence profiles recorded followinghofmexcitation the
nanoaggregate dispersed in water.

of

Wavelength Lifetime (ns)
(nm) (Relative amplitude)
T1 () T2 (&) T3 (2)
400 0.52 £ 0.06 1.8+04 -
(0.47 £ 0.05) (0.53 £ 0.05)
450 0.72 £ 0.08 2.89+0.3 11.72+15
(0.17 £ 0.04) (0.40 £ 0.05) (0.43 £ 0.05)
510 0.44 £ 0.05 2.78+0.3 16.7+2
(-0.01 £ 0.01) (0.04 £ 0.01) (0.97 £ 0.05)

Multi-exponential decay of the excitonic emissisnggests population of multiple

excitonic states following photoexcitation of thanoeaggregate sample. The temporal profile
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recorded at 400 nm could be fitted by using a bievemtial decay function with the lifetimes of
0.52 and 1.8 ns. However, each of the temporallpsofecorded at longer wavelengths (say at

> 450 nm) could only be fitted by using a three enguaial function. For example, the temporal
profile recorded at 450 nm, has been fitted witthi@ee-exponential decay function with the
lifetimes of 0.72, 2.8, and 12 ns. We find that #mplitude associated with the longest lived
component (i.e. f increases, but those of the two shorter lived moments (i.e. aand @)
decrease, as the monitoring wavelength is tunedrdsvthe longer wavelength region. Temporal
profiles recorded at wavelengths longer than 50Ghaow an initial rise of fluorescence intensity
with the lifetime of 0.44 ns followed by a biexpari@l decay with the lifetimes of about 2.8 and
16 ns. Similarities in the lifetimes of the fastdsicay component associated with the temporal
profiles recorded at <450 nm and that of the risioghponent observed at >500 nm possibly
suggest a complementary relationship between théenattribute the former one to the decay of
the excitonic state populated following photoexaa of the nanoaggregate and the later to the

population of an excimeric state of anthracene.

Sekoet al have reported that excimer formation takes plaeglgminantly in the surface
region of anthracene microcrystalln nanoaggregates, the surface area to volume isatarge
and the regular arrangement of the molecules in dtystal is interrupted at the surface.
Therefore, possibility of the presence of surfaefedts is very large in the nanoaggregate
sample. In this report, we have not been able tme¢he specific role of surface defects on the
exciton dynamics, instead we observe the overédicebf the defects present both in the bulk
and at the surface. However, we can predict thed,td the large surface area to volume ratio in
the nanoaggregate, surface defects play a maj@rnaxciton trapping. It may be noted that the
lifetimes and the relative amplitudes associateth wihe best fit-functions for the temporal
fluorescence profiles show significant wavelengtipehdence. This possibly can be attributed to
several factors. Firstly, because of different siistribution of the particles in the nanoaggregate
assembly, lifetimes of the excitonic states in et#ht particles may vary to some extent.
According to the exciton - polariton model, lifetis of the excitonic states depend upon the size
of the nanoaggregatés.ln addition, wavelength dependence may also arise ® the
heterogeneities of the defect sites because ddrdiftes in orientations of the monomers, and

hence, populating excimeric states of differentrgewies (vide infraf® *’
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Most importantly, wavelength dependence of thepmal profiles may also arise due to
reabsorption effectExciton diffusion and reabsorption of exciton ertisshave been extensively
studied in anthrecene crystal earlier both expertaily as well as by MD simulatioft.” 52 Reabsorption
of exciton emission has been reported to be smamfi only in the case of thick crystals (thickness
few tens ofum).*® However, in our case, the average size of the aguregates prepared by us is only
about 0.26um. Negligible effect of reabsorption on exciton dgmics in the nanoaggregates has been
evident from two observations. Firstly, the absomir excitation spectrum and the emission spattru
of the exciton populated in the nanoaggregate m@iairg perfect mirror image relationship. Furtheg t
exciton lifetime is extraordinarily short (0.5 £20ns) as compared to that reported in crystassially,
thin crystals show a fairly short decay time of theiton luminescence, while thick crystals showglo
decay time due to reabsorption effect. The sharagléime in thin crystals has rather been explained
the trapping of the excitons at the crystal defettthe surface, the number of which is ratherdarg
thinner crystalé? The short decay time has been commonly considerds intrinsic.Therefore, we
assign the component having lifetime of 0.5 + 02tm the free Sexcitonic state, which is
shorter than that of the singlet exciton populatednthracene crysta. Trapping of excitons at
the defect sites and more surface encounter dgentdler size of the nanoaggregates are the
major factors responsible for this short excitiéetime in the nanoaggregate.

While 13 may be assigned to the lifetime of the excimetates the assignment ofis not
unanonymous. The later may have contribution frove quasi-free excitonic state, which is
populated in the anthracene crystal because afigteaciton — phonon interactidfPopulation
of quasi-free excitonic state becomes significriié coupling constant is greater than unity, a
condition which may arise at high pressure (say ¥iar). However, in anthracene crystal at an
ambient condition, the exciton — phonon couplingistant has a value of 0.85, and hence
population of the quasi-free excitonic state in tingstal at ambient condition as well as in the
nanoaggregate is quite unlikéiTherefore, both the fluorescence decay componenss)dts,
represent the components of a biexponential ftheononexponential decay of the self-trapped
excitonic and / or excimeric emissions. Populat@inthe excimeric states is generally not
observed in the case of anthracene in solutioneplaasambient condition. In solution phase,
anthracene molecules, on photoexcitation usingght,|prefer to form photodimers.Excimer
emission has been reported by different researchpgrin bulk crystals having defect sites as

well as at high pressure conditith.®* Shapes of the excimer emission spectra have tesms

120



to depend on the experimental conditions thus @img the excimeric states having different

kinds of geometries or configurations.

Temporal fluorescence profiles recorded at differ@avelengths have been used to
construct the time resolved area normalized emission spec{i@dRANES) of anthracene
nanoaggregat®: ®* These have been shown in Figure 4.6, which rewtbatsdistinctly different
kinds of excitonic and / or excimeric states arpiated at different delay times and they emit
in different wavelength regions. The time-resohadission spectrum recorded at 0.2 ns delay
time is mainly dominated by the contributions frén@e excitons. As the delay time increases up
to 4 ns, contribution from the free excitons desesaleading to decay of emission intensity of
the vibrational progression appearing in the 38018 nm region. This is accompanied by the
concomitant rise of intensities of the vibratiorogmessions appearing in the 410 — 440 nm
region, which may be assigned to population ofgbié-trapped excitons. With further increase
in delay time, we observe the development and ¢eoiwof a new broad emission band in the
450 — 600 nm region in expense of the one withwibk-resolved vibrational bands in the 380 -
440 nm. We assign the emission band appearingeitd® — 600 nm region to the excimeric
state. However, the shape of this new emission lmdnachges significantly as the delay time
increases. This may be attributed to the reorigmtadf the anthracene molecules in the defect
sites stabilizing the excimeric state. This alsplaxs the wavelength dependencerpfindts
(Table 4.1) and time evolution of the transienbfiscence spectra in the 450 — 600 nm region
(Figure 4.6).
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Figure 4.6 Time-resolved area normalized emission spectrANES) of anthracene
nanoaggregate.

4.2.4. Sub-picosecond transient absorption studie3ransient absorption (TA) spectroscopic
technique has been employed to obtain informategarding the ultrafast dynamics of the
excitonic state populated in the anthracene nameggte. Time-resolved TA spectra recorded
following photoexcitation of the anthracene nanagaggte sample at 400 nm are shown in
Figure 4.7. The spectrum recorded at 0.3 ps ddlag ttonsists of a broad excited state
absorption (ESA) band in the 460 — 750 nm regiaih@imaximum at ca 580 nm. With increase
in delay time, the entire ESA band decays leadmghe development of a weak negative
absorption band in the 450 — 650 nm region. TheeBESA band is assigned to the excitonic
state populated upon photoexcitation. Consideriagsignature in the TRANES, the negative
absorption band appeared after 30 ps delay timessggned to stimulated emission from the
excimeric state. However, because of limitation cofr femtosecond spectrometer (having
provision of delay time up to about 1 ns), we contd measure complete evolution of the SE
band.

Figure 4.7B shows the temporal evolution of thensient species recorded at three
selective wavelengths. Each of them reveals ingninmtesponse time limited rise of ESA

followed by a non-exponential decay. We also obsetlvat the temporal profiles show
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dependence on excitation intensity and this suggtsit the non-exponential decay of the
excitonic state in sub-ps time domain is the restigxciton-exciton annihilation reaction (vide
infra)2> 3> ®In addition, since the ESA band is overlapped wvitie stimulated emission

spectrum of the excimeric state, the temporal [@®fishould also be associated with a
component representing the rise of stimulated earishegative absorbance). Therefore, we
adopt the following kinetic model to analyse thenp®ral profiles recorded in the transient

absorption experiments.

4.2.4.1. Singlet - singlet exciton annihilationThe § excitonic state populated following
photoexcitation of the anthracene nanoaggregatglsamdergoes the following processes:

Ry

5.—=5, (4.1)
S, 45,35, +5, (4.2)
S, +D3E (4.3)

Equation 4.1 represents the natural decay of the & excitonic state to the ground state, S
whereas Equation 4.2 represents the second orday @é¢ the $excitonic state due to exciton —
exciton annihilation process, which populates(ts > 1) excitonic state and the State. §
excitonic state undergoes ultrafast vibrationabxation and internal conversion process and
produces back the;@xcitonic state. Equation 4.3 represents the tngppf the S excitonic

states at defect sites (D) leading to populatiothefexcimeric state (E).
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Figure 4.7: (A) Time-resolved transient absorption spectra recomtedifferent delay times
following photoexcitation of the nanoaggregate skniyy using 400 nm laser pulses.
(B) Temporal profiles recorded at three different wangths, along with the best fit

functions (they have been normalized at the maxirE8A value).

We write the rate equation for the &citonic state,

d[s,] . k [5. ]
— = —ki[5]— ; (4.4)

ky represents the annihilation-free decay of the&itonic state, i.e. combination of natural

decay (Equation 4.1) and decay due to excimer foomdEquation 4.3) i.ek; = k; + kg[D] .
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Here, we assume that the defect concentration xedfifor a particular sample of the
nanoaggregate prepared for the experimemnepresents the exciton - exciton annihilation geca
rate constant. Solution of Equation 4.4 gives @sdbncentration of the; 8xcitonic state at time

‘t’ (Equation 4.5 solution shown in S4.1 in SD sen).

[5,] = [5,], x ekt (4.5)

{1+k5e)

Here, k! = Xl (4.6)

Decay of the ESA band represents the decay of tkgc8onic state. Therefore, we write,

[AOD] 5, = [40D], x Z22xec)] (4.7)

(1+xit)

Population of the excimeric state is associatedh wie rise of stimulated emission or negative
absorption signal. Following Equation 4.3, theeraguation for evolution of the stimulated

emission signal can be written as,
[D1[S4] (4.8)

Using the value of [§ estimated in Equation 4.5 and making an assumgkiat [D] is constant
for the particular sample of nanoaggregate investi, we can solve the above equation to
obtain the expression for [E],

[E] = [54]pks[D]t[exp (—k4t)]] (4.9)

Since stimulated emission from the excimeric statetributes as a negative signal to the decay

of the transient absorption signal, we write,
[40D];; = —[A0D], k;tlexp (=k,1)]] (4.10)
Herek; = k[D]a (4.11)

Where,a is a constant, which is the ratio of the stimulaa®sorption cross section of thestate
and the stimulated emission cross section of thénestic state at a particular wavelength and

hence is wavelength dependent.
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The excimeric state has a very long lifetime (>} and hence the negative absorption signal
due to this state, following its rise, will remagonstant as a residual emission signal (R).
Therefore, the transient absorption signal has ethmeajor contributions, which may be
represented as,

[A0D]rye0 = [40D]gs, + [A0D]s + R (4.12)

[exp(—1} 2]]

[A0D]7pq = [AOD]y X = —[a0D]  kitlexp (~ki)]]+ R (4.13)

We find that all the experimentally recorded depagfiles could be fitted well with the
Equation 4.13 (Figure 4.7B) and Table 4.2 presémésparameters best-fitting the temporal
profiles recorded at 470, 570 and 670 nm usingettw@tation pulse energy of 8)/pulse. The

inverse of k[t = (k)™= 0.35 ns], which is close to the lifetime(Table 4.1) estimated from the
TCSPC measurements, represents the lifetime ofr¢leeS excitonic state. The value &), has
been observed to be dependent on the monitoringleagth, and it also depends upon the value
of [AOD]o. We have performed the intensity dependent measnts of the temporal profiles to

find out the annihilation rate constant and otheciten diffusion parameters for the

nanoaggregate.

Table 4.2: Parameters best-fitting the temporal profiles rded at 470, 570 and 670 nm using
the excitation pulse energy ofd/pulse.

Parameters 470 nm 570 nm 670 nm
[AOD], (MOD) 11.1+1 | 6.46+0.7| 6.31+0.0p
k'; (10° s1) 29+0.3 3.1+0.3 29+0.4
k', (10" s%) 217+0.1| 152+0.08 7.55+0.08

k'3 (10° s1) 8.0+1 2.0+05 1.0+0.2
R (10%) -51+1 | -0.2+0.03 -0.1+0.02

At high excitation intensities, exciton - excitonrghilation process is considered to be a

dominating decay process. Rate of this processestty dependent on the rates of the diffusive
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motion of the excitons in the nanoaggregate andénbias been rightly used for estimation of the
exciton diffusion parametef&. * ®*We have recorded the temporal profiles at 590 nym b
varying the excitation pulse energies in the raofy8 - 12.5uJ/pulse. These temporal profiles

have been fitted using Equation 4.13 (Figure 4r) best-fit parameters are provided in Table
S4.2 in SD section.

Slope=1.85 X 10-2 cm3s-
ko = 3.7 X 10 cm3s-1

-~
[Sqltp, = 0.4x 1020 cm-3
0.9 1.8 2.7

S11g, (x1 020 cm'3)

12.1 pJ/pulse

J/pulse
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Figure 4.8: Temporal TA profiles recorded at 590 nm followinlgopoexcitation of anthracene
nanoaggregate using 400 nm light of different pumensities, along with the best-fit
functions following equation 13. Inset: plot of ¥s. [S]o.
In this analysis, we have only considered the doution from the singlet excitons.
Population of the triplet excitons occurs at refaly longer time domain and therefore we neglect
the contribution of the triplet excitons to the fwmal profiles of the transients recorded in the

sub-ps time domain (vide infra).

We mentioned earlier that exciton - exciton anaifdn is a diffusion controlled process.

Therefore, the rate constant of the exciton — exrcannihilation process has been frequently
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used to calculate the exciton diffusion coefficiaatwell as the exciton diffusion length. Exciton
diffusion length is one of the important parametavhich need to be known in the case of
applications of the material in photovoltaic andest optoelectronic devices. The exciton

diffusion constant, D, is related to the annihdatrate constant,kby equation (4.14)

k, = 8nR_D (4.14)

Where, R is the annihilation radius. The value of Ban be estimated by determining the
threshold value of the exciton density ok][Sfor on-setting the exciton - exciton annihilation

process. [gnhas been estimated from the plotkafvs the exciton density at zero delay time or

[Si]o- In turn, [S]o has been calculated for a given excitation intgnasing the percent
absorption of light by the sample (S4.3. in SD isedt the excitation volume and the average

number of anthracene molecules per aggregaks. Should have a nonzero value, if the

excitation intensity is large enough to create puation density of exciton, which is larger than
the threshold exciton density. In the case of @uime nanoaggregate studied here, we estimate
the value of [gn as 0.4 x 1& cm®, which represents the fact that for this value efciton
densitythere is only one exciton within a sphere of votuaf about 25 nh The approximate
value of the radius of this sphere is about 1.8 wimch may be considered as the annihilation
radius for the singlet exciton in the anthracenaoaggregates. We could also determine the

value of k (3.7x 10° cm® s%) from the slope of the plot ¢ vs [S]o (inset of Figure 4.8 and
Table 4.3).

Table 4.3: Estimation of k from the excitation energy dependence al{$&see inset of Figure

4.8)
Excitation energy [Sio, k's Ko

(nd / pulse) (x 10°°cm’®) (x 10*'sY (cm?3s?h
12.1+0.3 2.66 £ 0.07 4.28 +0.26 3.7+1.6 x 1O
9.05%0.2 1.99+£0.04 2.95+0.17
6.85%+0.2 1.5+0.04 2.105+0.14
464 +0.2 1.02 £ 0.04 1.2 +0.09
3.31+0.1 0.73+0.02 | 0.748 £0.06
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Using these values of, kand R in Equation (4.14), we determine the value of extcit
diffusion coefficient, D, as 0.83 xFfocn? s®. It has been observed that, for anthracene crystal
the reported exciton diffusion constant has widegeaof values and exciton diffusion process is
anisotropic in nature. In this present work, we énassumed that the diffusion process is
isotropic in the nanoaggregate samples. The valubeodiffusion coefficient thus determined
for the anthracene nanoaggregate is nearly sitaldrose determined in the solid crystals (Table
4.4)% ®®\e estimate the exciton diffusion lengthy, Lin the nanoaggregate using Equation
(4.15),

Lo = (6Dr)*? (4.15)

Using the value of the lifetime of the exciton= 0.35 p$, the diffusion length has been
calculated to be ~13 nm, which is also nearly simib that in crystalline anthracene (Table 4.4).
However, shorter Sexciton lifetime results to a slight decreasehia éxciton diffusion length in
the nanoaggregate sampfie Comparison of these values in the anthracene atryand
nanaoaggregate further ensures that the matricesotecular packings in these two kinds of

materials are not very much different.

Table 4.4: Comparison of the annihilation rate constants, texcdiffusion coefficients and

diffusion lengths for singlet exciton in anthracemgstal and nanoaggregate.

System ke (cm® s D (cm’s?) Lg (nm)

Crystal 5-20 x 10° 1-10 x 10° 25 - 100

Nanoaggregate 3.7+16x%0| 083+03x15 | 13.2+4

&refs. 20, 65 - 70

The effect of the defect sites on the exciton diffu length has already been reported
by Cohen et. al. They have estimated the diffugoigth in smooth and rough crystal regions of
anthracené&’ For the smooth crystal region, where the propeleoutar packing is expected, the
exciton diffusion length determined is about 49 @n.the other hand, for the rough region with
a lot of defect sites, the exciton diffusion lengids been found to be shorter by about 10 - 15

nm?® It has also been known that crystals formed bferght methods possess different exciton
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diffusion lengths. According to the reports avaiain the literature, the exciton diffusion length
in a crystal grown from the molecular vapour is @htO5 nm. Whereas this value is shortened to
about 40 - 50 nm in a crystal grown from solutiom & about 25 nm in that grown from m&it.
This means that exciton diffusion length variescigstals grown under different conditions.
Therefore, the marginal reduction in exciton diffuslength as compared to that of the crystals,
is predicted considering the presence of partiabralmous nature in the nanoaggregates. The
effect of small size and surface defects on thet@xdiffusion length, need to be discussed in

short.

4.2.4.2. Triplet-triplet exciton annihilation: The vyield of the intersystem crossing (ISC)
process originating from the; State of anthracene in hexane has been reportée @bout
0.55"* However, in solid thin films or in crystalline fms, the energy level of the, Btate lies
above than that of the, State. As a consequence of this, the yield oftfiipdet state is reduced
by about two orders of magnitude** Yield of the triplet exciton in the nanoaggregatealso a
point of interest to us. In Figure 4.9, we havespraed the time-resolved transient absorption
spectra recorded following photoexcitation of aatene nanoaggregate using laser pulses of

355 nm wavelength and 10 ns duration.

The absorption spectrum of the triplet excitonasywbroad extending through the 300 —
750 nm region on which the fine structures supeoseg may have arisen due to ground state
bleaching. Triplet absorption spectrum of anthracenacetonitrile solution reported earlier also
shows the presence of a broad band in the 450 —n6b@egion; although the shape of the
spectrum recorded in the nanoaggregate is much rbovad, possible because of strong
interactions between the triplet and the latfice/* Long-lived triplet exciton in anthracene
crystal have been detected by simultaneous obsenvat both their weak red phosphorescence
as well as delayed blue fluorescence due to exeitmiton annihilatiorf> While the free-free
interaction, which follows bimolecular kinetic edums, is dominant at room temperature,
interaction between free and shallowly trapped texsi is much more efficient in yielding
delayed blue fluorescence at low temperaflie have estimated the triplet exciton yield in the
anthracene nanoaggregate to be about 0.14 + 0.&ibhy a method reported by Bachilo and
Weisman (S4.4 in SD sectiof?).
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To understand the dynamics of the triplet exciton, recorded the temporal profiles at
540 nm using different excitation intensities. ¢k the case of the singlet exciton, we found
strong intensity dependence of the temporal absorpprofiles suggesting triplet — triplet
exciton annihilation. These temporal profiles hals been analyzed following the mixed order
decay scheme. Decay of the triplet excitonic sfai®ws mainly two parallel processes: (1)
natural radiative and / or nonradiative decay (HEgua4.16) and (2) triplet-triplet exciton

annihilation reaction (Equation 4.17).

Jey (T
ko (T)
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Figure 4.9: Time-resolved transient absorption spectra reabrde differrent delay times
following photoexcitation of the anthracene nargragate sample using 355 nm laser
light of 10 ns duration.
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Solving the kinetic equations corresponding to ¢hgo processes, we derive Equation
18, which represents the decay of the triplet exsit
[40D];5, = [AOD], X % (4.18)

Temporal profiles along with the best-fit functiciedlowing Equation 4.18 are shown in

Figure 4.10 and the inset of this figure shows phe of k& (T) vs. density of triplet exciton,

[T1]o. Triplet — triplet exciton annihilation rate coast, k(T), thus estimated is 2.22 x Ybcn?
s'. This value is smaller by nearly two orders of miigle as compared to that estimated for the
triplet exciton populated in anthracene cry$tal’ The values of the annihilation radius and the
diffusion coefficient for the triplet exciton coulse estimated as 1.26 nm and 7.0 ¥ téfs™,
respectively. The diffusion coefficient of the tapexciton in the nanoaggreagte is thus smaller
by two orders of magnitude as compared to thatrtefdfor the crystal (Table 4.5.Smaller
diffusion coefficient and shorter triplet excitafetime are the responsible factors for reduction

of the diffusion length of the triplet exciton bgaut three orders of magnitude.

Table 4.5: Comparison of the triplet - triplet exciton ann#tibn rate constant,), diffusion
coefficient and diffusion length of the triplet éam in the solid crystal and the

nanoaggregate.

System 1(T1-exciton) | Kko(T) (cm®s?) D (cn’' s%) Lq (nm)
Solid Crystal 40 ms 0.5-5 x 1% 5-50x 10 10000 - 20000
Nanoaggregate 1+0.1ps 2.2+0.8x30 7.0 +2x10 6.5+2
®ref. 75 - 82
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Figure 4.10: Temporal TA profiles, along with the best-fit furoms, recorded at 544 nm
following photoexcitation of the anthracene nanaaggte by using different pump
intensities. Inset diagram represents the estimdi€d) vs. [Ty]o plot.

In fact, similar to the singlet exciton, tripletaon also may be trapped in defect sites
and form the triplet excimeric state. There arew feports available in the literature about the
triplet exciton trapping in anthracene cry$taP* Arnold et. al. have artificially created crystal
dislocation sites in anthracene crystal and trappiptet exciton$> In another report, Goode
et.al. reported population of the triplet excimestate at imperfect crystal sitds. In
nanoaggregates, due to imperfect molecular packiregence of defect sites makes trapping of
the triplet excitons highly probable and reduce ttifdet exciton lifetime and exciton diffusion
length. The broad excited absorption observe intithe resolved spectra for early time scale
expected to have contribution from the excimeres@so. Our nanosecond flash photolysis
system has time resolution of 10 ns which may besiciered quite long for the triplet exciton
trapping process and therefore in the excited @tisor band excimer state absorption is also

quite expected.

More significant effect on the triplet exciton fdi§ion, as compared to that of the singlet

exciton, can be explained on the basis of the mmesitaassociated with the triplet exciton
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diffusion. The triplet exciton diffusion occurs tlugh electronic spin exchange mechanism,

which is a slow proceds.
4.3. CONCLUSION

The present work provides us a clear picture raggrthe bulk solid like crystal structure of
the anthracene nanoaggregate having significaatfyel concentration of defect sites. Anthracene
nanoaggregates (NA) have been synthesized usingkweln reprecipitation method in the
presence of PVA stabilizer. The DLS and AFM anadyseveal that the particles have shapes of
nanodiscs with the average diameter and heightbolita260 nm and 50 nm, respectively.
Maxima of the 0 - O vibronic bands in the absonmptand emission spectra of the NA are red-
shifted by about 20 nm as compared to the correlipgrone in the monomeric absorption and
emission bands. Time-resolved emission study sheaelength dependent dynamics, which
originates from the distribution of particle sizewsell as the orientational heterogeneities in the
aggregate leading to different types of defectssi#ad hence the excimeric states of different
conformations. Transient absorption studies remealexponential dynamics of both the singlet
and triplet excitonic state due to exciton - excitonnémlation reaction at high excitation
intensities. Exciton annihilation rate constantghe singlet and the triplet excitons have been
determined as 3.7 x T&m® s* and 2.2 x 18% cm?® s*, respectively and exciton diffusion lengths
to be about 13.2 and 6.5 nm, respectively. Thelesirgxciton diffusion length is comparable to
that of the anthracene crystal and this suggeatstlie nanoaggreagates may also be considered
as materials for efficient optoelectronic and phkottaic devices. However, drastic reduction in
triplet exciton diffusion coefficient in the nanagggate form is explained considering slower

triplet energy transfer mechanism via spin exchange
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CHAPTERS

DIFFUSION CONTROLLED ENERGY TRANSFER PROCESS IN
DOPED ANTHRACENE NANOAGGREGATES: MULTIPLE
DOPING LEADS TO EFFICIENT WHITE LIGHT EMISSION

5.1. INTRODUCTION

Organic electronic materials have become great etitop for the inorganic counterpart
in recent years. Organic molecules showing potkagiplications in display devices, sensors,
organic solar cells and many other optoelectroeidaes, have been widely studi€dThis large
range of applications need understanding of theddorental processes associated with the
operation of organic electronic devices as welltlas basic photophysical properties of the
materials. Organic materials are normally usedhi@ torm of thin layers (or films) having
thickness in the nanometer range. Nanoaggrega#sdiNa large number of organic molecules
have also been synthesized in the last few defdlasd potentiality of their applications in
electronic devices has been explof&d Polycyclic aromatic hydrocarbons aneelectron
conjugated systems and possess low energy gap éreth®MO and LUMO levels, which
correspond to the near UV and visible region. Tliees they are suitable for optoelectronic
applications. High emission quantum yield of thesserials make them also suitable for display

and LED application$.

Doped organic and inorganic nanomaterials have heelh known for differently
colour-tuned emissioff.” >*Following transfer of excitation energy from theshmolecule to the
guest molecule, emission of light takes place ftbenguest molecule. Since these two molecules
emit different colours, it is possible to tune @wour of the emitted light just by varying the
doping percentage as well as the guest moleculeitdeixsinglet state of anthracene molecule
(see Scheme 5.1 for the molecular structure) eimitee blue region (i.e. in the 370 - 480 nm
region) in solution phase. However, in nanopartfolen, the entire emission band is red-shifted

by about 20 nm and the singlet anthracene excititsen the blue-violet regioff: > ?°Easy
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synthesis route and possibilities of generatiormailtiple colours with better emission yields
through doping in nanoaggregates, motivated uake tip the present work. However, while the
emission yield of anthracene in solution phaserdairad 0.36, it reduces to 0.%70.02 in the

case of nanoaggregatés®

L

Anthracene Tetracene

COCCC

Pervlene Pentacene

Scheme 5.1Molecular structures of the aromatic hydrocarbased in this work.

Perylene is a well known polycyclic compound havinigh emission yield in solution
phase (~0.93' The absorption band of perylene appears in the-3880 nm region, which
makes it a suitable material for fluorescence rasoa energy transfer (FRET) from anthracene.
Therefore we have chosen perylene as one of owandgpTletracene is chosen as another dopant,
which is also a polycyclic compound having one &xionjugated benzene ring as compared to
the anthracene molecule. The structural similaitietween them help us to accommodate
tetracene molecule easily in the anthracene nameggtg. It also absorbs light in the 400 to 470
nm region and acts as a highly efficient acceptothie FRET from anthracefig Pentacene
consists of five conjugated benzene rings withlihear arrangement and has absorption band
extended in the region of 400 to 500 fihTherefore, it also promises to be a suitable risdter
for FRET from anthracene in the nanoaggregate.odiigh pentacene undergoes photo-oxidation
in solution posing a limitation for its applicatiém solution phas&in solid form, pentacene is
quite stable to photo-oxidation and hence expetddik a suitable dopant for the FRET process
while embedded in the anthracene nanoaggregatexmaince the host and three dopant
molecules emit at different wavelength regions e# visible spectrum, multiple or combined
doping of these three materials and proper tunihgcamcentration ratio may provide the
potentiality to generate white light emission fraime nanoaggregate samples. White light

emitting materials have wide scale applicationglisplay systems and LEDs and hence these
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materials have drawn huge research interest inntegears’>3® The low cost and easy
availability of the above-mentioned host and dopaaterials may make these nanoaggregates
useful material for OLEDs and display systems. Heme report syntheses of doped anthracene
nanoaggregates, and energy transfer (ET) procéssasthe anthracene excitonic state to the
acceptor molecules, namely, perylene, tetracenepanticene. Efficient ET processes in the
anthracene nanoaggregate doped with all three scemlecules in proper proportion ensure
the possibility of development of a strong whitghli source with pumping by using near UV
light.

5.2. RESULTS AND DISCUSSION

5.2.1. Morphological Characterization: Size and shape of the nanomaterials have always bee
of primary concern prior to their use in any apaiion. We have used DLS and AFM techniques
as a part of the morphological analysis of the aggoegates. DLS measurements reveal that the
average sizes of the undoped and doped nanoageseayat comparable and they are distributed
in the range of 260 - 320 nm. Figure 5.1A presémésDLS data collected for perylene doped
anthracene (PeAn) nanoaggregates. AFM imaging alatasupports that the diameter of these
nanoaggregates are distributed in the 200 - 400ramge. However, the shapes of these
nanoaggregates are not completely spherical andtbeage height of the nanoaggregates is
around 35 + 10 nm. Results of the measurements avithracene nanoaggregate doped with
tetracene, pentacene or all three dopants simuiteshe (we describe them as TeAn, PnAn or
MARN, respectively) are given in the SD section (FgyS5.1). Table 5.1 reveals that the average
diameter of anthracene nanoaggregate decreasesl@dgthase in the size of the dopant, i.e. the
order of the average diameter is: An < TeAn < PrAPeAn. This possibly can be explained by
the better compatibility of the sizes of the hasd $he dopant molecules.

Table 5.1: Average diameters and heights of the nanoaggresgamples used in this study.

Nanoaggregate System Average Diameter (nm)|  Averagieight (nm)
An 260 + 25 5010
PeAn 285+ 25 35+10
TeAn 265 + 25 28 +10
PnAn 280 + 25 40 + 10
Man 330 +25 40 + 10
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Figure 5.1: (A) Size distribution estimated using DLS technique @)JAFM image of PeAn.

5.2.2. Steady State Absorption MeasurementSteady state UV-visible absorption spectrum
provides us direct information about the band giafhe nanomaterials. Absorption spectrum of
anthracene nanoaggregate is found to consist o&tidmal progressions, which are similar to

those known to be the prominent features of therlti®n spectrum of the molecule in solution

(Figure 5.2Y° However, the maximum of the vibronic band corresfing to the 0 — 0 transition

is red-shifted by about 20 nm in the nanoaggregsteompared to that of anthracene molecule in
solution. In the case of PeAn nanoaggregate, nufgignt change in the absorption spectra of
the nanoaggregates with varying concentration efdibpant up to about 1% (which corresponds
to the dopant concentration of 4.8 x“1Mol. dni®), could be observed (Figure 5.2). Method of
calculation of the dopant concentration in anthn@ceanoaggregate is given in the SD section
(S5.2). When the doping percentage is increasednae{%, the absorption due to the dopant
material gradually becomes evident. In our study tave used less than 1% doping
concentration in most of the experiments and heveenay consider that the major amount of
the incident light is absorbed by the host mole¢uée anthracene). In Figure 5.2, we have also
compared the absorption spectra of perylene in @H& nanoaggregate of perylene only. The
absorption spectrum of perylene nanoaggregate asjever, broader with the loss of fine

structures of the vibronic bands, which are therattaristics of the spectrum recorded in
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solution. The maximum of the absorption spectrunperfylene nanoaggregate is also shifted to
higher energy region. These are typical charatiesi®f H-aggregates (vide infra). Absorption

spectra of the anthracene nanoaggregates dopedvanying concentrations of tetracene and
pentacene are also monitored and the absorptiatrageund to show the absorption features of
the host only (i.e. anthracene) (S5.3 in SD seftion

An in THF Solution
n PeAn Nanoaggregate
0.8- Pe nanoaggregate
o ' Pe in THF Solution
o
c
®
2
3
o) 0.4-
<
0.0-

350 420 490
Wavelength (nm)

Figure 5.2: Normalized steady state absorption spectra of ao#ime (An) in THF solution, An
nanoaggregate, Perylene (Pe) doped An nanoaggnedhtdoping concentration of
4.8 x 10> mol dni®, Pe in THF solution and Pe nanoaggregate.
5.2.3. Steady State Emission MeasurementsSollowing photoexcitation by using 355 nm light,
we have recorded the emission spectra of anthramedeerylene in THF solutions as well as
undoped or pure anthracene and perylene nanoagese@agure 5.3). We observe that, in the
emission spectrum of the undoped anthracene naregagg, the vibronic band corresponding to
the 0 - O transition occurring in the emission $peof anthracene molecule in solution is
missing®® In the case of pure perylene nanoaggregate, wenabsin emission band, although
very week, in the 500 — 700 nm region with the mraxin at ca 580 nm (Figure 5.3C). This weak
but broad emission band of perylene nanoaggregatelbm assigned to perylene excimer. Very
weak perylene excimer emission in solution has veparted earlie?’ In the case of anthracene
nanoaggregate, excimer band is extremely week ppdaas only as a long tail in the lower

energy region of the emission spectrtfin perylene nanoaggregates, the arrangement of the
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molecules is possibly quite similar to that in therystalline form of perylene. Here the perylene
molecules form dimers, in which the relative dis@metween the molecular planes is <0.4 nm,
because of which excimer formation becomes fakitaggregate kind of association of perylene
molecules has been evident in the absorption spactf perylene nanoaggregate (Figure 5.2).
On the other hand, anthracene molecules exist ynanrfd form. In this arrangement, the relative
distances between molecular planes are > 0.4 noguBe of which interaction between two
adjacent molecules are not so strong to form tlogneeric state. In anthracene nanoaggregates,
the dimeric forms may exist only at defect sitesl drence only weak emission from the

excimeric state is observéd.

In Figure 5.3, we have also shown the emissiootsp® of the PeAn nanoaggrgate with
0.01% doping of perylene. We observe that intgnsitemission from perylene exciton in the
PeAn nanoaggregate is quite significant even wifi% doping because of very efficient ET
from the singlet excitonic state of anthracene ¢éoylene molecule to populate the perylene
excitonic state (vide infra for quantitative measuents of efficiency of ET process). It is also
important to observe that each of the vibrationalgpessions in the emission spectrum of
perylene exciton in the nanoaggregate is also Inéited by about 9 nm as compared to those in

solution.

An in THF
An nanoaggregate

21-0' PeAn Nanoaggregate
@ Pe in THF

g Pe nanoaggregate

‘B

c

20.51

£

0.0
400 450 500 600 700
Wavelength (nm)

Figure 5.3: Steady state fluorescence spectra of anthraceng (& x 10° mol dm?) and
perylene (Pe) (1 x Imol dni®) in THF as well as undoped An and Pe nanoaggregate
samples dispersed in water. In addition, this fgalso shows the emission spectrum
of PeAn nanoaggregate with 0.01% doping (concéatrat.8 x 10* mol dni®) of Pe.
Excitation wavelength is 355 nm.
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Figure 5.4: (A) Fluorescence spectra for An nanoaggregate and RaeAoaggregate samples
having dopant concentrations up to 1 21fol. dm® and(B) the samples with dopant
concentrations varying from 0.1 to 24.2 x“1®ol. dm®. Inset of A: Plot of energy
transfer efficiency ¢=1) vs. dopant concentratiorinset of B: Emission spectra

normalized at the maximum intensity.

Figures 5.4 (A and B) show the emission spectrdath the undoped and differently
doped PeAn nanoaggregates. We observe that intefs#mission in the 390 - 430 nm region,
which is assigned to the singlet excitonic stateanthracene, decreases and that due to the
singlet excitonic state of perylene increases comt@mtly in the 440 - 640 nm region with
increase in concentration of the dopant (FigureAb.4 However, on further increase in
concentration of the dopant beyond 1 x*Ifiol. dm?, the emission intensity starts decreasing
(Figure 5.4B). Further, at this range of dopantasmration, we observe a gradual increase in
emission intensity in the 500 - 700 nm region vifittrease in dopant concentration. Evolution of
the emission spectra at higher concentrations efdbpant (>1 x 16 mol. dni®) in PeAN
nanoaggregate may be assigned to formation of gregyexcimer and / or anthracene - perylene
exciplex®® 3¥We expect a significant contribution of anthracengerylene exciplex state to the

emission enhancement observed in the wavelengibrredpove 500 nm (inset of Figure 5.4B).

Efficiency of ET, ®e1(SS), from the singlet excitonic state of anthr&cém perylene

molecule has been estimated using equation 5.1.

(59 =1-(2) 51

I
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Here b and ba are the steady state (SS) emission intensities ureddor the undoped and
doped nanoaggregates, respectively, at a partioutarelength. We have measured these
parameters at 400 nm, since contribution of accepinission at this wavelength is nearly
negligible (Figure 5.4A). The plot abe1(SS) vs. dopant concentration has been shown in the
inset of this figure. We observe that ther(SS) value increases sharply with increase in dopan
concentration up to about 2 x i@nol. dm?, but with further increase in dopant concentration
®e1(SS) value increases only marginally. We estimé#ted in PeAn nanoaggregate, transfer of
about 97% of the excitation energy of the donath®acceptor could be achieved with perylene

concentration larger than 5 x i@nol dm?®.

Table 5.2: Maximum quantum vyield of emissiong-(max), the corresponding dopant
concentration and maximum ET efficiencger(max), achieved for undoped and
doped nanoaggregate samples and the rates of EE€gsra.e. & (SS) and ki(TR),
determined using steady state and time resolvedsioni techniques, respectively.
ket (Forster) is the rate of ET process calculatedrassy Forster mechanism.

NA | ¢e(max) [Dopant] | ger(max) ker (10*dm® mor’s?)
(10° mol dni®) ker(SS) ker (TR) ket (Forster§
An 0.17 - -
PeAn| 0.36 1 98 6.21 6.22 (5.3Y 3.8
TeAn| 0.29 48 99 3.80 | 4.01° (4.91p 0.98
PnAn| 0.17 0 92 3.38 2.0 (4.38) 0.55
MAn? | 0.46 - - -

Results from TCSPC measuremerfResults from fluorescence upconversion measurements
°See section 5.3.6Quartenary nanoaggregate (i.e. anththracene narexgg doped with Pe,
Te and Pn), see section 5.3.7 for optimum compuositi

Steady state emission studies have also beenedawut for TeAn and PnAn
nanoaggregate samples. Results of these experiraentgrovided in the SD section (Figures
S5.4). In each of these cases, reduction of emmisigitensity of the donor and concomitant
increase in the emission intensity of the accepfithh increase in dopant concentration ensures
occurrence of the ET process. In the case of Teskmoaggregate, emission of the excitonic state
of tetracene occurs in the 500 - 580 nm region.ti@nother hand, for PnAn nanoaggregate,
acceptor emission appears in the 590 - 680 nmmedii&e in the case of PeAn nanoaggregate,

positions of the emission bands of the excitonatest of tetracene and pentacene in doped
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anthracene nanoaggregates are red shifted as cednfpathose in the emission spectra of these
molecules in solution phase. These observationgifyjugshe prediction about strong
intermolecular interaction leading to modulationtbé HOMO - LUMO energy levels of both
the donor and acceptor molecules in the nanoaggregatrix.

Like in the case of PeAn nanoaggregate, ET effm&s in other two cases too are large
and show similar kind of dependence on concentradiothe dopant, i.e. efficiency increases
sharply with increase in concentration of the dopanto about 2 x T&mol. dm® and attains a
limiting value for the dopant concentration largdran this (Figures S5.4). In TeAn
nanoaggregate, ET efficiency of about 98% is adbé However, in the case of pentacene,
due to extended conjugation, the absorption band is further reétesthand the overlap between
the donor emission and acceptor absorption spestiaoorer. In this case, maximum ET
efficiency could be achieved is about 92% with do@ant concentration of about 1 x4fol
dm, which is limited by the solubility of pentacemeTHF (the good solvent).

We have determined the dependence of the emisgdoh gn the concentrations of the
dopant in the binary nanoaggregates (Figure S5.SD0nsection) and the maximum quantum
yield and the dopant concentration(s), at whichehm@ssion yield is maximum, in the case of
each of the binary (or quarternary) nanoaggregatesgiven in Table 5.2. In the case of PeAn
nanoaggregate, the emission yield increases ugetddpant concentration of about 1 X*Ifiol
dm?, above which the emission yield decreases shawjily increase in concentration of the
dopant. Considering that the value of fluorescanantum yield of perylene in cyclohexane and
Pe nanoaggregate are 0.94 and 0.03, it becomesusit¥iat initial increase of emission intensity
with increase in dopant concentration up to 1 X il dm®* may be assigned to larger yield of
emission of Pe exciton but increasing Pe conceaird&ads to formation of excimer or exciplex
resulting reduction of overall emission yield. Theorescence yields of tetracene and pentacene
in THF have been measured here are 0.31 + 0.00&8+ 0.01, respectively, and those for
tetracene and pentacene nanoaggregates are 0.00hQ218, respectively. Very low emission
yield in these nanoaggregates may be explainedadaecurrence of singlet fission procé8§

In the case of TeAn, the emission yield continuesntrease up to 0.29 corresponding to the
dopant concentration of about 4.8 x*iol dni®, beyond which the emission yiedécreases due

to the possibility of decay of singlet excitoniatst of tetracene through singlet exciton fissioncpss.
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However, in the case of PnAn, tamission quantum yield decreases monotonouslyindfease in
concentration of the dopant because the emissieldsyiof both the excited state of the
monomeric form as well as the excitonic state pajaal in the nanoaggrgate form are lower than
that of the excitonic state of anthracene in theoaggregate.

In order to understand the mechanism of the ET gu®es, we determined the rates of
these processes using both steady state and tsob«d quenching experiments. Steady state
Stern-Volmer (S-V) plot (equation 5.2) for quendhinf anthracene exciton emission by
perylene molecule in PeAn nanoggregate has beemnsho Figure 5.5A% The S-V plots for
other two cases have been provided in the SD se(figure S5.6). In all these cases, we find
that the S-V plot for the steady state quenchingrhracene exciton emission by the dopant
(acceptor) molecules (equation 5.2, in which [Athe concentration of the acceptor) is linear
only in the low concentration range (e.g. in theecaf PeAn nanoaggregate, up to about 2% 10
mol. dm® of perylene). Rate constantg;§SS), for the ET processes have been determined fro
the slope of the best fit line (taking care of guents in the region of low acceptor concentration
only) and the values are given in Table 5.2. Inagign 5.2, we have used the average lifetime of
anthracene exciton emissionfz ~ 3.4 ns) estimated from the time resolved flacemce study
(Table 5.3) to estimate the values @f(6S). Figure 5.5A and Figure S5.6 in SD sectioreaév
that, at higher concentrations of the dopants, plds show negative deviation from the
linearity. This observation has been explainedertisn 5.3.5.

(o)=1+ ke, (S [A] =1+ ker (S <7, >[A] (52)

5.2.4. Time Resolved Emission Measurementdleasurements of the decay of the donor
exciton emission intensity and concomitant risethaft of the acceptor provide us the direct
evidence for the energy transfer process. In Figuée we have presented the results of the
TCSPC measurements in the case of undoped andeperyldoped anthracene nanoaggregate
samples following photo-excitation at 374 nm. Wevéhaneasured the time evolution of
anthracene exciton emission at 400 nm and thdteo&tceptor at 480 nm. We observe that both
decay of anthracene exciton emission and rise oflgree exciton emission signals become
faster with increase in dopant concentration. Témsures the bimolecular energy transfer
process from the donor to the acceptor. The tenhpoddiles could only be fitted using multi-
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exponential functions and the results of the ama\isave been provided in Table S5.7 in SD
section. Multi-exponential nature of the decay atimn emission in undoped anthracene
nanoaggregate can be explained by assuming diffenetis of environments around excitons as
well as exciton — exciton annihilation process évidfra)?® In addition, multi-exponentiality of

the decay profile of the anthracene exciton and #is time evolution of the perylene exciton
emission may arise due to the same reason. Redultee resolved emission measurements for

TeAn and PnAn nanoaggregates are also analysée saime procedure (S5.8 in SD section).
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Figure 5.5: Stern-Volmer plots for perylene doped anthracemoaggregates using (A) steady
state and (B) time resolved emission measurements.
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Figure 5.6: Temporal profiles recorded following photoexcitatiof the undoped anthracene and
differently doped PeAn nanoaggregate samples ah8v4
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The average lifetimes have been used to estinhateate constant of the ET process,
ker(TR), using the S-V equation (equation 5.3), in abhtp> and <tpa> are the average
lifetimes of the donor exciton in undoped and dopauhples, respectively. The average lifetimes
estimated from the fitting of the temporal profilescorded at 400 nm in Table S5.9 in SD
section. S-V plot for the PeAn nanoaggregate usimg-resolved emission data is given in
Figure 5.5B and those for TeAn and PnAn nanoaggesga Figure S5.10 in SD section.

[22)=1+ k(TR [A] =1+ ke (TR < 7, > [A] 53)

Values of kt(TR) thus determined for three doped nanoaggredaee been provided
in Table 5.2 and we find that theKTR) and k+(SS) values are comparable. Like in the case of
steady state emission data, the S-V plot consuufttem the time-resolved data also deviate
from the liner relationship at the higher concetibra range of the dopant. Good agreement
between the values ot TR) and k(SS) determined in the lower concentration regirie X
102 mol dm?®) also suggest that the excitonic interaction kR ET process is really the dynamic

one.

ET efficiencies, ¢=1(TR), have also been estimated by using equatigh %he
fluorescence quenching efficiencies of the donoission or@=1(TR) for PeAn, TeAn and PnAn
nanoaggregates are given in Table S5.9 (SD sectée)find a similar trend of=(TR) values

as those estimated from the steady state analysis

Per(TR) =1~ 222 (54)
We also made attempts to study the ET processesthe $ state of anthracene to three
aromatic molecules, which have been used here pant®in anthracene nanoaggregates, in the
solution phase. However, since the absorption basfdanthracene and the acceptors are
overlapping in the 320 — 420 nm, the steady stagenching experiments did not yield any
meaningful results. In quenching experiments, iaseein fluorescence intensity of the acceptor
could be observed with increasing concentratiothefacceptor due to direct excitation of the
acceptor and hence quantitative estimation of theiency of the ET process was not possible.

Therefore, we adopted the time resolved emissiohnigue to investigate the ET processes in
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solution phase. The lifetimes of anthracene fluogase in THF were measured in absence and
presence of different concentrations of the quenahd the rate of quenching due to ET process
was determined using S-V method. In the case tifracene — perylene pair in THF, the S-V
plot was linear through the entire range of coneian of perylene used in the experiment and
the ET rate thus determined (1.6 X0m® mol™* s*) was seen to be diffusion controlled in THF
(Figure S5.11 in SD section). However, in the cadesther two donor — acceptor pairs, namely
anthracene — tetracene and anthracene — pentacdrdf- solution, quenching of the lifetime of
anthracene fluorescence was observed to be neatyigible even up to the highest
concentration of the acceptor, which could be addewithin the limit of solubility of the
acceptor in this solvent (Figure S5.12 in SD sedtider values thus determined are 8.4 X 0
tand 2.5 x 19s* for the anthracene — tetracene and anthracenaetageme pairs, respectively.
These rates are slower by about two orders of nadmias compared to those in doped
anthracene nanoaggrgates and by about an orderaghimde as compared to that for the

anthracene — perylene pair in THF.

These observations suggest that nanoaggregateglgrsome unique advantages for
efficient ET process as compared to those in swigtiand this can be rationalized considering
several factors. Firstly, due to stronger interroolar interactions in the nanoaggregate, the
energy gap between the HOMO and LUMO of the antmraanolecule reduces and it causes a
red shift of the emission band by about 20 nm. Tegilts a larger overlap of donor emission
with the absorption spectrum of the acceptor, lequtb more efficient energy transfer. Secondly,
in the nanoaggregates, donor and acceptor moleatdeslosely packed and hence the effective
concentration of the acceptor is three to four mraé magnitude higher in the nanoaggregates as
compared to that in solution and the probabilityfinfling the acceptor molecule in the close
proximity of the donor is very large. Discussion time following sections may help us to
understand the mechanism of larger energy tramaferand efficiency in hanoaggregates more
precisely and quantitatively.

5.2.5. Fluorescence Upconversion Experimentsiime resolved fluorescence measurements
performed with the quencher concentrations in #ege >1 x 18 mol. dm® using TCSPC
technique (time resolution is about 200 ps) indidathe presence of short lived lifetime

components, which could not be well resolved byngsthis technique. We have used

151



fluorescence up-conversion technique (time resmbuis about 150 fs) to record the temporal
emission profiles at 430 nm to monitor the decayanthracene exciton emission in doped
anthracene nanoaggregates having dopant concengasrger than 1 x 0mol dm®. Each of
these temporal emission profiles follows nonexpdiaérdecay behaviour and decay of the
excited state population of anthracene excitoroimdl to be faster at larger excitation energy
(Figure 5.7A). These observations suggest sigmficontribution by the exciton — exciton
annihilation process towards the decay of the daxwitonic state, S(equation 5.5° These
temporal profiles thus consist of two distinct canpnts, namely, exciton — exciton annihilation
process, which should follow second order kinetitth the rate constantland annihilation free
exciton decay process (equation 5.6), which shdalkdw first order kinetics with the rate
constant k In addition to these two decay channels, angithecess contributing to the decay of
the excitonic emission in undoped anthracene nagreggte is population of the excimric state
following trapping of excitons at the defect sil®) (equation 5.7). This may be considered as a
pseudo-first order process with the rate constanHkwever, excimeric emission is long-lived
and contributes as a long-lived residual emissi@ansidering these aspects, we derive the
kinetic equation 5.8 for the decay of excitonic ssion intensity,.) following photoexcitation of
undoped anthracene nanoaggred&te. this equation, 'k = (¥2)k[S:]o where [S]o is the initial
concentration of the excitonic state of anthragemgulated by the excitation pulse and (k; +
ks)™. The termsdand R in equation 5.8 represent the maximum earissitensity and a minor
contribution of the excimeric state to the residloalg-lived emission intensity, respectively.
However, in the case of doped anthracene nanoaggiegve need to consider contribution of
another process contributing to the decay of thgtexic state, namely, ET process (equation
5.9) and the expression oftxneeds to be revised in the case of doped nancgajgeeas, & =

(ke + ks + kerlA]) .

S+S0%-S +S (55)
S O%- S (56)
S+DO%-E (5.7)
h:CﬁQ)éﬁR (5.8)
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Figure 5.7: (A) Temporal emission profiles recorded at 430 nm feihg photoexcitation of the
undoped anthracene nanoaggregate samples usiegediffexcitation energies, along
with the best-fit functions generated using equefd. (B) and (C): Plots of kvs.
[Si]o (exciton concentration at zero delay time). Insptsvide the values of 5k
determined from the slopes of the best-fit lines.

Table 5.3: Parameters fitting the temporal emission profikssorded at 430 nm using different
excitation energies, following equation 5.8.

Energy/pulse [Silo [Silo lo k', T R

(Th)) (10°cm®? | (mol dm?)? (10" sh (ns)

0.5 0.12 0.019 0.872 0.02 0.33 0.1
1 0.23 0.039 0.918 0.08 0.33 0.004
15 0.35 0.058 1.03 0.3 0.32 0.002
2 0.46 0.077 1.099 0.83 0.29 0.003
3 0.7 0.117 1.483 1.51 0.26 0.002
6 1.4 0.232 1.4 2.09 0.25 0.006

Method of calculation is shown in S5.13 in SD s®@tti
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Therefore, each of the temporal emission profiEe®rded at 430 nm using fluorescence
upconversion technique has been fitted using egudii8, which represents mixed (first and
second) order kinetics. The temporal profiles rdedrusing different excitation energies along
with the fitting functions are shown in Figure 5.8Ad the fitting parameters are provided in
Table 5.3 We calculated the exciton density at zero delagtiffi]o, (in units of both cif and
mol dm®) and plotted k vs [S]o to determine the values of kom the slope of the best fit line
(Figures 5.7B and 5.C). Value of thus obtained is 3.5 x 2a&m® s* or 2.1 x 18 dm® mor* s™.
This value agrees well with that determined by ssg transient absorption spectroscopic
technique and reported earlier (3.7 x°160m® s%).?° In addition, the values of the annihilation
radius (R = 2.4 nm) and the diffusion coefficient (D = 5.810%n? .s%) have also been

determined (Text 5.13 in SD).

Temporal emission profiles recorded at 430 nmofeihg photoexcitation of differently
doped PeAn nanoaggregates using excitation ersérglyout 3uJ/pulse are shown in Figure 5.8
and the parameters obtained by fitting these cung@sy equation 8 are provided in Table 5.4.
We observe that the exciton — exciton annihilatiate constant, as expected, has similar values
(k’, = (1.55 + 0.10) x 18 s%) in PeAn nanoaggregates with different dopant eatrations.
However, the value of is found to decrease with increase in dopant aunagon. Since the
values of k and k may be assumed to remain constants in the cadestloundoped and doped
anthracene nanoaggregates, decrease of the valuewih increase in concentration of the
dopant may be assigned to increase in ET ratge, like in the cases of the steady state and
TCSPC experimental data, S-V plot constructed uthegluorescence upconversion data shows
linear behaviour only in the lower concentratiogiom (<0.01 mol drif) of perylene used as
dopant (Figure S5.14 in SD section). The ET ratgyHS), thus determined for PeAn
nanoaggregate using the linear part of the S-V, Bc&.3 x 18" dm® mor* s*.
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Figure 5.8 Temporal profiles recorded at 430 nm for difféhgrdoped PeAn nanoaggregates

using excitation energy of 8)/pulse, along with the best-fit functions genetaising
equation 5.8 (The best fit parameters are giverainle 5.4).

Table 5.4: Parameters associated with the best fit functionshe temporal profiles (see Figure

5.8), which were recorded at 430 nm using diffedoant concentrations, generated
using equation 5.8.

[Perylene] lo k', (10" s%) 1(10° s1) R
(10° mol dm?)

0° 1.12 1.58 0.36 0.026
2.4 1.21 1.64 0.18 0.022
4.8 1.22 1.52 0.13 0.01
24 1.17 1.50 0.11 0.006
48 1.08 1.56 0.08 0.014
240 1.12 1.44 0.06 0.006

®Undoped anthracene nanoaggregate.

Because of overlapping of the emission bands thfracene and perylene excitons in the
450 — 500 nm region (Figure 5.3), we could not rdcthe rise of the emission signal
corresponding to population of the perylene exdttetate. Therefore, it has not been possible to
correlate the ultrafast decay of excitonic emissibranthracene recorded in sub-200 ps time

domain with the ET process. However, in the cas&@e#n nanoaggregate, since the excitonic
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emission bands of anthracene and tetracene are sepHrated, we could record the rising

emission signal corresponding to excitonic emissibtetracene (Figure 5.9).
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Figure 5.9: (A) Temporal profiles recorded at 430 nm for antlerze nanoaggregate (An NA)
and TeAn nanoaggregates with 0.5 and 5% dopinggusktitation energy of 3
wl/pulse, along with the best-fit functions genetabsing equation 5.8. Inset of A
shows the temporal profiles at different time am@mnsity scales. (B) Rise of tetracene
excitonic emission intensity monitored at 495 rRise times are given in the insets
of B.

Decay of excitonic emission of anthracene (Ingétigure 5.9A) and rise of the excitonic
emission of tetracene (Figure 5.9B) occurring ia fame time scale confirms the ET process
from anthracene excitonic state to that of tetracdParameters fitting the temporal profiles,
recorded at 430 nm using different excitation eigs,gusing equation 8 are given in Table S5.16
in SD section. Figure S5.15 and Table S5.17 in &&ien provides the results of fluorescence
upconversion measurements for PnAn nanoaggregite.ih the case of PeAn nanoaggregate,
S-V plots constructed using the fluorescence upemion data for TeAn and PeAn
nanoaggregates show linear behaviour only in thelaoncentration region (<0.01 mol djn
of the dopant (Figures S.14 in SD section). Ther&®€s, k(FS), were thus determined using
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the linear part of the S-V plot. TheKFS) values for all three doped nanoaggregategiaes

in Table 5.2 and these values are quite in goodemgent with those determined using steady
state and TCSPC techniques considering the expetainerrors associated with the methods or
techniques applied for determining these valuesallrthree cases, S-V plots show negative

deviations at higher concentrations of the dopant.

5.2.6. Energy Transfer Mechanism:Here the dopants in the anthracene nanoaggregates h
been chosen to ensure significant overlap betwleerxtcitonic emission band of anthracene and
the absorption bands of the dopant, which leadfficient energy transfer from anthracene
singlet excitonic state to the dopant to populae eéxcitonic state of the latter. According to
Forster's theory, resonance energy transfer betveeelonor - acceptor pair separated by a
distance of ‘R’ occurs through dipole-dipole intgian and the rate constantztk associated

with the ET process can be estimated using equatitot® *°

K, =—1 (&) (510)

<1, >\ R

Here, <p>represents the lifetime of the excited or the extd state of the donor in absence of
the acceptor andRepresents the Forster radius, which can be eténesing equation 5.11.

Re 9000 ,k?(In10)
1287°N,"

j:’ Fo ()L (N)AdA (511

Here, ®p represents the emission quantum yield of the domas, the refractive index of the
medium, N is the Avogadro number and is a factor describing the relative orientatiohshe
transition dipoles of the donor and acceptos(Al is the intensity of excitonic emission at
wavelengthA corresponding to a normalized emission spectrurthefdonor anda(A) is the
absorption coefficient of the acceptoriatTherefore, the integrand in equation 5.11 reprsse
the overlap integral, the value of which descrithes extent of overlap between the normalized
emission spectrum of the donor exciton and the raltism spectrum of the acceptor doped in

anthracene nanoaggregate.
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We have calculated the values of Forster radiitfoee donor-acceptor pairs in doped
anthracene nanoaggregates using ‘Photochem CADWwaf modulé® 4’ For all these
calculations, we have assumed condition of statitropic average in a rigid matrix and used the
value ofk? as 0.476° The values of Forster radii thus obtained are,22935 and 2.05 nm, for
PeAn, TeAn and PnAn nanoaggregates, respectivélyt§3n SD section). This is also the order

of decreasing the values of the overlap integrals.

Herein, we try to correlate the efficiency of th@ Bprocess, which has been estimated
experimentally by using, say, the time resolved PCStechnique with that, which can be
theoretically calculated assuming that the proéeisws the Forster's mechanisth® Forster's
theory of resonance energy transfer is best destiity considering a particular pair of donor
and acceptor. We calculate that the average numbeanthracene molecules in a single
nanoaggregate particle may be excited by the diaitéight source (energy 28 pJ/pulse) used in
our TCSPC experiments is less than 0.5, i.e. orax@rage not more than one exciton is
populated in individual nanoaggregate particles 86.19 in SD section). We have also shown
the variation of the ET rate constant against theod-acceptor distance (see Figure S5.20 in SD
section). Further, we assume that the dopant miglecare randomly distributed in doped
anthracene nanoaggregate ang iBl the number of nanoaggregate particles presertheé
irradiated volume of the sample. We write equabdi? to estimate the average value of the rate
constant for the ET processgk assuming that only the Forster's mechanism ofs€Edperative.

Np Np 6
k:NiZ ke =y 2o (Fﬂ 512

p

Here R is the distance between the only exciton creatdidvwing photoexcitation and the
nearest dopant molecule in tierjanoparticle. The quenching efficiency then isnested using
equation 5.13.

(513

ET 1
<rp>

tKer
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Details of the procedure followed to calculate tedues of k't (in s') for the
differently doped anthracene nanoaggregates wityingaconcentrations of the dopant assuming
Forster's mechanism are given in Sl section (se”1SHh SD section). We also calculated
second order ET ratesgKForster), by plotting kT vs dopant concentrations (Figue40 A, C
and E and Table 5.2) and we find that the Forstéilsrates are significantly slower than the
energy transfer rates determined experimentallythisddifference is obviously becomes more
significant for TeAn and PnAn nanoaggregates bexafismaller values of the overlap integral
(equation 5.11). This supports the fact that FosstET mechanism may not be the only
mechanism responsible for the process of ET froenathithracene excitonic state to that of the
dopant, but the ET via exciton diffusion, the ratavhich is faster by two — six times depending

on the kind of dopant than that of Forster's EByatay also have significant contribution.

We note that if the rate of exciton diffusion detenes the rate of the ET process, the
latter is given by kr = 4tDRgt. On the other hand, exciton - exciton annihilatiate constant,
ko is given by k = 8nR.D, where D is the diffusion coefficient for antheae exciton in the
nanoaggregate matrix, and &d R are the exciton — exciton annihilation radius arditon —
dopant interaction radius, respectivélyConsidering that values of,&nd Rt are comparable,
we find that lgr = ko/2. Following this argument, the rate of the ETqass, which is controlled
by exciton diffusion, is 1 x 8 dm® mol* s*. We find that the average value of the rate casta
of the ET process determined in PeAn nanoaggragabg three different techniques is about 6
+ 0.05 x 16" dn?® mol* s* (Table 5.2). This value is larger than that calted assuming that
only Forster's ET mechanism is operative (3.9 X*4dr® mol* s*; Table 5.1). But the latter is a
bit slower than the rate of exciton diffusion. kdéion, Table 5.2 reveals that Forster’s ET rates
calculated for other two nanoaggregates, namelyriTa#d PnAn (11 x ¥ and 5.6 x 18, dn?

mol?! st

, respectively) are also significantly slower thiwe average values of the ET rates,
which have been determined experimentally (~4.247+x 13* dm® mol* s*and 3.25 + 0.8 x
10 dm® mol™* s* for TeAn and PnAnrespectively). The latter values, like in the ca®eAn
nanoaggregate, are also a bit slower than the axdliffusion rate. Therefore, we infer that
ultrafast exciton diffusion may possibly be thetfacresponsible for more rapid and more
efficient quenching of exciton emission in dopedthasmcene nanaoaggregates than that

achievable via Forster's mechanism.
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In Figure 10, we have also compared the ET efidies determined experimentally
using the steady state emission experiment witeehmalculated using equation 5.13. We find
that in each of these cases, experimentally deteminvalues of the ET efficiencieg:f) are
significantly larger than those calculated assumiRgrster mechanism for the dopant
concentrations up to about 1 x Aol dni®. Beyond this concentration range of the dopar, th
experimentally determined and the calculated valiethe ET rates tend to become nearly
comparable. It is now important to note that th¥ $lots constructed using the data obtained
from each of three kinds of experiments as wellirasthe cases of all three kinds of
nanoaggregates studied here show negative desdftiom linearity (Figures 5.5). In addition,
even in the lower concentration range of the dogaptto about 1 x I®mol dni®), the average
values of the rates of the ET process from theteni state to the dopantgR is much larger
than that calculated assuming that only Forsteeshmanism is operative. Therefore, it becomes
obvious that in all three nanoaggregate systentiestthere, Forster's model for the ET process

is not adequate enough to explain the ultrafastaEds determined experimentally.

McNeill et. al. also made similar observationsareling more rapid and efficient energy
transfer in dye-doped conjugated polymer nanopagti@s compared to that calculated by
considering only Férster's mechaniémThey explained this observation by predicting the
exciton diffusion assisted energy transfer mectmanishich results faster energy transfer than
that of Forster. Mitsui et. al. also have showntiiracene doped p-terphenyl nanopatrticle, that
the ET process is more efficient than FRET proéedhey assumed rapid exciton diffusion
model to fit the quenching data. In this work, wavé experimentally determined the rate of
diffusion of the anthracene exciton, which is thergy donor and directly correlated the ET rate
with that of exciton diffusion. Therefore this wopkovides direct experimental evidence for the

exciton diffusion assisted energy transfer processerganic nanoaggregates.

However, when the acceptor concentration increasg®nd 2 x 18 mol dm?, the
average distance between the photo-generated exeitml the acceptor molecules in a
nanoparticle becomes comparable to or smaller ttiameaction radius, R (Ra = Rer ~2.4 nm),
which is also comparable to Forster radius £R2.91, 2.35 or 2.05 nm for PeAn, TnAn or PnTn
nanoaggregates, respectively). We also calculétedrdrster ET rate using a simulation method

at various concentrations of perylene in PeAn ngguegate and found that the ET rate really
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becomes independent of dopant concentration begordl0? mol dni® (Table S5.22 in SD
section) to attain a limiting value, which agreesllwwith that experimentally determined.
Therefore, we infer that at large doping concermmatboth the rate and efficiency of the ET
process in the doped nanoaggregate attain a lgnalue and the ET process may be considered
to be occurring in the static quenching regime #&mel quenching reaction does not need

diffusion of excitons.

5.2.7. White Light Emission from Ternary Doped Anthracene NanoaggregateMaterials
undergoing efficient fluorescence emission witlgéaspectral width covering the entire visible
region are important because of their wide scalgliegtions in LED and display devices.
Researches towards preparation and characterizafidow cost and more energy efficient
materials for the above applications have beemaiénse interest in recent yeats® Aromatic
hydrocarbons used for the present study are ghéam and method of preparation of energy
efficient doped nanoaggregates is quite easy. We shown in the earlier sections that even
with a minor amount of doping of perylene, tetrazen pentacene in anthtracene nanoaggregate,

fluorescence emission in a wide wavelength regixteraling in the 400 — 700 nm could be

achieved with high efficiency.

A P T Pn W

Figure 5.11: Photographs of emissions observed from anthracaneaggregates: undoped
anthracene [A], perylene doped anthracene [Pladetre doped anthracene [T],
pentacene doped anthracene [Pn] and teranery dopatiracene [W]
nanoaggregates dispersed aqueous solution undeixtltation (355 nm).
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We observed that following photoexcitation of updd anthracene nanoaggregate using
355 nm (UV) light generates fluorescence emissioteep blue colour and the emission yield is
around 0.16 (Figure 11 and Figure S5.23 in SD aeeytiWith perylene doping into the
anthracene nanoaggregate matrix, the emissionyoblsie colour is generated and the emission
yield enhances to about 0.38).02 at the perylene concentration of ~ 1 ¥ bl dni®. Hence,
doping of perylene in anthracene nanoaggregatemptchanges the colour of emission but also
makes the material more efficient fluorescence temitNanoaggregate material doped with
tetracene molecules produces bright green emisgitnthe emission yield is around 0.29 at the
tetracene concentration of ~48 x3lfol dm>. Pentacene doping produces pink red colour with
the emission yield of about 0.12 at the peryleneceatration of~ 0.72 x Tdmol dm?® but total
emission yield decreases with the increase in penta concentration (discussed earlier in
section 5.3.3). Therefore, we find that doping loése three compounds individually into the
anthracene nanoaggregate matrix produces lightiffareht regions of the visible spectrum
(Figure 5.11A). We explored the possibility of geateng the colours covering the entire range
of the visible spectrum using ternary doped antmacnanoaggregate material. We show the
emission spectrum of the ternary doped anthracameaggregate material with perylene and
tetracene, each of them having concentration of £.8.2 x 10° mol. dmi® and pentacene with
concentration of 1.5 + 0.3 x Famol dm?®, recorded following photoexcitation at 355 nm (Fig
S5.23 in SD section). The positional coordinatesrasponding to the emission spectra of
differently doped nanoaggregate samples are showh9B81 CIE plot (Figure 5.12), which
reveals the white light character of the emissioomf the ternary doped anthracene

nanoaggregate.

163



§10 nm

0.8 M.
> / . 540 nm
@ i
- 0.6 i 560 nm
c 0.6+ e E
35 |so0
B E
S 0.4
2
0
0.2+
£
(]
-
5 0.04

LA DL DL DL DR DR DL D LA |
0.0 01 0.2 03 04 05 06 07 0.8
Chromaticity Coordinate -X

Figure 5.12: The position coordinate in CIE 1931 plot for thmae samples.

5.3. CONCLUSION

Reprecipitation method could be successfully useslynthesize singly or multiple doped
nanoaggregates of anthracene without significaahgé in the size of the particle. In the case of
nanoaggregates with suitable donor - acceptor caattibns, efficient resonance energy transfer
from the excitonic state of the host molecule tat tbf the guest or dopant molecule has been
observed. At low concentration of the dopant mdiesusay <1 x 16 mol dm?, the efficiency
of the energy transfer processes is much largeitt@ndate is much faster than those calculated
assuming Forster’'s resonance energy transfer meschamowever, the rate of diffusion of
anthracene exciton in the nanoaggregate matrix unedsusing fluorescence spectroscopic
method has been seen to be much faster than tmat&TThus, exciton diffusion assisted Forster
resonance energy transfer model is proposed. $nctimicentration regime, the average distance
of the donor and the acceptor species is much fotigan the Forster radius and the energy
transfer rate is mainly governed by the excitorfudibn process in the host matrix. However, at
higher concentration of the dopant, say >1 X il dm?, the average donor — acceptor distance
becomes comparable to or shorter than the Foratkus and hence the Forster ET rate to the
rate of exciton diffusion. At the high concentraticegime of the quencher, both the energy
transfer rate and efficiency attains a limitingualand the ET rate is determined mainly by

Forster mechanism. Multiple doping of anthraceneoaggregate by perylene, tetracene and

164



pentacene in proper proportion have been showmtoa white light with large efficiency. This

material may have potential applications in disay OLED systems.
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CHAPTERG

EXCITON DYNAMICS IN PYRENE AND PERYLENE
NANOAGGREGATES

6.1. INTRODUCTION

Investigations of the fundamental physical and dahproperties of the particles having
sizes in the nanometer range have found importhecause of their several unique properties
and wide scale applications in various fields ofesce and technology'! Properties of
inorganic nanoparticles have been well investigaied they have been found suitable for wide
scale applications because of their excellent lighbetter control over size and morphology as
well as significant quantum size efféctHowever, properties of the organic nanoaggregates
less explored due to their limitations with respéat stability, less control over size and
morphology as well as less pronounced quantum enfent effect. Although organic polymers
and surfactants have been successfully used aizgtedbto improve the stability and to control
the size of the particles quite precisely, very kvéatermolecular interactions, such ast
stacking, hydrogen bonding, etc, which are resgbd@gor self aggregation of the molecules, are,
however, the inherent limitations in preparing arigananoparticles of good stability. In general,
sizes of the organic nanoaggregates (normally ahfiemdred nanometers) are much larger than
their corresponding excitonic Bohr radius. As aulesenergy levels of the excitonic states
generated in the organic nanoaggregate are nohdepeon the sizes of the particles prepared in
laboratory. In spite of those limitations, fundanaresearch investigating the properties of
organic nanoaggregates find importance becausewveafral reasons. For example, band gap of
the nanoparticle may be tuned by incorporating oteri substituents on the main molecular
moity.** *°>Large extinction coefficients and high emissiomuoum yields of the nanoaggregates
of some organic compounds may have potential agibias in various kinds of optoelectronic
devices® % 121622 Organic nanoaggregatese used as photocatalysts and drug delivery sagent

for living cell imaging, eté® ?* 2°Above all, preparation of the organic nanoaggesalue to
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self-assembling of the monomer molecules in aqueonigyanic solvents is a low cost facile

route.

Dilute solution (concentrations in the range ofeavfuM) of pyrene or perylene in
conventional organic solvents is strongly fluoredécapon photoexcitation using UV light.
However, in concentrated solutions, excited statieshese molecules form excimer and the
fluorescence emission from the excited state ofrttmmomer is strongly quenched. Excimer
emission of pyrene is even much stronger than tbeomer emission. However, transition
corresponding to emission from the excimeric stéfgerylene is symmetry forbidden and hence
perylene excimer emission is very wedkin the case of polyacene molecules, since the
intermolecularn-n interactions as well as hydrophobic interactioms gquite strong, these

molecules in aqueous - organic solvents self-asketa form aggregates.

Synthesis and properties of the nanoaggregateslgégene molecules e.g. anthracene,
tetracene, coronene, have already been reptrtéd.?* 2" *Latterni et.al. have synthesized
perylene nanoparticle using reprecipitation metffadang et. al. have used colloidal chemical
reaction route to synthesize perylene nanoaggreffa®yntheses of nanoaggregates of both
pyrene and perylene molecules have already beeevachthrough various routedere, we
have used reprecipitation method due to its sirtpli@and facileness for syntheses of
nanoaggregates. Steady state absorption and emgsiperties of the nanoaggregates of these
materials have also been reported eaffiéf Although exciton dynamics and exciton migration
in different crystalline forms of pyrene and pengehave already been reported by different
groups>®3° dynamics of excitons in the nanoaggregates okthesterials are yet to be explored.
Knowledge about the exciton dynamics, exciton gifia coefficient and diffusion length in the
nanoaggregate are essential to decide about theb#ity of a material in its applications in
optoelectronic or photovoltaic devices. Here we ehalescribed the exciton dynamics and

estimated those physical parameters related taoexdiffusion in nanoaggregate matrices.
6.2. RESULTS AND DISCUSSION

6.2.1. Morphological Characterization: Morphological analyses of the nanoaggregates were
performed using DLS and AFM techniques after sysithéollowing reprecipitation methd4.

Particle size distributions in the nanoaggregafgsytene and perylene as measured by the DLS
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technique, are shown in Figures 6.1A and 6.1C,edsgely. Both the histograms indicate quite
large polydispersities in the sizes of the particie the nanoaggregates and the particle size
distribution is in the range of 10 -1000 nm. Thestnarobable diameter of the particles is about
120 nm with FWHM is about 200 nm.

AFM images of the nanoaggregate samples are showigures 6.1B and 6.1D. It has
been found that heights of the nanoaggregatesistréodted in the range of 40 - 80 nm and the
diameter is distributed in the 100 - 500 nm rangebith the nanoaggregates. This means that
the average diameters of these aggregates are dbod times larger as compared to their
heights and hence the particles are of disc shdpsdmportant to mention here that the exciton
Bohr radii of organic nanoaggregate particles dréhe same order as the diameter of the
molecule and hence a few nanometer. Thereforequlaatum size effect is not expected to be
effective in altering the dynamics of exciton pagial in particles of different sizes.

To elucidate the features of molecular packinghm nanoaggregates, XRD patterns for
the powdered nanoaggregate samples have beenedcand those have been shown in Figure
6.2. XRD pattern for each of these nanoaggregdtews a few sharp lines superimposed on a
broad envelope in the two theta range of 10% B@sitions of these lines exactly matches with
those observed in the case of the form of perylene or pyrene crystal (hand book of
nanostructured materials and nanotechnol8§$). This suggests that the nanoaggregates
prepared in the present work mainly possess tie crystalline phase for both the
nanoaggregates. The broad scattering backgrourotiatsd with the XRD patterns, suggests
partial amorphous nature of this material becausamproper or disordered packing of
molecules. It is obvious that this disordered molacarrangement may have a significant role

on the dynamics of exciton and its diffusion prajesr.
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Figure 6.2: XRD patterns for and pyrene and perylene nanoagtgegamples (red curves),
which have been compared with those of pyrene anglgne crystals, respectively.

6.2.2. Steady State Absorption and Emission SpectraSteady state absorption and
photoluminescence spectra of perylene nanoaggsed#ee already been reported in the
literature and here we report the same as a pachafacterization of the nanoaggregates.
Monomers of both these molecules in DMSO show #atures of sharp vibronic bands, which
are the characteristics of aromatic hydrocarbonsthe cases of the steady state absorption
spectra of both the nanoaggregates, the chardidefiemtures of the vibronic transitions are
nearly lost but the presence of the weak vibroraodgitions, which are superimposed on a broad
band, are quite evident. However, the maximum aifheof these vibronic bands is shifted
towards lower energy with respect to the most isgemibronic band of the monomer. This
possibly suggests reduction in the energy gap lmtwbee HOMO and LUMO levels in the
nanoaggregate. The absorption spectrum is overtapph strong Mie scattering, which appears
as a long tail in the 380-600 nm region (see Figu8. In the case of perylene nanoaggregates,
however, the presence of a broad absorption batiu twve maximum at ca 381 nm possibly
suggests formation of H-aggregate. This featureds very evident in the case of pyrene
nanoaggregate.
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Monomer molecules of both pyrene and perylene lutalisolutions of organic solvents
are strongly fluorescent following photoexcitatinging UV light and the fluorescence spectra
are characterized by the sharp vibronic bafRd$owever, with increasing concentration of the
solutes (for example in cyclohexane solution), sisapf the emission spectra change and
emission efficiencies are decreased. In the caggrehe, a red shifted broad emission band has
been characterized as the excimer emission of pyPefExcimer formation has been
demonstrated in the crystalline phase) as well as in molten state of peryféfiéMataga et al.
also reported about excimeric fluorescence in thgecof perylene in frozen cyclohexane at
77K* In Figure 6.3, we have shown the photoluminescespetra of pyrene and perylene
nanoaggregates. Broad (but possibly consisting wfipte bands) spectra, which appear at the
lower energy side of the monomer fluorescence speotsemble to the emission spectra of
excimers (vide infra).

Both pyrene and perylene may exist in two crystalfiorms, namelg andp phase and
phase is thermodynamically more stable tharBtpbase. These two phases possesi&aRpace
group symmetryo Phase is suitable for excimer formation, becausedhis kind of crystal
structure, two molecules reside at sufficientlyselaistance to interact. In both the cases, the
solid crystals consist of mainky phaseand excimer emission is observed following exaiati
with UV light. Existence off phase has been observed in crystal defect siterystials obtained
with special preparation condition.*®" *°a-Perylene crystalline form, which is suitable for
excimer formation, generally shows orange emissard pB-perylene crystal, which is
comparably less stable, show mainly green emisSioit? In nanoaggregates, we observe a
broad spectral envelop extended in the wavelenggion from 480 to 750 nm. The emission
spectra covering both the green and orange regidncansisting of multiple bands possibly
suggests existence of both the crystalline phasemmnoaggregates. However, orange emission

seems to be more dominating.
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Figure 6.3: UV-Visible absorption and excitation spectra (A ddand fluorescence spectra (B
and D) of perylene and pyrene in dilute DMSO solusi and in nanoaggregates.

6.2.3. Time Resolved Fluorescence Studixcitons, which are generated following absorption
of light by the nanoaggregates, follow some distimutes to populate back the ground state.
Detailed knowledge about the dynamics of those gsses is essential prior to using these
materials in optoelectronic devices. Herein we hased time resolved emission and transient
absorption spectroscopic techniques to understandynamics of excitons in the nanoaggregate
matrices in nanosecond to sub-picosecond time donT&SPC technique has been used to

understand the dynamics in the excimeic statessiwbécurs in nanosecond time domain.

Temporal profiles for perylene nanoaggregate a@onissave been recorded in the 440 —
750 nm region at 10 or 20 nm intervals using TC3&hnique and those recorded at a few

selective wavelengths along with the correspondimgjtiexponential best-fit functions are
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shown in Figure 6.4. Each of them could be fittegllwmsing a three exponential function with

very similar lifetimes, although the relative antpties (both magnitude and sign) associated
with the best fit functions are wavelength dependé&hat is why the shapes of the temporal
profiles recorded at different wavelengths areiumisy different. Values of the parameters

associated with the best-fit functions are providedable 6.1. We find three major processes
associated with the lifetimes of 0.18 + 0.02, 0#80.01 and 8.5 + 1 ns, responsible for the
dynamics of excitons in nanosecond time domain.téatively assign these lifetimes to free

exciton and excitons in shallow traps and deestregspectively (vide infra).
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Figure 6.4: Temporal profiles recorded at a few selective wevgihs following photoexcitation of

perylene nanoaggregate at 374 nm. Black lines septehe best-fit functions.

Table 6.1: Lifetimes (relative amplitudes)* estimated from th@ee-exponential fit to the
temporal profiles recorded at three selective wavgths following photoexcitation of
perylene nanoaggregate.

Wavelength (nm) T (&) T2 () 13 (38)
440 0.15 ns (35.3) 0.80 ns (41.6) 7.6 ns (23.1
520 0.19 ns (-248.5) 0.81 ns (197.2 7.7 ns (151.2)
600 0.20 ns (-186.4) 0.82 ns (-160) 9.8 ns (443.4)

*Positive and negative amplitudes are associatetth Wie decay and rise lifetimes of the

components, respectively.
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Best-fit functions to the decay profiles have bersed to construct the time resolved
emission spectra (TRES) and time resolved areaaltred emission spectra (TRANES), which
have been shown in Figure 65.* Time evolutions of the TRES clearly support thieiances
made in the previous paragraph regarding the dyswi the $ excitonic state of perylene.
Lifetime of the free excitonic state, which emitsthe blue region of the TRES (440 — 480 nm),
is comparable to the instrument response time (@B@W ps) or shorter because of very efficient
trapping of the excitonic state in defect sitesimyits migration in the nanoaggregate matrix.
This leads to formation of the excimeric statesiclwiihave strong emissions in the 490 — 750 nm

region.

4 A: TRES Time Delay (ns)

Intensity (a.u.)

600
Wavelength (nm)
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Y- Emission
301 — 0.3 — ’/

o
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B: TRANES

2.0 1.8 1i? 1.4
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Figure 6.5: (A) Time-resolved emission spectra (TRES) of peryleaeoaggregate dispersed in
water in nanosecond time domain.
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(B) Time-resolved area normalized emission spectra (YB®) of the excimeric
emission of perylene nanoaggregate. The Y emissiomes from an excitonic state in
a shallow trap and the E emission comes from tHdra@ped excitonic state in a deep
trap or excimeric state.

On the other hand, the TRANES presented in Figus® provide us the information
about the dynamics of the excimeric state, whicly beadescribed by a merely two-step process,
as suggested by the appearance of a nearly isdeenissint at ca 17700 chmor 565 nm.
Initially, the free $ exciton while migrating in the nanoaggregate matelaxes to a swallow
trap leading to an excitonic emission with the maxin at ca 17927 cmor 557 nm. This
emission has the lifetime of about 0.81 ns. Subsety this exciton further relaxes into a deep
trap. The exciton in a deep trap may be considasetthe excimeric state, which has the emission
maximum at ca 16670 chor 600 nm (vide infra for energy level diagram)dahe emission
lifetime of about 8.5 ns. These two kinds of engasbands have been well characterized in the
case of perylene crystals in earlier studies amy thave been assigned to Y-emission and E-
emission, respectiveR?>° Well defined bands of the Y- and E-emissions dmedpresence of the
isoemissive point suggest occurrence of two corsecurapping processes and that the
probability of the $excitons being directly trapped in a deep traguige small (vide infra).

In the case of pyrene nanoaggregates, temporallggofecorded at three selective
wavelengths, along with the three exponential iesinctions, are shown in Figure 6.6 and the
estimated lifetimes and the relative amplitudeseissed with the best-fit functions are provided
in Table 6.2. Like in the case of perylene nanoeggte, the dynamics of the &xcitonic state

of pyrene generated in the nanoaggregate matrix Gds be described by a three exponential

process with the lifetimes of about 1.1, 4+ 1 and 2A 2 ns.

177



—IRF

O = T ¥ T ¥ T 7 /o ¥
0 4 8 _ 70 140
Time (ns)

Figure 6.6: Temporal profiles for exctonic emission of pyrenghe nanoaggregate recorded at
three selective wavelengths and the associate@ #xponential best-fit function.
The best-fit parameters are provided in Tahk

Table 6.2: Lifetimes (relative amplitudes)* estimated from thH@ee exponential fit to the
temporal profiles recorded at three selective wavgths following photoexcitation of
pyrene nanoaggregate.

Wavelength (nm) 71 (&) T2 (%) 13 (%)
440 0.96 ns (40.4) 3.9 ns (25.5) 25.1 ns (33.5
455 1.1 ns (-56.0) 4 ns (-8.7) 27.9 ns (162,
520 1.1 ns (-41.8) 4 ns (-159.9) 29 ns (383.7

We also constructed the TRES and TRNES for the samsof pyrene nanoaggregate
using the best fit functions to the decay profitesorded in the 380 — 600 nm region (Figure
6.7). TRES shows the presence of dual emissionshain@.15 ns delay time, which is the earliest
time window for our TCSPC measurement. The sharl i the 380 — 400 nm region with the
maximum at 394 nm may be assigned to the emissam free $ excitonic state of pyrene
nanoaggregate and the broad band in the 400 —®0@gion with a flat top maximum at ca 450
nm is to the trapped exciton. As the delay timenseased up to about 4 ns delay time, time

evolution of the TRES reveals quick decay of theitexic band at 394 nm and a concomitant
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rise of intensity of the trapped exciton emissi@nd accompanied by a dynamic shift of the
mission band maximum to ca 465 nm and narrowinghefemission band width. On further
increase in delay time, the emission band of thpped exciton decay without any significant
change in the shape of the emission spectrum.

TRANES (Figure 6.7B) provide a clearer picture ahthe dynamics of pyrene exciton in
the nanoaggregate. The spectrum recorded at 8.1Blay time in the TRANES could really be
resolved into three Lorenrzian bands with the maximat 25360 ci (394 nm), 22950 cth
(436 nm) and 21710 cM(461 nm), which are assigned to free exciton, exaitons trapped at
shallow traps (V-state) and deep traps (E-staspectively® However, time evolution of the
TRANES reveals that, while emission intensity offbthe free excitons and excitons at shallow
traps decay with increase in delay time, intensftthe emission band due to the excitons in the
deep trap or the excimeric species increases. thitia, time evolution of the excimeric
emission is accompanied by a dynamic red shifhefémission maximum to 21070 ¢rd75
nm) within 150 ns delay time. This dynamic red shufiggests energy stabilization of the
excimeric species due to some kind of intra-excicngeometrical relaxation process occurring

inside the trap.
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Figure 6.7: TRES and TRANES of pyrene nanoaggregate measwieq dCSPC technique.
The inset shows the peak frequency shift due tong#ac relaxation of the excimer in

deep trap.

We observed that for both the nanoaggregates,nikke cases of the crystalline states,
the process of excimer formation from the freeegcitonic state occurs in two stefis® To
explore the possibility whether the excimer forroatiprocess is associated with any energy
barrier, temperature dependence of the dynamidheofexcimeric state has been investigated
using the TCSPC technique. Temperature of the ssiyas been varied in the range dicl%o
75°C and the temporal profiles have been recorded6@t i and 600 nm for pyrene and
perylene nanoaggregates, respectively (Figure &8poth the cases, we observed significant

temperature dependence of the temporal profilesthedifetimes associated with the best fit
functions are given in Table 6.3.
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Figure 6.8: Temporal profiles recorded at 560 nm and 600 nnpfwene (A) and perylene (B)
nanoaggregates, respectively, at 290 and 345 KckBtaurve is the instrument
response function. Insets show the plot of In(k). d$T for the respective
nanoaggregates.

Table 6.3 Temperature dependence of the lifetimes of thceenponents obtained by
multiexponential fitting of the emission profilegcorded for pyrene and perylene
nanoaggregates.

(A) Pyrene Nanoaggregate:

Temperature (K) T 1 13
289 1.01ns 4.61 ns 32.3ns
301 1.03 ns 4.23 ns 30.4 ns
315 0.98 ns 3.92 ns 28.5ns
329 0.97 ns 3.68 ns 28.2ns
343 0.95 ns 3.26 ns 27.1ns

(B) Perylene nanoaggregate:

Temperature (K) 11 (a) 75 (a) 73 (@)
288 0.18 ns (42.5) 0.89 ns (32.7) 8.04 ns (-86.1)
303 0.17 ns (63.5) 0.76 ns (33.3) 8.1 ns (-86.0)
318 0.17 ns (67.2) 0.65 ns (29.7) 7.8 ns (-89.4)
333 0.17 ns (71.9) 0.53 ns (23.6) 7.4 ns (-92.8)
348 0.16 ns (107.8) 0.41 ns (18.5) 7.1 ns (-95.3)
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We observe significant temperature dependence eofififtime component,, which is
associated with the excimer formation processapping of the exciton in deep traps. The rate
constants of excimer formation (inverse of thetilifees of the $excitonic states in shallow trap,
i.e. ()" in Tables 6.1 and 6.2) for perylene and pyrenieneséd at different temperatures could
be used to determine the energy barrier assocvaitbdthe relaxation from the shallow trap to
the deep trap from the Arrhenius plot (In(k) vsI plot, insets of Figure 6.8). The energy barrier
associated with excimer formation of pyrene is atb62 meV. On the other hand, the energy

barrier associated in case of perylene nanoaggegatround 107 meV.

Results of the time resolved fluorescence speatpscstudies, which have been
described here, lead us to propose the schematicains of the excited state processes in these
two nanoaggregate systems as shown in Figure 6.8hel case of pyrene nanoaggregate, free
excitons may directly be trapped in deep trapduhiteon to their trapping in swallow traps. The
energy barrier for conversion of the excitons ia #ihallow traps to the excimeric states is small
and hence the yield of the excimeric state is glaitge in pyrene nanoaggregate. In the case of
perylene, direct self trapping of free excitongtpulate the excimeric state is less probable and
hence the free excitons are initially trapped ishallow trap and subsequent population of the
excimeric state is associated with a relativelydarenergy barrier. Dynamics of trapping of
excitons generated in these nanoaggregate systemairy similar to those reported earlier in

corresponding crystals.
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Figure 6.9: The schematic diagram depicting the processesrdpping of excitons in pyrene
and perylene nanoaggregates.

6.2.4. Ultrafast Transient Absorption Study: Ultrafast transient absorption experiments have
been carried out for both the samples to resolgedtimamics of excitons in sub-picosecond time
domain. Following photoexcitation of perylene nagg@gate dispersed in aqueous solution
using 390 nm pump pulse, time resolved transieroigion spectra have been recorded in the
430 - 750 nm region and temporal dynamics have beaiysed at a few selective wavelengths
to reveal the exction decay processes. Transieutrgpm recorded at 0.25 ps delay time shows a
broad excited state absorption (ESA) band in thé 48750 nm region overlapped with a
bleaching band with the maximum at ca 460 nm (Kdgud0). With increase in delay time, the
ESA band decays within 1 ns, but without significeatovery of the bleaching band. In addition
we observe the development of a stimulated emig8&) band in the 500 — 700 nm region with
the maximum at 580 nm after 200 ps delay time. Gampn between this SE spectrum and the
spectrum in the TRES recorded at similar delay sinpeovides an evidence for the presence of
excitons in both shallow and deep traps.

Within the broad envelop of the ESA band of thdedédntial absorption spectrum of the
S, excitonic state recorded at 0.25 ps delay timeideatify two ESA bands with the maxima at
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500 nm and 650 nm,. Analyses of the temporal mefdt a few selective wavelengths (Figure
6.11) reveal that these two bands decay with vienjlaz lifetimes. We assign these two bands to
perylene radical cation (P& and deloclalized electron &) in the nanoaggregate matrix,
which are the constituent parts of the peryleneitemic species created following
photoexcitation of the nanoaggreg&te.
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Figure 6.10: Time resolved transient absorption spectra recofdkowing photoexcitation of
perylene nanoaggregate dispersed in water. Ingstssbne portion of the transient
absorption spectra recorded at 1000 ps delay timt® magnified scale to show the
stimulated emission band.

Temporal profiles, recorded at three selective elenwgths, at which the effect of
negative absorption bands, namely the bleachingséintulated emission bands, are minimum,
are shown in Figure 6.11. Each of these profilagdctche fitted well using a three exponential
function with the lifetimes of 0.5 + 0.1, 5.8 + Oaéhd 185 + 5 ps. We will discuss in the
following section that the decay process of thee fexciton really follows a nonexponential
dynamics and assignment of the first two of the¢hzomponents can be made from the intensity
dependent dynamics of exciton. However, the thanhgonent with the lifetime of about 185 ps

may be assigned to the intrinsic decay lifetimefrek exciton created in the nanoaggregate
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matrix and this agrees quite well with that preglicfrom the results of TCSPC measurements

(see the values af in Table 6.1).
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Figure 6.11: Temporal dynamics of free excitons in perylenaazagregate recorded at three
selective wavelengths. Nonexponential dynamicshefdxciton has been fitted with a
three exponential function and the lifetimes estedaat different probe wavelengths
are very similar.

In Figure 6.12, we have shown the time resolvadsient absorption spectra of pyrene
nanoaggregate dispersed in water, recorded follpwghotoexcitation using 260 nm pump.
Spectroscopic characteristics and dynamics of taesient species associated with the time
evolution of the transient spectra are very simitathose described in the case of perylene
nanoaggregate. In this case, the absorption ofptiiene radical cation (BY) appears as a
shoulder at 450 nm to the very broad ESA band efdtlocalized electron in the 470 — 700 nm
region®® ®3In addition, features of the broad and flat-topt®#d with the centre of maximum at
ca 450 nm recorded at 600 ps delay time are venjlagito those associated with the emission

spectra recorded in the sub 1 ns time domain of @8PC experiment (see Figure 6.7A).

Analysis of each of the temporal profiles record¢dhree selective wavelengths in the
region of the ESA band of thg 8xcitonic state of pyrene nanoaggregate revealsxponential

dynamics, which could be fitted well with a thregoenential function with the lifetimes of 0.6 =

185



0.1, 48 £ 3 and >500 ps (Figure 6.13). Like in tlase of perylene, assignment of the first two
components will be made only from the intensity elegence of exciton dynamics, while the
third component is related to the intrinsic dedéstime of the free excitonic state. Considering
the maximum range of the delay time could be useaur transient absorption experiments (up
to about 1.2 ns), estimation of the lifetimes lonti&n 500 ps has not been possible. However,

our TCSPC measurements revealed that this vakigoist 1 ns (see the valuetgfin Table 6.2).
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Figure 6.12: Time resolved transient absorption spectra recofdikowing photoexcitation of
pyrene nanoaggregate dispersed in water. Inset sshtowe resolved emission
spectrum recorded at 0.6 ns delay after photodiaitaat 374 nm using TCSPC
technique.
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Figure 6.13: Temporal dynamics of free excitons in pyrene @@goegate at three selective
wavelengths. Non exponential dynamics of the erchas been fitted with a three
exponential function and the lifetimes estimatedliffierent probe wavelengths are
very similar.

6.2.4.1. Excitation intensity dependent study:In Figure 6.14, we show the intensity
dependence of the temporal dynamics of theefcitonic state in perylene nanaoaggregate
recorded at 630 nm. If they are fitted using a ehegponential function, the lifetimes of two
shorter lived components become faster as thediyeaf the pump light increases (see table
S6.1 in SD section). But that of the third compdnevhich has been assigned to the intrinsic
decay lifetime of the free excitonic state, remaimsre or less independent of intensity of the
pump pulse used for excitation. Intensity dependent the lifetimes of two ultrafast
components suggests occurrence of a second ordeegs because of creation of higher
concentrations of free excitons at larger pumpnisitees. Exciton - exciton annihilation reaction
is a well-known process when the exciton densitsuificiently large>*°® Therefore, we expect
the temporal dynamics to follow a mixed order kicgtthe first order component represents the
natural decay of the free excitonic state, whike éxciton — exciton annihilation process follows
the second order decay process. Following our ezadpproach applied to investigation of

exciton dynamics in anthracene nanoaggregates,nalyse the exciton dynamics in perylene
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and pyrene nanoaggregates using the following ieracicheme (egs. 6.1 -6%).Free $

excitonic state undergoes the following photophglsictocesses.

5,35, (6.1)
S, +8, 35, +5, (6.2)
S, + S, ZE (6.3)

Expression for the rate of change of concentraticthe S excitonic state may be written as,

= —kjls,] - 2L (6.4)

Here k. represents the annihilation free decay of theterit state, i.ek; = k; + k.. [So], the

concentration of the host molecules in the grouateshas been assumed to be very large and a
constant. k is the rate constant for the exciton — excitonildtation reaction. Solution of
equation 6.4 gives us the concentration of theeX&itonic state at a particular time t after

photoexcitation, [g:.%®

(S =[S]e S (65)

Herek: = ky[S1]o/ 2

Excited state absorption due to theegcitonic state may be assumed to be proportiani,i;.

Hence equation 6.5 may be written as,

AOD(t) = AOD(t = 0) 2eChd (6.6)

A+kyt)

Excimer formation also contributes to the totafeténtial absorption signal, and its contribution
is proportional to the concentration of the excimestate, [E]. According to eq. 6.3,

concentration of the excimeric state at time t fhayvaluated by solving the differential eq. 6.7.
dE] —
G =k [S][S] (6.7)
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Using the value of [§: estimated in eq. 6.7 and taking the assumption[83his a constant, we

may solve the above equation to get the final form,
[E] = [S1]ok5[Soltlexp (—ky2)]] (6.8)

Here stimulated emission from the excimeric statecmntribute to differential absorption as a

negative signal and it may be represented as,
[40D]5z = —[AOD], k;t[exp (—k,t)]] (6.9)

Here k; = ks[Sgla and o is introduced as the proportionality constant émncentration to

absorption signal conversion.

The total differential transient absorption signal this ultrafast time scale has major

contributions from three components and may beessprted in the following form,
[40D] .., = [AOD] g5, + [A0D]s: + R (6.10)

[AOD] ..., = [AOD], X %—[ﬂ{][}]ﬁkér[exp (—KH]1+R  (6.11)
R is the residual differential absorption signal fiee long-lived excimeric state. The temporal

profiles recorded at different wavelengths coulditted using Equation 6.11.

As we mentioned earlier that decrease in excitatioergy density leads to lowering the
rate of exciton - exciton annihilation, study ofpédedence of the excition decay rates on
excitation energy density not only helps us to tdgrihe process but also helps us to estimate
the exciton diffusion coefficient and exciton dgfan length in the nanomaterials because the
exciton — exciton annihilation reaction is well kno to be a process controlled by the rate of
exciton diffusion. There are numerous report, whiglscribe the methods of estimation of the
exciton diffusion parameters by varying the intensif pump light?® 3¢ Exciton diffusion
length in perylene crystal havifigphase has been estimated using the same m&thmivever
for perylene nanoaggregates no such reports antalaeaand hence here we estimate those
parameters in perylene and pyrene nanoaggregatesrtpare them with those estimated in the

crystals.
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In the case of perylene nanoaggregate, energyeodxhitation pulse of 390 nm has been
varied in the range of 1{lJ/pulse to duJ/pulse and the temporal profiles have been redoatie
630 nm. Each of these temporal profiles have betad ffollowing equation 6.11 and the fitting
parameters are provided in Table 6.4. We haveralsarded the temporal profiles at 500 nm and
700 nm and analysed (See S6.2 in SD section) andeults are found to be similar to those

obtained with the analysis of the profile recor@@db30 nm. Thek; value thus obtained has

been used for determination of exciton — excitonilafation rate constant,,kfrom the slope of

the linear plot ofk; vs. initial exciton density, [$. Values of the exciton density for different

excitation energies could be estimated following gnocedure described in SD section (S6.3).
Value of the exciton - exciton annihilation ratenstant (k) for perylene nanoaggregates thus
determined is 1.72 x 1bcm® s*. Results for the pyrene nanoaggregates have hisensded in

supporting Information section.

ko= 8tDRa (6.12)
Lp = (6Dr)*? (6.13)
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Figure 6.14:(A) Temporal profiles recorded at 630 nm for diéfiet excitation pulse energies for
perylene nanoaggregates and (B)\K. initial exciton density, [$o plot.
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Table 6.4:Fitting parameters of the temporal profiles usiqgaion 6.11 recorded at 650 nm
for perylene nanoaggregates after exciting the &80 nm light with different energy/pulse.

Pulse energy| [Si]o (107 cm®) | [OD]o (10%) | ki (10 s%) | k', (10 s | k'35 (10° sH)
11 pd/pulse 2.44 11.65 5.2 1.78 1.25
9 pJ/pulse 1.99 10.5 5 1.27 1.37
6 nJ/pulse 1.33 9.84 5.2 0.79 1.15
3 pJ/pulse 0.67 6.6 5.2 0.21 1.29
630 nm 1 kp=2x091x109cm3 st
4 0.44 630 nm
a
0 ~0.34
£ <
g =0.24
? X
% 0.1
04
0.0
S s S S (a - - - 0.0 0.1 0.2 0.3 0.4 0.5
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Time (ps) [S1lo (1021 cm '3)
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Figure 6.15(A) Temporal profiles recorded at 630 nm for diffiet excitation pulse energies for
pyrene nanoaggregates and (B)s. initial exciton density, [$ plot.

Table 6.5: Fitting parameters of the temporal profiles useggation 6.11 recorded at 630 nm

for pyrene nanoaggregates after exciting the sa@fenm light with different energy/pulse.

Pulse energy [ngn%()ﬂ [OD]o (10°%) | ki (10°s) | K2 (10%sY) | k's(10°sY)
20 pJ/pulse 0.50 3.18 1 0.377 45
17 pipulse 0.43 2.81 1 0.291 4.9
14 pJ/pulse 0.35 2.57 1 0.218 5.1
10 pJ/pulse 0.25 2.48 1 0.146 4.7
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Since the exciton — exciton annihilation procedi¥es second order reaction kinetics and
controlled by the rate of exciton diffusion, theelais related to the diffusion coefficient (D) of
the exciton by equation 6.12. In this equatiogsdpresent exciton annihilation radius for that
material. Exciton annihilation radius has been eatdd from the number of photons absorbed at
the condition of onset of annihilation. The onsktonihilation may be defined as the exciton
density above which exciton annihilation rate canstposses non-zero value. In the case of
perylene nanoaggregate, we determine the valuexoitoa density for the threshold of
annihilation reaction, [o, to be about 0.4 x £cm?®. This value could be used to estimate the
value of the exciton annihilation radius,, B be about 0.84 nm. Introduction of this vallidig
in the equation 6.12, helps us to get the valu¢hefdiffusion coefficient of excitons, D, in

perylene nanoaggregate to about 9.1 % a@f. s*.

The three dimensional exciton diffusion length, lin a material may be estimated using
equation 6.13. Here represents the life time of the excitonic statethle present cases, we are
mainly observing the annihilation process of freeit®ns, produced immediately after photo
excitation. These free excitons undergo naturabgesith the exciton lifetime of 190 ps. The

free excitons in perylene nanoaggregate found ve leaciton diffusion length of 10.2 nm.

It has been observed that in the case of nanoagfgedghe free exciton lifetime increases
significantly as compared to that of the free exilifetime in theo crystalline phas&’ Due to
very short lifetimes of the free excitonic statdste o form, one may expect that the exciton
diffusion lengths should also be smaller by an padenagnitude and hence efficiencies of these
materials are expected to be reduced significamlythe cases of their applications in
photovoltaic and other optoelectronic applicatithsHowever, considering the isotropic
diffusion nature in the case of perylene nanoaggeefequation 6.13), we estimate the value of
the exciton diffusion length of 10.2 nm. Therefotee nanaoaggregates haviagrystalline
phase are expected to be better materials forlibeeaapplications as compared to that of the

crystals.

We also estimated those photophysical parametetheofexcitonic states in the case of
pyrene nanaoaggregates from the excitation pulseggndependence of the dynamics of the
excitonic state upon photoexcitaion at 260 nm ugrgtation energies in the range of 10 - 20

pnJ/Pulse. The temporal profiles recorded at 630788dnm are fitted using equation 6.11. The
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temporal profiles recorded at 630 nm using diffepmmp intensities are provided in Figure 6.15
and the corresponding fitting parameters are peavich table 6.5. Following the similar
methodologies as employed for perylene nanoaggregtite diffusion parameters are estimated.
The photophysical parameters of the excitonic stgenerated in pyrene nanoaggregate have
been compared with those of perylene nanoaggregatable 6.6. Like in the case of perylene
nanoaggregate, the free exciton lifetime in pyrea@moaggregates are also observed to be

enhanced and exciton diffusion length, (£ 20 + 4 nm) is also significantly longer.

Table 6.6: Exciton annihilation rate constant, annihilati@dius, diffusion coefficient, lifetime,
diffusion length estimated for pyrene and perylearoaggregates in the present work.

NA Wavelength | k» (10° cm®s?) | R, D(x10°cm?sh |t(ns) | Lo
System (nm) (nm)
Pyrene 630 nm 1.82 1.36 5.34 1 17.8
700 nm 2.64 1.06 9.91 1 244
Perylene| 500 nm 1.26 1.06 4.7 190 7.3
630 nm 1.72 0.84 9.1 190 10.2
700 nm 3.74 1.33 11.2 190 11.3

6.3. CONCLUSION
The present work indicates that both of the pyrané perylene nanoaggregates can be

prepared using reprecipitaion method having mosibginle size of 120 nm and these
nanoaggregates are mostly dominated byxtpbase of molecular packing. The emission spectra
also show broad excimer emission in both the casésconfirm the presence afphase. The
pyrene excimer emission is highly efficient and pamable with the emission yield of its
monomeric form. On the other hand the perylenemegciemission is weak and it shows almost
two order decrease in the emission yield than ¢fidhe monomeric form. The time resolved
fluorescence measurement leads us to the confomadf presence of emission from free
excitonc state, shallow and deep trap excitonidestan these two nanoaggregates. The
temperature dependent time resolved study of thetgrof excimeric states in these to NAs is

employed to estimate the associated energy bamridis process. The shallow trap to deep trap
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state transition found to possess the energy barae57 meV and 102 meV for pyrene and

perylene nanoaggregate, respectively.

In nanoaggregate form the free exciton lifetimenfd to be enhanced as compared to the
correspondingi-crystalline form. It causes enhancement in thetendiffusion length of free
excitons in the nanoaggrgate form. The excitornuditin lengths are 10 + 2 nm and 20 + 4 nm

for perylene and pyrene nanoaggregates, respectivel
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CHAPTER 7

PHOTOPHYSICS AND EXCITON DYNAMICS IN
NANOAGGREGATES OF PHTHALOCYANINES AND THEIR
ZINC DERIVATIVES

7.1INTRODUCTION

Organic semiconductors provide emerging technofogygonsumer electronics. Organic
light emitting diodes (OLEDs) have already enteirgid the market as they offer more vibrant
colours when compared to conventional liquid ctjisia screens.Organic photovoltaics (OPV)
promise flexible and inexpensive solar cells, whigh find niche applications for smart power
generation in portable devices of daily usagéese devices convert electricity to light or tigh
to electrical current using excited state specaed excitons. Dynamics of excitons determine
key device performance characteristics such as poamversion efficiency of solar cells and
brightness of OLEDS.

Exciton diffusion length () is the characteristic distance that excitonsadte to diffuse
during their lifetime in a given material. Orgammaterials having a long exciton diffusion length
are desirable for improving the efficiency of thevite and hence understanding the factors that
limit exciton diffusion lengttis important! °>Organic crystals show a large spread gfranging
from 1 to 100 nanometers for singlets and up tesemicrometers for triplet excitois!’ The
majority of amorphous materials show singlet excitiiffusion length of 5-10 nm despite large
variability in chemical structurélt has been suggested that singlet exciton diffusength is
limited by excitonic traps, which are present irmgvsolution-processed organic semiconductor.
However, the nature of these traps still has tadeatified in order to reduce or eliminate their
impact on exciton diffusion. The inherent disorgeesent in organic semiconductors to large
extent determines physical processes related tiboexdiffusion. Controlling exciton diffusion
length remains an interesting topic of research.

Exciton diffusion has been studied in large numtfesmall molecules and conjugated

polymers in crystalline as well as amorphous mesic'® “**However, it remains challenging to
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understand the relationship between the chemicattste and the exciton diffusion length.
There are only a few works which investigate excidiffusion length as a function of molecular
structure® %~ 2°|n particular the effect of conjugation length thre exciton diffusion has not
been addressed. It is not really clear why thetercdiffusion length is so similar in such a
broad selection of materials and what factors yealiluence the exciton diffusion length. To
answer these questions systematic measurementscibbre diffusion lengths are needed in
materials with various molecular structures, motpbies and molecular packing effeciencles.
26 - 28

Bioinspired molecular materials such as derivativé phthalocyanine and porphyrin
offer promising prospects for the realization ofigént exciton diffusiorf> The molecular
structure of these molecules is found to strondfgch the molecular organization in thin films
and in turn the efficiency of exciton diffusidh: **> High singlet exciton diffusion coefficients
exceeding 18 m? s* have been reported.

Phthalocyanines (PC) have been established tomperiant classes of compounds
because of their very special electronic propedigs high thermal and chemical stability, which
promise potential applications in photovoltaic ded® nonlinear opticd’ and many others.
Optical properties of phthalocyanines can be cdlettcand manipulated through binding with
different metal ions with different axial ligands aell as covalent attachments with various
peripheral substituent&xtensive use of phthalocynines in many areas ssipte due to their
intense absorption of visible and near infraredRNlight, long chemical and optical stability,
and tunability in optical characteristics by sutegions in the peripheral groups. Further
expansion of the conjugatedelectron system of the PC skeleton in naphthaloioga (NPC)
results in a red-shifted Q-band absorption, whictews the opportunity to harvest NIR region
of solar energy spectrum for efficient photovoltajplications®®

One of the important aspects of the chemistry dfi@locyanines is their strong tendency
to form aggregates involving stacking of molecutgst- = interactions? It is reported earlier
about the excited state dynamics of monomeric {Zh®8,16, 23-tetra-tert-butyl-29H, 31H-
phthalocyanine} (Zn-tBuPC ) in aprotic solvents amldo of nanoaggregates in non-aqueous
hydrogen bonding solvents, in which formation oPZhnanoaggregates was spontaneédna:
tBuPC exists as monomeric species in DMSO, butm$or nanoaggregates in

hexafluoroisopropanol (HFIP), a strong hydrogen dwg solvent, via hydrogen bonding

199



interactions. This property has been found to b&ue for Zn-tBuPC but not with other
phthalocyanine derivatives being investigated hétewever, all those phthalocyanines form
nanoaggregates in water because of hydrophobicacitens. Understanding the excitonic
properties of these molecules in aggregated stgevéry important implication in photovoltaic
and other optoelectronic applications. Herein, weehexplored the excited state dynamics of the
monomers and exciton dynamics in nanoaggregatdsria-t-butyl phthalocyanine (tBuPC ),
terta-t-butyl naphthalocyanine (tBuNPC ) and th&irComplexes, namely, Zn-tBuPC and Zn-
tBUNPC and compare them with those of well-studiedcomplex of basic phthalocyanine
(ZnPC) (Scheme 1.3 3° Comparison of the excitonic properties in theseoaggregate
matrices will provide an understanding about tHeatfof extendedt-conjugation, substitution
of bulkier functional groups on the aromatic ringdaZn complexation on the exciton diffusion

properties.

R

tBuPC Zn-tBuPC ZnPC

tBuNPC Zn-tBuNPC
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Scheme 7.1:Molecular structure of ,9,16,23-Tetra-tert-butylF281H-phthalocyaninet§uPC),
Zinc 2,9,16,23-tetra-tert-butyl-29H,31H-phthalociyen zn-tBuPC), Zinc phthalocyaninezgPc),
2,11,20,29-Tetra-tert-butyl-2,3-naphthalocyanineunPC), Zinc 2,11,20,29-tetra-tert-butyl-2,3-
naphthalocyaninezg-tBuNPC)

Several methods have been used to measure exdiffosion length; however, it is
unclear which methods are more reliable for a gisimation™>?2°** Reported techniques to
measure exciton diffusion length include photoluesicence (PL) surface quenching, time-
resolved PL bulk quenching modeled with a Monte I€asimulation, exciton—exciton
annihilation (EEA), modeling of solar cell photomemt spectrum, time-resolved microwave
conductance, spectrally resolved PL quenching, and Forster masoce energy transfer
theory!3224043 Currently, there is little known about how the ualof the measured exciton
diffusion length of the same material can vary dejieg on the technique employed. EEA
technique based on time-resolved PL at differemitation densities have been shown to be
better suited for organic amorphous semiconductaterials'®?* ***Ultrafast time resolved
exciton-exciton annihilation technique has beenemsively studied in molecular crystals,
molecular J-aggregates, thin films, photosynthiggict harvesting antennae and light harvesting
complexes and conjugated polymé&té* ****we have adopted here EEA technique based on
time resolved absorption spectroscopy considetirgg the phthalocyanine nanoaggregates are
nearly nonfluorescent. We have shown earlier th& technique may provide very reliable
results on estimation of diffusion lendth.

7.2. RESULTS AND DISCUSSION

7.2.1. Morphological Characterization of Phthalocyaine NanoaggregatesMorphology of
the nanoaggregates of those phthalocyanine derésatiave been characterized using DLS and
AFM techniques. For DLS measurements, the aquempedion of the nanoaggregates were
diluted enough to minimize the absorption at 637 (output of He-Ne laser) and scattering
was monitored at an angle of £3ft 25 °C. The photon correlation spectra as atifmof time
were analyzed for particle size distribution usthg CONTIN algorithm (assuming spherical
polydisperse particles). The corresponding sizenisity weighted size distributions for all four
nanaoaggregates dispersed in aqueous solutionshaven in Figure S7.1 in SD section. The
most probable diameter and the FWHM of the siztridigion function are given in Table 7.1.
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The most probable diameter is relatively smaliethe cases of the aggregates of the
basic phthalocyanines (about 200 and 250 nm foP@and tBuNPC, respectively) as compared
to those of their Zinc derivatives (about 300 arkB 3im for Zn-tBuPC and Zn-tBuNPC,
respectively). However, the average diameter obaggregates of ZnPC is the smallest. Size

distribution follows symmetric Gaussian distributtiftunction in all cases.

Table 7.1: Morphological parameters of phthalocyanine nanceggfes dispersed in agueous
solutions.

DLS Analysis AFM Analysis

(Gaussian size Molecular
NA distribution) Vac volume | N, 10

Average | FWHM Average Average | (10°nn7) (nrr?)

size (nm)| (nm) Diameter (nm)| Height (nm)
tBuPC 196 47.0 200 =20 40+£5 0.99 1.27 12.56
tBUNPC 224 44.7 250 £ 30 505 1.12 3.15 35.25
ZnPC 108 45.0 115+ 20 40+£5 0.85 1.10 222
Zn-tBuPC 300 86.8 320 £40 40+£5 0.99 3.24 182
Zn-tBuNPC 378 39.8 380 £ 50 40+£5 1.12 4.04 45.30

%Calculated using Edward’s volume addition methed. #7)

Figure S7.2 in SD section presents the AFM imdgesianaoaggregate samples. Using
the AFM technique, average diameters and the agdraghts have been determined and these
values are given in Table 7.1. Average volume efrtanoaggregate gY) has been calculated
using the dimensions of the particles determinecthfthe AFM measurements by the following
equation.

V,. =mba? (7.2)
Where, b’ is the height of the particle and is the half of the diameter (or radius). The \edu
of Vag thus determined have also been given in Table Using volume addition method
proposed by Edwarll,volumes of monomer molecules){Yhave been calculated and hence the
average number of moleculessdN= Vac/Vn) in each particle of the nanoaggregate have been
calculated and are given in Table 7.1.

The molecular packing and orientations are also ke factor to affects the exciton
dynamics in the nanoaggregates. Therefore XRD tqukerhas been employed for dry powder

samples of nanoaggregates to obtain informatioarddgg the molecular pickings (Figure 7.1).
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It has been observed that for the nanoaggregatesewthe phthalocyanine moieties possess
bulky tBu group at the four peripheral postions baek ground scaterring is highly prominent
and some minor crystalline peake can be observieid. ifidicates inefficient molecular packing
and presence of amorphous nature in these nangmggse On the other hand, the
nanoaggregate of the molecule having no bulky #ulestt provides crystalline peakes in their
XRD data. This indicates presence of much bettekipg in this nanoaggregate as compared to
other phthalocyanines. The bulky tBu substituemésent in the four peripheral positions of the
phthalocyanine causes more intermolecular separatid weak inter molecular interactions. As

a result the molecular packing gets randomizedielie aggregates.
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Figure 7.1: XRD pattern obtained for pthalocyanine nanoaggesgéf) tBuPC and Zn-tBuPG
(B) ZnPC andZn-tBuPC(C) tBuNPCandZn-tBuNPC

7.2.2. Steady state absorption and emission and tamesolved emission studies:

tBUNPC and Zn-tBuNPC : Figure 7.2A shows steady state absorption and @nispectra of
tBUNPC (2.5 x 18 mol dni®) in toluene. At low concentration, tBUNPC existginly as
monomer in toluene and the absorption spectrumistsnsf two bands. Soret band or B-band in
the 300 - 450 nm region and Q-band in the 700 -r@@0region. Latter consists of a very sharp
and intense band with the maximum at 780 nm as agetivo other relatively weaker vibronic

bands at 694 and 740 nm, which are the typicalagtaristics shown by the monomeric form of
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a phthalocyanine derivative. Absorption spectrum tBENPC nanoaggregate dispersed in
agueous solution is shown in Figure 7.2A. Sinceaisorption band assigned to nanoaggregate
appears at the higher energy side of that of theQ of the monomer, H-type of aggregation,
i.e. parallel stacking arrangements of the mole;uigay be predictetf. Absorption spectrum of
nanoaggregate is also associated with shouldersbamdhe lower energy side of the Q-band of
the monomer. This suggests that arrangement oftblecules in the aggregates may possibly
not be perfectly in the parallel stacking but otkigrd, for example, oblique arrangement of the
molecular planes is also possifle.

Monomer of tBUNPC shows dual emission bands fahgwphotoexcitation at 355 nm
(Figure 7.2A). One is in the UV region with the nraym at ca 400 nm and another is in the
NIR region with the maximum at ca 791 nm. They rbayassigned to the fluorescence emission
originating from the Sand S states, respectively. However, emission quantwetd yof tBUNPC

nanoaggregate is very low and can be consideradaty nonfluorescent.
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Figure 7.2: Absorption (black) and emission (red) spectra afNBC (2.5 x 18 mol dm®) and
Zn-tBUNPC (5 x 18 mol dm?®) in toluene and absorption spectra of tBUNPC and Z
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tBUNPC nanoaggregates dispersed in water (blueesunEmission spectra are
recorded following photoexcitation at 355 nm.

Figure 7.2B shows the absorption and emission spe€tZn-tBUuNPC in toluene as well as

the absorption spectrum of Zn-tBuNPC nanoaggrediafgersed in water. Maximum of the Q-
band, which represents the<S S, transition, appears at ca 760 nm. The Q-bandassists of
two vibronic bands of very low intensity in the 650/50 nm region. A broad Soret band or B-
band in the 300 - 450 nm region with the maximuntat350 nm arises due to the <SS
transition. It is important to mention here thatike in the case of tBUNPC, Zn-tBUNPC does
not form nanoaggregate in non-aqueous solventveri gery high polarity, like DMSO but in
aqueous solution. Absorption band of the Zn-tBuNf@Doaggregate in aqueous dispersion is
significantly broadened covering the 550 - 1000 region. Maximum of the absorption
spectrum is blue-shifted to 700 nm with respedhtd of the monomer and reveals the presence
of two shoulders at ca 760 and 900 nm. IntensityrefB-band also increases significantly.

Fluorescence spectrum of the monomeric Zn-tBu&rded in toluene has also been
presented in Figure 7.2B and the extremely narrandbof the fluorescence spectrum shows a
maximum at 773 nm. While monomeric Zn-tBuNPC inutaie is highly emissive (quantum
yield is about 0.13), Zn-tBUNPC nanoaggregate dsszkin water is nearly nonfluorescent.
Fluorescence lifetime of the excited singlet)(State of Zn-tBUNPC in toluene has been
determined using TCSPC technique to be 2.5 ns (&i§d.3 in SD section).
tBuPC, Zn-tBuPC and ZnPC:. Preparation and characterization of nanoaggregfaie-tBuPC
have already been discussed earlier in a papeispebl by Kakade et. &f Although Zn-tBuPC
forms nanoaggregates in hydrogen bonding solvéinexists as monomer in aprotic solvents
even of large polarity like DMSO (Figure S7.4 in SBction). Lifetime of the Sstate of Zn-
tBUPC in DMSO is about 3.4 i3 Absorption spectrum of Zn-tBuPC nanoaggregatpedied
in aqueous solution has also been shown in thisdig

However, tBuPC partially aggregates in polar aprsblvents and hence the absorption
spectrum of the monomer molecule of tBuPC has beerrded in toluene (Figure 7.3) in which
only monomers exist. Fluorescence lifetime of tBuR®@luene is about 6 ns (Figure S7.3 in SD
section). Figure 7.2 also shows the absorptiontsgacof its nanoaggregate dispersed in water.
We find that, like in the cases of naphthalocyasjrEhthalocynaines also form H-aggregates.
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While in the case of Zn-tBuPC, some kind of stagkarrangements different from perfectly
parallel kind of stacking of molecules is quite dant, nanoaggregate of tBuPC prepared here
may be predicted to have nearly perfect H-typekatgc Nanoaggregates of tBuPC and Zn-PC
are also found to be nearly nonfluorescent likeeBaPC.
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Figure 7.3 Absorption spectra of monomer (black) and nancegmie dispersed in agueous solution
(blue) and fluorescence spectrum of monomer (rétBwPC and ZnPC.
On the contrary, the absorption spectrum of ZnP@aggregate is quite broad with the
bands appearing both in the lower and higher engidgs of the monomer band. This suggests

presence of stacking arrangements in the nanoaatgem combination of both H- and J-type.

7.2.3. Excited State DynamicsWe adopted UV (390 nm) pump — visible probe (400080
nm) transient absorption spectroscopic techniquénfeestigation of the dynamics of the excited

states of phthalocyanines in solution and the ewsitin nanoaggregates. This study has also
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been useful for estimating the diffusion coeffidciand the diffusion length of the excitons in the

nanoaggregate matrices.

tBUNPC : Figure 7.4A presents the time resolved transiesbidtion (TA) spectra recorded
following photoexcitation of tBUNPC in toluene, which tBUNPC exists as monomer at the
specified concentration (2.5 x ¥@nol dmi®), using 390 nm light pulses. The transient spettru
recorded immediately after photoexcitation, i.eQ& ps delay time, shows two excited state
absorption (ESA) bands, one in the 500 - 700 nnoregnd another in the lower energy region
beyond 820 nm, in addition to a bleaching bandhe1t00 — 820 nm region with the maximum at
770 nm. Comparison of the shape of this transi@aictsum with that of the steady state
absorption spectrum (Figure 7.2) clearly revealgnificant overlapping of the ESA and
bleaching bands. Time evolution of the transiemcta shows a marginal decay of ESA bands
in sub-1 ps time domain followed by a rise up towttb0 ps. ESA bands decay at much longer
time scale. On the other hand, the bleaching bhods a small rise up to about 1 ps delay time
accompanied by a small red shift of the maximummfré70 to 780 nm. Following this, the

bleach band recovers slowly.

Temporal dynamics of the transient species haven laealyzed at a few selective
wavelengths and the results are shown in FigurB.®éch of these temporal profiles could be
best-fitted using multiexponential functions ance thfetimes associated with the best-fit
functions along with the information whether thetjgallar component is associated with the rise
or decay of absorption using the assignment ‘rdgrrespectively, are given in the insets. The
ultrafast component with the lifetime of about 0#45.02 ps may be assigned to the lifetime of
the S state, which is populated following photoexcitatiasing 390 nm light. The intermediate
component with the lifetime of 18 = 3 ps may beigrssd to vibrational relaxation following
population of the vibrationally hot,State via intersystem crossing process from thetee™®
The component with the long lifetime is assigneth®s decay of the ;Sstate considering that the
lifetime of the $ state is 3.5 ns as determined using the TCSPQ@itgehr Time evolution of the
bleaching band as described in the earlier paragiapnow easily understood considering
overlapping of the bleaching band (maximum at c@ 8) and the stimulated emission band

(maximum at ca 800 nm). The latter band rises witinease in population of the lowest energy
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vibrational level (v =0) following the S— S internal conversion process and vibrational

relaxation in the Sstate.
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Figure 7.4 (A) Time resolved TA spectra of tBUNPC (2.5 x°Iiol dri®) in toluene following
photoexcitation using 400 nm laser pulses. Purplered curve represents the shape
of the steady state absorption spectrum of tBuNPtluene. (B) Temporal dynamics
of the transient species recorded following photitexion of NPC in toluene.

Figure 7.5 shows the time resolved TA spectra aexrfollowing photoexcitation of
tBUNPC nanoaggregate dispersed in aqueous soldt®rspectra are characterized by a strong
excitonic absorption band in the 500 — 650 nm negind a bleaching band in the 650 — 760 nm
region. Presence of the near isosbestic point &t i@ during the course of decay of the
excitonic band and recovery of the bleaching banggssts that no other process than the

excitonic decay is involved in the time evolutiditlee transient spectra shown in Figure 7.5.
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Figure 7.5: Time resolved TA spectra of tBUNPC nanoaggregapetdsed in water recorded
following photoexcitation at 390 nm. Insets show thmporal dynamics of excitonic
decay and bleach recovery monitored at 580 andni2@espectively, along with the

best fit functions and the lifetimes associatedhwihe best-fit multiexponential
functions.

In the insets of Figure 7.5, we have shown the teaiprofiles recorded at 580 and 720
nm to analyze the dynamics of the excitonic statieegated in the tBUNPC nanoaggregate and
the bleach recovery, respectively. Temporal pradifethe excitonic state could be fitted well
using a three exponential function with the dedsgtimes of 0.5, 3.2 and 58 ps. We assign the
longest lived component with 58 ps lifetime to theitonic state and find significant shortening
of the lifetime of the excitonic state generatedhi@ nanoaggregate as compared to that of the S
state of the monomer, which has been measured abbet 3.5 ns in toluene. Assignment of
other two ultrafast components with the lifetimdsOdb and 3.2 ps could be made only after
examining the dependence of the lifetimes on thegpalensity of the excitation light and this
aspect will be discussed in the section 3.2.4.

The bleach recovery dynamics also could be fittethgi three exponentially rising
components with the lifetimes of 0.5, 3.8 and 52 yekich nearly complement the excitonic
absorption dynamics. However, the bleach recovegna$ also consists of an additional
component representing a long-lived residual bledtis suggests population of the long-lived
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triplet excitonic state with a small yield. Thisatare has been observed in all four cases of the
nanoaggregates investigated here but we will reatugis this aspect further.

Similar dynamics observed through the entire blebahd as well as the ESA band
suggests that the broad steady state absorptiahdfalBuNPC nanoaggregate appearing in the
600 — 850 nm region (Figure 7.2A) may be assigoetié¢ same kind of aggregated species.

Zn-tBUNPC: Time evolution of the TA spectra of Zn-tBUNPC morenmn toluene following
photoexcitation using 390 nm light is shown in Fgw.6A. Photoexcitation of Zn-tBuNPC
using 390 nm laser pulses populates theef®ctronic state of the molecule. TA spectrum
recorded at 0.2 ps delay time consists of a brdad Band in the 480 - 650 nm region with
maxima at 500 and 600 nm and a structured bleadbémgl in the 650 — 770 nm region. The
vibronic structure of the bleaching band replicdtesse observed in the steady state absorption
spectrum of Zn-tBUNPC in the same solvent (Figu@B). Time evolution of the TA spectra
shows marginal decrease in absorbance of the E®A bp increasing delay time, but do not
show complete decay even after the delay timecieased up to 800 ps.

Figure 7.6B presents the temporal profiles reedrcit two selective wavelengths
following photoexcitation of Zn-tBuNPC in toluendoag with the best multi-exponentiét
functions. Temporal profile recorded at 630 nmdsaziated with an initial decay of ESA with
the lifetime of about 0.28 ps, followed by anoteemponent of slower decay of ESA with the
lifetime of 13 ps and subsequent decay of ESA witbng (longer than 500 ps) lifetime. That at
760 nm is associated with a strong negative absorfgignal appearing with the instrument
response time limited rise followed by further lperential rise with the lifetimes of 0.25 ps and
11 ps. Complete recovery of the bleach signal tpkase in a much longer time scale. Therefore,
in each case, the temporal profile is associatdtl vasidual positive or negative absorption
representing a long-lived component. Following tasgguments put in the case of the
photophysics of tBUNPC in toluene, the componett wie average lifetime of 0.28 £ 0.05 ps is
assigned to the S0 § internal conversion (IC) process leading to popatebf the higher
vibrational levels of the Sstate and that with the average lifetime of 12 gsto the vibrational
cooling in the P state due to dissipation of excess vibrationafrgne the solvent modes. The
component associated with the residual absorptidiieach signal, is obviously assigned to the
long decay time of the ;Sstate. This assignment is supported by the rexaflt§CSPC

210



measurements providing the value of the fluoresediietime of 2.5 ns (Figure S7.3 in SD
section).
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Figure 7.6 (A) Timeresolved TA spectra of Zn-tBUNPC (1 x 30nol dmi®) in toluene
following photoexcitation using 400 nm laser pulg® Temporal profiles recorded
at two selective wavelengths along with the bestfdinctions. The lifetimes
associated with the multi-exponential fit functicare given in the insets.

Figure 7.7A presents time resolved TA spectra dfiter generated in Zn-tBuNPC
nanoaggregate dispersed in aqueous solution faigpwhotoexcitation using 390 nm light. TA
spectrum recorded at 0.2 ps delay time consistslmbad bleaching band in the 650 — 900 nm
region with the maximum at ca 700 nm (and a showtd&40 nm) and a strong ESA band in the
500 - 650 nm region with a maximum at ca 550 nnecu@rence of the isosbestic point at ca 650
nm between the ESA and the bleaching bands of hepkectra during the course of its time
evolution again suggests that both these bandsgept the same transient species. Unlike in the
case of Zn-tBUNPC monomer (Figure 7.6), the dexfayoth the bands in the TA spectra of the
exciton in ZnNPC nanoaggregate is complete withwouh 150 ps leaving a little residual
absorption or bleach signal (insets of Figure 7.7).
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Figure 7.7: (A) Time-resolved TA spectra of Zn-tBUNPC nanoaggte dispersed in aqueous
solution following photoexcitation using 390 nmdagulses. (B) Temporal profiles
recorded at two selective wavelengths along wigirthest fit functions. The lifetimes
associated with the multi-exponential fit functicarg given in the insets.

Each of the temporal profiles recorded at 570 a@d ®m could be fitted well with a
three exponential function with nearly similar timenstants (Figure 7.7B). Average lifetimes of
these three components associated with the dynarhtbe excitonic state are 0.32 £ 0.05, 2.8 £
0.5, and 31 £ 1 ps. Photophysical parameters celateexciton dynamics have been estimated
from the intensity dependence of the lifetimes lbbse three components and have been

discussed in section 7.2.3.5.

tBuPC and Zn-tBuPC : Figure 7.8 shows the time resolved TA spectra roimb following
photoexcitation of tBuPC in toluene. Featuresimktevolution of the transient spectra are very
similar to those we observed in the cases of momewietBUNPC and Zn-tBuNPC (Figures 7.4
and 7.6). Analyses of the temporal profiles recdrde580 nm and 700 nm (insets of Figure 7.8)
reveal complimentary dynamics of the excited staue bleach recovery, respectively. Following
the arguments put in the earlier two cases, wegadssie lifetimes of 18 + 2 ps vibrational
cooling process. In this case, possibly the lifetiof the internal conversion process is shorter

than the instrument response time limit (~ 120 fs).
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Figure 7.8: Time-resolved TA spectra of tBuPC in toluene dohutfollowing photoexcitation
using 390 nm laser pulses. Inset. Temporal profilesorded at two selective
wavelengths 580 and 700 nm along with their bestfunctions. The lifetimes
associated with the multi-exponential fit functicarg given in the insets.

Time evolution of the transient spectra of theitexac state created in nanoaggregate of
tBuPC is shown in Figure 7.9A. In this case togspnce of the isosbestic point between the
excitonic absorption and bleaching bands cleanyeats dynamics involving only two states,
namely, the excitonic state and the ground staepbral profiles presented in Figure 7.9B also
reveal the complimentary dynamics of the excitatsorption and bleach recovery and hence
support the inference regarding two state dynanhiéstime of the excitonic state is about 35 ps
and two ultrafast components with the lifetime®df and 5 ps are related to the dynamics of the

excitonic state, which will be unraveled from itciation intensity dependence.

Photophysics of monomeric species of Zn-tBuPC MSD and exciton dynamics in the
nanoaggregates formed in hydrogen bond donatingesbl(HFIP) and also that dispersed in
aqueous solution have been already reported imdierepublication by Kakade et. al.
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Figure 7.9: (A) Time resolved transient spectra recorded followahgtoexcitation of nanoaggregates of
tBuPC dispersed in aqueous solution. (B) Tempoyahthics at 500 and 600 nm along with

the best fit functions and the associated lifetimiethree components.

ZnPC: The time resolved TA spectra of the monomeric Zmifecules in toluene and temporal
profiles are shown in Figure 7.10. The excitedesi@dynamics have similar features as those
observed in the cases of other phthalocynaines.e®fienate the Slifetime and vibrational

cooling time are 0.4 and 15 ps. Thestate has lifetime of a few ns.
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Figure 7.10: Time-resolved TA spectra of ZnPC in toluene solutfollowing photoexcitation
using 390 nm laser pulses. Inset: Temporal profilesorded at two selective
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wavelengths 600 and 650 nm along with their bestfuiinctions. The lifetimes
associated with the multi-exponential fit functicarg given in the insets.

In Figure 7.11, we show the time resolved speatrdnPC nanoaggregates dispersed in

agueous solution following photoexcitation at 398. rExciton absorption shows a broad ESA

band in the 420 - 550 nm region and bleaching bamdke 550 — 750 nm region. Significant

mismatch between shapes of the bleaching bandtharsteady state absorption spectrum in the

550 — 730 nm region suggests strong overlappingd®t the ESA and bleaching bands in this

region. Therefore, the exciton dynamics has beemsitigated by monitoring the temporal

profiles at 520 nm and 670 nm at which the oveilagppetween these two bands are minimum.
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Figure 7.11 (A) Time resolved transient spectra recorded followphgtoexcitation of nanoaggregates

of ZnPC dispersed in aqueous solutidrashed pink line represents the steady state

absorption spectrum of ZnPC nanoaggreg@ge Temporal dynamics at 520 and 670

nm along with the best fit functions and the assted lifetimes of three components.

Excitation Intensity Dependence of Exciton Dynamicsin Nanoaggregates:In the S

excitonic state of the nanoaggregate, the most litapb process is the exciton - exciton
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annihilation reaction, in which two excitons difeusowards each other to react promoting an
additional nonradiative depopulation channel foe tbxcitonic state and one of these two
excitons are destroyed to populate back the graiatk (vide infra). This is a second order
process. Rate of this process is controlled byrdites of diffusion of the excitons and dependent
on the concentration of thg 8xciton populated following photoexcitation of waggregate and
hence intensity of the pump pulse. Therefore, #te of exciton - exciton annihilation reaction
provides information regarding diffusion coefficieand diffusion length of exciton migration in
the nanoaggregate matrix and these parametersractydrelated to the efficiency of a photonic
device prepared using this nanomaterial.

We have recorded the temporal profiles at twoeddle wavelengths following
photoexcitation of the nanoaggregates by varyimgnisities of the pump pulse in the range of 3
to 12 pJ/PulséFigure 7.12). We followed the changes in the dyicarof the $ excitonic state
by monitoring the decay of the ESA band as welblaach recovery. In Figure 7.12, we present
a typical result for excitation intensity dependeraf the dynamics of ESA decay and bleach
recovery in the case of tBUNPC nanoaggregate. &inype of observation also observed for

other four nanoaggregates.
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Figure 7.12: Excitation energy (inuJ/pulse) dependence of the dynamics of ESA andcchlea
recovery monitored at 580 and 720 nm, respectivelythe case of tBuNPC
nanoaggregate dispersed in agueous solution.

Each of the temporal profiles presented in Figiid2 has been fitted using a three or

four exponential function. The associated lifetira@sl the relative amplitudes of the signals are
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given in Table 7.2. We observe that variation @f fifetimes of two ultrafast components,and

T, are very similar in both the ESA absorption atehbh recovery dynamics and become longer
on decreasing the intensity of the pump pulse. tBet third component with the lifetime
remains nearly independent of excitation intensltgerefore, it is evident that they represent
different kinds of processes. Since lifetimes ahlg andr,, increase by decreasing the intensity
of the pump pulse, they really represent the ngmegntial decay dynamics of the-&xciton
and not the decay of the-State by internal conversion and vibrational rateon processes,
respectively, as explained in the case of the edcgitates of the monomers. Therefore, we
explain that following photoexcitation of the naggeegates to the,®xcitonic state using 390
nm light, the $ state undergoes ultrafast relaxation to theex@itonic state with a lifetime
shorter than 120 fs. Observed nonexponential detdlye excitonic state could be assigned to
the time-dependent decay of thge&citon due to exciton - exciton annihilation réaict the rate

of which is controlled by the rate of diffusive magjon of the excitons. The intensity
independent component, represents the lifetime of the unimolecular dectthe S exciton in
absence of exciton - exciton annihilation reactibine long — lived component (lifeting) with

a small amplitude associated with the bleach regodgnamics may probably be assigned to the

triplet exciton populated with very small yield.

Table 7.2 Excitation energy dependence of the dynamics®A Hecay and bleach recovery in
the case of tBUNPC nanoaggregate following photit&tian using 400 nm laser pulses
of 100 fs duration.

Excitation | Wavelength 11 (PS) T2 (PS) 13 (PS) 14 (PS)
Energy (nm) (2) (2) (2) (2)

10 pJ/Pulse 580 0.50 (-28) 3.2 (-19) 55 (-29.2) -
720 0.52 (26) 3.8 (25.6) 50 (14.5) long

8 uJ/Pulse 580 0.60 (-19) 3.8 (-19) 55 (-30 --
720 0.64 (20) 4.5 (26) 50 (16) long

6 pJ/Pulse 580 0.70 (-19.8) 4.6 (-18) 62 (-33 --
720 0.75 (10.6) 5.2 (24.5) 55 (23.5 long

4 1J/Pulse 580 0.90 (-12) 5.0 (-18) 65 (-35 --
720 1.0 (10) 5.6 (18) 55 (27.8) long
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Exciton - Exciton Annihilation: In our earlier work on the exciton dynamics oftBuPC we
adopted the Pilotin’s approach to estimate theudiffn coefficient and diffusion length of the
excitons generated in the nanoaggregates. Howewsparing these values with those reported
earlier we find that Pilotin’s method overestimakese valuet® ** Therefore, we adopt an
approach based on mixed order kinetic analysisstonate the diffusion parameters of the
excitons. This method of analysis has already beead in the cases of anthracene
nanoaggregaté:

Based on the above discussion on intensity depeedef the decay dynamics of the S
excitonic states, we write the following reactiocheme for the creation and decay of the S
excitonic state (which will be represented ag<yin the following equations) in phthalocyanine
nanoaggregates:

S, O¥T- S, (X) O 8P S (X) (7.2)
S(X) ¥~ s, (73)
S(X)+S (X) O - S +S,(X) -~ S +S(X) (7.4)

We write the expression for the rate of changeooicentration of the ;®xcitonic state as,

d[s,(X)] _

it —k [S(X)] -

k X)]?
2

Here k and k represent the annihilation free or natural decathefexcitonic state and the rate

constant of the annihilation process, which follosvsecond order rate equation, respectively.

Solution of equation 7.5 gives us the concentrabiotihe Sexcitonic state at time ‘t’.

— eXp(_kl t)
[S,(X)] ) =[S.(X)], (1+—k2t) (7.6)
Here, k, _ K [S (X, (7.7)

2

Here, [S(X)]o is the concentration of the; Sexcitonic state created immediately after
photoexcitation. Considering that absorbance ofShexcitonic state at time ‘t’ is proportional

to its concentration at that time, we write,
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exp(k, 1)

OD (t) =OD (t = 0) Lr D

(7.8)

Since the temporal profiles have been monitorddage two wavelengths, at which the ESA and

bleach bands have nearly no overlap, we assumenthaheasure absolute absorbance and not
the differential absorbance, to write equation BiBice the bleaching signal is associated with a

long-lived residual negative absorbance (R), equafi8 is revised as,

exp(-k; t) +R

OD (t) =OD (t =0) LreD

(79)

Temporal profiles recorded at 580 and 720 nm haenHitted using equation 7.9 (Figure 13)
and the fitting parameters are given in Table M8thod of calculation for exciton density att =
0 (i.e. the value of [§X)]o) is given in SD section (S7.5). Insets of FiguBeshows the linear
relationship betweenykand [S(X)]o and the annihilation rate constant,dould be estimated
from the slope of the best fit line. Method ofiesttion of the annihilation radius,Rusing the
threshold value of [$X)]o obtained from the intercept of the X-axis of thevs [S(X)]o plot, is

also shown in SD section (S7.6). Values ofkd R estimated for tBUNPC nanoaggregate are
given in Table 7.3.

k2 =2 x slope = e pJ/ pulse
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Figure 7.13: Excitation energy (inuJ/pulse) dependence of the dynamics of ESA andcchlea
recovery monitored at 580 and 720 nm, respectivelythe case of tBuNPC
nanoaggregate dispersed in aqueous solution. Hable eemporal profiles has been
fitted using equation 7.9. Values of knd k' associated with the fit function are
given in Table 7.3.
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Table 7.3: Parameters obtained from fitting the excitatioreirsity dependent dynamics of ESA
and bleach recovery dynamics monitored at 580 &dhr, respectively, for tBUNPC
nanoaggregate dispersed in agueous solution.

(A) ESA dynamics monitored at 580 nm

Excitation energy  [S:(X)]o k' Texciton (= 1/K1) Ko Ra
(W/Pulse) | (10%'cmi®? | (102 sh (ps) (10°cm’s?) | (nm)
10 1.2 0.78 50
8 0.96 0.59 50 1.4 1.34
0.72 0.43 56
4 0.48 0.25 60

(B) Bleach dynamics monitored at 720 nm

Excitation energy] [S1(X)]o K's Texciton(= 1/K1) Ko Ra
(nJ/Pulse) (10*tem®) | (10*sh (ps) (10°cm®sh) | (nm)
10 1.2 0.77 50
8 0.96 0.49 50 1.5 1.06
0.72 0.33 46
4 0.48 0.20 42

Exciton migration: Although exciton diffusion controls the exciton xce#on annihilation
process, faster exciton migration is a primary neguent for efficient energy migration and
transfer in photosynthetic reaction centers and &s larger efficiency in electronic devices.
Therefore, the exciton diffusion length (L), which defined as the distance travelled by the
diffusing exciton, is one of the most important graeters for developing such devices. The
annihilation rate constant,pkis related to the diffusion coefficient, D, angetannihilation
radius, R, by equation (7.10) and the latter to the hoppiinge, t.p by equation (7.11),
assuming that the excitons are localized and movimginly by an incoherent hopping

8

proces$®* Here d indicates the intermolecular separationnilditation radius, B may be

defined as the radius of the sphere around a p&tiexciton, beyond which if another exciton
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is created, it would never be able to reach thenéorto participate in annihilation reaction, R
value of an exciton in the nanoaggregate matrx begstimated from the intercept on the X-
axis for the plot of K vs [Si(X)]o. In Table 7.4, we give the photophysical paransetérfive
phthalocyanine nanoaggregates investigated intbik.

k, =8 TR, D (710)
d2
r =9 71
hop (5[) ( ])

Table 7.4: Photophysical and migration parameters of the eScitonic state created in
phthalocyanine nanoaggregates.

NA Texciton (PS) | @ Ra D thop (PS) | Lp(nm)
(10° cn? sty | (nm) (10* cn? s

tBuPC 32+3 1.1+£0.2 1.2+£0.2 36zx0.2 2.96 6 £20.4

tBUNPC 50+8 15+£0.2 1.2+£0.2 48zx0.9 2.22 .7 805

ZnPC 435 56x0.6 1.1+£0.1 20.1+3.0 0.53 F®@6

Zn-tBuPC 30+4 3.0x0.3 1.3£0.1 92zx1.0 1.16 4.1+05

Zn-tBUNPC | 456 6.3£04 1.3£0.1 19.3+2.0| 5%. 7.2x0.8

The typical errors in the measured parameters Hiéot

The large hopping ratesuf = (Thop) ™" ~ 8.62 x 16" and 18.18 x 18 s* for Zn-tBuPC
and Zn-tBuNPC , respectively) obviously can be @ated with a very large energy transfer rate
and strong excitonic interaction. These values Hmen used to estimate the diffusion length, L,
which is defined as for the, ®xciton®?

L=/6Dr (712)

exciton

Where, the coordination number is 6 for three disi@mal structure§® Diffusion lengths of the

S, excitons in nanoaggregate matrices of five phthaaines thus estimated are given in Table
7.4.
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Comparison of the values of the diffusion coeéfidi and diffusion length between those
having similar molecular structures or those wishiation in molecular structures with respect to
a particular structural feature leads us to makefétHowing inferences: (1) By comparing these
values for tBuPC and tBuNPC as well as for ZnRBu and Zn-tBuNPC , we find that the
diffusion coefficient of the Sexciton become largerand hence the diffusion lemgionger as
the Teconjugation is extended. (2) Comparison of theskies for similar phtalocyanines and
their zinc derivatives suggests that exciton diindength becomes larger by complexation with
Zn. (3) Because of butyl substitution, aromatic etpiof the phthalocyanine becomes nonplanar
and exciton diffusion length is reduced due to pstacking pattern in the nanoaggregate. This
explains why ZnPC is a better photonic materiat@spared to Zn-tBuPC. Following the trends
of these physical parameters of exciton migratarthiose phthalocyanines listed in Table 4, one
may infer that ZnPC and Zn-tBuNPC should be theebephotonic materials with larger
diffusion coefficients and longer diffusion lengtas compared to that of other phthalocyanine
derivatives. However, it should be pointed out tlkffusion length is limited to a few
nanometers only (about 10 nm may be expected frZimtBuNPC), which may limit their
efficiency in light harvesting devices. The diffasi length is a function of both diffusion
coefficient and exciton lifetime (equation 7.12)h\eé the value of diffusion coefficient may
reasonably be large, the exciton lifetime is omythe range of 30 — 50 ps, as opposed to their
long lifetime (a few nanosecond) in monometic forffie short lifetime of the excitons, which
may be attributed to the presence of many disoddsites which act as trap centres for faster
nonradiative deactivation for the excitons, linfietmaximum distance, which an exciton may
travel during its lifetime®>3**° To reduce the disordered trap state by changiegapation
condition (such as solvent combination, reactionperature, etc) may be a future course of
action to increase the exciton lifetime to impralifusion lengths for better viability of these
materials in solar harvesting applications.

7.3. CONCLUSIONS

Excited state dynamics and exciton diffusion patamse of five phthalocyanine
derivatives have been studied using sub-picosectim-resolved transient absorption
spectroscopic technique. Following photoexcitattbthe monomer in the,$tate, two ultrafast
processes, namely the internal conversion to th&tdde and the vibrational relaxation in the S

state are the major relaxation pathways populatiegowest vibrational level of the long lived
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S, state. The Sstate further found to decay with a time const#rfew ns. On the other hand,
dynamics of the excited states of the nanoaggregate mainly governed by exciton - exciton
annihilation and annihilation free natural decayialihare completed within a few hundred
picoseconds. From excitation intensity dependetnafaist transient dynamics studies, diffusion
coefficient and diffusion length of the excitons nanoaggregates of the five phthalocyanine
derivatives have been estimated which vary in tlewing order: ZnPC ~ Zn-tBuNPC > Zn-
tBuPC > tBuNPC > tBuPC. Superior diffusion propestof Zn-tBuNPC is attributed to better
intermolecular interaction facilitated by expandadmatic conjugation and central zinc metal
coordination and thus Zn-tBUNPC may find bettetahility for better photovoltaic applications.
The non -tBu substituted ZnPC possibly have muchenb@tter molecular packing due to the
better approachability of the molecules to eacleoth NA form. Thus it also possesses faster
exciton diffusion and longer exciton diffusion lehgHowever, there is further scope in future to
improve diffusion length of these materials by a$ding the factors which limit exciton lifetime
in the range of 40-50 ps and reducing the possitofi disordered molecular packing.
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CHAPTER 8

SUMMARY AND FUTURE DIRECTIONS

8.1. INTRODUCTION

Finally we come to the concluding chapter of thesth. Scientific research can be
compared to a never ending relay race, where omelpgrcarried out experiments and
summarized there results, ideas and passed itetasdlentific community; again some other
groups take those ideas to progress in the fidiérdfore, summary and future directives always
possess a significant importance in a thesis. Hetbis chapter, we will summarize the overall
works carried out under this thesis and make asmgdt to provide consolidated pictures of
microscopic nature of the RTILs and the excitonioperties of the nanoaggregates, which may
lead to the comments on the applicability of theseerials in the real world. We will also try to
address about the future prospects of these rdséiatds, to which our group or other groups

may contribute in the near future.
8.2. CHAPTER WISE SUMMARY

The first chapter basically summarizes some basicepts of the two types of self
assembly forming media, their photophysical prapsrand describes the objective of the thesis.
On the other hand the second is focused on theriexgrgtal techniques used in thesis. The
summary of experimental results are documentetiérstibsequent chapters are provided in the

following discussion.

In Chapter 3, wanainly described the results of our investigationsthe triplet energy
transfer and electron transfer processes in R&N& other conventional solvent media carried
out using transients, triplet states or radicabasj which are very long lived. The first part of
the work has established the fact predicatedViaythey et al. and Maroncelli et al. that,
diffusion controlled energy or electron transfeaiaton may be observed in highly viscous RTIL

media in the stationary quenching regihfaVe observe that using long-lived transient donors,
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e.g. radical anion or molecule in excited tripletts; which have lifetimes in the ps time domain,
the stationary quenching regime may be achievedtladliffusion controlled reaction may be

observed in the conventional solvents as well &TiL media.

In the second part, observation of ET and TET rate®Ilving neutral-neutral and
neutral-ionic pairs in different RTILs with diffemé alkyl substituents suggests that, as the chain
length of the alkyl substituent increases, RTILsyrfam more prominent microscopic pockets
in the media. The alkyl chains interact with eattreo and form a hydrophobic nonionic pocket
and on the other hand the imidazolium cation aedctiunter anion part accumulate in the region
to form the ionic pocket. When both the donor andeator are neutral, they mostly prefer to
remain solvated in the nonionic pockets. The reastialso take place in these pockets and the
rates of the reactions reflect the effect of mieiseosity of these nonionic pockets. As the
solvent is changed from.@im to Ggmim, the bulk viscosity of the solvent increasas, &s the
reaction occurs in the nonpolar microscopic poc&atl the reaction rate remain almost
comparable. As a result the resultant parametekdss or kret/kpir (Kgir €stimated from bulk
viscosity) shows an increase as the RTIL changes fimim to Gomim. We also investigated
the same reaction in SDS micelle and we observeadtes of the reactions occurring in the
miceller core region are comparable to those estichdor the neutral-neutral pairs in these
RTILs. This suggests that the nonpolar pockets @1LR possess microscopic Vviscosity

comparable to the microscopic viscosity of the rhéceore of SDS.

When one of the species is ionic, it prefers tosblvated in ionic region and the other
one being neutral prefers to remain in the nonigracket. Thus during reaction, these two
reactants required to diffuse in those two diffénemcroscopic pockets. As a result the overall
microscopic viscosity effect becomes nullified amel observe a bulk viscosity controlled ET or

TET reaction in those cases.

In Chapter 4, we have shown that using reprecipitanethod we can easily synthesize
disc shape anthracene nanoaggregates having size260 nm and height ~40 nm. The
nanoaggregates possess bulk crystal f}4mhase of molecular packing, however with some
amorphous character. The absorption and emissiaimmaaof the O - O vibronic bands of the NA
are red-shifted by about 20 nm as compared todhegponding one in the solution form. Time-

resolved emission studies suggest wavelength depémtynamics, which originates from the
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distribution of the orientational heterogeneitiesthhe aggregate leading to different types of
defect sites and hence the excimeric states oérdifit conformations. Transient absorption
studies reveal nonexponential dynamics of bothsingletandtriplet excitonic states due to
exciton - exciton annihilation reaction at high gaton intensities. Exciton annihilation rate
constants of the singlet and the triplet excitomgehbeen determined as 3.7 X’tén® s* and 2.2

x 10" cm® s?, respectively and exciton diffusion lengths to &eout 13.2 and 6.5 nm,
respectively. The singlet exciton diffusion lengththe nanoaggregate is comparable to that of
the anthracene crystal and this suggests that thenidly also be considered as materials for
efficient optoelectronic and photovoltaic devicétowever, we observe drastic reduction in
triplet exciton diffusion coefficient in the nanaagggate form and it is explained considering

slower triplet energy transfer mechanism via spichange process.

In Chapter 5we have demonstrated that polyacene moleculestedrgcene, perylene
and pentacene, which have structural similaritigk wnthracene molecule, can easily be doped
into the anthracene nanoaggregate. The averagarsizbeight of the doped nanoaggregates are
comparable to that of the anthracene nanoaggrétgate The small dopant concentration used
here does not show significant feature of the dopathe absorption spectrum. However, in the
steady state emission studies, we observe thatidher emission reduces with increase in
acceptor concentration and concomitant enhancenmerdacceptor emission has also been
observed. The time resolved emission studies aisare the resonance energy transfer process
as we observe decay of donor emission and concongtawth of acceptor emission. We used
SV analysis to estimate the energy transfer ratstemts. The fast energy transfer rates observed
here could not be explained considering the sirgjgp Brster resonance energy transfer
process. The exciton diffusion rate has furthernbestimated from the excitation intensity
dependent exciton — exciton annihilation procesw dbserved energy transfer rate is close to
the diffusion limited rate. Thus, we conclude thiatthese doped nanoaggregates, exciton
diffusion assisted FRET process takes place andenth& energy transfer process highly

efficient.

In this case, the three dopents provide emissiahrige different wavelength regions of
the visible spectrum. When we combinedly dopeddhtbsee dopants in proper concentration

proportion we observe white light emission from tiogped nanoaggregates upon excitation with
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near UV light. This work also suggests that suclpedbnanoaggregates may provide better

emission yield with colour tunability which may beeful for LED or display device systems.

In Chapter 6ye describe the photophysics of pyrene and perytamneaggrgates, which
were also synthesized using reprecipitation metidng average sizes of ~120 nm. The XRD
experiments confirm the presence efcrystalline phase in both cases along with minor
amorphous nature. The steady state absorption @nhpynanoaggregate mainly shows red
shifted broad absorption feature, on the other hpedylene nanoaggregate shows broad
absorption band with a blue shifted absorption mmaxn. Both the nanoaggregates show broad
excimer emission. The time resolved fluorescencasmements lead us to the confirmation of
the presence of emission from free excitonc statesvell as shallow and deep trap excitonic
states in these two nanoaggregates. The shallqvtéraleep trap state transition undergoes
through an energy barrier of 57 meV and 102 meVpimene and perylene nanoaggregates,
respectively.

In nanoaggregated form, the free exciton lifetifmend to be enhanced as compared to
the corresponding-crystalline form. It causes enhancement in thatemadiffusion length of
free excitons in the nanoaggrgated form. The erdiiffusion lengths have been estimated to be
10 £ 2 nm and 20 £ 4 nm for perylene and pyreneoaggregates, respectively. The longer

exciton diffusion length of a material makes it esuperior for photovoltaic application.

In Chapter 7 we describe the work carried out with five phthgkmine compounds.
Phthalocyanine molecules mainly form non fluoresdéitype aggregates. In all these cases the
excitonic lifetimes decrease by almost two orddrsnagnitude as compared to those of the
molecules in the solution. Enhanced nonradiativeagepath may be assigned to be a possible
reason for this first decay. We have carried otriatdst transient absorption measurements for
the excitonic states of these nanoaggregatesfatetit excitation intensities. Like in the case of
anthracene, pyrene and perylene nanoaggregates ti@noaggregates also show intensity
dependent second order decay of the excitonic gtafmilation. These intensity dependent
kinetics are fitted using mixed order decay modeéstimate the exciton - exciton annihilation
rate constants. The rates of diffusion controllgditen annihilation process have further been

used to extract the exciton diffusion parametehsag, exciton diffusion coefficients, hopping
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times, exciton diffusion lengths. These parametéusther compared for these five

phthalocyanine nanoaggregates.

We observe that introduction of bulkyBu substituents at four peripheral positions
causes less efficient molecular packing, evideminfthe XRD pattern, and hamper the exciton
diffusion process. It causes shorter exciton diffadength. The more extendedconhugation
leads to stronger intermolecular interaction ansitefia exciton hopping. Zfi ion complex
formation also causes enhancement in the excitibasdain length. Among these five materials
ZnPC andBuzZnNPC possess longer exciton diffusion lengths more promising material for
photovoltaic device from charge separation efficiepoint of view. These materials are non-

fluorescent and don’t have much scope for emissased device applications.
8.3. FUTURE DIRECTIONS

In the first part of this thesis we have mainly @bed the energy transfer and electron
transfer reactions with long lived transients iffatent RTIL media. We have started with these
most common imidazolium based ionic liquids. Howeweher RTILs with different counter
ions having superior application property can dsaaken for such experiments to explore the
microscopic properties. The molecular rotors whaate considered as good microviscosity
sensor can also be utilized to probe the microscejscosities of the local pockets of RTIL

medium®®

This is also inferred that association of long akybstitution in the RTILs causes more
prominent microscopic pocket formation in RTIL medihus we can use more elongated alkyl
substitutents and observe the micelle type stradmnmation. We can also observe this property
in aqueous or other solvent medium. The microscppiperties, microscopic viscosity also can
be investigated observing the energy transfer ectedn transfer process in those binary solvent
medium? These explorations may lead to more detail undedsing about the RTIL medium and

provide insights about the efficient applicabilitf/these solvent systems.

In the second part, the excited state dynamicsbessn resolved for few polyacene
molecules and few phthalocyanine derivatives. Tla@sesome primary works and we think there
are plenty of scopes to explore in these fieldsstkive may explore exciton dynamics in other

polyacene molecules and their derivatives. Speciglblyacene molecules e.g. tetracene,
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pentacene, rubrene, perylenediimide have got htiget@n for the possibility of observation of
exciton fission process which may double the edfficiy of organic solar cells® Different
substituents may be introduced in these polyaoesiecules and we can observe the effect on
photophysical properties and exciton dynamics wggmregation of the molecul&s!’

There are also scopes to synthesize nanoaggreumtesy different sizes and shap@s.
The effect of the morphology on the excited statepprties may also be investigated As
mentioned in this thesis, the molecular packingo afsay have significant effect on the
photophysics of a materiil. Therefore significant efforts should be provides produce
materials having different molecular packings amel ¢ffect may be monitored. Not only to the
aggregates, similar studies may be conducted irthilnefilms and may be extended for device

fabrication step.

In the case of phthalocaynine derivatives thereadse verity of pthalocyanines which
may be taken for similar experiments. It has bdeseoved that these molecules form mainly H-
type of aggregates. One can also try to synthéisesd-type of aggregates of these molecules and
explore the photophysical propertf@sThese aggregates are also found to have very short
lifetime than the solution form. In the H- type mdnoaggregates the radiative decay rate remain
very low, this means the other nonradiative deeagsrare very high in the nanoaggregate form.
Nonradiative decay occurs through phonon modes, bmyone possible reason for that.
However, if this is true, then one can try to explthe factors which govern the nonradiative

decay rate through the phonon modes.

Finally in organic chemistry there are enormouspssoto choose molecules having
desired property or designed and synthesized tloeordingly and similar photophysical studies
can be carried out. Thus it seems a vast openroksgeld, till remain unexplored, which can be
elucidated in the near future by the researchers.

8.4. REFERENCES

1. Liang, M.; Kaintz, A.; Baker, G. A.; MaroncelM. J. Phys. Chem. 2012 116 1370.
2. Koch, M.; Rosspeintner, A.; Angulo, G.; Vauth&y,). Am. Chem. S&012 134, 3729

231



3. Levitt, J. A.; Kuimova, M. K.; Yahioglu, G.; Chg, P. H.; Suhling K.; Phillips, D.. Phys.
Chem. C2009 113 11634.

4. Kuimova, M. K.Phys. Chem. Chem. Phy912 14, 12671.

5. Thompson, A. J.; Herling, T. W.; Kubankova, M/ysniauskas, A.; Knowles, T. P. J,;
Kuimova, M. K.J. Phys. Chem., 2015 119 10170.

6. Sarkar, S.; Mandal, S.; Ghatak, C.; Rao, V.@&hosh, S.; Sarkar, N. Phys. Chem. 2012
116, 1335.

7. Wilson, M. W. B.; Rao, A.; Johnson, K.; Gélin&s; Pietro, R. D.; Clark, J.; Friend, R. H. J
Am. Chem. Soc2013 135, 16680.

8. Liu, H.; Wang, R.; Shen, L.; Xu, Y.; Xiao, M.h&ang, C.; Li, X.Org. Lett, 2017, 19, 580.

9. Korovina, N. V.; Das, S.; Nett, Z.; Feng, X.yJd.; Haiges, R.; Krylov, A. |.; Bradforth, S.
E.; Thompson, M. EJ. Am. Chem. So@2016 138 617.

10. Wilson, M. W. B.; Rao, A.; Ehrler, B.; Friend, H. Acc. Chem. Res2013 46, 1330.

11. Lee, J.; Jadhav, P.; Reusswig, P. D.; YosR.SThompson, N. J.; Congreve, D. N.; Hontz,
E.; Voorhis, T. V.; Baldo, M. AAcc. Chem. Res2013 46, 1300.

12. Tabachnyk, M.; Karani, A. H.; Broch, K.; PaZ0stén, L. M.; Xiaol, JAPL Materials
2016 4, 116112.

13. Tabachnyk, M.; Ehrler, B.; Bayliss, S.; Friem, H.; Greenhama, N. GQ\ppl. Phys. Lett.
2013 103 153302.

14. Eaton, S. W.; Shoer, L. E.; Karlen, S. D.; Dyar M.; Margulies, E. A.; Veldkamp, B. S.;
Ramanan, C.; Hartzler, D. A.; Savikhin, S.; Marks,J.; Wasielewski, M. Rl. Am. Chem. Soc.,
2013 135 14701.

15. Mauck, C. M.; Brown, K. E.; Horwitz, N. E.; Wakwski, M. R.J. Phys. Chem. 2015
119 5587.

16. Walker, B. J.; Musser, A. J.; Beljonne, D.;gfd, R. HNature Chemistr013 5, 1019.

232



17. Stern, H. L.; Musser, A. J.; Gelinas, S.; Ras&n, P.; Herz, L. M.; Bruzek, M. J.; Anthony,
J.; Friend, R. H.; Walker, B. PNAS 2015 112, 7656.

18. Yang, B.; Xiao, J.; Wong, J. |.; Guo, J.; Wu; ©ng, L.; Lao, L. L.; Boey, F.; Zhang, H.;
Yang, H. Y.; Zhang, Q. Phys. Chem. 2011, 115 7924.

19.Manna, B.; Ghosh, R.; Palit, D. K. Phys. Chem..Q015 119 10641.
20. Adachi, K.; Chayama, K.; Watarai, Hangmuir, 2006 22, 1630.

233



SUPPLEMENTARY DATA

CHAPTER 3

S3.1:Structures of the chemical systems, for which t&& Bnd ET processes have been studied
and the RTIL solvents used in this work.

Triplet — triplet Energy Transfer (TET) Electron T ransfer (ET)
3 P
i 9 :
Qo —=
Benzophenone Napthalene Pyrene Benzopheneone

3 -
TET C B, uoN ) NeoH
— =IO A
|
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Tris-(bypyridine)-ruthenium Anthracene
o F
RTIL solvents: N\ EI’
Mim:n=1 [ > F7IOF
CMim:n=3 N F
eMim: n=5 [\1\
Mim:n=9 n

S3.2:Time resolved transient absorption spectra recofoléaving photoexcitation of (A) BP in
C:Mim and (B) RuBPY¥'in C,Mim Insets: (A) The temporal profile recorded at 525 nm foe th
decay of the Tstate of BP, (B) the decay of stimulated emissiom the T state of RuUBPY"
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recorded at 620 nm. Values of the lifetimes assediavith the single exponential fit functions
are also shown in the insets.
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S3.3 Single exponential fit functions and residualtidositions in the cases of the TET process
for BP - NP pair in four RTIL solvents.
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S3.4:Single exponential fit functions and residual digitions in the cases of the ET process for
Py-BP pair in four RTIL solvents.
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S3.5: The time resolved absorption spectra

methylviologen (M\*") in C;Mim solvent.

recorded Vahlg pulse

AAbsorbance
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radiolysis of

S3.6:Dependence of the transient quenching time dowrithe bulk viscosity of the solvents.

Py-BP Pair BP-NP Pair

n (cP) Time (ns) n (cP) Time (ns)
0.35 0.2 0.35 0.14
15.7 8.9 15.6 6.3
24 13.6 24 9.7
44 24.9 44.2 17.9
93 52.7 91.2 37
185 104.8 205.1 83.3
490 277.7 493.2 200.2
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S3.7:Pyrene emission spectra recorded in four RTIL sulvénset: showing emission spectra in
cyclohexane, acetonitrile.
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Table S2:The intensity ratios of 373 nm vs.385 nm emissibpyoene in these above solvents.

Solvent CYH ACN GMIM C.,MIM CsMIM CicMIM

I 374/I 38¢ 0.58 1.77 2.12 1.86 1.65 1.13

I374/l3g5: TX100 ~0.95, SDS ~0.8, Methanol: 1.35, 2-propatd9 (Ref 68)
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CHAPTER 4

S4.1: Derivation of the equations for the fitting é temporal profile

The rate of change of singlet exciton concentrati@m be written as (considering equation 1-3
and taking assumption that the [D] is constant wépect to time),

Let us take, x = [#,]

dx 1 d[5,]
dr — [5,)* dt
a dx p 1, el
Hence, _[51]_;:_-'{1[51]_;”:[51]_
dx 1
dr . it To R
or, & kx= ik,

Integrating Factor e/ ~¥1di= g=kit
Multiplying integrating factor both side, we get:

5 L dx . 1
2 — fyxweT "= —kLeT
dt 1 2

Integrating both side for O to t time limit,

- 1 -
J d[xe %] = J —k,e7 0 dt
o o 2

Putting the value of x, and simplifying the equatiwe get,

[$y]pe 7"
ks

1+ E[SI]E [l— E.—.:c,_.‘]

[5,]=

In the present case we can assumesK.
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Therefore,e"%:* = 1 — k,t can be used in the above expression and we get,
1

[5,]ge 520 _ [5,05e 77"
147805, 1,¢ 17kt

[5,] =

Where k. = Z[5,],

The transient absorption signal also containednegciormation signal.
ko

S,+D—E

The excimer formation associated with rate congtant

Therefore for the above process, we can write ifierential equation as follows,

Now putting the value cffs, Jfrom the earlier calculation we get,

,ﬂ’[E]: L [S,]pe ™
dt 1+ kit

[D]

Integrating both side for the 0O to t time limit \get,

gt

Coe” .y L
[E] = HS[D][gi]I}Jﬁ mdr = KE[D][51]|:-[W =11 _E_ )]

As the value of kis very large we can assume that,

Therefore, the stimulated signal coming from therfation of excimer state will have similar
formula with negative sign.
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S4.2: Table:Parameters best-fitting to the temporal TA profilesorded at 590 nm at different
excitation intensities by using mixed order decagelcs (equation 13)

Parameters 12.1 9.05 6.85 4.64 3.31
nJ/pulse nJ/pulse nJ/pulse nJ/pulse nJ/pulse
6.26 + 0.05 582+0.04 595+0.08 555+0.04 44i50.02
[AOD]o(mOD)
428+0.26| 291+0.17  2.11+0.14 1.2+0.09 B8.#0.06
k', (10" s
3.06 +0.3 3+0.2 2.96+0.2 29+0.3 28704
k'y (10° 8%
1.04+0.1 1.08+0.1 1.1+0.1 1.07+£0.1 1.01%0
k'3 (10° s1)
-8+0.5 -2+0.4 -1 40.2 -1+0.2 -1+0.3
R (10%

S4.3: Calculation of singlet exciton density, [$o

We have used pulse energy in the range of 8JIBulse. Here we have shown the procedure of
exciton density estimation for pulse energy 12.1 pJ

The excitation pulse energy=12.1 uJ
Each photon has energy=he#.966x10"° J =400 nm]
Per pulse number of incident photon =2.436%10

Absorbance of the sample=0.35 i.e. 55% of incigémtton are absorbed or 1.34x1Aumber of
photon are absorbed per pulse.

Beam diameter=2r~0.5 mm, path length=d=2 mm
The volume of excitation regiont¥d=3.925x10 ¢’
Volume of aggregatesR*h= 2.65x106 nrif R=130 nm, h=50 nm]

Volume of one anthracene molecule 0.3423%nfastimated using the molecular volume
calculation referencel. Phys. Chert964 68, 441)
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Number of anthracene molecule present per aggregaféx16

Number of anthracene molecule present in excitatgion=Concentration x volume (in lit.) x
6.023 x 16°= 0.625x10°x3.925x10'x6.023x13° =14.78x10° [Sample Concentration =0.625

mM]
Total number of aggregate present in the excitatgion= 14.78 x18/ 7.76 x16 =1.9 x 10
Per aggregate number of photon absorbed=1.34x1®x1d =0.705x16

Exciton density=0.705x£2.65x16 nm® =2.66 x 16° cm®

S4.4: Calculation of Triplet Exciton Yield
In general, triplet yield is estimated from the garson of triplet-triplet absorption spectra

with a reference compound having known tripletdidlowever, this method requires prior
knowledge of triplet-triplet absorption coefficieot the molecule of interest. In the present
case, we don’t know the triplet-triplet absorpticoefficient of nanoaggregate. We have
chosen an alternative method, reported by Weismamle (ref-77). It uses the delayed
fluorescence contribution to estimate triplet yidtddoes not require any reference material
and prior knowledge about extinction coefficient toiplet-triplet absorption. It is an
independent method and gives triplet yield withrspgeable accuracy.

Fluorescence decay profile recorded following naxosd laser excitation at 355 nm and

the data were analyzed following the method repiote\Weisman et. al.
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£

Delayed fluorescence part has been fitted usingtemu
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[exp(=k]8)]

Iy -
(1+k:t)

Tetal

= I,X

Fitting data for delayed fluorescence pagt:00053,k{=0.009 n3, k1=.0207 ng, R=.000015

The triplet yield can be calculated using the gieguoation,

5
Pr=—"7 5+

KB
l+Q[llﬁ)

Where,

£ = ++=0.6971

L

K2

Here Q=(Area under prompt fluorescence trgl&#*y =1.707x 1F's

Putting the values of Q anglin the above equation we have estimated the tripdd of 0.14, for
anthracene nanoaggregate sample.
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CHAPTER 5

S5.1: DLS (A, B and C) and AFM (D, E and F) data for TeAPAn and ternary doped
anthracene (MAN) nanoaggregates, respectively.
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S5.2: Calculation of concentrations of the dopantm the nanoaggregates:

Approximation: All dopant molecules injected in tkelution are accommodated inside the
nanoaggregates. The dopant molecules are presetheimanoaggregates maintaining same
concentration.

The acceptor/donor molar ratio is known (say 0.&#©.001)

The volume of the nanoaggregtaes are known fsay140¥ x 50 nni]

We have calculated the dopant concentration folgvwihese steps,

Per aggregate number of anthracne moleculex£140¥ x 50 nni/ 0.343 nm = 8.97 x 16
Hence per aggregate number dopant molecule = 8197 x0.001 = 8.97 x 10

Concentration of dopant = 8.97 x31/0t x (140¥ x 50 x 10**x 6.023 x 18 mol. dm®
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= 4.8 x 10°mol. dm.

S5.3: Steady state absorption spectra of (A) TeAN and FBAn nanoaggregates with three
different concentrations of the dopant.

0.4. A [Tetracene] (103 mol. dm™) B [Pentacene](10"4 mol. dm™)
' 0, 0.96 6. -
A 0,1.73and 7.2

& 0.3 80'6'
s =
2 3
S 0.2 :
8 20.3
- <

0.1

v - . . . . 0.0 T . Y :
320 400 480 350 420 490
Wavelength (nm) Wavelength (nm)

S5.4: Steady state emission spectra for (A) TeAn nancagde and (B) PnAn nanoaggregate.
ET efficiencies as a function of dopant concentratifor (C) TeAn and (D) PnAn
nanoaggregates.
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S5.5:Dependence of the emission yield of the dopedrpiaathracene nanoaggregates on the
concentrations of the dopants.
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S5.6: Stern-Volmer plots for (A) TeAn and (B) PnAn nangeggate samples from the steady

state emission data.
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S5.7:Results of multi-exponential fittings of the temabemission profiles recorded at 400 and

480 nm for undoped An and PeAn nanoaggregate sample

A/D Ratio 400 nm 480 nm <T>400 i <Tp>/<Tpp>
0mM 17, = 1.9 ns (0.31), - 3.4ns 1
1, = 4.08ns (0.69)
0.1 mM 1, = 1.4 ns (0.33), 17, = 1.3 ns (-0.09), 2.47 1.38
1, =2.99 ns (0.67) 1, =5.9 ns (0.47),
13 = 16.4 ns (0.62)
0.3 mM 1, = 0.7 ns (0.21), 1, = 0.4 ns (-0.05), 1.51 2.25
1, = 1.78 ns (0.7), 1, = 4.9 ns (0.34),
13 = 3.9 ns (0.09) 13 = 14.6 ns (66.5)
0.6 mM 1, = 0.5 ns (0.37), 1, = 0.49 ns (-0.03), 1.3 2.62
1, = 1.51 ns (0.6), 1, = 5.9 ns (0.39),
13 = 7 ns (0.03) 13 = 15.6 ns (0.64)
1.9 mM 1, = 0.14 ns (0.19), 171 = 0.22 ns (-0.01), 0.64 5.31
1, = 0.53 ns (0.69), 1, = 5.05 ns (0.37),
13=2.03 ns (0.12) 13 = 14.7 ns (0.64)
9.7 mM 1, = 0.12 ns (0.25), 17, = 0.2 ns (-0.01), 0.43 7.9
1, = 0.47 ns (0.69), 1, =5.08 ns (0.4),
13 = 1.2 ns (0.06) 13=15.1 ns (0.61)
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S5.8: Temporal profiles recorded using TCSPC techniqueviang photoexcitation of the
undoped Anthracene and TeAn and PnAn nanoaggregatgles with different
dopant concentrations at 374 nm. Temporal profil@se been recorded at 400 nm
(A and C) for monitoring donor emission and at 4898 (B) and 600 nm (D) for

monitoring acceptor emission for TeAn and PnAn ra@gregates, respectively.
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S5.9: The average lifetimes estimated from the fittingtlod temporal profiles recorded at 400
nm and the fluorescence quenching efficienciehiefdonor emission for PeAn, TeAn
and PnAn nanoaggregates.

[Perylene] <> | ¢er(TR) [Tetracene] <> Qe [Pentacene] <> | et
(10° mol. dn®®) | (ns) (10° mol. dn?) | (ns) (10° mol. dn) | (ns)
0 34 | - 0 34 - 0 34 -
0.1 246 | 0.27 0.3 201 | 04 0.2 2.66 | 0.22
0.3 1.74| 0.49 0.5 1.62 | 0.52 0.7 1.73 | 0.491
0.6 13062 1.0 1.45 | 0.58 14 1.35| 0.614
1.2 0.93| 0.73 2.9 1.04 | 0.694||| 2.9 1.14 | 0.67
2.3 0.66| 0.81 4.8 0.723| 0.787||| 5.8 0.7 0.78
5.8 0.51| 0.85 19.2 0.49 | 0.86 12 0.64 | 0.82
9.6 0.38| 0.89 48.0 0.31 | 0.91 24 0.43 | 0.87
PeAn Nanoaggrgate TeAn nanoaggregate PnAn nanoaggregate

S5.10:Stern-Volmer plots for (A) TeAn and (B) PnAn nangeggate samples from the average
lifetime data (TCSPC experiments).
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S5.11:Anthracene to Perylene energy transfer in THF.

1.084
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S5.12:Fluorescence quenching of anthracene in THF bgdetre and pentacene.
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[Tetracene] 0 0.06 0.12 0.17 0.25 0.35 0.4 0.49 0.78
(10 mol. dm™)
<t >(ns) 3.82 3.86 3.78 3.81 3.78 3.86 3.8 3.72 3.75
<Tp>/<Tpa> 1 0.99 1.01 1 1.01 0.99 1.0 1.03 1.02
[Pentacene] 0 0.04 0.07 0.1 0.15 0.21 0.24 0.29
(10 mol. dm™)
<t >(ns) 3.82 3.87 3.81 3.78 3.9 3.84 3.76 3.8
<Tp>/<Tpa> 1 0.99 1.00 1.01 0.9 0.99 1.02 1.00
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S5.13: Calculation of exciton density, Exciton anhilation rate constant and exciton
diffusion length form exciton — exciton annihilation process.

We have used pulse energy in the range of (13/pulse. Here we have shown the procedure of
exciton density estimation for pulse energy 6 pJ.

The excitation pulse energy=6 pJ

Each photon has energy=he#.966x10"° J =400 nm]

Per pulse number of incident photon =1.2’%10

Absorbance of the sample=0.35 i.e. 55% of incigeutton are absorbed or 0.7 X1@umber of
photon are absorbed per pulse.

Beam diameter=2r~0.5 mm, path length=d=2 mm

The volume of excitation regiom#d= 3.925 x 1d cnm®

Volume of aggregatesR’h= 3.07x16 nm’[ R=140 nm, h=50 nm]

Volume of one anthracene molecule 0.342°nfastimated using the molecular volume
calculation referencel. Phys. Cheri964 68, 441)

Number of anthracene molecule present per aggre@a®dx16

Number of anthracene molecule present in excitatgion=Concentration x volume (in lit.) x
6.023 x 16°= 0.625x10°x3.925x10'x6.023x13° =14.78x16° [Sample Concentration =0.625
mM]

Total number of aggregate present in the excitagion= 14.78 x18/ 8.97 x16 =1.66 x 10

Per aggregate number of photon absorbed=07k1®%6x10 =0.42x16

Exciton density=0.42x18.07x1¢ nm® =1.4x 16° cm®.

Annihilation threshold of singlet exciton densit§=16 x 16° cm®

Annihilation radius (R) = 2.4 nm

Annihilation rate constant =(10.07/2) x't& 5 x 13* s™.

D = 5.3 x 10cn? .s*

Comparison of exciton diffusion coefficient from ETrate

In the present case the experimentally determinedafe =6.21 x 1% dm® mol* s* = 1.03 x 10
Sem?. st

ket = 4ntDRer

D = 3.5x 10" cn?. st (assuming, R= Rer)

253



S5.14: Stern-Volmer plots for (A) perylene (B) tetracenenda(C) pentacene doped
nanoaggregate samples from the average lifetime dlatained from fluorescence
upconversion data.
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S5.15: Temporal profiles recorded after photoexcitatian380 nm at 430 nm for different
pentacene concentrations.
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S5.16:Parameters associated with the best fit functionghe temporal profiles (see Figure 8),

which were recorded at 430 nm using different dopeoncentrations in TeAn
nanoaggregate samples, generated using equation 8.

[Tetracene] lo K'an (10" s7) 1(10° s1) R
(10° mol dni®)
0 1.12 0.79 0.36 0.026
4.8 1.07 0.73 0.17 0.01
24 1.09 0.79 0.14 0.01
48 1.05 0.86 0.10 0.02
240 1.03 0.91 0.07 0.012

S5.17:Parameters associated with the best fit functionghfe temporal profiles (see Figure 8),

which were recorded at 430 nm using different dopemncentrations in PnAn
nanoaggregate samples, generated using equation 8.

[Pentacene] lo K'an (10" 51 1(10° s?) R
(10° mol dn®)
0 1.12 0.79 0.36 0.026
7.2 1.19 0.87 0.16 0.015
14.4 1.08 0.79 0.11 0.022
36 1.17 0.89 0.08 0.017
72 1.22 0.95 0.07 0.012
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S5.18: Estimation of Forster radius (using PhotocheCAD software)

(A) Perylene doped anthracene nanoaggregate

Refractive index (n) 1.590

Orientation factor 0.476

Quantum yield 0.170

Fluorescence lifetime (ns) 3.400

Epsilon(Molar extinction coefficient) 29500.000
Wavelength for epsilon (nm) 437.000

Low wavelength (nm) 380.000

High wavelength (nm) 709.000

J value (overlap integral) in &mmol 5.474e-014
Forster distance: 29.113A

(B) Tetracene doped anthracene nanoaggregate

Refractive index (n) 1.590

Orientation factor 0.476

Quantum yield 0.170

Epsilon(Molar extinction coefficient) 10000.000
Wavelength for epsilon (nm) 488.000

Low wavelength (nm) 380.000

High wavelength (nm) 717.000

J value (overlap integral) in &mmol 1.535e-014
Forster distance: 23.555 A

(C) Pentacene doped anthracene nanoaggregate

Refractive index (n) 1.590

Orientation factor 0.476

Quantum yield 0.170

Epsilon(Molar extinction coefficient) 3800.000
Wavelength for epsilon (hnm) 550.000

Low wavelength (nm) 380.000

High wavelength (nm) 728.000

J value (overlap integral) in &mmol 6.584e-015
Forster distance: 20.455 A

256



S5.19: Calculation of average number of exciton piuced per nanoaggregate during
TCSPC experiment

Excitation source: Laser Diode

Wavelength: 375 nm. Energy per photom=5.27 x 1¢° J

Energy: 28pJ/pulse (very low energy could not memaswith our existing facility so the
energy/pulse valu taken from the technical spedtiion of Horiba)

Total number photons present per pulse = 28% 10h, = 5.28 x 10

Absorbance of the nanoaggregate sample at excitatiwvelength = 0.2. i.e. 37 % light photons
are absorbed by the sample.

Total number of photons absorbed = 5.28 ¥x.0.37 =1.95 x 10

Preparation of nanoaggrgate: 20®f 10 mM anthracene in THF is injected

Total number of molecule present in solution (10 m200x 10°x 10 x 6.023 x 1t = 1.2 x 16®
Beam radius at sample ~ 500

Volume of excitation region % x (0.05f x 1 = 7.85 x 18 ml

Number of molecule present in the excitation regiah2 x 10%x 7.85 x 10°/ 10 = 9.42 x 1

Per aggregate number of anthracene molecule €140¥ x 50 / 0.343 = 8.97 x £0

Here, radius of nanoaggrgate = 140 nm, height ;arG0 anthracene molecular volume = 0.343
nn.

Number of aggregates present in the excitatiororegi9.42 x 187 8.97 x 16 = 1.05 x 18

Per aggregate number of exciton produced = 5.28 x1.05 x 16 = 0.5

Hence, we can say that in most of the nanoaggregatéy one exciton is produced per
aggregate.

S5.20:Variation of ET efficiency with donor-acceptor tiace

0.8-
Rp =2 nm
|—
L
€ 0.4
0.0-
2 4 6 8 10

Acceptor and donor molecule Distance (nm)
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S5.21: Simulation procedure through Matlab softwaremodule
Our simulation follows these steps,

1) Estimation of the average number of acceptoremdes present per nanoaggregate for
different concentration of the acceptor. (1870 namtf acceptor molecules per nanoaggregate

for 1 x 10° mol. dni® concentration)

2) The minimum distance between the acceptor andrdgpecies = molecular radius of donor +

molecular radius of acceptor = 0.9 nm (approxinyatel

3) We have generated random position of the donoramthracne exciton inside one
nanoaggregate (say' jnanoaggregate). Then the acceptor positions anergted randomly
inside this nanoaggregate. The distance betweemdher and acceptor has been calculated.
This distance must be greater than 0.9 nm. To ieplois condition, we have rejected all such
conditions where the evaluated distance betweerdangr and acceptor species is less than 0.9
nm. The condition where all the donor — acceptatatices are more than 0.9 nm are only
considered for the next step of the simulation. Amothese distances the minimum
intermolecular distance between donor and accegpecies has been shorted and taken fgr k'

calculation.

Although the dipole-dipole interaction between dloand acceptor molecule can occur
for all the donor-acceptor pairs inside a nanoaaggfes, we expect energy transfer to a single
acceptor molecule only. Because of the resonanesygtransfer condition one donor should not
donate its energy to multiple acceptors, simultaso The ET rate constant follows®R
relationship. Therefore, we expect in most of taees the energy transfer will take place to the
nearest acceptor molecule. Thus we estimate theakel constant considering the minimum
intermolecular distance (R]j) between the donor-ptmrepair.

4) Thousands of nanoaggregates remain preseng iexititation region, during steady state and
TCSPC study. The observed ET rate is actually veeage feature for all those nanoaggregates.
Therefore, to evaluate the similar condition, weveh@stimated the ET rate for 5000 cases
(equivalent to N) and finally take the average value. Thus we olethithe final kit value which

is further used in equation 13 to estimatedfe¢ for the system.
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S5.22:Simulation of minimum average distance* and estiomabf pseudo first order and
second order energy transfer rate constants ftardiit concentrations of perylene.

Concentration | <r> (nm) <f> (nn?) Ker (37 ket (dm?® mol™ s
(102 Mol. dm™) D

2 6.25 2.43x 10 9.3x 10 4.7 x 10

10 3.52 5495.5 7.2x %0 7.2 x 10°

20 2.76 1153.1 5.7 x {0 2.8 x 10"

40 2.19 333.9 1.7 x 16 4.2 x 16"

100 1.48 14.28 2.6 x 10 2.6 x 10"

240 1.34 8.16 5.4 x 16 2.3x 10"

S5.23: Emission spectra for undoped anthracene[A], pegyldoped anthracene [P], tetracene
doped anthracene [T], pentacene doped anthraceme gfd teranery doped
anthracene [W] nanoaggregates (Excitation wavekeisgd55 nm).
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CHAPTER 6

S6.1: Tri-exponential fitting parameters of kinetics oedted at 630 nm for perylene
nanoaggregates excited with different energy/pulse

Energy/Pulse 11 (&) T2 () 3 ()
11 pd 0.43 ps (-10) 5 ps (-4) 180 ps (-2.5)
9 uJ 0.5 ps (-8.4) 6 ps (-4.5) 180 ps (-2.8)
6 uJ 0.6 ps (-7) 6.6 ps (-4.5) 180 ps (-4)
3ud 0.8 ps (-2.7) 8.6 ps (-4) 180 ps (-5.7)

S6.2: Fitting of kinetic traces recorded at differenceation intensities for 500nm and 700 nm
for perylenenanoaggregate using equation 13and [&]o plots.
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S6.3: Calculation of singlet exciton density, [$o

We have used pulse energy in the range of 3llfiulse for perylenenanoaggregate. Here we
have shown the procedure of exciton density estimdor pulse energy 11 uJ.

The excitation pulse energy=11 pJ
Each photon has energy=he5.096x10" J =390 nm]
Per pulse number of incident photon =2.16X10

Absorbance of the sample=0.4 i.e. 60% of inciddratpn are absorbed or 1.3%I®umber of
photon are absorbed per pulse.

Beam diameter=2r~0.5 mm, path length=d=1 mm
The volume of excitation regiontd=1.96 x10' cn®
Volume of aggregatesR’*h= 7.9x18 nm’[ R=60 nm, h=70 nm]

Volume of one anthracene molecule 0.226°nfastimated using the molecular volume
calculation referencel. Phys. Chert964 68, 441)

Number of anthracene molecule present per aggregabe10

Number of anthracene molecule present in excitatgion=Concentration x volume (in lit.) x
6.023 x 16°= 0.2x10°1.96x10"x6.023x16° =2.36x103° [Sample Concentration =0.2mM]

Total number of aggregate present in the excitaggion= 6.74 x 10
Per aggregate number of photon absorbed=13x874x16 =1.93x16

Exciton density=1.93x107.9x10 nn?® =2.44 x 16' cm*
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CHAPTER 7

S7.1:DLS data showing the size distribution of the naygragates five phtalocyane derivatives.
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S7.2:AFM images of the nanoaggregates five phtalocyamatives

262



Zn-tBuPC Zn-tBUNPC

Figure S7.3:Kinetics recorded for fluorescence emission forfthe phthalocyanine derivatives
and it fitting data.
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Figure S7.4:ZnBuNPC does not form nanoaggregate in non-aqueausnts of even very high
polarity, like DMSO
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B Absorption spectra: ZnBuPC in DMSO;
ZnBuPC nanoaggregate.
Emission Spectrum: ZnBuPC in DMSO
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§7.5: Calculation of exciton density

We have used pulse energy in the range of g8Jlfiulse. Here we have shown the procedure of
exciton density estimation for pulse energy 10 pJ.

The excitation pulse energy=10 pJ
Each photon has energy=he5.093 x 10° J =390 nm]
Per pulse number of incident photon =1.96 ¥10

Absorbance of the sample=0.1 i.e. 21.6% of incigémtton are absorbed or 4.23 x4fumber
of photon are absorbed per pulse.

Beam diameter=2r~0.5 mm, path length=d=1 mm
The volume of excitation regiontd=1.96 x 1¢ cn®
Volume of aggregatesR’h = 3.53 x 18 nm’ [R=100 nm]

Volume of one NPC molecule 1.12 Rrtestimated using the molecular volume calculation
reference: J. Chem. Educ. 1973)

Number of NPC molecule present per aggregate =810
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Number of curcumin molecule present in excitatiegion=Concentration x volume (in lit.) x
6.023 x 16%= 2.7 x 10°x 1.96 x 10'x 6.023 x 16° =3.2 x 16? [Sample Concentration =0.027
mM]

Total number of aggregate present in the excitatgion= 3.2 x 1/ 3.15 x16 =1.02 x 16

Number of photons absorbed by each particle ofndmeoaggregate = 4.23 x '#01.02 x16
=4.15 x 16

Exciton density ([fo) = 4.15 x 1§ 3.53 x16 nm® =1.2 x 16' cm®
S7.6: Calculation of Annihilation radius

The exciton density at threshold of annihilation ’KPC NA (for fitting at 580 nm) = 0.1 x b

cm

The threshold of annihilation is the X-axis intgatef k' vs [S]o plot.

At the annihilation threshold condition, two excifoare expected to be separated by a distance
of 2 x annihilation radius ( (assuming homogeneous distribution of excitonsidi
nanoaggregate)

If we assume homogeneous generation of excitondeirthe nanoaggregate, then per exciton
available volume = 1 ¢ 0.1 x 16" = 10 nnt
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