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Chapter 1
Introduction

A brief introduction on room temperature ionic liquids (RTILS), highlighting the
physical and chemical properties as well as structural features and potential
applications of these substances in various fields, is provided in this chapter. This
is followed by a brief description of some of the photophysical processes with
which the present thesis is concerned, such as excited state dynamics, solvation
dynamics and rotational dynamics, along with existing literatures. Finally, the

motivation of the thesis work has been described at the end of this chapter.

1.1. Room temperature ionic liquids
1.1.1. A brief introduction

Over the last two decades room temperature ionic liquids (RTILS) have been
a stimulating topic of research and are now considered as promising and potential
candidate to serve the science and society at large.™*°

lonic liquids (ILs) are low melting salts and are entirely composed of ions.
In academic literature, the term ‘ionic liquids’ refers to those substances which
are entirely composed of ions and have melting point around or below 100 °C 1**2
However, the RTILs are ionic liquids, are liquid at ambient temperature and
atmospheric pressure. These are different from the ‘molten salt’ which are highly
corrosive and viscous melt at higher temperatures (803 °C for NaCl).™

Though the RTILs have become popular over the last two decades and

presently research has been focusing on the third generation of the RTILs, the



Introduction Chapter 1

journey of the ionic liquids started more than a century ago. The evolution of the
RTILs is shown in Chart 1.1-1.3. Ethanolammonium nitrate (m.p. 52 — 55 °C) was
reported in 1888 by Gabriel and Weiner.** In 1914, a true RTIL, ethylammonium
nitrate (m.p. 12 °C) was described by Walden.® The pre-modern age of RTILs
started in the early 1950s, but did not receive much attention up to 1980s as the
ionic liquids were based on haloaluminates (AIX3Y", Al,XgY', X =Cl & Y = Br)
which are highly hygroscopic and reactive towards moisture and need an inert
atmosphere to handle.'®*’

However, the modern age of RTILs started after 1992 when the
haloaluminates were replaced by the air and moisture stable RTILs comprising
less reactive anions like BF;, PFs, CH3COQ", (CF3SO,),N" etc. and 1-ethyl-3-
methylimidazolium and 1-butyl-3-methylimidazolium cations.™® In the subsequent
years, RTILs were developed mostly based on imidazolium, pyridinium,
pyrolidinium, ammonium and phosphonium moieties, which belong to the first
generation ionic liquids (Chart 1.1).2%° It was found that these inorganic anions
are not biodegradable and toxic in nature due to the hydrolysis of the anion in the
presence of trace amount of water.*® The disadvantages of first generic RTILS
lead to exploration of a second generation, task-specific ionic liquids (Chart 1.2)
whose physical properties could also be controlled accordingly. By introducing an
ester group or ether linkage to the alkyl group of the cation and organic anion
(instead of the inorganic anion), biodegradability and non-toxicity of the ionic
liquids are tremendously increased. The latest discovery in this field is a third
generation ionic liquids (Chart 1.3) which are a combination of the two

pharmaceutical active drug molecules.>?
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1.1.2. Properties of room temperature ionic liquids

Some unique properties of the RTILs such as non-volatility, good electrical
and high thermal stability, non-toxicity and non-flammability, apart from tunable
physical properties through structural manipulation, make them ideal alternative
to the conventional organic solvents in various fields. Moreover, a large number
of RTILs are possible by permutation combination of cations and anions, which
can dissolve both the organic and inorganic substances. Since the properties of
RTILs are largely dependent on the constituent ions, it is possible to explore them
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in various applications. The growing interest in RTILs is reflected in the
enormous increase in the number of articles in recent years.

Melting Points: Most of the known RTILs have melting point far below the room
temperature (25 °C). The melting points of the RTILs are uncertain as they
undergo considerable super cooling. The phase change can vary significantly
depending on whether the sample is being heated or cooled.*> However, some
correlation has been found for specific cations, where it has been seen that the
melting point decreases with increasing alkyl chain length of the cation.
Moreover, the branching in the alkyl chain increases the melting point.
Although the influence of the cation on the melting point is rather straightforward,
the anion effect remains quite uncertain. However, hydrogen bonding and
delocalization of charge have been invoked to explain the influence of anion.*
Polarity: The idea of polarity of a medium is important to be explored in many
directions. A variety of solvatochromic probes have been used to understand the
microscopic polarity of RTILs in terms of Et(30) or Ef" values.*** Some
commonly used solvatochromic probes are depicted in Chart 1.4. Apart from the
Er(30) or E" values, Kamlet-Taft parameters® and multiple polarity
parameters® have also been used as measures of the polarity of the RTILs.
Studies reveal that the polarity of the RTILs lie between that of acetonitrile and
methanol, depending on the chain length of the cation. However, static dielectric
constants of some RTILs are very low indicating that the RTILs are much less
polar media.>"* It has also been found that the dielectric constant of the RTILS

decreases as the length of the alkyl chain of the cations increases. The large



Introduction Chapter 1

difference in polarity of the RTILs measured by different techniques is still

unclear.

O @N Nile Red

\ Betaine Dye p- N|troan|I|ne C153 Pyrene

Chart 1.4. Structures of some polarity measurement probes

Viscosity and Density: The viscosity of the RTILs is much higher in comparison
to the conventional organic solvents of similar polarity. Even the least viscous
RTILs is ~30 times more viscous than water. The viscosity of the RTILs is
sensitive to the moisture content and halide impurities. Generally, the viscosity of
the RTILs follows a non-Arrhenius type of behaviour.*> Temperature dependent
viscosity data of the RTILs can be well fitted to the Vogel-Tammann-Fulcher
(VFT) equation.*® The viscosity of the RTILs depends on many factors such as
the symmetry of the ionic constituents, hydrogen bonding, substituted alkyl chain

length on the ions, nature of the functional group present on ions, etc.*? Hence, it
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is difficult to predict the viscosity of a RTIL just by looking at the ions
combinations present. However, it has been observed that the viscosity of RTILs
increases with increase in chain length of the ion.

The density of the RTILs, which is much higher than the conventional

organic solvents, depends on the molar mass of the anions. The density of the
RTILs decreases with increase in volume of the anionic component.*
Thermal stability and volatility: RTILs have a much higher thermal stability, up
to around 400 °C, in comparison to the conventional organic solvents. However,
prolonged heating under a protective atmosphere at comparatively lower
temperatures, for example 200 °C, leads to an appreciable thermal degradation.®
The decomposition temperature of RTILs increases as the hydrophobicity of
anion increases. However, the cations do not have any significant role in this
regard.

Generally, it is believed that the RTILs have negligible or no vapour
pressure and thus cannot be purified by distillation process. A report however
shows that the RTILs can be distilled under reduced pressure without any
decomposition.>® However, the rate of distillation is very slow for RTILs.
Conductivity: Since RTILs are entirely composed of ions, they are expected to
have high conductivity due to the availability of mobile charge carriers. However,
measurements of ionic conductivities of various RTILs have revealed that these
values are considerably lower than those of concentrated aqueous electrolytes.
Since, the conductivity is inversely related to the viscosity; the high viscosity
could be the reason for the lower conductivity of the RTILs.***° However, it is
also found that RTILs of similar viscosity and density show different
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conductivity. Hence, the viscosity of RTILs alone cannot account for its
conductivity. It is observed that an increase in the length of the alkyl chain results
in a higher viscosity and lower conductivity. The conductivities are similar for
any of the anions over the same cation whereas an increasing size of the anions
lower the viscosity of RTILs.***® Though RTILs show low conductivity, dilution
of the neat RTILs in molecular solvents or in the presence of added small cation
(Li*) increases the conductivity of the medium considerably thus making the
RTILs suitable for application in batteries or double-layers capacitors.*!

Other Properties: The surface tension of RTILs is higher than that of the
conventional organic solvents. Generally, the surface tension decreases with
increase in chain length of the cation. However, the surface tension does not show
any clear trend with the variation of the cationic or anionic moiety of the RTILS.
Surface tension of the RTILs decreases when alcohol is added to the RTILs,

whereas it increases in presence of water.*?

1.1.3. Structural features and heterogeneity

The structural features of the ionic liquids in the solid and liquid state have
been investigated using various techniques. An X-ray diffraction study of the
imidazolium salts in the solid state revealed an extended network of cations and
anions connected together by hydrogen bond.**** Pyrrolidinium, piperidinium,
morpholinium, and piperazinium ionic liquids show a rich mesomorphism,
including highly ordered and disordered smectic phases, and hexagonal columnar

phases, depending on the alkyl chain length of the cation and anion.**
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However, the structure of the RTILs in liquid phase is quite complex and is
not yet understood clearly. Two independent studies performed by Watanabe and
coworkers® and Samanta and coworkers®® indicate that the RTILs are not
homogeneous media like conventional organic solvents. Several simulation
studies have been carried out to obtain insight into the liquid structure of the
RTILs.>*™ These studies have indeed revealed the presence of local structure of
the RTILs thus making them different from the conventional organic solvents.
Recently, a large number of simulation studies as well as experimental studies
based on optical Kerr effect, small-wide angle X-ray scattering, have shown the
evidence of nanoscale ordering and mesoscopic local structure of the RTILs.*""
It is found that the mesoscopic structure is prominent in the case of long alkyl
chain containing RTILs, and that the presence of hydroxyl or ether linkage

disrupts the mesoscopic structure of the RTILs.*®

1.1.4. RTILs in mixed solvents

It has been observed recently that the mixtures of RTILs and conventional
molecular solvents are important media for various processes such as separation
and extraction and they also serve as a catalyst for many reactions. This is why it
is necessary to understand the physicochemical properties of the mixture of
RTILs and conventional molecular solvents. It is found that addition of cosolvent
significantly alters the physical properties of the RTILs such as, polarity,
viscosity, electrochemical behaviour and solvation dynamics.**"#% The
measurements of microscopic polarity of the mixtures of the RTILs and

cosolvents employing polarity sensitive probes reveal that these probe molecules
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preferentially reside in the RTILs core of most RTILs-cosolvents mixtures.
However, the cybotactic region of the probe is mostly surrounded by the
cosolvents of the RTILs in the case of polar and protic cosolvent.” Viscosity of
the RTILs decreases drastically in presence of cosolvents. Electrochemical studies
in RTILs and cosolvents mixtures show that the solvents with low dielectric
constant stimulate ionic association, whereas solvents having strong hydrogen
bonding ability and high dielectric constants stimulate the ionic dissociation of
RTILs. It is also found that RTILs and cosolvents mixture show higher
conductivity than the pure RTILs.*°

1.1.5. Application of RTILs

The journey of the RTILs started based mainly on its non-volatility, high
thermal stability, large electrochemical windows and liquidity. The use of RTILs
is mostly confined as alternative solvent system for a large number of organic and
inorganic synthesis, catalysis, electrochemical and separation process. However, a
branch of sincere thoughts has led to second and third generation of ionic liquids
which are task specific and pharmaceutically active, respectively. The idea of task
specific ionic liquids through structural manipulation helped us to improve a vast
range of application in various prospects. Brief introductions on the application of
RTILs are highlighted below.
Reaction Media. In earlier times, RTILs were used as reaction media for few
selective reactions. However, after exploring the task specific ionic liquids,
specific organic and inorganic reactions have been developed in specific ionic

liquids giving better selectivity and yields. For example, ionic liquids for

10
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heterocyclic synthesis, inorganic synthesis, hydroformylation, oxidation, olefins
metathesis reaction, Friedel-Crafts reaction, Heck reaction and in selected name
reactions of carbonyl chemistry such as Mannich, Reformatsky, Cannizaro,
Streacker, Barbier, Pechmann, etc. have been described, 19893

Catalysis. Task-specific ionic liquids serve as catalysts as well as reaction media
for a few reactions.***%

Electrochemistry. lonic liquids are a promising alternative, as their non-volatility,
good electrical and thermal stability and non-flammability, in addition to tunable
physical properties through structural manipulation, make them ideal for
electrochemical applications. These are also been proposed as favorable
electrolytes for lithium and lithium ion battery. lon gel, a binary composition of
ionic liquids with polymer, is also an encouraging candidate as new material for
electrochemical applications.>#0494-%

Biofuel Production. Lignocellulose biomass and vegetable oil or animal fat are
important sources of renewable energy for the next generation and RTILs have
been found to be a catalyst and a potential medium for the efficient conversion of
lignocellulose biomass to bioethanol and vegetable oil or animal fat to
biodiesel.>1%1%°

Gas Adsorption. Task-specific ionic liquids have also been proposed as an
alternative solvent platform to aqueous amine solvents for the removal of CO, and
SO, from the fuel gas of coal-fired power plants and the removal of CO, and/or
H,S from natural gas. CO,, which is regarded a greenhouse gas, could be captured
by using reactive and reversible ionic liquids and used as a renewable carbon

source for making commodity chemicals, fuels, and materials.®®*19-11°

11



Introduction Chapter 1

Separation Process. lonic liquids are also found to be good candidates for the
separation of specific azeotropic mixture and aromatic hydrocarbon from aliphatic
and aromatic mixtures. It is already demonstrated that RTILs are novel media for
the extraction and separation of bioactive compounds from the plant sources.™’
lonic liquids also serve as good candidates for the separation of poly- and
disaccharides. %"

Metal Extraction. RTILs are found to be potential candidates for the extraction
and separation of all kinds of metal "33

Nuclear Fuel Extraction. Apart from the common physical and chemical
properties, the radiation stability of RTILs makes them an alternative to
commonly used solvents like, PUREX, SREX, TRUEX, DIAMEX and DIDPA
for nuclear fuel reprocessing technologies.'??

Materials Science. lonic liquids are also found to be potential candidates for the
synthesis of organic, inorganic and carbon nanomaterial and nanomaterial-ionic
liquid hybrids which have wide range of applications.” 18146

Enzyme Activity. lonic liquids have shown great potential as alternative solvent
media to conventional solvents for many enzymatic reactions with efficient
conversion rate. The stereoselectivity and regioselectivity of the reactions are high
in comparison to the conventional solvents. 2

Protein Chemistry. Synthesis and stabilization of the proteins and the study of
their dynamics has also started in ionic liquids, but this area needs more attention
and exploration.'***>*

Pharmaceutical Drug. The latest recognition in ionic liquids chemistry is the

pharmaceutically active ionic liquids, the third generation of ionic liquids. An

12
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ionic liquid and the combination of two active drug molecules lead to new active
drug molecules having two different activities. This is now an interesting topic of
research and may lead to a revolutionary improvement in the medicinal

chemistry.2%3t

1.2. Photoinduced conformational dynamics in the excited state

Photoinduced charge separation in the excited state is responsible for many
excited state processes such as electron transfer, proton transfer, conformational
dynamics, etc.’®™*® Among these processes, photoinduced conformational
dynamics in the excited state is an interesting topic for fundamental research to
understand the structure of a molecule in the ground state as well as in the excited
state. This can help us in better understanding of the reaction mechanism and their
molecular properties.®” Some solutes which undergo excited state conformational
change are collected in Chart 1.5. Since, the molecular spectral properties due to
different conformers are entirely different; one can follow the spectral property of
evolving species due to excited state processes. In this thesis, we have followed
the emission spectral behaviour of different conformers to study their

conformational dynamics.
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Char 1.5. Structure of some conformational dynamics probes

1.3. Solvation dynamics

Solvation is a process in which the solvent molecules reorganize themselves
around the instantly created dipole within the solvent medium. In fluorescence
spectroscopy, dipolar probe (Chart 1.6) which undergoes significant change in
dipole moment after photoexcitation, are used to follow the solvation dynamics
process. There is an instantaneous change in dipole moment of the dipolar solute
due to photoexcitation and the equilibrium between the solute and solvent dipole
is destroyed. The solvent molecules again rearrange themselves around the newly
created dipole to attain the equilibrium. As a result, physical dynamic processes

occur among the solvent molecules, called solvation dynamics. This process of
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reorganization is also called solvent relaxation and the time required for this
relaxation process is known as solvation time. Solvation time depends on
temperature, solvent’s molecular structure and viscosity. Solvation time in
conventional solvents is typically less than the fluorescence lifetime of the
probe.’ This shows the attainment of excited state equilibrium prior to
fluorescence. However, the scenario alters in viscous solvents and organized
molecular assemblies such as micelles, protein or membrane. In these media the
emission can be observed from various stages of solvent relaxation and monitored
by studying the time-dependent dynamic shifts of the emission spectra, known as
dynamic Stokes shift, shown in Chart 1.7. The method of studying solvation

dynamics using dynamic Stokes shift technique is discussed in detail in Chapter 2.

o / ‘
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Chart 1.6. Structure of some solvation probes
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1.3.1. Solvation dynamics in conventional solvents

Solvation dynamics has been studied extensively to understand the effect of
macroscopic solvent property such as viscosity, polarity during the stabilization of
an electronically excited dipolar solute by its solvent surroundings. Solvation
dynamics in conventional polar solvent is extremely fast and it occurs in the sub-
picosecond time scale at room temperature.’®®**° It has been observed that
solvation is non-exponential and average solvation time is greater than the
longitudinal relaxation time.™®° The experimental results are not adequately
described by the continuum model. However, in another study, a nice correlation
between longest longitudinal relaxation and average solvation time is observed
when solvation dynamics is studied in alcoholic solvents as a function of
pressure.'® This study reveals that the continuum model adequately provides the

solvent response.

Energy

Chart 1.7. Schematic diagram of dynamic Stokes shift
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1.3.2. Solvation dynamics in confined environment

Solvation dynamics of water confined in organized molecular assemblies
such as micelles, reverse micelles, cyclodextrin, vesicles, proteins, DNA,
membrane etc. is quite slow compared to pure water.'***®" In pure water the
solvation dynamics is biphasic in nature with time constants 126 fs and 880 fs,
respectively.'® The faster component is due to vibrational relaxation and the
relatively slower component is due to librational motion. The dynamics of
confined water is also found to be biphasic in nature, an ultrafast component is
associated with a slow component in the sub-nanosecond to nanosecond region.
These slow components have been attributed to the dynamic exchange of the free

and bound water molecules in such media.*®®

1.3.3. Solvation dynamics in RTILs

Since the early work of Karmakar and Samanta,'**"

several groups have
studied the solvation dynamics in different RTILs using dipolar fluorescence
probe molecules to understand the mechanism and dynamics of solvation
following an instantaneous separation of charge in the dipolar probe molecule.
These studies reveal that the dynamic process is quite slow compared to the
conventional molecular solvents. It is believed that the slow dynamics is due to
high viscosity of these media. However, despite the slow dynamics, a large part
of the dynamics, nearly 30-50%, are found to be missed with the finite time
resolution of the time-correlated single-photon counting technique (TSCPC)

setup, typically 25 ps. The unseen part of the dynamics is called ultrafast or
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missing component which is independent of the viscosity of the media.?%*"*!"

Recently, femtosecond nonlinear spectroscopic techniques such as optical Kerr
effect and three-photon echo spectroscopy have been used to understand the
dynamics of RTILs.***"**"> Very recently, combined techniques of broadband
fluorescence upconversion spectroscopy (FLUPS) having a time resolution of 80
fs and TCSPC to cover times upto 20 ns, have been used to capture the complete
dynamics in several RTILs.'® The complete study reveals that the dynamic
process is biphasic in nature, consisting of a sub-picosecond component which
contributes to 10 — 40 % of the dynamics and a slower component relaxing over
the nanosecond time scale. The slower component of the dynamics depends on
the viscosity of the medium indicating that its origin lies in the diffusive and
structural reorganization of the solvent molecules. Whereas, the time constant
associated with the fast component is found to be correlated with ion mass,
specifying its origins in inertial solvent motions, which has been demonstrated by

the earlier simulation studies. 81172

1.4. Rotational dynamics

Rotational dynamics is the time dependence of the rotational diffusion of a
solute. In fluorescence spectroscopy, when a solute is excited with polarized light,
the emission from the solute is mostly polarized. The extent of polarization is
expressed in terms of anisotropy.’® The anisotropy measurement provides the
average angular displacement of the solute that occurs between absorption and
emission. The angular displacement of solute is dependent upon the rate and
extent of rotational diffusion during its fluorescence lifetime. The rotational
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motions depend on the viscosity of the medium and the size and shape of the
solute. By following the anisotropy decay profile of solute one can get detailed
information about the rotational dynamics of the solute. The structures of some

frequently used solutes for rotational dynamics studies are given in Chart 1.8. The

method of studying rotational dynamics has been elaborated in Chapter 2.
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Char 1.8. Some common probes used for rotational dynamics study

1.4.1. Rotational dynamics in conventional solvents

Chapter 1

The study of rotational dynamics in solution helps understanding the

interaction between a solute and its solvent surroundings.'’" 8 The rotational
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dynamics of a fluorophore is quite fast compared to its fluorescence lifetime in
conventional molecular solvents. In conventional solvents, the rotational
dynamics is generally non exponential in nature and is slow in polar solvents
compared to the nonpolar solvents of same viscosity. In most of the cases the
rotational dynamics of a solute can be understood by the commonly used Stokes-
Einstein-Debye (SED) hydrodynamic model.}”""® However, in a few cases where
van der Waals volume of a solute is quite small compared to solvent volume, a
quasihydrodynamic theory is introduced to explain the dynamic behaviour of the

SOIUte.177'178'180

1.4.2. Rotational dynamics in confined environment

Rotational dynamics has also been studied in organized molecular
assemblies such as micelles, reverse micelles, vesicles, proteins, lipid etc. to
understand the microscopic physical property like viscosity of the confined
medium and electrostatic interaction, etc.'®**® Most of these studies show that
the rotational dynamics is bi-exponential in nature and is associated with a fast
and a slow component. These studies also show that the microscopic viscosity of

these media is different from the bulk viscosity of the solvent.

1.4.3. Rotational dynamics in RTILs

Ever since the early work of Baker et al,"®” many groups have studied the
rotational dynamics in RTILs with a view of obtaining insight into the nature of
these media. These studies have shown that the rotational dynamics in RTILS
follow the Stokes-Einstein-Debye (SED) hydrodynamic model.**4® However, in
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a few cases the SED model fails to explain the experimental results.%>1941% The

SED model in these cases overestimates or underestimates the rotational time
constants. The overestimated results are explained due to the specific interaction
such as strong hydrogen bonding between the solute and RTILs and the
underestimated results are explained by a quasihydrodynamic model considering
the small van der Waals volumes of the solute compared to van der Waals
volumes of the RTILs. The rotational dynamics of charged solutes in RTILS is
studied to probe the electrostatic interaction between the charged moieties of the
solute and RTILs. These studies indicate that columbic interaction between
charged components of RTILs is much more pronounced than that between the
solute and RTILs.*3'% Generally, the rotational dynamics of a solute in a variety
of the RTILs is governed by the viscosity of the media. However, the rotational
dynamics of a hydrogen bond donating solute depends on the basicity of the
anionic component of the RTILs over the same cationic moiety.'®® The effect of
alkyl chain length of the cation/anion on solute rotation depends on the kind of

solute being studied.”*

1.5. Motivation behind the thesis

The photophysical behaviour of some organic solutes are studied in room
temperature ionic liquids (RTILs) based on imidazolium and morpholinium cation
with a view to understand some of the microscopic physicochemical properties of
these media and also to exploit some of the unique properties of these liquids to

tune the photophysical processes of some well-studied organic solutes. With these
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objectives we have chosen the following imidazolium and morpholinium RTILS
(Chart 1.9) and the fluorescent systems (Chart 1.10).

The photophysical processes studied in this thesis are (i) excited state
conformational dynamics, (ii) solvation dynamics and (iii) rotational dynamics.

—

e\,_.-R
X = PFg; [bmim][PF] o) 0
= BF; [bmim][BF.] Il e
= (CF,S0,),N; [bmim][Tf,N] Fsc_ﬁ_"_ﬁ_c':a

0]
—N@IN R = -CHy; [Mor, 5][Tf,N]
X = -C3H;; [Mor, 4][Tf;N]

= «CsHy4; [Mor, ¢][Tf,N]

Q= BF,; [emim][BF ] = CoHyy: [Mor;_s]my

Chart 1.9. Structure and abbreviation of RTILs used in this study

Binanthryl (BA) is an interesting system whose excited state behaviour has
attracted considerable attention.™®” In conventional solvents, the two anthryl
moieties of bianthryl are perpendicular to each other in the ground state.
Interestingly, in the electronically excited state, the perpendicular conformer of
BA transforms into a relaxed planer form in polar solvents.™>” This conformation
dynamics is known to be extremely fast in conventional solvents at room
temperature. In the present study, highly polar and viscous nature of the RTILs

has been employed to tune the relaxation dynamics of BA in the excited state. The
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excited state dynamics of BA has been studied by using time-resolved
fluorescence technique in three imidazolium ionic liquids, which is differ in their

polarity and viscosity.

T
OQO Benzil
o 1 ,{

- »

PRODAN Anthracene

Chart 1.10. Structure and abbreviation of the probes used in this study

Photophysics of simple molecular system, benzil, is quite stimulating as it
involves several excited state processes such as conformational dynamics, reverse
intersystem crossing, and emission from higher excited singlet state and triplet
state at room temperature, the latter is something rarely observed for common
organic molecules.?®>?® photophysics of benzil has been studied by using UV-

visible absorption, temperature and excitation wavelength dependent steady-state

23



Introduction Chapter 1

and delayed emission measurements in three imidazolium ionic liquids, which
differ in their polarity and viscosity.

A large number of photophysical processes involving the neutral solutes
have been studied in imidazolium ionic liquids.®171188:189209°212 nterestingly,
very few studies have been made involving the charged species to determine the
importance of the electrostatic interaction between the solute and RTILs. Hence,
steady-state and time-resolved fluorescence behavior of two charged solutes (both
anionic, ANS and cationic, EB, Chart 1.10.) have been studied in [omim][BF4] to
investigate the importance of electrostatic interaction between the solutes and
ionic constituents of the ionic liquid.

RTILs based on the N, N'-dialkylimidazolium salts have thus far been the
most widely studied because of their attractive physical properties. However,
considering the high cost of industrial scale synthesis of these salts, the focus
seems to be shifting gradually towards other less expensive alternatives such as
the morpholinium RTILs, which are not only cheap and easy to develop, but also

possess good  physicochemical  characteristics.**#321

However, the
physicochemical properties of the morpholinium RTILs have not been explored
yet. Hence, a series of N-alkyl-N-methylmropholinium RTILs have been studied
here by monitoring the temperature dependent steady-state and time-resolved
fluorescence behavior of C153.

The rotational dynamics of solute provides valuable information on the
interaction between the solute and solvent and sheds considerable light on the
physicochemical properties of the medium.**>!""?® Hence, the rotational

dynamics of two dipolar solutes (AP and PRODAN) and a nonpolar solute
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(anthracene) have been studied by measuring the time-resolved fluorescence
anisotropy of the systems in a series of N-alkyl-N-methylmorpholinium ionic
liquids to understand the physicochemical properties of RTILs. The results
obtained in this study have been analyzed in terms of Stokes-Einstein-Debye
(SED) model.
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Chapter 2

Materials, Instrumentation and Methods

This chapter lists the materials used in this study procured from various
commercial sources followed by description of the methods of purification of
reagents and solvents. Synthesis and purification of the RTILs employed in the
present study have also been described. The instrumental details of the time-
correlated single-photon counting technique (TCSPC) based picosecond setup
have been outlined. Various methodologies employed in the present investigation,
such as the analysis of TCSPC data and estimation of Er(30) values of RTILS
have been discussed. A detailed procedure to get an anisotropy decay profile from
the lifetime decay carves has discussed. The method of analysis of data for
spectral reconstruction of the time-resolved emission spectra from the decay

curves has also been discussed.

2.1. Materials

Bianthryl was synthesized by dimerization of anthraquinone following a
reported procedure.’ The compound was characterized by spectroscopic
techniques and purity was checked by chromatography. Benzil was bought from
Loba Chemicals and recrystallized twice from methanol. ANS was procured from
Molecular Probes and was recrystallized from ethanol. EB was obtained from
Aldrich and recrystallized from methanol. It showed a single spot on the thin layer
chromatography (TLC) plate (4:1:1 butanol:acetic acid:water). Laser grade C153
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and PRODAN were procured from Eastman Kodak and Molecular probes,
respectively and used without further purification. AP and anthracene were
obtained from TCI (Japan) and Sigma Aldrich, respectively and recrystallized
twice from ethanol prior to photophysical experiments. The purity of all the probe
molecules was checked by single spot in thin layer chromatography (TLC), as
well as by matching the absorption and emission spectra with literature.

The various drying agents such as phosphorous pentoxide (P,Os),
potassium hydroxide (KOH), calcium sulphate (CaSO,4), sodium metal,
magnesium turning and iodine used at different stages of the purification
procedure, were purchased from local companies (India). Calcium hydride was
obtained from Spectrochem (India). GR grade solvents were obtained from Merck
(India) for spectroscopic and synthetic purposes and their purification procedures
are given in the following section. Deuteriated solvents, chloroform-d, and
DMSO-ds used for NMR spectral measurements were obtained either from
Aldrich or from Merck (India).

Advanced Material Research grade imidazolium ionic liquids,
[bmim][PF¢], [bmim][BF4], [omim][Tf,N] and [emim][BF4] used in this work,
were obtained from Kanto Chemicals (Japan) and this liquid was rigorously dried
under high vacuum before use.

The reagents required for synthesis of morpholinium RTILs employed in
different studies embodied in this thesis were obtained from various sources and
carefully purified following standard procedures. The materials like N-

methylmorpholine and lithilum bis(trifluoromethanesulfonyl)imide (LiTf,N) were
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obtained from Sigma Aldrich. 1-bromoethane, 1-bromobutane, 1-bromohexane,

1-bromooctane were procured from Merck (India).

2.2. Purification of conventional solvents

The solvents used at various stages of the study were purified using
standard procedures.? Briefly, we adopted the following procedures for the
purification of various solvents.
Cyclohexane: The solvent was refluxed over metallic sodium for 3 - 4 h and then
benzophenone was added after cooling. The dark blue solution was refluxed for
another hour and distilled under dry condition. The purified solvents were found
optically transparent in the spectral region of interest.
Ethanol and Methanol: Initially the solvent was dried over CaH;, by keeping
overnight. Then 50 - 75 mL of the dried solvent was added to clean dry
magnesium turnings (5 g) and iodine (0.5 g) and warmed until all magnesium was
converted into magnesium alkoxide. About 1 L of alcohol was added to this,
refluxed for 2-3 h and distilled out.
Dichloromethane (DCM): The solvent was stirred with calcium hydride for 5-6 h
and then distilled. The distilled solvent was collected and stored under dry
condition.
Ethyl acetate: After stirring with P,Os for some hours, the solvent was distilled
out.
Acetone: The solvent was refluxed for some hours with anhydrous CaSO, and
then distilled out.
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Water: Water was initially distilled using potassium permanganate and potassium

hydroxide. This was subsequently distilled twice before taken to study.

2.3. Synthesis and purification of RTILs
The morpholinium RTILs were synthesized by following a two-step

procedure® depicted in Scheme 2.1.

Step-1
O o ()
80 °C, 6-8 hrs
/ SR
Step-2 o
(CF3S0,),NLi, H,O ®
—_—
E j -LiBr /N\ R
/ ¥R o e O
FSC\'S',N\!S'/CFg
1 I
o (o]

Scheme 2.1. Synthetic steps of RTILs employed in the present study

The first step involved preparation of the bromide salt of N-alkyl-N-
methylmorpholinium ion, [Mor; n][Br] and the second step consisted of exchange
of the bromide ion by the bis(trifluoromethanesulfonyl)imide ion. Specifically,
the procedure followed for the synthesis of the RTILs is outlined below. The alkyl
bromide was slowly added to an acetonitrile solution of N-methylmorpholine and
then the solution was refluxed at 80 °C for 6 - 8 h. Subsequently, acetonitrile was
removed from the reaction mixture in a rotary evaporator. The bromide salt,

[Mory0][Br], was washed with acetone several times to remove the unreacted
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materials from the reaction mixture. The salt was dried under vacuum and
weighed for the next step. In the second step, an aqueous solution of the bromide
salt was first treated with activated charcoal under reflux condition for overnight
and then the filtrate was used for a metathesis reaction by adding lithium
bis(trifluoromethanesulfonyl)imide and stirring for nearly 24 h. Then DCM was
added to the solution and the organic layer was separated out from the reaction
mixture. Subsequently, the organic layer was washed several times with water
until it was free from any halide (checked with a AgNO3 solution). Finally, DCM
was removed from the mixture and the RTIL was dried for several hours under

high vacuum prior to use.

2.4. Instrumentation

The NMR spectra were measured using Bruker AVANCE 400 MHz NMR
spectrometer. Steady-state absorption and fluorescence spectra were recorded on a
UV-vis spectrophotometer (Caryl00, Varian) and a spectrofluorimeter
(FluoroLog-3, Jobin Yvon), respectively. The delayed component of the emission
spectra were recorded in the same spectrofluorimeter employing a pulsed xenon
lamp (FWHM = 3 ps). The temperature dependent study was performed using a
peltier controller (Wavelength electronics) and the low temperature (77 K) study
was performed by directly immersing the solution taken in quartz tube into a
dewar flask containing liquid nitrogen. The emission spectra were corrected for
the instrumental response. The viscosity of the RTILs and other viscous solvents

was measured by a LVDV-I1II Ultra Brookfield Cone and Plate viscometer (1%
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accuracy and 0.2% repeatability). For variable temperature viscosity

measurement, a Julabo water circulator bath was used.

2.4.1. Picosecond time-correlated single-photon counting setup

Time-resolved fluorescence measurements were carried out using a time-
correlated single-photon counting (TCSPC) spectrometer (5000, IBH).* Diode
lasers were used as excitation sources and a micro-channel plate (MCP)
photomultiplier tube was used as the detector. Three diode lasers, namely, the one
having output at 375 nm with FWHM = 50 ps, 405 nm with FWHM = 50 ps and
the other 439 nm with FWHM = 90 ps were used in the present study. The
maximum repetition rate of the diode lasers were 10 MHz (375 and 405 nm) and
1 MHz (439 nm) respectively. A Hamamatsu R3809U-50 MCP-PMT (160-850
nm range) was used as a detector.

The lamp profile was recorded by placing a scatterer (dilute solution of
Ludox in water) in place of the sample. Decay curves were analyzed by nonlinear
least-squares iteration procedure using IBH DAS6 (Version 2.2) decay analysis
software.

The same setup, with attached polarizers, was used for time-resolved
anisotropy measurements and the same software was used to analyze the

anisotropy data.

2.5. Sample preparation for spectral measurements

For measurements in conventional solvents, the solutions were prepared

such that the absorbance of the solution (1 cm path length) at the excitation
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wavelength was around 0.1 - 0.3. The concentration of the probe molecules
corresponding to an absorbance value of around 0.3 was found to be in the range
of 10°- 10" M.

In case of experiments in RTILs, the sample preparation was not so
straightforward. Prior to the sample preparation, these liquids were dried under
high vacuum at room temperature for 10 - 12 h in order to ensure the removal of
the trapped moisture, if any. Generally 2.5 mL of RTIL was used to prepare
sample solution in 1 cm quartz cuvette. After addition of sample solute, the
cuvettes were tightly sealed with septum and parafilm. Since the dissolution of the
solid probes in RTILs is slow, the absorption spectra were measured from time to
time to ensure complete dissolution. The concentration of the solute was
optimized to have 0.2 - 0.3 absorbance at the excitation wavelength. For probe
with long lifetime and oxygen sensitivity, cf. benzil, the solutions were

deoxygenated by purging argon gas.

2.6. Measurement of emission quantum yields and rate constant for reverse
intersystem crossing

For fluorescence quantum vyield measurements, optically matched
solutions (or solutions with very similar absorbance) of the sample and the
standard at a given absorbing wavelength (the excitation wavelength) were
prepared. The quantum yield was calculated by measuring the integrated area

under the emission curves and by using the following equation,’

_A xOD_, xn?

sample std sample

= x®

sample 2 std
Astd X ODsampIe X nstd

®
(2.1)
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where, @ is the quantum yield, A is the integrated area of emission, OD is the
optical density at the excitation wavelength, and n is the refractive index. The
subscripts ‘sample’ and ‘std’ refer to the fluorophore of unknown quantum yield
and the reference fluorophore of known quantum yield, respectively.

The room temperature phosphorescence quantum yield of benzil was

calculated by using the following formula.’

Where I, and | jare the integrated areas under the fluorescence spectrum
(oxygenated solution) and phosphorescence spectrum (degassed solution)
respectively. ¢, is fluorescence quantum yield for oxygenated solution and ¢, is

the quantum vyield of the triplet state.
The phosphorescence and delayed fluorescence quantum yield can be
expressed as follows.

kRP
=0 ——— .. 2.3
¢P ¢T kRP + kr-1r + krisc ( )
bor = — i (2.4)
DF f kRP + kr-:- + krlsc ------------ .

where @, and ¢, represent the phosphorescence and delayed fluorescence

quantum vyield respectively. ko, k, and k. are the radiative rate constant from

risc
triplet state, non-radiative rate constant from the triplet state and the rate constant
of T1—-S; process, respectively.

Combination of equations (2.3) and (2.4) give
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At any given time t (t>> k), this equation can be represented as

iDF (t) — krisc
0 = ¢, v (2.6)

is estimated from this equation by substituting the values of i, i,, ¢, and

k

risc
ke . The last quantity, kg, is obtained from the measured ¢, and z,, values in the

following equation at 20 °C.

2.7. Data analysis

The lifetimes of the samples were estimated from the measured
fluorescence decay curves and instrumental profiles using a nonlinear least-
squares iterative fitting procedure (using decay analysis software IBH DASS,
Version 2.2). This program uses a reconvolution method for the analysis of the
experimental data.” When the decay time is long compared to the pulse width of
the excitation pulse, the excitation may be described as a 3-function. However,
when the lifetime is short, distortion of the experimental data occurs by the finite
decay time of the lamp pulse and response time of the photomultiplier and
associated electronics. Since the measured decay function is convolution of the

true fluorescence decay and the instrumental pulse, it is necessary to analyze the
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data by deconvolution in order to get the actual fluorescence lifetime. The

mathematical statement of the problem is given by the following equation:
t

D(t)= j P(t)G(t—t)dt’ (2.8)
0

where, D(t) is the fluorescence intensity at any given time t, P(t) is the intensity
of the exciting light at time t' and G(t-t') is the response function of the
experimental system. The experimental data D(t) and P(t) from the MCA were
fed into a personal computer (PC) to determine the lifetime. We used the IBH
program to analyze the multi-exponential decays. An excitation pulse profile was
recorded and then deconvolution started with mixing of the excitation pulse and a
projected decay to form a new reconvoluted set. The data was compared with the
experimental set and the difference between the data points was summed,
generating y® function for fitting. The deconvolution proceeded through a series
of such iterations until an insignificant change of % occurred between iterations.
The inspection of reduced %2, a plot of weighted residuals and autocorrelation

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

2.8. Construction of time-resolved emission spectra (TRES)

The time-resolved emission spectra (TRES) were constructed by an
indirect method described here.? A series of time-resolved emission decay profiles
were measured at every 5/10 nm interval across the entire steady-state emission
spectra. The total number of measurements was 22-25 in each case. Each decay

curve was then fitted to multi-exponentially a (usually, bi- or tri-exponential)
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decay function with an iterative reconvolution program (IBH) to obtain the best
fits with %? around 1.0 - 1.2. This procedure deconvoluted the measured decay
from the instrumental response and increased the effective time resolution of the
experiment to ~40 ps. The impulse response function, I(A,t) was then calculated
from the best-fitted curve for each wavelength. To make the time-integrated
intensity at each wavelength equivalent to the steady-state intensity at that

particular wavelength, a normalization factor of the following form

HO)= =) (2.9)

>a 00

was constructed, where, Is()) is the steady-state intensity, aj(A) and ti(A) are the
preexponential factor and decay time, respectively, at a particular wavelength
with  20ij(A) = 1. The time-resolved emission spectra (TRES) were calculated
from the appropriately normalized intensity decay (impulse response) function,
I'(At) for the given set of wavelengths at different times, where
I'(Lt) = HQ\) x I(At). The peak emission frequencies (in cm™), v(t) at various

times were obtained by fitting each TRES to the following log-normal function,

| = hexp[—In 2{In(L+a)/ y}2] for, o0 >1 (2.10)

=0 for,a <-1

2 Y(\_)_ Vpeenk) —

Where, o = » Ve

« 1S the wavenumber corresponding to the peak, h is

the peak height, A is the FWHM and vy is the asymmetry of the band-shape. The
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best fitted curve was obtained by optimizing these four parameters by nonlinear

least-squares iteration technique.

2.9. Time-resolved Anisotropy decay profiles

The anisotropy measurements were performed using two polarizers by

placing one of them in the excitation beam path and the other in front of the

detector.? An alternate collection of the fluorescence intensity in parallel (1, ) and
perpendicular (1, ) polarization (with respect to the vertically polarized excitation

laser beam) for equal interval of time was made until the count difference
between the two polarizations (at t = 0) was ~5000. For G-factor calculation, the
same procedure was followed, but with only 4 cycles and horizontal polarization
of the exciting laser beam. The anisotropy measurements were performed at the
respective fluorescence maxima of the probe using a monochromator with a
bandpass of 2 nm. Time-resolved fluorescence anisotropy, r(t), is calculated

using the following equation,

M) -GI (1)
1, () +2G1 (t)

r(t) (2.11)

where, G is the correction factor for the detector sensitivity to the polarization
direction of the emission and 1, (t) and 1, (t) are the fluorescence decays
polarized parallel and perpendicular to the polarization of the excitation light,
respectively. The rotational time constants were estimated by fitting the
anisotropy decay profiles to a single and/or a bi-exponential function depending

on the situation.
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2.10. Estimation of polarity

The solvatochromic visible absorption of the betaine dye has been used as
a solvent dependent reference probe to define empirically a solvent polarity scale,
namely E1(30) scale.® These E1(30) values are defined as the molar transition
energies of the pyridinium-N-phenoxide betaine dye (shown in Chart 1.3),
measured in solvents of different polarity at room temperature (25°C) and normal

pressure (1 bar). Thus,
E+(30)/kcal mol* = hev N, =(2.8591x10% v _ /cm™
= 28591/Amax (NM) (2.12)

where, v, is the wavenumber and Amax iS the wavelength corresponding to the

maximum of the long-wavelength, solvatochromic, intramolecular charge transfer
absorption band of the standard betaine dye; and h, ¢, and Na are the Planck’s
constant, speed of light, and Avogadro number, respectively. This is the direct
way of solvent polarity measurement.

As mentioned in Chapter 6, the E+(30) values of the RTILs can also be
measured using probe other than the standard betaine dye, by an indirect method.

Here, the wavenumber corresponding to the fluorescence maximum, viw of
probe molecule in various conventional solvents was measured at room
temperature. A calibration line was drawn by plotting measured v values (in
cm™) against the known E1(30) values of the solvents, from which the E1(30)

value of a RTIL was obtained using the measured v™"° value of the probe in the

given RTIL.
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2.11. Standard error limits

Standard error limits involved in the measurements are:

Amax (abs./fluo.) +1nm

OF +10%

15 (> 1 ns) +5%

15 (< 1 ns) + 5-8% (depending on the excitation source)
Polarity of RTILs in E1(30) scale  + 5%

Relaxation time + 5%

Viscosity + 2%
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Chapter 3
Excited State Process of Bianthryl in Imidazolium lonic
Liquids

In this chapter, the excited state dynamic process of 9,9’-bianthryl (BA) has been
studied in three different imidazolium ionic liquids of different viscosity to
understand the conformational dynamics of BA. Steady-state emission spectra of
BA in RTILs reveal that the emission mostly occurs from the charge transfer (CT,
two anthryl units are planer to each other) state which is originated from the
locally excited (LE, two anthryl units are perpendicular to each other) state due to
excited state conformational dynamics process. However, in time-resolved
measurements we could observe the early part of the formation of the CT state. It
is found that these two processes occur in different time scales in RTILs unlike

that in the conventional solvents.

3.1. Introduction

The photoprocesses investigated in RTILs are mostly the studies on
dynamic Stokes shift and solvation dynamics of dipolar probes, intramolecular
excimer formation, photoinduced electron and proton transfer reactions,
photoisomerization reaction, etc.!*® Recently, Nagasawa et al have studied the
excited state dynamics of 9,9"-Bianthryl (BA, Chart 3.1) in imidazolium ionic
liquids using femtosecond time-resolved absorption and picosecond time-resolved
fluorescence spectroscopic techniques.’® BA is a well-known system whose

excited state behavior and dynamical processes have been studied extensively in a
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range of conventional solvents.”>% The interest in BA is mainly due to the fact
that this pre-twisted molecule with mutually perpendicular anthracene rings in the
ground state undergoes symmetry breaking upon photoexcitation and its
fluorescence spectra show distinct charge transfer (CT) character, especially in
polar solvents.?*?82 |n nonpolar solvents the first excited state (S:) is
predominantly a locally excited (LE) state with very little or no CT

character,222°28:29

whereas, in highly polar solvents a CT state, which is formed
rapidly from the LE state, is the emitting state.”**?” The transient absorption
study on BA in the picosecond and sub-picosecond regime has revealed the
ultrafast time-scale (20 - 50 ps) of the formation of the CT state in conventional
solvents of low viscosity.”® However, in more viscous media this time is much
longer, indicating the effect of viscosity on the symmetry-breaking process.?

The femtosecond transient absorption measurements in RTILs by
Nagasawa et al suggest that charge transfer in BA is multi-exponential with the
time scale ranging from sub-picosecond to several hundreds of picoseconds, the
latter being dependent on the viscosity of the media."® The fluorescence study on
the other hand reveals dynamic Stokes shift of the CT emission in the nanosecond
time domain, reflecting the stabilization of the CT state through solvent
reorganization.™

However, one aspect of the relaxation dynamics of BA in RTILs that is not
clear from the results presented in this interesting study is the following. Since the
LE and CT emission bands of BA overlap significantly in the 21000 — 25000 cm™
region, and the LE state, which is the precursor of the CT state, survives for

several hundreds of picoseconds,'® one expects its signature on the fluorescence
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spectra as well, particularly in the early time domain. However, this is
surprisingly not the case. The lack of any signature of the LE state in the time-
resolved fluorescence spectra, even in the early time domain, appears inconsistent
and it implies that the LE state may be much short-lived than what is indicated by
the time-resolved absorption measurements. In order to resolve this important
issue concerning the excited state dynamics of BA in RTILs we have taken up this
work in which we have investigated the time-resolved fluorescence behavior of
BA in three different RTILs (Chart 3.1) based on 1-butyl-3-methylimidazolium

cation.

\

R
e~ OO0
X
X = PFg; [bmim][PF]
= BF,; [bmim][BF,] OOO
= (CF;S0,),N; [bmim][Tf,N]

\ RTILs BA /

Chart 3.1. Chemical formula and abbreviation of RTILs and 9,9"-bianthryl (BA).

3.2. Steady-state behavior

Steady-state absorption and fluorescence spectra of BA in RTILs are shown in
Figure 3.1. Very little difference in the spectral behavior of BA can be observed
in different RTILs. The 0-0 transition is estimated to be around 25400 cm™ from
the structured absorption spectrum, which is not very different from that observed
in polar conventional solvents such as acetonitrile 25650 cm™.? The steady-state

fluorescence spectra of BA in RTILs are characterized by a broad emission,
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which is indicative of the charge transfer nature of the band, as is the case with
the ordinary polar solvents.?»*?®2 One can also observe some structure near the
onset of the broad emission (~ 410 nm), where the LE emission (as evident from
the emission spectrum of BA in hexane, shown in Fig. 3.1) is expected. We note
in this context that the fluorescence spectral behavior of BA in RTILs, including

even the structured portion of the emission, is very similar to that observed by
Nagasawa et al."® The emission maxima (A™°) of BA in RTILs are found
centered around 480 nm, which is nearly 10 nm red-shifted compared to
acetonitrile (A™"° = 470.6 nm).” This observation is consistent with the measured
polarity parameters of RTILs, which suggest that the RTILs are more polar than

acetonitrile.

1.0 L 1.0
3 034 L0835
s 8
@ 0.6- L0.6 2>
c ‘n
2 0.4 \ 04 O
§ - - - [omim][TE,N][ 2
—— [bmim][BF .
< 021 \ omimIBFI |, £
\ — - = [bmim][PF ] i w

~N— — Hexane
0.0 : . ———10.0
300 400 500 600

Wavelength (nm)

Fig. 3.1. Steady-state absorption and emission spectra of BA in RTILs and hexane.
Excitation wavelength 375 nm. All spectra were normalized at the corresponding
peak maximum.
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3.3. Time-resolved behavior

In each RTIL, we have measured the emission decay profiles of BA at 5/10 nm
interval across the entire steady-state emission spectra by selecting the
wavelength using a monochromator with a bandpass of 2 nm. The total number of
measurements was around 26-28 in each RTIL. Wavelength-dependent decay
profiles, which are a typical signature of slow solvation dynamics, have been
observed. One representative wavelength dependent decay behavior is illustrated
in Figure 3.2. When monitored at the shorter wavelength region, only monotonous
decay is observed, and at the longer wavelengths, the time profiles consist of a
slow rise followed by the decay.

1
1
1
|
1
1
1
1
1
1
[
1
1
\

\

0.0 SN

00 05 10 15 20 25 3.0
Time (ns)
Figure 3.2. Wavelength-dependent decay profiles of BA in [bmim][PF¢] at (a) 410

nm, (b) 480 nm, (c) 520 nm, (d) 580 nm. The lamp profile is shown as dashed
line.

57



Excited State Process..... Chapter 3

The time-resolved emission spectra (TRES) have been constructed by
fitting the individual decay curves to a multiexponential function followed by
normalization of the decay traces by steady-state spectra, a procedure described
Chapter 2. The TRES for BA in [bmim][PF¢] is shown in Figure 3.3 for a wide
range of time-scale (in ps-ns regime). It can be seen clearly that in the short time-
scale (0 - 150 ps), the TRES are a combination of two distinct bands; a structured
high energy band with peak at around 23800 cm™ and a broad band extending
over several thousands of wavenumbers in the low energy region. A closer look at
this figure reveals that while the sharp structure on the broad emission envelope
decays rather rapidly (with no shift in its position) and vanishes almost
completely in about 200 ps, the broad band displays a time-dependent Stokes shift
of the maximum that continues for a much longer time (up to several
nanoseconds). A similar observation has been made in [bmim][BF,] and
[bmim][Tf,N], which is shown in Figure 3.4 & 3.5, respectively.

It is thus evident that the time-dependent emission behavior of BA reveals
two relaxation processes, not just one, as found recently by Nagasawa et al.'® In
the short time scale, the decay of the sharp peak at around 23800 cm™ is the most
prominent feature of relaxation and at longer time, when the sharp peak has
decayed completely, the relaxation process consists of dynamic Stokes shift of the
CT emission maxima. As the sharp peak position matches closely with the peak
position of the LE state as observed in nonpolar solvents like hexane or

cyclohexane, 282

it is evident that the decay of the LE state is what is observed
in the early time scale. On the other hand, monotonic red shift of the CT band is

the typical signature of the solvent relaxation dynamics.
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Intensity

Chapter 3
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Figure 3.3. (a) Time-resolved emission spectra (TRES) of BA in [bmim][PF] at
the early stage of dynamics. The inset shows the decay of the emission intensity at
23800 cm™, which corresponds to the peak position of the LE emission. The
maximum of the CT bands are normalized in each case. (b) TRES for BA in

[bmim][PF¢]

in the long time-scale. All spectra are normalized at the

corresponding peak maximum. (Aexc = 375 Nm). The spectral data points are fitted
to lognormal function.
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Intensity
Intensity
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Figure 3.4. (a) Time-resolved emission spectra (TRES) of BA in [bmim][BF,] at
the early stage of dynamics. The sharp high-energy band is ascribed to the LE
emission (centering around 23800 cm™), whereas the broad shoulder to the low-
energy side is the CT emission. The maximum of CT bands are normalized in
each case. (b) TRES for BA in [bmim][BF,] in the long time-scale.
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Intensity
Intensity
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Figure 3.5. (a) Time-resolved emission spectra (TRES) of BA in [bmim][Tf;N] at
the early stage of dynamics. The sharp high-energy band is ascribed to the LE
emission (centering around 23800 cm™), whereas the broad shoulder to the low-
energy side is the CT emission. The maximum of CT bands are normalized in

each case. (b) TRES for BA in [bmim][Tf,N] in the long time-scale.
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Since evolution of the CT state from the LE state is commonly an ultrafast
process, we can expect to miss a large part of this dynamics due to limited time-
resolution (~50 ps) of our setup. What we have captured in our measurements is
essentially the slow component of this dynamics. A quantitative estimate of the
slow component of the dynamics is obtained from the decay of the emission
intensity at 23800 cm™ in the early time scale, say 0 — 3 ns. The best fit is found
to be biexponential with the short time component contributing to nearly 80-90%
of the decay. This time is ascribed to the time constant (tct) Of the formation of
the CT state. The tct values obtained in different RTILs are collected in Table
3.1. In this context we note that for reasons not clear to us Nagasawa et al did not
observe any sign of the decaying LE state in their TRES even though their time
resolution (30 ps) was better than ours. It is possible that they have missed the
23800 cm™ sharp peak as the decay curves were sampled at intervals of 5 - 10 nm.
In their transient absorption measurements, Nagasawa et al.'® found the formation
of the CT state to be multiexponential with an appreciable contribution (almost
1/3) from a substantially long time-component of 140 - 330 ps, the exact
magnitude of which is dependent on the viscosity of the media, whereas the
associated sub-picosecond component (typically 0.5 ps) was found to be
independent of viscosity.'® These values are also collected in Table 3.1. As can be
seen, these values are very similar to those obtained by us. The viscosity
dependence of the lifetime of the LE state, as indicated in the two studies, is also
quite similar. Therefore, we can conclude that LE — CT relaxation dynamics, at
least the latter stage of it, is possible to observe in picosecond time-resolved

fluorescence study.
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Table 3.1. Relaxation parameters of the dynamical processes of BA in the three
ILs of different viscosity

Short Decay Average  Literature
RTILs n®  component  parameters of  solvation  valueof  Observed
of the the spectral shift time longest shift
(cP) decay at correlation T (NS) time- (AV)
23800 cm™ function® constant/ns (cm™)
(ter)’ns  1i/ns  T,/ns for CT
formation®
(a1) (a2)
] 0.22 0.39 4.0 0.33
[bmim][PFs] 260 1.84 2940
(0.75) (0.6) (0.4) (0.3)
] 0.14 0.25 2.67 0.22
[bmim][BF,] 98 1.22 2820
(0.8) (0.6) (0.4) (0.3)
] 0.12 0.23 2.17 0.14
[bmim][Tf,N] 50 0.62 3020
(0.9) (0.8) (0.2) (0.36)

*Measured at 25°C. °Short component of the biexponential fit in a short time-scale (0-4 ns), the numbers in
the parenthesis indicate the weighted amplitude. Obtained from the biexponential fit to the data. “Average
solvation time T, = a,7; + 8,7, Where a; + a, = 1, experimental error is +5%. *From Ref. 12. The numbers in
the parenthesis indicates the weighted amplitude.

The time constant of the solvent relaxation of the CT state can be
calculated from the time dependence of the spectral shift correlation function,
C(t), which is defined in terms of the peak frequencies at various times as,

C(t) =[v(t)-v () V[V (0)—V(x)].

The determination of the peak frequencies (in cm™) of the measured
spectra at zero time v(0) and at early times is found to be not so straightforward
in the present case because of considerable overlap of the LE and CT emission.
We considered an average of the peak wavenumbers of the two components of

emission as a fair approximation of the value of v(0) and v(t) values at the early
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stage of the dynamics. This was achieved by fitting the TRES to the log-normal
function, just like it is done for the later stages dynamics, when CT emission is
the only component observed (Figure 3.3-3.5(b)). Following this procedure, the
total time dependent shifts of the emission, Av = v (0)—v(x0), are found to be
2940, 2820 and 3025 cm™ in [bmim][PFs], [bmim][BF.] and [bmim][T,N],
respectively (Table 3.1).

In the present situation, it is difficult to estimate the exact amount of
ultrafast component of the dynamics that is missed in our measurements because

of the ambiguity associated with the determination of the precise values of v(0)

and also due to the involvement of more than one excited state in the emission
process.*® Nonetheless, an approximate estimate of the missed component of the
dynamics can be calculated from the following consideration. The Stokes shift
observed in the steady-state spectra in RTILs is around 4700 cm™. The reported
Stokes shift of the steady state fluorescence spectra of BA in nonpolar solvents
like hexane, cyclohexane, perfluoro-n-hexane, etc. varies between 900 and 1500
cm™.? Since, in these solvents the emitting state is almost purely an LE state,
whose solvent stabilization is negligible, we can assume that in RTILs the total
expected time-dependent shift due to solvation will amount to ~3200 - 3800 cm™,
whereas the observed shift is 2800 - 3000 cm™ depending on the RTIL. Hence, the
extent of the missing component is in the range of only 200 - 1000 cm™. This
implies that the missing component is quite less and is not more than 25%.
Considering the fact that charge transfer occurs mostly in an ultrafast time scale,

we can surmise that the formation of CT state is almost completed in the early
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stage of dynamic solvation and so at a longer time-scale (ps-ns regime), the

excited-state dynamics entirely involves the solvation process.

104
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Figure 3.6. Decay of the spectral shift correlation function, C(t), of BA in
[omim][PFe] (), [obmim][BF,] (O) and [bmim][Tf,N] (A). In each case the
solid line denotes the biexponentioal fit to the data.

Biexponential fits to the C(t) vs t plots (Figure 3.6) yielded the time
constants for the solvation of the CT state of BA. The time constant of the short
component of this dynamics is measured to be 390 ps, 250 ps and 230 ps for BA
in  [bmim][PF¢], [bmim][BFs;] and [bmim][Tf;N], respectively and the
corresponding long component is 4.0 ns, 2.67 ns and 2.17 ns. The average
solvation time, Ty, €stimated in these three RTILs is 1.84 ns, 1.22 ns and 0.62 ns,
respectively (Table 3.1). The average solvation time (ta) Increases with
increasing viscosity of the media. These values are in good agreement with those
estimated by Nagasawa et al*® and other studies.! If we compare the tcr values
(150 - 300 ps) with these 1, Values, we can see that even though the CT formation

kinetics depends on the viscosity of the RTILs (at least in part), the influence of
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viscosity is much more dominant on the solvation process. Therefore, while in
ordinary polar solvents the CT formation kinetics occurs simultaneously with the

solvation dynamics, the two processes proceed in different time-scale in RTILs.

3.4. Conclusion

The time-resolved fluorescence spectra of bianthryl in imidazolium ionic
liquids reveal overlapping dual emission arising from the locally excited (LE) and
charge transfer (CT) states. This observation allowed us to capture the dynamics
of both LE — CT relaxation and solvent relaxation from fluorescence
measurements. The results show that the charge transfer dynamics, a part of
which is viscosity dependent, is faster than the solvation dynamics in ionic
liquids. As such these two relaxation processes occur in two different time scales
and hence, in this respect the excited state dynamics of bianthryl in ionic liquids is
different from that in conventional solvents, where both the dynamics occur in

similar time scale.
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Chapter 4
Photophysical Processes of Benzil in Imidazolium
lonic Liquids

The photophysical behavior of benzil is studied in three room temperature ionic
liquids differing in their polarity and viscosity. The influence of high viscosity,
low solubility of the dissolved gases and microheterogeneous nature of the ionic
liquids as a function of temperature and excitation wavelength is investigated

here.

4.1. Introduction.

The primary interest of studying the photophysical processes of well-known
molecular systems in RTILs is to obtain information on some of the
physicochemical properties of these novel medium. The second objective is to
exploit some of these properties to tune/regulate the photophysical responses of
some molecules of interest. Several photophysical processes have already been
studied in these media by several groups both experimentally and theoretically.* ™
We have also used the high viscosity and polarity of the ionic liquids to regulate
the photophysical process of some interesting molecular systems in these
medium.®**?! The present study explores the effect of the ionic liquids on the
emission behavior of a well-studied a-dicarbonyl, benzil (Chart 4.1).

The photophysical behavior of a-dicarbonyls is an interesting topic of

research because these molecules display a huge stokes shift in the emission
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spectra in solution. Among the aromatic a-dicarbonyls, the photophysics of benzil
has received the largest attention.?*® It is believed that in the ground state benzil
exists as a skew conformer, where the dihedral angle between the two adjacent
carbonyl groups is ~ 72°.%*74% On photoexcitation it is believed to undergo an
excited state conformational relaxation process forming the trans-planar form of
the molecule, where the dihedral angle between the two adjacent carbonyl groups
is 180°. Though Roy et al could able to see the slow relaxation process of triplet
state in melted frozen matrices, but the excited state relaxation process (both in
the singlet and triplet state) is believed to be very fast, occurring in the sub-
picoseconds time scale at room temperature.®*® Benzil shows room temperature
phosphorescence in conventional solvents, which is a property that is rarely
displayed by the organic molecules.** Literature also suggests that the singlet-
triplet energy gap in benzil is quite low compared to the thermal energy available
at room temperature.®® Hence, it undergoes reverse intersystem process from the
T1—-S; state by either the triplet-triplet annihilation (P-type) process or a
thermally activated (E-type) process depending on the concentration of benzil in
the solution.®® This is why the photophysics of benzil is so interesting. Recently, a
relaxed skew conformer and emission from a higher excited state (S;) of benzil
were observed by Bhattacharya et al at room temperature and in frozen
condition.?

In this work, we have studied the photophysical behavior of benzil in three
different room temperature ionic liquids (Chart 4.1) to investigate the influence of
the high viscosity, low solubility of the dissolved gases and microheterogeneous

nature of the ionic liquids as a function of temperature and excitation wavelength.

70



Photophysical Processes.... Chapter 4

/, N/';-;\N\/\/ \

A

X. 0
X = PFg; [bmim][PF] O
= (CF,S0,),N; [bmim][Tf,N]
__.
g

X Benzil
X = BF,; [emim ][BF,]

RTILs /

Chart 4.1. Structure and abbreviation of RTILs and probe molecule.
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Fig. 4.1. Absorption spectra of benzil in different ionic liquids. Inset shows an
expanded view of the n—n™* transition region.

4.2. Steady-state absorption

Steady-state absorption spectra of benzil in ionic liquids are shown in Fig.
4.1. These are quite similar to those in conventional polar solvents. The first
absorption band due to the n-n* transition appears at around 375-380 nm region.
This band is slightly red-shifted compared to the absorption spectrum of the

benzaldehyde,® indicating that the two benzoyl units of benzil are not completely
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decoupled in these media. The first absorption band of benzil in ionic liquids is
blue-shifted by ca. 10 nm compared to molecular solvents having similar polarity,
like ethanol (abs max = 387 nm),?® which indicates that the two benzoyl units are
more decoupled/twisted in ionic liquids when compared with that in molecular
solvents. A blue-shift (~ 5 nm) of the first absorption band maximum of benzil
with increase in the polarity of the ionic liquids is consistent with the n-z* nature

of the transition.

4.3. Steady-state emission

Considering the fact that benzil is weakly fluorescent (¢, = 0.94 x 107 in

benzene)*® and the ionic liquids also contribute to some emission,* the excitation
wavelength for the emission measurements is chosen (310 nm) such that the
emission contribution due to the ionic liquids is minimum. Room temperature
emission spectra of benzil in three ionic liquids, shown in Fig. 4.2, consist of two
bands; one is centered ca. 505 nm and the second one around 560 nm. Degassing
of the solution leads to intensification of the 560 nm band without affecting the
intensity of the 505 nm band. Purging of oxygen leads to complete disappearance
of the 560 nm band without affecting the 505 nm band intensity. These
observations suggest that the 560 nm band is due to phosphorescence and the 505
nm band due to fluorescence. It is interesting to note in this context that the dual
emission of benzil is reported only in degassed condition in conventional organic
solvents at room temperature.*®®* The observation of the 560 nm band even
without degassing implies a low solubility of oxygen in the ionic liquids or its
poor quenching ability in these media due to slow diffusional process. The
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literatures suggest that the solubility of most of the gases in ionic liquids is lower
compared to conventional solvents.***’ The Henry’s constant for oxygen in
[bmim][PFs] and [bmim][Tf,N] (7190 and 1730 respectively at 25 °C)*" when
compared with (811.9 and 1734.7 in cyclohexane and ethanol, respectively)*,
implies a lower solubility of oxygen in ionic liquids, and it explains why
phosphorescence of benzil is observed in ionic liquids even in non-degassed
condition at room temperature. In this context though ethanol and [bmim][Tf,N]
has similar Henry’s constant the relative phosphorescence intensity in ethanol is
less compared to [bmim][Tf,N], shown in Figure 4.2b. However, these values do
not explain why the phosphorescence intensity of benzil is higher in
[bmim][Tf,N] compared to [bmim][PFs] in degassed condition. The trend should
have been the opposite based on the solubility of oxygen in these two media.
Hence it is evident that, additional factors influence the phosphorescence intensity

of benzil in ionic liquids.

——[emim][BF ] (a) 1.0
- — [bmim][PF ] s
1.2 . . .
- [bmim][Tf,N] 4 \ — 0.8
=] - S
s LA
2 08 2
a 2
0.4
o] ]
c 0.4 t
= 7 = —— [bmim][Tf,N]
-7 ’ ~ — [bmim][PF ]
0.0 : . 0.0 Ethanol
450 500 550 600 450 500 550
Wavelength (nm) Wavelength (nm)

Fig. 4.2. Normalized emission spectra of degassed (a) and non-degassed (b)

solution of benzil in ionic liquids (Aex=310 nm) at room temperature.
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It is also reported that the cis-skew form of benzil undergoes
conformational relaxation upon photo-excitation and emits from the relaxed trans-
planar conformer.***® This excited state conformational dynamics is very fast in
conventional solvents. In ionic liquids, it is however possible for the unrelaxed
state of benzil to contribute to the emission process if the high viscosity of the
medium slows down the conformational relaxation process. Interestingly, even at
low temperature (273 K), when the ionic liquids are in semi solid form, no
emission due to the unrelaxed state is observable. Thus we conclude that the
excited state conformational dynamics of benzil is also very fast in ionic liquids.

A study of the temperature dependence of the emission behavior, shown in
Fig. 4.3, reveals a drastic reduction of the intensity of the long wavelength
emission band with increase in temperature (with very little or no change of the
intensity of the short wavelength band). This observation seems to be a reflection
of the faster depopulation of the triplet state at higher temperature due to
increased collisional deactivation process. However, as the T;1-S; energy gap of
benzil is quite low (~6 kcal/mol),* depopulation of the triplet state can also be
due the reverse intersystem process (T1—-S;) resulting from either triplet-triplet
annihilation or a thermally activated process, as the thermal energy available even
at 273 K is much higher (~40 kcal/mol) than the singlet-triplet energy gap. In the
case of a thermally activated T;--S; intersystem crossing process, one expects
enhancement of the emission intensity of the fluorescence band with increasing
temperature. As Fig. 4.3 shows very little change in intensity of the fluorescence

band, it may appear that the latter process does not contribute to the photophysics
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of benzil in ionic liquids. However, temperature dependence measurements, as

described below, suggest otherwise.
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Fig. 4.3. Temperature dependent variation of the steady-state emission spectra of
benzil in ionic liquids, (a) [emim][BF,], (b) [omim][PF¢] and (c) [bmim][Tf:N],

(Aex=310 nm).
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4.4. Temperature dependence of the delayed emission

In order to further probe the reasons for drastic change of intensity of the
long wavelength band with temperature, we have recorded the delayed component
of the emission alone as a function of temperature by collecting the emission
signal only after a certain delay time (10 us) following the excitation pulse. The
delay time was chosen such that the contribution of the prompt fluorescence is
eliminated completely and only the delayed fluorescence and phosphorescence
are observed. Temperature dependence of the normalized delayed emission
spectra is shown in Fig. 4.4. At 273 K we could observe the intense
phosphorescence at around 560 nm with a shoulder around the 505 nm region.
This weak 505 nm band which is similar to steady-state fluorescence is clearly the
delayed fluorescence. With increasing temperature, the relative intensity of the
505 nm increases in all the ionic liquids. This change of intensity of the delayed
fluorescence is most pronounced in the most polar ionic liquids, [emim][BF,]. It
is to be noted that the phosphorescence lifetime, measured by monitoring the
decay profile 560 nm, decreases drastically with increasing temperature (Table
4.1).

Triplet lifetimes of the aromatic compounds are expected to be
independent of temperature in the absence of any bimolecular quenching
mechanism or photoreaction.® In our case, as benzil does not undergo any
permanent photoreaction and a dilute (7-18 X 10™* M) degassed solution is used in
the measurements, we can ignore this possibility, as it is reported that triplet-
triplet annihilation quenching of benzil is observable for >0.01 M solution.*® It is

thus evident that the bimolecular quenching processes are absent in our
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Fig. 4.4. Temperature dependent delayed emission spectra of benzil in ionic
liquids, (a) [emim][BF;], (b) [bmim][PF¢], (c) [omim][Tf,N] and (d) ethanol,

(Aex=310 nm). A delay time of 10 ps was used for recording the spectra.

Table 4.1. Phosphorescence lifetime of benzil at different temperatures in ionic

liquids
Polarity®  Viscosity® T (us)
Ex(30) (cP) 0°C 10°c  20°%¢c  30°C
[emim][BF4] 53.7 34 22+012 14+01 9+01 7x0.14
[omim][PFs] 52.3 285 43022 24+014 15+054 9+0.08
[bmim][Tf,N] 50 50 67+013 36+018 22+0.17 13+0.11
Ethanol 51.9 1.2 38+0.08 31+x0.08 23+009 13x0.08

& from reference 19. Triplet lifetimes were obtained from single-exponential fit to the decay profiles.
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experimental condition. Benzil can form ketyl radical in presence of an amine

which acts as electron donor to photo-excited benzil 2*

However, in ionic liquids
the free amines are not available for donation of its electron pair to the triplet of
benzil. Moreover, a recent laser flash photolysis study on benzil suggests that
benzil does not form ketyl radical in [bmim][PFs].* As neither bimolecular
quenching nor any photoreaction is responsible for the reduction of
phosphorescence lifetime of benzil at higher temperature, it is evident that an
enhanced reverse intersystem crossing process is responsible for the observation
at higher temperature. We have calculated the rate constant of the T;—..S; process
(k....) in all ionic liquids at different temperatures, interestingly we found that

risc
with increasing temperature the rate of T1—-S; increases. The plots of Ink,, Vs

1/T are shown in Fig. 4.5 and the slopes of these plots have been used to calculate
the singlet-triplet splitting energy gap according to equation (2.7). The estimated
values are 6.8, 9.3 and 7.4 kcal/mol in [emim][BF4], [bmim][PFs] and
[bmim][Tf,N] respectively. These values are comparable to those obtained from
the steady-state spectra (~6 kcal/mol)®. It is also evident that the rate constant (

K..c) is dependent on the polarity of ionic liquids, the values are given in Table

4.2. In more polar ionic liquid, [emim][BF,], k. value is ~5 times higher than in

least polar ionic liquid [bmim][Tf,N]. However, in iso-polar organic solvent,
ethanol, T;-.-S; rate constant is found to be lower by a factor of ~10 compared to
ionic liquids. The singlet-triplet splitting energy (6.6 kcal/mole) in ethanol,

obtained from the plot of Ink_._vs 1/T, is similar to the values estimated in the

risc
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ionic liquids. Since the phosphorescence life-time and phosphorescence quantum

yields are similar in ethanol and ionic liquids, the lower value of the T;...S; rate

constant indicates the occurrance some additional competitive process is going on

in ethanol other than the T;-..S; process.

124

risc

Ink
2

o [emim][BF ]
o [bmim][PF ]

[bmim][Tf2N]

8-4}\?\\

33 34 35

36

T x10° K"
Fig. 4.5. Plots of In(krisc) vs 1/T in different ionic liquids and ethanol. Solid lines

represent the best linear fits to the data points.

Table 4.2: Photophysical parameters of benzil at 20 °C in different ionic liquids

R TILs Polarity*  Viscos® ¢ doy o &) ke (s Ko (81
Ex(30)  (cP)  10° 3 x10°  x10*
[emim][BF.]  53.7 34 034 058 64 111 910
[bmim][PFs]  52.3 285 032 064 42 67 3.70
[bmim][TLN] 50 50 037 083 36 45 1.96
Ethanol 51.9 1.2 15 0.60 26 43 0.330

2from reference 19.
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45. Emission at 77 K

Unlike in the fluid media, the phosphorescence spectra of benzil in frozen
condition (77 K) are found to be dependent on the excitation wavelength. The
excitation wavelength dependence of the phosphorescence maximum of benzil is
depicted in Fig. 4.6. The phosphorescence maximum is observed at ca. 532 nm
for an excitation wavelength of 430 nm. However, as the excitation wavelength is
lowered the emission maximum shifts towards blue. Interestingly, a further
decrease of the excitation wavelength beyond 350 nm, leads to a red-shift. As can
be seen from the Fig. 4.6 the excitation wavelength dependent variation is
observed in all the ionic liquids. In order to find out whether benzil exhibits a
similar behavior in frozen media comprising the conventional solvents as well, we
have carried out the experiments in ethanol and cyclohexane matrices, the results
of which are also presented in Fig. 4.6. In frozen cyclohexane, no excitation
wavelength dependence could be observed. However, in ethanol we could observe
an excitation wavelength dependent spectral behavior, though this dependency is

not as pronounced as in ionic liquids.
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Fig. 4.6. Plots of phosphorescence maximum vs excitation wavelength at 77 K.

As all quickly frozen matrices are generally heterogeneous at the
microscopic level, this excitation wavelength dependency can arise from the
microheterogeneous nature of the glassy environment. However, the very fact that
not all frozen matrices give rise to the excitation wavelength dependency implies
that the effect is not just due to the heterogeneous nature of the frozen matrices.
For flexible molecular systems such as benzil, when frozen rapidly in any glassy
matrix, one can expect a large number of conformers differing in their twist angle
and energy level. It is reported that a change of the dihedral angle between the
two adjacent carbonyl group in 1,2-diketones results in considerable shift of the
spectral maximum.®® We attribute the excitation wavelength-dependent
phosphorescence spectra of benzil in frozen conditions to the presence of a
distribution of energetically different benzil molecules, which can be
distinguished based on their dihedral angles between the two adjacent carbonyl

groups. Additional factors such as molecular location in different domains of the
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frozen media (a highly likely scenario in ionic liquids) can also contribute to a
wider distribution of energetically different molecules.
The n-n* state of benzil is reported to be the lowest excited state of benzil

irrespective of the polarity of the medium.?%%

For higher excitation
wavelengths, the n-n* state of the most planar form of benzil is excited. As the
excitation wavelength is lowered, the n-n* state of more and more twisted forms
of the molecule are excited. As these molecules emit at a higher energy, a blue
shift is observed. This explains the variation of phosphorescence maximum for
the excitation wavelength range of 430 — 350 region. When the excitation
wavelength is further lowered (i.e. below 350 nm), the n-n* state of benzil starts
getting excited.”? The emission, however, originates from the n-m* state, the
lowest excited state of the molecule. As the conformer having the highest n-r*
energy has the lowest m-m* energy, one observes a red-shift of the
phosphorescence maximum for excitation wavelengths lower than 350 nm. We
note, however, in this context that the present interpretation, which accounts for
the experimental results qualitatively, requires further studies to address the

problem, in particular, the solvent effect, in a quantitative manner.

4.6. Conclusion

The emission behavior of a well-studied a-dicarbonyl, benzil, has been studied in
three imidazolium ionic liquids differing in their polarity and viscosity. It is
shown that at room temperature the molecule mainly exists as a skew conformer,
but the two halves of the molecule are more decoupled in ionic liquids compared

to polar molecular solvents. It is shown that due to low solubility of oxygen in
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ionic liquids one can observe room temperature phosphorescence of benzil even
in non-degassed condition. It is also shown that E-type delayed fluorescence
intensity and the rate of reverse intersystem crossing process is dependent on the
polarity of the ionic liquids. The excitation wavelength dependence
phosphorescence of benzil at liquid nitrogen temperature reflects the presence of

multiple conformers of the molecule.
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Chapter 5
Solute Rotation and Solvation Dynamics of Charged
Solutes in Imidazolium lonic Liquids

Rotational and solvation dynamics of two, negatively and positively charged
solutes have been studied in an ionic liquid to understand the electrostatic
interaction between the charged solutes and imidazolium ionic liquid by using
steady-state and time-resolved fluorescence spectroscopy. This study did not does
not reveal any influence of the electrostatic interaction between the charged

solutes and ionic liquid.

5.1. Introduction

Several photophysical processes have been studied in RTILs to explore the
physicochemical properties of the RTILs. However, the physicochemical
properties of these liquids are yet to be understood fully.*? As the solvent
properties of a medium can be understood by studying the interaction of a solute
with the medium, one of the common approaches has been the study of dynamics
of solvation and rotational relaxation of the solute molecules in the medium.***°
Even though a wealth of information is available on the solvation dynamics and
rotational dynamics of various solutes in conventional solvents, similar
information is rather limited in RTILs.

Early studies of rotational dynamics in RTILs revealed that the solute
rotation in RTILs were similar like rotational dynamics in conventional molecular

solvents and the results were explained with the most common Stokes-Einestien-
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Debye (SED) hydrodynamic model.>*%*13 Even though these studies did not
reveal any influence of specific solute-solvent interaction on the rotational motion
of the solutes, a few examples do exist where rotational motion of the solute is
shown to be influenced by its specific interaction with the RTILs.* Mali et al,*?
while studying the rotational dynamics of two structurally similar nonpolar
solutes, 2,5-dimethyl-1,4-dioxo-3,6-diphenylpyrrolo[3,4-c]pyrrole (DMDPP) and
1,4-dioxo-3,6-diphenylpyrrolo[3,4-c]pyrrole (DPP) in [bmim][PF¢], with only the
latter having hydrogen bond donating ability, as a function of temperature, found
that rotational diffusion of DPP in [bmim][PFs] was slower compared to DMDPP
due to specific hydrogen bonding interaction between N-H hydrogen and anionic
moiety of the RTIL. We also observed that the rotational motion of AP was
slower compared to coumarin 153 (C153) in alcohol-functionalized ionic liquid,
1-(hydroxy-ethyl)-3-methylimidazilium bis(trifluoromethanesulphonyl)imide
([HO-emim][Tf,N]), even though the van der Waals volume of C153 is higher
than that of AP.!* This observation is a reflection of the hydrogen bonding
interaction between the carbonyl groups of AP and the hydroxyl moiety of the
substituted imidazolium cation of the RTIL. Mali et al.** studied the rotational
diffusion of two solutes, nonpolar 9-phenylanthracene (9-PA) and dipolar
rhodamine 110 (R110), of comparable size in [bmim][PFs] and glycerol and
observed that in isoviscous condition, PA rotates faster in RTIL than in glycerol,
whereas the dipolar solute R110 displayed an opposite behavior. The rotational
behavior of PA was explained considering the sizes of glycerol and [bmim][PFg]
using the quashihydrodynamic theories of Gierer and Wirtz and Dote-Kivelson-
Schwartz model. On the other hand, strong hydrogen bonding interaction between
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R110 and [bmim][PFg] was attributed to the slower rotation of this solute in RTIL
compared to glycerol. Recently, Fruchey and Fayer™ have studied the
orientational dynamics with charged sodium 8-methoxypyrene-1,3,6-sulfonate
(MPTS) and uncharged perylene probe in RTILs. It is found that the charged
anionic MPTS molecule shows superstick behavior which is due to strong
association with the imidazolium cation of the RTILs. However, neutral perylene
molecule rotates in the slip to subslip regime depending upon the alkyl chain
length of the imidazolium moiety and its rotational behavior is comparable to that
in paraffine oil comprising an n-octyl chain. In this context, we note that
rotational dynamics of molecular system have also been studied in RTILs and
binary mixture of RTILs and water/organic solvent mainly by Chakrabarty et al.*®"
'8 They found that addition of water/organic solvent in RTILs usually decreases
the rotational time due to a reduction of the viscosity of the media. We have also
observed recently that addition of a nonpolar molecular solvent to RTILs makes
the rotational motion of the probe molecules faster owing to a lowering of the
viscosity of the medium.

On the other hand, solvation dynamics studies based on the time
dependent dynamic Stokes shift of dipolar solutes have shown that the time-
resolvable component of the dynamics is slow and biphasic (or non-exponential)
in nature and is dependent on the viscosity of the medium."? Of the two
components, the fast component has a lifetime of a few hundreds of picoseconds,
and the slow component has a lifetime of a few nanoseconds. The first component
was attributed to the translational motion of the anion and the slower component
to the collective motion of both the cation and anion. These interpretations are
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based primarily on the literature available on high temperature solvation dynamics
data on molten salts.**?° In order to obtain insight into the solvation process in
RTILs simulation studies have been performed by several groups.?*#? Shim et al*
attributed the fast component of the dynamics to the translational motion of the
anion and the slow component to the overall diffusional motion of the cation and
anion. On the other hand, Kobark and Znamenskiy?' assigned the ultrafast
component of the dynamics is due to the collective cation-anion motion.

While some of these studies involving the dipolar probe molecules
revealed a probe dependence of the dynamics, the origin of such dependence was
not clear.>? In one of their studies on solvation and rotational dynamics in RTIL,
Ito et al® used an ionic solute, namely, 10-methyl-9-phenylacridinium ion, along
with a few other neutral dipolar probes. The ionic probe molecule in this study
appears to have been chosen without the specific intent of finding out whether
solvation dynamics is dependent of the charge on the probe molecule. While a
significant variation of the solvation time with the probe molecule was noted in
this study, no particular significance was however attached to the data obtained
with the ionic probe molecule. Sarkar and coworkers'®® have studied the
solvation dynamics in mixed solvents comprising RTIL and conventional
solvents. Recently, femtosecond Kerr-gate spectroscopy and upconversion
techniques have also been employed to elucidate the nature of various ultrafast
relaxation processes and their exact time-scales in imidazolium and other
RTILs.**%

It is therefore evident that the nature of various forces in operation
between the solvent and solute in RTILs is still unclear. As further studies can
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only unravel this issue, we have undertaken the present study in which the
dynamics of rotational diffusion and solvation dynamics of two charged probes
(Chart 5.1), anionic 1-anilinonaphthalene-8-sulfonate (ANS) and cationic
ethidium bromide (EB), has been investigated in a RTIL, 1-butyl-3-
methylimidazolium tetrafluoroborate, [bmim][BFs] and conventional viscous
solvent, glycerol, to find out the importance of the electrostatic and other forces
operative in RTILs. Since the viscosities of the [bomim][BF.] and glycerol at any
given temperature are very different, the measured rotational times under
isoviscous conditions, maintained by appropriately adjusting the temperature of

the systems, have been compared to arrive at any conclusion.

N

~ ™
- O ® s0% HN/O —\

P /N®NJJ
Oy D e
\ EB ANS [bmim][BF,] /

Chart 5.1. Structure/abbreviation of the solutes and ionic liquid

5.2. Steady-State Behavior
Steady state fluorescence and fluorescence excitation spectra of ANS and
EB in [bomim][BF,4] are shown in Fig. 5.1. The spectral behavior of the systems is

consistent with that observed in conventional polar solvents.?*%
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Fig. 5.1 Fluorescence excitation and emission spectra of (a) ANS, (b) EB in
[omim][BF,4]. Spectra are recorded at isoviscous condition (81 cP). The excitation
wavelengths are 405 and 439 nm for ANS and EB, respectively.
5.3. Time-Resolved Measurements.
5.3.1. Rotational Dynamics.

Representative anisotropy decay profiles for ANS and EB are shown in
Fig. 5.2. The initial anisotropies, ro, are found to be within the limiting value of
0.4 for both the probe molecules. The time dependence of the anisotropy profiles
is described by a single exponential decay function. A bi-exponential fit to the
anisotropy data did not improve the quality of the fitting and also, the average
relaxation time estimated from the biexponential fit is found to be almost identical
with that obtained from the single exponential fit. Interestingly, while our
observation is similar to that of Ingram et al.,® non-exponential anisotropy decay,
which could be fit to the stretched exponential function, is also reported by Ito et
al.® The rotational orientation times of the two probe molecules estimated from
the single exponential fit to our anisotropy decay profiles in [bmim][BF,] and

glycerol at different temperatures are collected in Tables 5.1. and 5.2. It is evident
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from the anisotropy decay profiles shown in Fig. 5.2. and the data presented in
Tables 5.1. and 2 that with increase in temperature as the viscosity of the media
decreases, the rotational diffusion of the solutes becomes faster. It is interesting to
note that under isoviscous conditions (maintained by adjusting the temperatures of
the solvents), the reorientation times of the probe molecules in RTIL and glycerol
are very similar. This implies that electrostatic component of the rotational
friction is negligible. This conclusion is in agreement with the recent studies.®*?
Under isoviscous conditions, that the reorientation time of ANS is less than that of
EB is consistent with the sizes of the two molecular systems (estimated van der
Waals volume of ANS and EB are 251 and 294 A® respectively. See later for
details). A careful scrutiny of the anisotropy decay profiles also reveals that in

highly viscous conditions the rotational anisotropy at infinite time (r.,) of EB is

nonzero suggesting strong interaction or attachment with the solvent. This kind of
31,32

behavior is often observed for ionic probes bound to the surfaces.

0.2 4
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0.1
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.10 15 20 0 5 10 15 =20 25 3 N
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Fig. 5.2. Anisotropy decay profiles of (a) ANS and (b) EB in [bmim][BF,] @) and
glycerol (©) under isoviscous condition (81 cP). Solid lines are the single
exponential fit to data.
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Table 5.1. Summary of the rotational data of ANS in [bmim][BF,4] and glycerol

Temperature  Viscosity®

Medium ) ) ro° Trot (NS)° Crot”
[bmim][BF4] 288 131 0.34 7.51+0.13 0.64
glycerol 318 0.31 7.60+0.15 0.72
[bmim][BF4] 298 o1 0.35 4.66+0.07 0.67
glycerol 328 0.32 5.14+0.08 0.81
[bmim][BF4] 308 18 0.35 2.72+0.04 0.68
glycerol 338 0.33 3.42+0.06 0.94
[bmim][BF4] 318 a1 0.33 1.75+0.03 0.70
glycerol 348 0.33 2.42+0.04 1.06

2 +2%, "initial anisotropy, ‘rotational time, “rotational coupling constant.

Table 5.2. Summary of the rotational data of EB in [bmim][BF4] and glycerol

Temperature  Viscosity®

Medium ) ) ro Trot (NS)° Crot’
[bmim][BF4] 288 131 0.37 25.64+1.14 1.89
glycerol 318 0.30 22.74+1.01 1.85
[bmim][BF4] 298 81 0.32 15.49+0.35 1.91
glycerol 328 0.26 15.67+0.35 2.13
[bmim][BF,4] 308 48 0.31 9.0+£0.18 1.93
glycerol 338 0.31 9.51+0.14 2.25
[bmim][BF4] 318 31 0.32 6.10+0.09 2.10
glycerol 348 0.26 6.78+0.11 2.56

2+2%, Pinitial anisotropy, ‘rotational time, %rotational coupling constant.
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Table 5.3. Properties of the solutes

van der Waals . . & Shape Boundary
Probe Volume® (A% Axial radii” (A) factor®(f) conditions® (Csjip)
ANS 251 5.72 x 3.39 x 3.09 141 0.17
EB 294 5.72 x 4.67 x 2.62 1.40 0.083

®See text for details.

In an attempt to understand the rotational dynamics of the cationic and
anionic probe molecules, EB, and ANS, respectively, we analyze our
experimental data in terms of the most commonly used model of rotational

diffusion, the Stokes—Einstein—Debye (SED) hydrodynamic theory. According to

SED
r

this theory, the reorientation time (z°= ) of a non-interacting solute in a solvent

continuum of viscosity n is given by

V
7SED _ n7

r KsT (5.1)

In this equation, V, is the hydrodynamic volume of the solute molecule,
which is a product of the van der Waals volume V of the molecule, its shape
factor f and boundary condition parameter C. kg is the Boltzmann constant and T
is the absolute temperature of the system. The shape factor f, introduced by Perrin
to take into account the nonspherical shape of the solute molecule, is a function of
the axial ratio of the semi axes and is greater than 1 for an asymmetric ellipsoid.
For a spherical solute, f is unity. The boundary conditions parameter, C is unity
when the size of the rotating solute is much bigger than the solvent molecule. This

represents the stick boundary condition. However, in the case of a solute of
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comparable size or smaller than the solvent molecule, C is less than unity and is

SED
r

commonly 0 < C < 1. Itis to be noted that the 7= given by eqn (5.1), represents

only the mechanical or hydrodynamic friction experienced by the solute molecule.

SED
r

In order to calculate the = values of the solutes, one requires the knowledge of

van der Waals volumes of the solutes. Using the Edward’s volume increment
method,® the volumes are estimated as 251 A® and 294 A® for ANS and EB,
respectively. For modeling the solutes as ellipsoids, the largest dimension, i.e. the
distance between the two furthest atoms of the solute molecule was taken as the
long axis (2a), the largest dimension perpendicular to it was considered short-in-
plane axis (2b), and the thickness of the aromatic ring was considered as out of
plane axis (2c). While a and b were estimated from the optimized geometries of
the molecules, ¢ was evaluated using the known values of V, a and b from the

relation,

V = ﬂ7zabc
3 (5.2)

The evaluated values for the probe molecules are collected in Table 5.3. Since all
three axial radii are different, each solute has been treated as an asymmetric
ellipsoid. The friction coefficients (&) along the three principal axes of rotation
for the stick and slip boundary conditions were obtained from the literature
available numerical tabulations.®**® The diffusion coefficients along the three

axes (D;) were then obtained using the Einstein relation,

KgT

D, =
S (5.3)
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Assuming that the transition dipole is along the long axis of the molecule, the
rotational times were estimated from the diffusion coefficients by the following

relation:*

1( 4D, +D, + D, ]

T, =—
12\ D,D, +D,D, + D,D, 5.4

Where, D,, Dy and D, are the diffusion coefficients along a, b and c axis,
respectively. The shape factor (f) and boundary condition for slip (Csip) were
obtained from the calculated rotational times for the stick and slip boundary
conditions. Fig. 5.3 shows the plots of experimentally measured reorientation
times of ANS in [bmim][BF,4] and glycerol versus 7/T along with the calculated
stick (upper) and slip (lower) lines obtained from the SED theory treating the
molecule as an asymmetric ellipsoid. Similar plots for EB are shown in Fig. 5.4.
According to SED theory, t, bears a linear relationship with 7/T. The linear fits to
the data are shown in Fig. 5.3 and 5.4 and the quality of the fits is evident from
the correlation coefficients given in the captions to the Figures. That the degree of
nonlinearity in these plots, particularly in RTIL, is small is also evident from the
fitting parameters (indicated below) when the data was fit to the following
|.11,12

function, t, = A(n/T)P, a procedure followed by Mali et a
ANS in [bmim][BF4],

0.94+0.007
7, =(15.81+ 0.13)(¥j (N=4, R=0.999)
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ANS in glycerol,

0.75+0.005
7, =(14.75+ 0.1)(@ (N=4, R=0.999)
EB in [bmim][BF4],
0.96+0.017
7. =(54.46 il.O?)(?j (N=4, R=0.999)
EB in glycerol,
0.79+0.028
7. =(46.28 il.?Z{?] (N=4, R=0.998)

1 {ns)
T (ns)

r

T T T T —————T T
10 20 4 39 40 10 20 , A0 40
WTmPasK X10 nTmPasK X110

Fig. 5.3. Plots of z,,vs n/T for ANS in (a) [bmim][BF,] and (b) glycerol.

Computed data are with stick (—), slip (----) boundary conditions, and

experimentally measured data (O). The linear fits [R=0.9998 (a) and 0.9991(b)] to
the data points are also shown.
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{a) {b)
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Fig. 5.4. Plots of . vs #n/T for EB in (a) [bmim][BF4] and (b) glycerol.

Computed data with stick (—), slip (----=) boundary conditions, and
experimentally measured data (O). The linear fits [R=0.9999 (a) and 0.9972(b)] to
the data points are also shown.

For both the probes, the departure from linear behavior is more pronounced in
glycerol. It is evident that rotational dynamics of the anionic probe, ANS, is in
between that of the stick and slip boundary conditions (with the behavior closer to
the stick condition). The rotational times of the cationic probe, EB, however, is
higher than that predicted by the stick boundary condition both in [bmim][BF4]
and glycerol. Behavior of this kind, known as ‘‘superstick’” behavior,® is
indicative of association of the probe molecule with the solvent. Strong hydrogen
bonding interaction of AP with alcohols is well known to give rise to this kind of
behavior in alcoholic solvents.® As EB displays superstick behavior both in RTIL
and glycerol, the strong solute—solvent association is not driven by charge—charge
interaction.

Even though a recent work™ shows that negatively charged, MPTS

follows superstick behavior, in our case only positively charged EB shows the
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superstick behavior; the negatively charged molecule, ANS, does not. This
difference in behavior can be explained considering the hydrogen bonding
interaction between the solute and solvent molecules, which is most often
responsible for strong association of the solute with the solvent and its superstick
behavior. In case of MPTS, it can enter into hydrogen bonding interaction through
its three sulfonate groups, whereas ANS can only get hydrogen bonded through
one sulfonate group, that too if the -NH moiety is not intramolecularly hydrogen
bonded to the former. Clearly, ANS will experience less friction compared to
MPTS. The work of Mali et al.* on a neutral solute, 9-phenylanthracene (9PA),
which has molecular dimensions similar to our systems, in [bmim][PF¢] and
glycerol, has indicated that 9-PA follows slip behavior in [bmim][PFg], but in
glycerol its rotational time is two-fold higher than that predicted by the slip
behavior, even though hydrogen bonding interaction is absent in this solvent.
Under viscosity normalized conditions, the rotational time of 9PA is 40 to 60%
longer in glycerol than [bmim][PFe¢]. This has been explained taking into
consideration the difference of the volume of the solvent molecules in two cases.
A larger volume of the ionic constituents of the RTILs offers less friction for the
solute rotation compared to glycerol. Further insight into the nature of association
of EB with glycerol and [bmim][BF,] can be obtained from the hydrogen bond
donating ability of the solute and the hydrogen bond basicity (b) of the solvents.
Literature suggests that EB is indeed a hydrogen bond donor to solvent molecules
that can act as hydrogen bond acceptor, such as water, ethanol, acetone, etc.*’
This hydrogen bonding interaction of EB is mediated through the four acidic
hydrogens of the amino functionality.®” As EB is known to form hydrogen-
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bonded complex with water, which has a ‘b’ value of 0.47,% it is understandable
why it would be associated with another hydroxylated solvent glycerol or ionic
liquid, [bmim][BF4], which is characterized by ‘b’ value of 0.38,*° through
hydrogen bonding interaction. In this context, we take into account the findings of
Kurnikova et al.** who studied the rotational diffusion of cationic (thionine),
anionic (resorufin) and neutral (resorufamine) probes of similar size in
dimethylsulfoxide (DMSO) and found that resorufin follows slip boundary
condition, resorufamine shows in-between slip and stick boundary conditions,
whereas the positively charged molecule, thionine shows superstick behavior.
This observation was rationalized by molecular dynamics studies that indicated
the importance of solute-solvent hydrogen bonding interactions over the
electrostatic interaction in determining the structure and dynamics of the system.
Thionine was found to be associated with the solvent through hydrogen bonding
interaction much more strongly compared to the other systems and this

association was reflected in the rotational time. We have also calculated the

rotational coupling constant (Cy) defined as,C,,,=7,,/7

rot stick

where, ty; IS
experimentally measured time and t;c« obtained from the following relation.
Vi n

T..: =
stick
KgT

(5.5)

Crot Values are gathered in Tables 5.1 and 5.2. For both the molecules, the
rotational coupling constant is slightly higher in glycerol compared to RTIL.
Under isoviscous condition, the C, value of EB is almost 3 times higher than that
of ANS, indicating that EB is far more associated than ANS in both RTIL and
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glycerol. As the C,y value essentially represents the ratio of the hydrodynamic
volume and van der Waals volume of a solute, it is apparent from the C, values
that the hydrodynamic volume of EB is nearly twice its van der Waals volume. As
far as the extent of association is concerned, the behavior of EB is similar to that
exhibited by AP in protic media.

5.3.2. Solvation Dynamics

Wavelength-dependent decay profiles, which are a typical signature of
slow solvation dynamics, have been observed for both the systems.
Representative wavelength-dependent decay behavior is illustrated in Fig. 5.5.
When monitored at the shorter wavelength region, only monotonous decay is
observed, while at the longer wavelengths, the time profiles consist of a slow rise
followed by the decay. The time-resolved emission spectra (TRES) have been
constructed by fitting the individual decay curves to a multi-exponential function
followed by normalization of the decay traces by steady-state spectra, by a
procedure described in Chapter 2. The TRES for EB and ANS at different time
intervals are shown in Fig. 5.6. In both cases, a time-dependent solvent mediated

relaxation of the excited state is observable.
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Figure 5.5. Wavelength-dependent decay profiles of (a) ANS at (i) 450 nm, (ii)
490 nm, (iii) 550 nm, (iv) 610 nm and, (b) EB at (i) 550 nm, (ii) 590 nm (iii) 630
nm, (iv) 670 nm in [bmim][BF,4]. The lamp profiles are shown as dashed line.

- ’ r r 0.0k Y r y r
16000 18000 20000 22000 14000 15000 16000 17000 18000
A -
Wavenumber {(cm ) Wavenumber (cm™)

Fig. 5.6. TRES of (a) ANS at (m) 0 ps, (0) 50 ps, (%) 250ps, (a) 500ps, (¢) 2.0 ns

and, (b) EB at (m) 0 ps, (©) 100 ps, (*) 250 ps, (&) 500 ps, (¢) 2.0 ns in
[bmim][BF4]. All spectra are normalized at the corresponding peak maxima.

The total observed shift of the time-dependent emission peak calculated from the

difference between the frequencies of the measured spectra at zero time, t(0), and

103



Solute Rotation.... Chapter 5

infinite time, t(c0), is found to 1397 and 864 cm™ for ANS and EB, respectively. It
is evident that due to the finite time resolution of our experimental setup (40-50
ps), we might have missed the ultrafast portion of the dynamics, if any, in our
measurements. An estimate of this missed component of the dynamics is obtained
following the procedure of Fee and Maroncelli.** In this procedure, the exact time

zero frequency, v, (0), is calculated from the steady-state absorption, v (abs),
and fluorescence, v (em), using Eq. (5.6),

Vea (0) = 7, (abs) — |7, (abs) ~ ¥, (em) (5.6)

where the subscripts, p and np, refer to the peak frequencies (in cm™) in polar and
nonpolar solvent, respectively. The extent of the missing component is then

determined by the value of (v, (0)—v(0))/(v, (0) —v(x) ). We have calculated

the missing component for ANS using cyclohexane as the nonpolar solvent, and
the literature data on the steady-state absorption and emission.* In the present
case, the estimated value of the missing component of the dynamics with ANS is
found to be as high as ~60 %. As EB is highly insoluble in nonpolar solvents such
as hexane and cyclohexane, the spectral data of the system could not be collected
in these solvents and hence, the missing component for this system could not be
estimated. The time constant for the observable part of the solvation dynamics has
been calculated from the peak frequencies at various times obtained from the
lognormal fits to the TRES. A spectral shift correlation function, C(t), is defined
in terms of the peak frequencies at various times as Eq. (5.7),

CH)=[v(®) —v () )/[v(0)-v(x)] (5.7)
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where ¥ (t), v(0), and (o) are the peak frequencies (in cm™) at times, t, 0, and

oo following laser excitation of the probe molecule. The calculated C(t) values at
different times are then plotted against time and fitted to a biexponential function
of the form, C(t) = azexp(-t/t1) + aexp(-t/t2), where 11 and 1, are the solvent
relaxation time and oy and ay are the normalized pre-exponential factors. The C(t)
versus time plots for both the probe molecules are shown in Fig. 5.7(a) along with
the best biexponential fits to the data. The fitting parameters suggest the fits to be
quite good. The average salvation time for ANS is estimated to be 0.78 ns with
the short and long time constant as 0.28 ns and 1.45 ns, respectively. On the other
hand, the average salvation time for EB is 1.63 ns with the short and long time
constant of 0.51 ns and 2.55 ns respectively. In this context, we have also
examined the correlation of the Stokes shift data with time according to the
stretched exponential function given below, as often followed by Maroncelli and

his co-workers® to obtain the average solvation time,

V(t) =v () +Av exp(—(t/z,)")

C(t) = (~(t/7,)") (5.8)
where Av = v(0)—v(x), and 0 < B < 1, and the average time of solvation is
given by

() == [FO -] dt="r(8")  (59)
Av 'y Ysi
where, I is the gamma function. Representative stretched exponential fits to our
data according to this equation are shown in Fig. 5.7(b) and the average solvation

times obtained from this analysis are given in Table 5.4. It is clearly evident that
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the stretched exponential fits to the data are not satisfactory for both the probes.
Hence, it can be concluded that the time-resolvable part of the solvation dynamics
of both ANS and EB in [bmim][BF4] is biphasic in nature.

. 1.0
1 ANS _ EB L (b) ANS  EB
; R'=0.0908 0.9997 [ B =082 0.79
0.8 R'=0.950 0.955
0.6
=
© 04
0.2
] "og fog
2 Wu%”a”“ [
. . . : . . "oaieh v on o 0.0 T T T ?ﬂ?_n_n,n.n_
0 1 2 3 4 5 0 1 2 3 4 5
Time (ns) Time (ns)

Fig. 5.7. Decay of the spectral shift correlation function, C(t), of ANS (O) and
EB(O) in [bmim][BF4]. In (a) the solid lines represent the biexponentioal fit to
the data and, (b) the solid lines represent the stretched-exponential fit to the data.
R? denotes the correlation coefficient.

Table 5.4. Solvent relaxation parameters of the two probes in [bomim][BF4]

Decay parameters Observed

Decay parameters from from stretched shit

: g
probe biexponential fit exponential fit® (507 ()]
uns (@)  t/ns(a)  Ta/NS B Teon® /NS cm?
ANS 0.28(0.57) 1.45(0.43) 0.78 0.82 0.56 1397
EB  0.51(0.45) 254(0.55) 1.63 0.79 1.21 864

2using, C(t) = a,exp(-t/ty) + aexp(-t/t,). "Average solvation time, T,, = a,7; + a,7, Where, a; + a, =
1, experimental error £5%. The numbers in the parenthesis indicate the weighted amplitude.
“Using equn. (5.8). “Using equn (5.9).
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While some variation of the average solvation time depending on the
probe molecule is not uncommon, nearly 2-fold variation of the average solvation
time, as observed in this case, with the two probes, is somewhat unexpected and
perhaps deserves some attention. In a similar study, Paul and Samanta'® have
observed probe dependence of the solvation time due to specific hydrogen
bonding interaction of the probe with one of the constituting ions of the ionic
liquid. Since EB is well known for its hydrogen bonding interaction and we have
speculated that this interaction is possibly responsible for the large difference of
the solvation times obtained with the two probe molecules is perhaps due to the

influence of the hydrogen bonding interaction.

5.4. Conclusion

Time-resolved fluorescence anisotropy measurements on the cationic and
anionic solutes, EB and ANS, respectively, do not reveal any electrostatic
interaction between these ionic solutes and the ionic constituents of the ionic
liquid that influences the rotational dynamics of these molecular systems. Instead,
the rotational behavior of these ionic solutes is found very similar in ionic liquid
and glycerol under isoviscous condition. Interestingly, an analysis of the
rotational times using the Stokes-Einstein-Debye theory reveals that EB is
strongly associated with both glycerol and [bmim][BF,]. Hydrogen bonding
interaction between the EB and the solvent appears to be the mechanism of
solute-solvent association. Solvation dynamics studies also did not reveal any
influence of the electrostatic interaction between the charged solutes and ionic
liquid.
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Chapter 6
Solvation and Rotational Dynamics of C153 in N-alkyl-N-
methylmorpholinium lonic Liquids

In the present work, temperature and excitation wavelength dependent steady-
state and time-resolved fluorescence response of C153 have been studied in a
series of four N-alkyl-N-methylmorpholinium ionic liquids to understand the
physicochemical properties of these RTILs. The steady-state spectra have been
exploited for the estimation of the polarity of these RTILs. Temperature and
excitation wavelength dependent steady-state emission spectra indicate the
domain structure of these RTILs. The time-resolved fluorescence anisotropy
measurements substantiate the domain structure of these RTILs. Solvation
dynamics study at isothermal condition indicates that the solvation process is
governed by the bulk viscosity of the medium and size of the ionic constituents of
these RTILs.

6.1. Introduction

The room temperature ionic liquids (RTILS) continue to attract a great deal of
attention primarily because of the fact that only a very few of the large number of
possible RTILs have so far been studied.’” Additional factor contributing to the
vigorous activities with these substances is the complex nature of these materials
and the findings that the physicochemical properties of even some of the
extensively studied RTILs such as those based on imidazolium, ammonium,

phosphonium, pyridinium and pyrolidinium cations are not fully understood.®* It



Solvation and Rotational.... Chapter 6

is thus evident that the intensity with which the ILs are being studied currently
from different directions will last for quite some time. ILs based on the N, N'-
dialkylimidazolium salts have thus far been the most widely studied because of
their favorable physical properties. However, considering the high cost of
industrial scale synthesis of these salts, the focus seems to be shifting gradually
towards other less expensive alternatives such as the morpholinium ILs, which are
not only cheap and easy to develop, but also possess good physicochemical
characteristics.***’

In this work, we attempt to explore some of the physicochemical
properties of largely unfamiliar four different N-alkyl-N-methylmorpholinium
ILs, abbreviated as [Mory,][Tf:N], [Mory4][Tf2N], [Moryg][TfoN] and
[Mor;g][Tf.N] (Chart 6.1), consisting of N-alkyl-N-methylmorpholinium cation
with four different alkyl chain lengths and an identical anionic component,
[Tf,N] , by probing the steady-state and time-resolved fluorescence behavior of a
dipolar solute, C153, whose fluorescence properties in conventional solvents and

several RTILs are very well understood.*®? The physicochemical properties of a

s )

)
N S

9 % o—R

F3C\g/N\g/CF3

Il I

o ]
R=-CH,, Mor; ,Tf,N
-C3Hy, Mory 4Tf,N
-CsHqq,Mor, TN
-C7Hq5,Mor gTf;N

ILs C153 /

Chart 6.1 Chemical formula and abbreviations of RTILs and probe molecule.
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RTIL strongly depend on the constituent ions. A gradual variation of the length of
the alkyl chain attached to one of the constituent ions is expected to vary
systematically the properties of the RTILs that we attempt to capture in this work.
While the room temperature measurements reveal the influence of viscosity of
these RTILs on the fluorescence response of C153, the experiments performed
under an isoviscous condition, maintained by heating the RTILs to different
temperatures, help identifying the factor(s), if any, other than the viscosity of the
medium that may influence the fluorescence behavior of the probe molecule. In
addition to probing the steady-state fluorescence response of C153 in these
RTILs, we study its time-resolved behavior, from which we extract information
on the dynamics of solvent reorganization and solute rotational diffusion, which is
crucial to the understanding of the physicochemical characteristics of the media
and their utilization.?*?* As solvation leads to considerable Stokes shift of the
fluorescence spectrum of a dipolar molecule in a polar medium, the solvation
dynamics is most commonly studied by measuring the time-dependent Stokes
shift of the fluorescence maximum of a dipolar probe molecule following its
electronic excitation using a short pulse of light.>*** A large number of
experimental and theoretical studies on solvation dynamics in various RTILs
highlight both the importance of the process and its complex nature, 12202549
The rotational diffusion of a solute molecule, which is commonly investigated by
studying the time-resolved fluorescence anisotropy of the solute, is also known to
provide important information on the nature of solute-solvent interaction in these

media. Hence, several studies dealing with the rotational motion of solutes in
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RTILs have been made in recent years employing a variety of probe molecules
and RTI LS.29-31’34' 38,39,50-56

Several experimental and theoretical studies in recent years, have
indicated that most of the N-alkyl-N-methylimidazolium RTILs are not
homogeneous structureless liquids, but possess an organized domain-like
structure formed by the segregation of the alkyl chains on one hand and the
charged components on the other.>”® An important aspect of this work, which we
investigate, is the structural heterogeneity of these RTILs. As the long alkyl
chains are known to contribute to the heterogeneity of the RTILS, we have chosen
four different alkyl chains to understand the heterogeneity of the N-alkyl-N-
methylmorpholinium RTILs.

6.2. Steady-state Measurement

6.2.1. Steady-state absorption and emission. The room temperature (25 °C)
absorption and emission spectra of C153 in four morpholinium RTILs are shown
in Figure 6.1. Even though the absorption maximum (A2 ) of C153 in these
RTILs appears at the same wavelength (ca. 425 nm), the emission maximum (
A, ) shifts towards the shorter wavelength with increase in the chain length of
the cationic component of the RTIL. One can observe ~15 nm blue-shift of the

Amax ON changing of the solvent from [Mory,][TfN] to [Mors g][Tf.N]. The shift

of the Aq, is most prominent when the solvent is changed from [Mor 2][Tf;N]
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to[Mor,4][Tf,N]. However, on changing the solvent from [Mory4][Tf2N] to
[Mory g][Tf,N], a small shift of A7, is observed.

i ~15 nm
10 (a) 1.04 (b) - Morw‘z TEN
—_ ] 5 - - Mor , TIN
- . I !
S 0.8+ 30 I ) q‘-f.{"r'\ Mor,  TEN
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© 0.6
G0 =06 i R
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Fig. 6.1 Normalized absorption (a) and fluorescence (b) spectra of C153 in four
different morpholinium RTILs at 25 °C. Aex. for the emission measurements is 405
nm.

That the 22> of C153 appears at the same wavelength in four different

ax

RTILs but the A7, is sensitive to the variation of the alkyl chain length of the

ax

cation, is consistent with the more polar nature of the emitting state of C153
compared to the ground state.'® It is evident from the A™ values that C153

experiences a less polar environment in RTILs comprising a higher alkyl chain
length. This is perhaps a reflection of the fact that a longer alkyl chain length of
one of the constituent ions implies a larger volume of the nonpolar region.

As C153 is a polarity sensitive probe, one can attempt to estimate the

microscopic polarity experienced by the probe in these RTILs from its

fluorescence energy (v, ). By measuring the v values of C153 in several
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conventional solvents of known polarity (Et(30)) and then using the linear

—em
Vmax

correlation between and E1(30) and the measured v, values in RTILS, one

ax

obtains E+(30) values (Table 6.1) of 45.1, 45.8, 47.0 and 48.5 for [Mory g][Tf2N],
[Mory6][Tf2N], [Mory4][Tf;N] and [Mor;,][Tf.N], respectively. It thus appears
that the polarity of the long chain containing RTILs, [Moryg][Tf,N] and
[Mor; g][Tf,N] is comparable to that of acetonitrile [E1(30) = 45.6], whereas the
polarity of the two short chain containing RTILs, [Mory2][TfoN] and
[Mor 4][Tf,N] is similar to that of long chain alcohols such as 1-octanol [E(30) =
48.1] and cyclopentanol [Er(30) = 47], respectively.®® These values are slightly
lower than those for the corresponding imidazolium salts.*>®® However, we show
that these values do not correctly represent the true polarity of these RTILs in the
following section (Section 6.2.2), where the basis of this statement and the correct
polarity estimates of these RTILs are presented.

6.2.2. Temperature dependence of the emission spectra. Temperature
dependence of the emission spectrum of C153 in four RTILs has been studied
over a range of 50 °C from 25 to 75 °C. As can be seen from Figure 6.2 and the
data presented in Table 6.1, the A values shift towards a higher wavelength
with increase in temperature. The extent of shift is dependent on the RTIL and the
effect is more pronounced in RTILs consisting of cation with a higher chain
length. For example, for a change of temperature from 25 to 55 °C, the shifts of
the emission maximum observed are 105, 180, 220, and 290 cm™ for
[Mory2][Tf2N], [Mory4][TF2N], [Mory6][Tf2N] and [Moryg][Tf.N], respectively.
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No further shift of the emission maximum is observed for increase of temperature

beyond 55 °C.
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Fig. 6.2 Temperature dependence of the fluorescence maximum (Aexc= 405 nm) of

C153inthe R

TILs.

Table 6.1. Temperature Dependence of the Steady-state Fluorescence Data of the
Probe Molecule (C153) and Estimated Polarity of the RTILs

Temp. _[Morio][TN]  [Moria][TfaN]  [Morye][TfN] — [Moryg][TfoN]
‘c) g EB0°  pmx Eq(80)7 pmx B30 jmec  Er(30)°
25 18830 485 19080 47.0 19230 45.8 19340 451
35 18760 - 18975 - 19160 - 19230 -
45 18725 - 18900 - 19050 - 19160 -
55 18725 - 18900 - 19010 - 19050 -
65 18725 - 18900 - 19010 - 19050 -
75 18725 49,3 18900 48.1 19010 47.3 19050 47.1

®Estimated from the calibration curve obtained by plotting the fluorescence maxima of C153
against known E+(30) values in conventional solvents.

An increase in temperature commonly results in a blue-shift of the A7 of

dipolar molecules in conventional solvents due to a decrease of the polarity

(dielectric constant) of the medium.®” Hence, the observation of a red shift implies
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that the effect of temperature induced small change in polarity of the ILs is
masked by other factor, which produces a larger effect of an opposite kind. The
viscosity of a medium is lowered at higher temperatures, but such change does not
commonly affect the fluorescence peak position of a system in conventional

solvents. However, the effect of temperature (T) on the viscosity (7 ) of the

medium is much more pronounced in the case of RTILs. The measured viscosities
of the four RTILs at various temperatures are shown in Figure 6.3 along with the
curves representing the fits to the Vogel-Fulcher-Tamman equation,®®
n=m,ep[B/T -T)] (6.1)

where, 7,, B and T, are fitting parameters that depend on the RTIL. The high
viscosity of the RTILs and its strong temperature dependence can account for the
temperature dependent shift of A7 of C153. It is well known that solvent
reorganization around a photoexcited dipolar molecule is a slow process in RTILS
due to the high viscosity of these media.'****® As a consequence, the molecules,
particularly those having fluorescence lifetime (tf) shorter or comparable to the
solvation time (<ts>), may not be able to emit from the completely solvated
excited state at lower temperature. However, at higher temperature, due to a
reduction of the viscosity of the medium, the solvation becomes faster thereby
allowing the molecules to emit from a more relaxed state. This can account for the
observed temperature dependence of the A7 values of C153 in the present ILs. In
this context, we note that a red shift of the kind described here is reported in
highly viscous (1 = 800 - 900 cP) ammonium RTILs,* but we are not aware of

any similar report in imidazolium RTILs probably because the imidazolium
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RTILs, in which the fluorescence behavior of C153 has been studied so far, are

not so viscous that the condition <tso> > 14 IS Satisfied.

L] MorLZTfZN
e Mor,  TfN

Mor, TEN

16 2

v Mor, TfN

18 "2

100 4 \‘\I\‘\

300 310 320 330 340
Temperature (K)

Viscosity (cP)

Fig. 6.3. Measured viscosity of the morpholinium ILs at different temperatures.
The solid lines represent the fits to the experimental data points according to VFT
equation.

The finding that even probes like C153, which has a relatively long
fluorescence lifetime (1:= 4.8 — 5.2 ns), does not emit from the fully solvated state

in morpholinium RTILs implies that the polarities of these RTILs estimated from
the measured v.; values at room temperature in Section 6.2.1. do not represent
the correct values. However, as a constant value of v is reached at higher

temperatures (Table 6.1), it can be assumed that C153 emits from the fully

solvated state under these conditions and one can then use the higher temperature

values of v > for the polarity estimation. The E(30) values estimated from the
higher temperature values of v for [Morio][TfoN], [Mory4][Tf2N],

[Mory6][Tf.N] and [Mor;g][Tf.N], which represent the actual polarity of these
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media, are 49.3, 48.1, 47.3 and 47.1, respectively. As these numbers are similar to
those for the imidazolium RTILs with similar alkyl chain length, we conclude that
the polarities of the morpholinium RTILs are comparable to those of the
corresponding imidazolium RTILs.**%

6.2.3. Excitation wavelength dependence of the emission spectra. The
fluorescence behavior of C153 stated above has been measured for an excitation

wavelength of 405 nm. We found that the spectral behavior remains same as long

as the excitation wavelength was <12 . However, for excitation wavelength

corresponding to the tail part of the first absorption band, a red shift of the A7,
value is observed on increase of the excitation wavelength. This excitation

wavelength dependent variation of A7 is shown in Figure 6.4. As can be seen,

ax
the excitation wavelength dependence is most pronounced in ILs having a long
alkyl chain length. It is also seen that this excitation wavelength dependence is

significantly lowered with increasing temperature (Figure 6.5).

540

- g% ™|lsss
S O——a
©
~ oo D-D—D—D— ©
> 1530 —
k= o
(]
() [
8 | a2 L5255
S ||o mof TEN[O-O-- -2k v ES
- - <
; or, TEN
I.I>j 14 fz v v L 520
MorLET N _V_V_V_V_ o N
[T+ Mor, TEN
: 515

340 360 380 400 420 440 460 480 500
A, /Wavelength (nm)

Fig. 6.4. Excitation wavelength dependence of the emission maxima of C153 in

the ILs (at 25 °C). Also shown in the figure, a typical fluorescence excitation

spectrum of C153 in these RTILs.
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Fig. 6.5. Excitation wavelength dependence of the fluorescence maxima of C153
in [Mory g][Tf,N] at different temperature.

It is documented that some dipolar molecules, when excited in their red
edge of the first absorption band, display excitation wavelength dependent
fluorescence spectra, which is known as red edge effect (REE).*® However, unlike

11,70,71 as its

a few other molecules C153 does not exhibit REE in imidazolium ILs,
fluorescence lifetime (tf = 5.6 ns) is considerably higher than the average solvent
relaxation time (<ts> = 1.4-2.1 ns) of the ILs.”* The observation of REE of C153
in morpholinium ILs, which is more pronounced in the case of long alkyl chain
containing RTILs, is quite surprising as the fluorescence lifetime of C153 in these
liquids (t¢= 4.8 — 5.2 ns) is still much higher than the estimated solvation time in
these solvents.’? Considering this factor and noting that REE of C153 in a highly
heterogeneous medium is recently reported,” we think, the excitation wavelength
dependent emission of C153 in these morpholinium RTILs is due to the

microheterogeneous nature of these media and that is more prominent in case of
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long chain containing RTILs. It is obvious that the heterogeneity of these media
arises from the segregation of the polar (the ionic constituents) and nonpolar (the
alkyl chain) components of the RTILs forming polar and nonpolar domains to
which C153 is distributed. The lack of interaction between the molecules from
different domains gives rise to emission that is dependent on the kind of
molecules excited rather than that by the molecules with the lowest singlet state
energy. With increase in temperature as the domain structure is partially
destroyed, the excitation wavelength dependence decreases or disappears.
Therefore, the excitation wavelength dependent fluorescence behavior of C153
and its temperature dependence suggest that the morpholinium RTILs are more
heterogeneous than the imidazolium RTILs of comparable viscosity.

A comparison of the excitation wavelength dependence data of C153 in
four RTILs under isoviscous condition also presents a similar picture (Figure 6.6).
Under this condition one expects C153 to display similar excitation wavelength
dependence in all RTILs. However, Figure 6.6 shows that this is not the case. The
fact that the RTILs with a longer alkyl chain length exhibits a more pronounced
excitation wavelength dependence compared to the other RTILs with shorter alkyl
chain length under an isoviscous condition, can be explained only in terms of

domain-like structures for the RTILs.
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Fig. 6.6. Excitation wavelength dependence of the emission maxima of C153 in the
RTILs (under isoviscous condition, 1 = 130 cP)

6.3. Time-Resolved Measurement

6.3.1. Rotational Dynamics: The time-resolved fluorescence measurements have
been performed under both isothermal and isoviscous conditions. The
measurements under the isothermal condition is performed at 40 °C instead of
room temperature (25 °C) as the decay kinetics were found too slow to be
estimated accurately at room temperature, particularly in the case of long chain
containing RTILs. The rotational diffusion of the probe molecule has been studied
by following the time-dependence of the fluorescence anisotropy of the system.
Representative fluorescence anisotropy decays of C153 in four RTILs are shown
in Figure 6.7. Even though these profiles are better described by a bi-exponential
function, the average reorientation time obtained from such analysis was found to
be not very different from that obtained from the single-exponential fits to the
data. The measured rotational time constants of the molecule in different RTILS
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are collected in Table 6.2 together with the solvent viscosity. As can be seen,
under isothermal condition, the rotational relaxation time of C153 increases with
increasing viscosity (or chain length) of the ionic liquid. However, in highly
viscous [Moryg][Tf.N] and [Moryg][TT,N], the rotational time constants are very

similar.

(a) o Mor,, Ti[,N , (b) = Mor, ,TE,N
a MnrquzN 0_3_ @ M°r1.4szN
Mor, | Tf.N y Mor, Tf,N
> Mor,, TEN B Mor, ,TEN
024 3

r(t)
r(t)

5 10 15 0 5 10 15
Time (ns) Time (ns)

Fig. 6.7. Plots of anisotropy decay profiles of C153 in the RTILs at (a) isothermal
(40 °C) and (b) isoviscous (n = 130 cP) condition. Solid lines represent the fit data
to decay profiles.

According to the Stokes-Einstein-Debye (SED) hydrodynamic theory,?%

at any given temperature (T), the reorientation time of a solute rotating in a
solvent continuum is proportional to (1/n), where, n is the viscosity of the
medium. Hence, in the absence of any specific interaction between the solvent
and probe molecule, the observations of a very similar reorientation time of C153
in two highly viscous RTILs, [Moryg][Tf.N] and [Moryg][Tf.N], whose bulk
viscosities differ by 34 cP, and also, a faster rotation of the probe in these media
compared to that in two less viscous RTILS, [Mor,][Tf.N] and [Mor; 4][Tf2N],
are contrary to the SED hydrodynamic prediction. These results can only be

124



Solvation and Rotational.... Chapter 6

understood when these RTILs, in particular, those with the long chain lengths, are
considered to be structured liquid rather than a continuum, as assumed in the SED
theory. The results suggest that the microviscosity around the probe molecule is
lower than the bulk viscosity of the medium.

These results can also be analyzed from another angle. As Cit = 1
(expt)/z(theo), it is a measure of the association of the solute with the solvent
molecules or a ratio of the actual hydrodynamic volume to the stick
hydrodynamic volume. Other factors remaining same, an increase in the size of
the solvent molecule due to an increase in the alkyl chain length is expected to
increase the C,y value. However, this is not the case here (Table 6.2). The Co
values indicate a lesser degree of association with increase in the size of the
solvent. This can only be explained if there occurs a phase separation into
hydrophobic and hydrophilic domains with increase in the size of the solvent and

localization of the probe molecule in the nonpolar domain.

Table 6.2. Rotational Relaxation Time of C153 in Different ILs at Isothermal (40 °C) and
Isoviscous (n = 130 cP) Condition

ILs Viscosity® o> Cwot  Viscosity” <Tro>” Crot
(cP)  (T=40°C) (cP) (Isoviscous)
[Mor, ;][ Tf,N] 82 4.3 0.55 5.9 0.46
[Mor, 4][TT,N] 157 5.9 0.39 5.5 0.45
130
[Mory ][ Tf,N] 180 6.4 0.37 5.4 0.44
[Mor g][TEN] 214 6.2 0.30 4.7 0.39

?At 40 °C, estimated from the plots shown in Fig. 3. "Average rotational time (ns), <tro> = 17,1 + a,T;, Where,
ap + a = 1, #5%. Croy = 7, /1. 9YExperimentally measured viscosity at 32, 43, 45 and 47 °C for
[Mory ][ T,N], [Mory 4][TF,N], [Mory ¢][Tf,N] and [Mor, g][Tf,N], respectively.
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The anisotropy decay profiles were measured and the rotational time
constants are estimated (Table 6.2) also under an isoviscous condition (n = 130
cP) by heating the four RTILs to different temperatures. As can be seen from
Table 6.2, C153 shows similar rotational relaxation time constant except in
[Mor; g][Tf.N], where a relatively faster decay of the anisotropy is observed. The
observation seems to imply that the microheterogeneous domain structure of
[Mory g][Tf,N] still persists even at a higher temperature (47 °C) and C153 is

located in a region which is less viscous than the bulk viscosity of the medium
(130 cP).

m Mor12
® Mor14
Mor16
w Mor18
—-— Stick
—-—slip

0.1 , 1
n/T (mPas K")

Fig. 6.8. Plot of rotational time constant (t,) versus »/T in different ionic liquids.
The slip (solid) and stick (dash) lines are computed by using the V =246 A® =
1.71, C = 0.24 (taken from ref. 35)

Apart from the studies carried out under isothermal and isoviscous
conditions, we have measured the temperature dependence of the rotational
relaxation time constant over a wide range of temperature (25 — 65 °C) in these
ionic liquids. The results are depicted in Figure 6.8. The plot of 1, versus n/T

indicates that the t, values of C153 lie between the slip and stick boundary
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condition of the SED theory. It is interesting to note, however, the deviation from
the linearity in long chain containing ionic liquids. The degree of the nonlinearity
in each set is evident from the fitting parameters, when the data is fit to t, =
Anm/T)".
C153in [Morlyz][ngN]
0.92+0.012
7 = (14.25i0.25)(¥j (N=4, R=0.9997)
C153 in [Mory 4][Tf2N]
0.67+0.03
7 = (8.8010.17)(?) (N=5, R=0.9959)
C153in [Morlye][ngN]
0.48+0.08
7, =(7.31+ 0.50)(@ (N=5, R=0.9311)
C153in [MOI’lyg][szN]

0.54+0.05
7. =(7.20+ 0.30)@) (N=5, R=0.9777)

Except for [Mory2][Tf2N], the p values for these ionic liquids lie between 0.48 to
0.67. This is contrast to the findings of most of the rotational dynamics studies in
ionic liquids, which report p values close to 1.°°%° It is also known that the ‘p’
values are close to 1 for all common organic solvents except for higher n-alkanes,
where this value is around 0.63.”*" The deviation in the plot of T, versus 7/T from
the slip boundary condition at low temperature and a decrease in the coupling
constant (Crot = Tr/Tstick ) for long chain containing ionic liquids is similar to the
rotational behavior of C153 in higher n-alkanes,”* which was attributed to

inefficient solvent packing around the rotating solute. In another study, a very
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similar rotational behavior of C153 in molten salt is explained in terms of the
domain structure of the medium at low temperature.”® Considering these literature,
we explain our results in terms of the heterogeneity of the ionic liquids, where a
domain structure is formed by the alkyl group of the ionic liquids in one hand and
charged constituents of the ionic liquids on the other.”®* It appears that with
increase in the chain length of the ionic liquids the probe molecule prefers to
reside in the nonpolar domain, formed by the alkyl group and this is why a
deviation from the SED model, similar to that observed in higher n-alkanes, is
observed in long chain containing ionic liquids.

Though excitation wavelength dependent study is another approach to

probing the heterogeneity of the medium,®

in the present case, an excitation
wavelength dependent study (Aexc = 375, 405 and 439 nm) did not show any
significant variation of the rotational time constant. However, from this
observation we cannot comment on the presence/absence of the heterogeneity of
these ionic liquids mainly because as we could not excite at the red-edge of the
absorption band of the molecule with these wavelengths. One needs to use longer
wavelength excitation and carry out experiments with additional probe molecules
to arrive at a definite conclusion.

6.3.2. Solvation Dynamics: The time-resolved emission spectra of C153,
constructed from the wavelength dependent fluorescence decay profiles according
to the procedure described in Chapter 2, show time-dependent shift of the
emission maximum from higher energy to the lower energy (Figure 6.9)
indicating slow solvent-mediated relaxation of the excited state of the probe. The

total time-dependent Stokes shift estimated from the measured wavenumbers
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corresponding to the fluorescence maxima at zero and infinite times, are found to
be 1045, 1235, 1140 and 1360 cm™ at 40 °C for [Mor, 2][Tf,N] to [Mor. g][Tf.N],
respectively. The ultrafast component of the dynamics, which is missed here due
to the finite time-resolution of our single photon counting setup is estimated by
calculating the expected time-zero spectrum using a literature procedure.”® The
missing component of the total solvent reorganization dynamics is ~ 40-60% and
found to be dependent on the chain length of the cation (Table 6.3). The results
suggest that at a given temperature, the missing component of the total solvent
reorganization dynamics decreases with increase in the alkyl chain length of the

ionic liquid.

time

Intensity (a.u.)

18000 20000 22000
Wavenumber (cm™)

Fig. 6.9. Normalized TRES of C153 in [Mor; ,][Tf,N] (at 40 °C) (m) 0 ps, (©) 100 ps, (*)
250 ps, (&) 1000 ps, (<) 2000 ps.

0.01—
16000

The time constant of the observable, slow component of the solvent
reorganization dynamics is estimated by measuring the peak frequencies of the
spectra at various times (t = 0, t and o) and then analyzing the time-dependence

of the spectral shift correlation function, C(t), defined as
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CH)=[v(t)-v (o) V[V(0) -V (o) ] (6.2)

The time dependent decay of C(t) was found to be better described by a bi-
exponential function of the form, C(t) = aexp(-t/t1) + azexp(-t/t2), t1 and 1, are
the solvent relaxation time and o; and o, are the normalized pre-exponential
factors. Representative plots of the data and bi-exponential fits to those are shown
in Figure 6.10. The individual fast and slow components of the dynamics along
with the average values of the solvent relaxation times are collected in Table 6.3.
It is evident that both the fast and slow components of the dynamics depend on
the chain length of the cation and with increasing viscosity of the medium the
dynamics becomes slow. It can also be seen (Table 6.3) that the average solvent
relaxation time increases with the increase of the substituted alkyl chain length i.e.
viscosity of the medium. The correlation between average solvation time and the
viscosity of the RTILs is illustrated in Figure 6.11.

1.04y (a) o MorL2 szN 1.0 k (b) o Morﬂl2 szN

4 o Mor, TN i o Mor  TfN
0814 Mor,  TEN| 0874 Mor, , TF,N
06 ] v Morm szN .': v Mor . szN

Time (ns) Time (ns)

Fig. 6.10. Decay of the spectral shift corelation function, C(t), in different ILs at ()
isothermal (40 °C) and (b) isoviscous (n = 130 cP) condition. Solid lines represent the
bi-exponential fits to the data points.
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80 120 160 200
Viscosity (cP)

Chapter 6

Fig. 6.11. Viscosity dependence of the average solvation time in the ILs. The data points
presented here were collected at 40 °C. Solid line represents the linear fit to the data

points.

Table 6.3. Solvent Relaxation Parameters Estimated from the TRES of C153 at

Isothemal Condition (40 °C)

Relaxation Data” _ _
RTILs Viasé:é)s)ity 7 (&) T2 (22) Tool - ' (02 Sa?fste(rxeg C'\:/“SS.d
sol (cm™) )(Cm'l) om.
Mor,TEN 82 0.14(062) 087(0.38) 041 19685 1045 60%
Mor THEN 157  0.17(058) 142(042) 069 20015 1235 50%
MorcTEN 180 024 (053) 2.05(047) 109 20020 1140 52%
MorsTEN 214 0.25(053) 250(047) 131 20250 1360 43%

At 40 °C, estimated from the plots shown in Fig. 3. "Using C(t) = a;exp(-t/t;) + aexp(-t/t,) where t; and 1,
are in ns . “Average solvation time (ns), Tso] = @373 + 8,7, Where, a; + a; = 1, +5%. The numbers in the
parenthesis indicate the weighted amplitude. “Calculated according to ref. 76.

Under an isoviscous condition (n = 130 cP), the extent of the missing or

ultrafast component of the solvent reorganization dynamics is found similar in all
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RTILs, i.e. no effect of the chain length is observable on this component (Table
6.4). However, of the two time-resolvable components of the solvation dynamics,
the shorter component does not vary significantly with the RTILs, but the longer
component depends on the chain length of the cation. In fact, the latter is slower
by a factor of ~2 in [Moryg][Tf,N] and [Moryg][Tf,N] compared to
[Mory2][Tf.N] and [Mory4][Tf,N]. Consequently, despite of having an identical
viscosity the average solvation time of C153 in long chain length containing

RTILs is much higher than in short-chain containing solvents.

Table 6.4. Solvent Relaxation Parameters Estimated from the TRES of C153
under an Isoviscous Condition (n = 130 cP)

o ) Relaxation Data* Missing
RTILs (T/°C)*  1°(cP) .
7 (&) 72 (32) <Tsol> Comp.*
Mor,, TEN (32) 0.17 (0.64)  1.39(0.36) 0.58 53%
Mor, 4 Tf,N (43) 130 0.15(0.59)  1.12(0.41) 0.55 51%
Mory ¢TT,N (45) 0.22 (0.55) 1.88 (0.45) 0.97 55%
Mor, s TH,N (47) 0.25(0.58)  2.04 (0.42) 1.00 49%

3 Temperature at which the experiments were performed. "Experimentally measured viscosity values. “Using
C(t) = ayexp(-t/ty) + aexp(-t/tp) where t; and 1, are in ns. dAverage solvation time (ns), Toy = 8171 + 8Ty,
where, a; + a, = 1, £5%. The numbers in the parenthesis indicate the weighted amplitude. °Calculated
according to ref. 76.

Maroncelli and his coworkers® observed that <ts> Of a large number of
ionic liquids is dependent on the size of the constituent cation (R.) as <tg> oc
(M/T)PR.Y (where p = 1, q = 4 and R, = radius of the cation). On examination of

the dependence of the average solvation time on the size of the cation according
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to the given equation, we found that the plot of <ts> versus (1/T)'R.* gives nice
correlation (R? = 0.958) compared to the <tgn> versus (n/T) plot (R? = 0.825)
under isothermal condition. However, a plot of <tg,> Versus (n/T)lRJ,4 with the
isoviscous condition results, gives a rather poor correlation (R? = 0.724). Thus, it
is evident that the solvation time of a probe molecule is governed not only by the
bulk viscosity and size of the large ion when the organized structure of the

medium comes into the picture.

6.4. Conclusion

Some of the physicochemical characteristics of four morpholinium RTILs
with different alkyl chain length attached to the cation have been probed by
studying the fluorescence behavior of C153 as a function of the excitation
wavelength and temperature. The excitation wavelength and temperature
dependent studies seem to suggest that these N-alkyl-N-methylmorpholinium
RTILs are more structured and heterogeneous than the imidazolium ILs. Time-
resolved fluorescence anisotropy measurements reveal that C153 is located in an
environment, whose viscosity is different from the bulk viscosity of the ionic
liquid. While the solvation reorganization dynamics under the isothermal
condition is found to be similar to that in imidazolium RTILs, these
measurements under an isoviscous condition suggest that the slow component of
the dynamics is not necessarily dictated by the viscosity of the medium alone.
Overall, a more organized domain structure of these N-alkyl-N-
methylmorpholinium RTILs, particularly for the long chain containing ones, is
indicated in this study.
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Chapter 7
Rotational Dynamics of Dipolar and Nonpolar
solutes in N-alkyl-N-methylmorpholinium lonic
Liquids

Rotational dynamics of dipolar solutes, AP, and PRODAN and nonpolar solute,
anthracene have been studied by using time-resolved fluorescence anisotropy
techniques in a series of N-alkyl-N-methylmorpholinium RTILs to explore the
microscopic physicochemical properties of these RTILs. The experimental results
obtained in this study are also analyzed in terms of commonly used Stokes-
Einstein-Debye (SED) hydrodynamic model. The analysis of rotational time
constant according to SED model reveals that AP, PRODAN and anthracene
rotate in three different regimes; stick, between stick and slip, and slip to sub slip
boundary conditions, respectively. These observations have been attributed to the
heterogeneous structure of these RTILs.

7.1. Introduction

Understanding of the physicochemical properties of the RTILs is essential
for better utilization of these substances in different applications.”” The N-alkyl-
N-methylmorpholinium ionic liquids, which are found to be more cost effective
compared to the commonly used imidazolium and pyrrolidium salts, have come
into prominence, though their physicochemical properties are yet to be explored

carefully.®**? The results of our previous study (Chapter 6) reveals that these
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morpholinium RTILs are more heterogeneous than the other existing RTILs
which are so far being explored. In this chapter, we have studied the rotational
dynamics of dipolar and nonpolar solutes to obtain a better understanding of the
physicochemical properties of these morpholinium ionic liquids.

As rotational motion of a solute provides useful information on its
microenvironment in an unknown medium, the dynamics of rotational diffusion
of several fluorescent molecules have been studied by measuring the extent of
fluorescence depolarization as a function of time to investigate the structures of
various RTILs, which are found to be heterogeneous at the microscopic level,**
and also to study the influence of the various constituents of the RTILs on the
rotational dynamics of the probe molecules.”****? These studies have provided
considerable insight into the nature of interaction between the solute and the ionic
constituents of various RTILs thus shedding light on the microenvironments of
these promising, but complex media. We have recently explored a series of N-
alkyl-N-methylmorpholinium ionic liquids comprising different alkyl chain length
by studying the steady-state and time-resolved fluorescence behavior of C153 in
these media.*? A comparison of the fluorescence response of C153 in these and
imidazolium ionic liquids seems to suggest that the morpholinium ionic liquids
are more structured than the imidazolium ones. Considering that it is possible to
obtain considerable insight into the structural organization of the RTILs by
studying the rotational dynamics of molecular systems, we probe the organized
environments of a series of relatively less explored but promising morpholinium

ionic liquids by monitoring the rotational diffusion of two dipolar and one
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nonpolar probe molecules using time-resolved fluorescence anisotropy
measurements.

In this context, we note that there are only a limited number of studies,
where the effect of the chain length of one of the constituents of the RTILs on the
rotational dynamics is studied.?>*#2448 Maroncelli and co-workers* studied the
rotational dynamics of C153 in several ammonium ionic liquids comprising
different chain length of the cation. Other than the expected influence of viscosity
of the RTILs no other factor was found to influence the rotational dynamics of the
solute. Fruchey and Fayer? studied the rotational dynamics of negatively charged
(sodium 8-methoxypyrene-1,3,6-sulfonate, MPTS), and neutral (perylene)
molecules in a series of N-alkyl-N-methylimidazolium ionic liquids. They
observed superstick behavior of the charged molecule, MPTS, due to its strong
hydrogen bonding interaction with the imidazolium cation of the ionic liquids and
slip to sub slip behavior of the neutral molecule, perylene. The rotational
dynamics of perylene in the octyl chain containing ionic liquid is found to be
similar to that in paraffine oil. Dutt* also studied the rotational dynamics of a
charged probe (R110) and a neutral probe (DMDPP) in different N-alkyl-N-
methylimidazolium ionic liquids. While he found that rotational time constants of
R110 shift towards the stick boundary condition with increase in alkyl chain
length of the ionic liquids due to specific hydrogen bonding interaction between
the solute and RTILs, no influence of the alkyl chain length of cation was found
on the rotational dynamics of DMDPP. Recently, Das and Sarkar** have also
studied the rotational dynamics of two neutral solutes (AP and C153) in

imidazolium ionic liquids comprising anions with different alkyl chain length.
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They found AP rotation to follow the stick boundary condition due to its specific
interaction with the RTILs, whereas C153 rotation changes from slip to sub slip
behavior with increase in the alkyl chain length of the anion. The latter was
explained on the basis of increase in size of the RTIL with respect to the solute.
Very recently, Gangamallaiah and Dutt*! have studied the rotational dynamics of
neutral (9-phenylanthracene, 9-PA) and charged (both cationic, R110 and anionic,
fluorescein, FL) molecules in several 1-alkyl-3-methylimidazolium ionic liquids
to study the effect of the alkyl chain length on the rotational dynamics of the
solute. However, they did not observe any effect of the alkyl chain length on the
solutes rotation; the neutral probe was found to follow the slip boundary condition
and the ionic probes followed close to stick boundary condition according to the
SED model.

In this work, we have chosen three specific neutral solutes (two dipolar
molecules, namely, AP, PRODAN and one nonpolar molecule, anthracene, (Chart
7.1) to explore the physicochemical properties of these less explored, but
promising morpholinium ionic liquids by studying the rotational dynamics. AP
was selected due its specific hydrogen bonding ability to enter into the hydrogen
bonding interaction with hydrogen bond donors/accepters.***® PRODAN and
anthracene, which have comparable volume, are chosen due to their preference to
different environments of an organized assembly consisting of polar and nonpolar
domains.>*** While most of the measurements have been performed by exciting
the molecules at wavelength corresponding to the peak of the first absorption
maximum, the experiments on dipolar probes have also been carried out by

exciting them at a wavelength, which corresponds to the red-edge of the first
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absorption band with a view to probing the heterogeneity of the media from

another direction.

-CHj3; [Mor, ,][Tf,;N]

-C3H;; [Mor, 4][Tf,N]
-CsHyq; [Mor, g][Tf,N]
-C;H,s; [Mor, g][Tf,N]

RTILs

PRODAN

Anthracene J

Chart 7.1. Chemical formula and abbreviations of the RTILs and probe

molecules
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7.2. Results and Discussion

The time-resolved fluorescence anisotropy measurements have been
performed over a temperature range of 25 — 65 °C except in the case of
[Mor; 2][Tf.N] for which the study was carried out in the temperature range of 35
— 65 °C. In addition, the measurements on the two dipolar probes AP and
PRODAN, are carried out using two different excitation wavelengths (375 and
439 nm). The rotational relaxation times are estimated from the single or bi-
exponential fit to the anisotropy decay profiles (depending on the quality of the fit
judged by the ¥? values and plot of residuals). In the latter case, the average value
of the two time constants, was used as the two rotational time of the probe
molecule. It is to be noted that except in [Mory,][Tf;N], the rotational time
constants were obtained from the bi-exponential to the anisotropy decay profiles.

AP. The rotational relaxation times of AP in four ionic liquids at various
temperatures for two different excitation wavelengths are presented in Table 7.1.
The results show that at any given temperature, the rotational relaxation time
increases with increase in the alkyl chain length of the cation and decreases with
increase in temperature. This trend is understandable considering that the
viscosity of the RTILs increases with increase in the alkyl chain length of the
cation and decreases with increase in temperature.

The rotational times measured by exciting the sample at the red edge of
the first absorption band (439 nm) show a similar trend. It is interesting to note,
however, the difference in the rotational time constants for two different

excitations, which though is negligible in [Mory ;][ Tf,N], clearly noticeable in the
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longest chain length containing RTIL, [Morg][Tf,N], particularly near the room
temperature (Figure 7.1).

m 375 nm [ |
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Figure 7.1. Excitation wavelength dependence of 1, with 7/T for AP (a) and PRODAN
(b) in [Moryg][Tf,N].

PRODAN. The measured rotational time constants of PRODAN in four
different ionic liquids at various temperatures for two different excitation
wavelengths are collected in Table 7.1. The effect of temperature and alkyl chain
length on the rotational time constants of PRODAN is very similar to that
observed for AP, i.e. the rotational time increases with increase in the chain
lengths of the alkyl group and decreases with increase in temperature of the
medium. However, unlike AP, PRODAN does not show appreciable variation of
the rotational time with change of the alkyl chain length of the cation.

For PRODAN, excitation at 439 nm also gives a higher rotation time

constant compared to 375 nm excitation. While the overall trend of variation of
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the rotational time with alkyl chain length of the cation and temperature is found

similar to that observed for AP, the variation of the rotational time of PRODAN

with excitation wavelength is found more pronounced than in the other case

(Figure 7.1).

Table 7.1. Rotational relaxation times® of the probes in four morpholium RTILs

as a function of temperature and excitation wavelength

Rotational relaxation time in ns

ILs Tempr.  Viscosity AP PRODAN Anthracene

(K) P " A= A= | dex= = | he=375
375nm  439nm | 375nm 439 nm nm
[Mory,][Tf,N] 308 147 6.35 7.02 5.62 6.10 1.54
318 85 3.76 4.25 4.20 4.26 0.90
328 52 2.33 2.73 2.78 2.88 0.55
338 34 1.52 1.71 1.94 2.05 0.36
[Mory 4][Tf,N] 298 503 24.49 28.53 8.77 8.96 4.25
308 236 12.11 12.80 8.17 8.87 2.27
318 126 6.44 7.92 5.83 6.27 1.44
328 72 3.73 4.45 3.81 4.17 0.98
338 45 2.29 2.41 2.35 2.62 0.74
[Mory ¢][Tf,N] 298 578 32.07 36.30 8.70 9.26 3.31
308 269 16.50 20.94 7.35 8.05 2.40
318 142 9.50 10.46 6.21 6.91 1.59
328 80 5.35 6.00 3.70 4.26 1.11
338 48 3.26 3.77 2.49 2.84 0.78
[Mor, g][Tf,N] 298 673 36.0 41.40 14.18 19.90 3.25
308 327 21.10 21.98 8.56 12.83 2.03
318 183 12.31 12.50 6.06 9.80 1.36
328 113 7.03 8.03 3.94 5.74 0.86
338 76 4.37 4.64 2.84 3.80 0.62

%+ 5-35%, 17 of AP, PRODAN and anthracene in ILs are measured to be around 18, 4 and 3.5 ns respectively.
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Anthracene. Rotational dynamics of the nonpolar solute, anthracene, in
these RTILs is found to be quite interesting and very different from those of the
dipolar probes, AP and PRODAN. Instead of an increase in rotational time
constant, a decrease is observed with increase in viscosity of the ionic liquids as
the length of the alkyl chain attached to the cation is increased (Table 7.1). The
effect of temperature on the rotational dynamics is, however, found to be similar
to that observed for the two dipolar solutes.

In order to understand the rotational dynamics of the solutes we have
analyzed our experimental results in terms of Stokes-Einstein-Debye (SED)

hydrodynamic theory, which is the most commonly used model of rotational
diffusion. According to this theory, the reorientation time (z°%°) of a non-

interacting solute in a solvent continuum of viscosity n is given by

z'rs w = |\(/BL.7|.7 (7.1)

Where, V, is the hydrodynamic volume of the solute, which is a product
of the van der Waals volume (V) of the molecule, its shape factor (f) and
boundary condition parameter (C), kg is the Boltzmann constant and T is the
absolute temperature of the system. The shape factor (f), introduced by Perrin to
take into account the nonspherical shape of a solute, is a function of the axial ratio
of the semi axes and is greater than 1. For a spherical solute, f = 1. The boundary
condition parameter, C is unity when the size of the rotating solute is much bigger
than the solvent molecule. This represents the stick boundary condition. However,

in the case of solute having a size smaller or comparable to the solvent molecule,
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C is given by 0 <C< 1. It is to be noted that 7> given by equation (7.1), is a

measure of the mechanical or hydrodynamic friction experienced by the solute
molecule. The axial lengths, van der Waals volumes and the shape factors for the
probe molecules used in this study are taken from literature*® and the boundary
conditions are calculated according to reported procedure.**** These values are
collected in the Table 7.2.

The analysis of the experimental results in terms of Stokes-Einstein-Debye
(SED) hydrodynamic model reveals that AP changes from the stick to superstick
behavior with increase in alkyl chain length of the RTILs, which is highlighted in
Figure 7.2. The rotational dynamics of AP on excitation at longer wavelength also

follows a similar change from the stick to superstick behavior (Figure 7.2b).

w )
= =
e * B Mor12 e m Mor12
# Mor14 & Mor14
~ % Mor16 1 % Mor16
1. /,’ v Mor1g| | -7 | ¥ Mor18
X ” N
- —St‘lck - —-—SI‘ICI(
- - — Slip - |- — Slip

01 T(mPasK?) ' WT (mPasK') '
Figure 7.2. Plot of 7, of AP versus n/T of different ionic liquids. The lines represent the
stick (solid) and slip (dash) boundary conditions, computed according to the SED

hydrodynamic model (Aex = 375 and 439 nm for a and b, respectively).
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Table 7.2. Dimension,* van der Waals volume,® shape factor (f),* and boundary
condition parameter (Cgjip) of the probe molecules calculated from the SED
hydrodynamic theory

Probe AX'iI&gad" Volume/A® f Caiip
AP 5x35x1.8 134 1.6 0.11
PRODAN 7.7x39x1.8 227 2.4 0.19
Anthracene  59x3.9x1.8 175 1.3 0.29

®values are taken from ref. 49

Figure 7.3 shows that the rotational relaxation times of PRODAN lie
between the slip and stick boundary conditions. One also observes a gradual shift
towards the slip to sub slip boundary condition at low temperature with increase
in alkyl chain length of the cation. At higher temperature, however, the rotational
time constants vary linearly with 7/T irrespective of the alkyl chain length of the
cation. The excitation wavelength dependent rotational constants also show a

similar behavior (Figure 7.3b).
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Figure 7.3. Plot of t, of PRODAN versus n/T of different ionic liquids. The lines
represent the stick (solid) and slip (dash) boundary conditions, computed according to the
SED hydrodynamic model (Aex = 375 and 439 nm for a and b, respectively).
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The rotational time constants of anthracene do not lie between the slip and
stick boundary conditions of the SED hydrodynamic model (Figure 7.4). The
rotational relaxation time shifts from the slip to sub slip regime with increase in
the chain length of alkyl group of the cation. Another interesting point to note is
that at higher temperatures the rotational time constants lie on the slip boundary
line in all ionic liquids except in [Moryg][Tf2N], where the values are far apart
from the slip boundary line.

In case of deviation of the rotational relaxation dynamics from the slip
boundary condition of the SED model, quasi-hydrodynamic models like Gierer-
Wirtz (GW) and Dote-Kivelson-Schwartz (DKS) are used to explain the
experimental results.”>® In the present case, we attempt to analyze our results in
terms of the GW theory,*® which assumes the solvent to be made of concentric
shells of spherical particles surrounding the spherical solute. The boundary
condition parameter (Cgw) is calculated by considering how the angular velocity
of the solvent molecules in successive shells surrounding the solute decreases as a
function of the distance away from it. The expression for Ceyw is given by*

Cow = 6Co (7.2)

where, o is the sticking factor, given by49

o =[1+6(2)M¢]™ (7.3)

and Cy is given by
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-1

sy
Co=1—2++—1 (7.4)
a1 ()

In these equations, Vs and V, are the van der Walls volume of the solvent and
solute, respectively. In the present case, a volume of 421 A® (obtained from
Edwards volume increment method®) was used as Vs for [Moryg][Tf.N]. The
computed rotational time constant according to the GW model shows that the
experimental rotational time constant for anthracene follows neither slip nor GW

boundary condition, but it lies between the two (Figure 7.4).

n/T (mPas K") !
Figure 7.4. Plot of 1, of anthracene versus #/T of different ionic liquids. The computed
lines represent the stick (dot) and slip (solid) boundary conditions, according to SED
hydrodynamic model. The third line (dash dot) represents the quashihydrodynamic
Gierer-Wirtz model (Aex = 375 nm).

The above analysis reveals that the rotational dynamics of three neutral

solutes are quite different in any given RTIL. This difference in the rotational
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relaxation behavior of the solutes can be due to the difference in the nature of
interaction between the solute and solvent. However, a detailed analysis of the
results, as described below, suggests otherwise.

Both the stick and superstick rotational dynamics of AP in conventional
solvents and ionic liquids are known, when AP is hydrogen bonded with the
solvent molecule.****®! |n the present case, hydrogen bonding interaction of the
N-H proton of AP with the F atom of [Tf;N] and/or O atom of the morpholinium
cation can contribute to the stick and superstick behavior of the rotational
diffusion of AP. Figure 7.5., which depicts the variation of the coupling constants
(Crot) with the van der Waals volumes of RTILs, shows that the increase (49 %) of
the C,q IS not very different from the increase (32 %) in van der Waals volume of
ionic liquids for a change of the alkyl group from ethyl to octyl of cation, thus
supporting strong hydrogen bonding interaction between AP and the RTILs. In
this context, it is to be noted that a similar recent study in imidazolium ionic
liquids shows no regular variation of C,; with increase in the chain length
attached to the cation despite specific hydrogen bonding interaction between the
solutes and RTILs.** Our observation of a steady variation of the coupling
constant with alkyl chain length of cation is, however, similar to that reported by

others.?246

The linearity of the t, values with »/T in different RTILs that can be
judged from the p values by fitting the data to t, = A(n/T)P, indicates strong
hydrogen bonding between AP and RTILs still persists even at higher

temperatures.
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0.91+0.001

[Mory ][ Tf,N]: r, =(12.41+ o.os)(gj (N=4, R=1)
0.92+0.01

[Mor, [TEN]: ~(ts17:007( 2] (=5, R=0.99%8)
0.85+0.01

[Mory ¢][TfoN]: = 18 41+0. 11{%) (N=5, R=0.9998)

—H|3

0.82+0.05
[Mor.g][TfN]: 7, = (18.7310.61)( J (N=5, R=0.9944)
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Figure 7.5. Plot of rotational coupling constant (C,;, 308 K) versus van der Waals
volume (Vs) of the RTILs, (Aex = 375 nm). The solid lines represent linear fit to the data
points.

In case of PRODAN, even though the time constants lie between the slip

and stick boundary conditions, the rotational time constants gradually shift
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towards the slip and sub-slip boundary condition at low temperatures with
increase in the alkyl chain length of the cation. However, at higher temperature,
the effect of the alkyl chain length on rotational dynamics is not observable. The
plot in Figure 7.5 shows a steady decrease in the coupling constant with increase
in van der Waals volumes of the RTILs. This behavior clearly indicates that the
nature of interaction of PRODAN with the RTILs changes with change in the
alkyl chain length of the cation. This is possible only if there is a phase separation
of the RTIL into hydrophilic and hydrophobic domains with increase in alkyl
chain length and the probe molecule relocates itself in the hydrophobic domain.*?
In addition to the decrease of the coupling constants with increase in the alkyl
chain length of cation, a deviation from the linearity of the t, values with #/T is
evident from the degree of nonlinearity (the value of the p parameter) of 1, =
A(nm/T)".

0.64+0.05
[Mory ][ TN]: r, =(9.2+ 0.6)(?} (N=4, R=0.9888)
0.414+0.1
[Mory 4][TF,N]: T, = (7.58 + 0.6)(?) (N=5, R=0.8829)
0.40+0.07
[Mor 6] [TF.N]: 7, =(7.13+ o.5)(¥j (N=5, R=0.9078)
0.664+0.02
[Mor. ] [TfN]: 7, =(8.26+ o.11)(¥) (N=5, R=0.9982)
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In the present case, the degree of nonlinearity is quite large and the ‘p’
values lie between 0.40 and 0.66. Generally the fitting parameter ‘p’ for a large
number of molecules studied both in RTILs and conventional solvents is close to

3940434655 ey cept in higher n-alkanes where it is around 0.63.>° The t,vs 7/T

unity,
plots and the degree of nonlinearity in long chain containing RTILs are quite
similar to the rotational dynamics of a solute in higher n-alkanes.>® This suggests
that PRODAN is mostly surrounded by the alkyl groups of the RTILs. It should
be noted in this context that at temperature around 1.2Tg, the conventional

solvents become heterogeneous and a poor ‘p’ value (0.25 = p = 0.75) was

observed.®?® The poor degree of linearity near room temperature, which is an
indication of the departure from the SED hydrodynamic model, is similar to that
observed previously for C153 in these RTILs.* The only difference is that the
degree of nonlinearity is much more prominent for PRODAN compared to C153.
Therefore, the present results substantiate the domain structure of these RTILs.
PRODAN seems to locate itself mainly at the hydrophobic domain in long chain
length containing RTILs. The association of PRODAN with the alkyl moieties
creates void space through which the molecule can rotate with little hindrance,
leading to a faster rotational relaxation near room temperature. A similar
rotational dynamics of PRODAN in RTILs comprising different chain lengths at
higher temperatures (Figure 7.3) indicates that the domain structure of the RTILs

is perturbed/lost under this condition.
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In case of anthracene, as the experimental rotational time constants lie
between the computed slip line of the SED model and the GW boundary line, the
results cannot be explained by either SED or GW model. Moreover, the coupling
constants are found decrease steadily with increase in the van der Waals volumes
of the RTILs (Figure 7.5), on observation similar to that made in the case of
PRODAN as well. A steady decrease of the C,, values suggests that the nature of
interaction between anthracene and RTILs varies with the alkyl chain length of
the cation. This can only be explained considering separation of the medium into
hydrophobic and hydrophilic domains with anthracene positioning itself in the
hydrophobic domain of the RTILSs, where it experiences less friction due to not so
tight packing by the alkyl chain of the cation. A similar picture emerges when one

inspects the ‘p’ values of 1, = A(n/T)".

[Mor; 2] [Tf,N]: 7, =(2.66+ o.oz)@jﬁm% (N=4, R=0.9999)
[Mory o[ Tf,N]: 7, =(262+ o.os)@jmm (N=5, R=0.9969)
[Mory 6][TFN]: ¢ —(240+ o.46)(_’r7)05&0'03 (N=5, R=0.9899)
[Mory g][TfoN]: . =(1.89+ 0.030)(?)0'6%02 (N=5, R=0.9972)

The low ‘p’ values in hexyl and octyl chains containing ionic liquids also
indicate that anthracene, like PRODAN, resides in the nonpolar domain formed

by these long alkyl groups.
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The excitation wavelength dependent measurements on AP and PRODAN
also indicate the microheterogeneous nature of these RTILs. It can be seen from
Table 7.1, the rotational relaxation time in [Moryg][Tf,N] is higher by 15% for
AP and 40% for PRODAN for long wavelength excitation (439 nm) near room
temperature (25 °C). Figure 7.1 shows that the excitation wavelength dependence
of the rotational time constants of AP in [Mor;g][Tf,N] is clearly observable near
the room temperature, whereas in the case of PRODAN, it is observable even at
higher temperatures. These results can be understood as follows. A longer
wavelength (439 nm) excitation, leads to preferential excitation of more (better)
solvated molecules from the more polar region of the medium. These highly
solvated molecules clearly experience more friction, thus exhibiting a longer
rotational time compared to those located in the nonpolar domain that are
preferentially excited at shorter wavelength (375 nm) excitation. A more
prominent excitation wavelength dependence of PRODAN, which is observable
over a longer temperature range, is indicative of a wider distribution of this
molecule in different regions of the RTILs (compared to the other system) and
persistence of the domain structure even at higher temperature.

A comparison of the present findings with those on rotational diffusion in
imidazolium ionic liquids comprising alkyl chains of different lengths is quite
pertinent here. While in one work, a similar coupling constant and linear
dependence of the rotational time t, values on n/T with increase in alkyl chain
length of the imidazolium ion indicate that the chain length hardly influences the
physical properties of these RTILs, or the changed properties hardly affects the

1

solute rotation,” in another study, a change in physicochemical properties of

157



Rotational Dynamics.... Chapter 7

these liquids with alkyl chain length of the cation was evident from the variation
of the coupling constant values.?>** In our work, we could observe a steady
change of the coupling constants and a high degree of nonlinearity of the t, values
on n/T with increase in the alkyl chain length of the Nalkyl-N-
methylmorpholinium  cation, which not only indicate the changed
physicochemical properties of these RTILs with variation of the alkyl group, but
also establish the heterogeneous nature of these liquids that is more clearly
evident in higher alkyl chain containing liquids.

7.3. Concluding Remark

Rotational dynamics of dipolar and nonpolar solutes in a series of N-alkyl-
N-methylmorpholinium ionic liquids reveals their location in distinct
environments of these media, depending on the nature of the solute. The stick to
superstick behavior of AP, which is attributed to its H-bonding interaction with
the constituent ions of the ionic liquids, reflects the most polar environment of the
media. The slip to sub slip behavior of the nonpolar solute, anthracene, depicts the
most nonpolar region of the ionic liquids formed largely by the alkyl group of the
cation. On the other hand, the dipolar solute, PRODAN, which exhibits rotational
time constant in between the slip and stick behavior, seems to distribute itself in
both the regions. Excitation wavelength dependence of the rotational times of the
dipolar probes also supports the heterogeneous environment of these RTILSs.
Overall, the present results provide further insight into the microheterogeneous
structure of these ionic liquids, formed by the segregation of the alkyl chains on
one hand and the charged components on the other. Apart from that these study
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also reveals that the selection of the solute is an important factor for proper

understanding the physicochemical properties of the complex medium such as
ionic liquids.
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Chapter 8
Concluding Remarks

This chapter summarizes the results of the investigations delineated in the thesis.
The scope of further studies based on the findings of the present work is also
outlined.

8.1. Overview
The work embodied in this thesis has been undertaken with the primary objective
of exploring the photophysical processes of some select organic solutes in RTILs.
Excited state dynamics, charge transfer, solute rotation and solvation dynamics
have been studied in these media for two specific reasons. Firstly, to explore the
influence of the RTILs on the photophysical process which are difficult to
understand in conventional solvents. Secondly, to understand the physicochemical
properties of some new RTILs by studying the photophysical response of some
well-studied organic solutes. Several instrumental techniques and methodologies,
namely, IR and NMR spectroscopy for characterization, cone and plate
viscometer, UV-visible absorption, steady-state and time-resolved fluorescence,
room temperature and low temperature phosphorescence have been employed to
carry out this work. The objectives of the various projects undertaken and the
results obtained from these investigations have been outlined below.

The excited state dynamics of BA in several conventional organic solvents
reveals that the two anthryl moieties of BA are decoupled, i.e. perpendicular to

each other, in the ground state. In nonpolar solvents, BA emits from the
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decoupled state upon photoexcitation. However, in polar medium the molecule
emits from a planar conformer due to photoinduced conformational change in the
excited state. The excited state relaxation process is very fast and can be followed
only using a setup with an ultra-fast time resolution.

In the present study, we have used highly viscous nature of the ionic
liquids to slow down the excited state dynamics such that it can be followed with
the TCSPC time resolution. The excited dynamics of bianthryl (BA) has been
studied in three imidazolium ionic liquids differing in their polarity and viscosity
using steady-state and time-resolved fluorescence spectroscopy techniques. The
steady-state emission spectra indicate that BA emits mainly from the relaxed CT
state. Even though the dynamics of LE — CT transformation is quite fast in
viscous ionic liquids, we could capture the early stage of the formation CT state
from the LE state by using a time-resolved fluorescence study in our TCSPC
setup. Following the formation of the CT state, a solvation process was could be
observed. The average solvation time obtained in the present study is found to be
quite similar to that obtained in earlier study, where ideal solvation probes were
used.

The photophysical behavior of benzil, which is studied extensively in
conventional organic solvents, is quite interesting. It undergoes excited state
conformational relaxation process in both singlet and triplet states. Benzil exhibits
room temperature phosphorescence, which is rarely observed for common organic
molecule. It undergoes reverse intersystem crossing process T;..-S; state by
either the triplet-triplet annihilation (P-type) process or a thermally activated (E-
type) process depending on the concentration of benzil in the solution. Relaxed
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skew conformer of benzil and emission from a higher excited state (S;) has been
also observed. In this work, UV-visible absorption, steady-state and delayed
emission of benzil have been studied in three imidazolium ionic liquids differing
in their viscosity and polarity to understand the influence of the high viscosity,
low solubility of the dissolved gases and microheterogeneous nature of the ionic
liquids on these photophysical processes of benzil.

Steady-state absorption spectra of benzil indicate that the two carbonyl
groups are more decoupled in these ionic liquids in comparison to the
conventional organic solvents. Room temperature phosphorescence spectra, even
in degassed condition, indicate the low solubility of oxygen in these ionic liquids.
In the present study, E-type delayed fluorescence has been observed and rate of
reverse intersystem crossing is found to be governed by the polarity of the ionic
liquids. The excitation wavelength dependent phosphorescence spectra at liquid
nitrogen temperature (77 K) reveal the presence of multiple conformers of benzil
in the ground state.

In order to understand the physicochemical properties of RTILs the
fluorescence behavior of a large number of neutral solutes has been studied. In the
present study, we have explored the steady-state and time-resolved fluorescence
behavior of charged solutes, anionic, ANS and cationic, EB in one imidazolium
ionic liquid, to understand the influence of electrostatic forces in ionic liquid.

Steady-state emission spectra of ANS and EB are found to be similar to
the respective spectra in conventional organic solvents. Rotational dynamics of
charged solutes in imidazolium ionic liquid suggests that van der Waals and

specific interactions between the solute and ionic liquid play more important role
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in directing the rotational dynamics of solute rather than the electrostatic
interaction. The rotational dynamics of the charged solutes have been found to be
similar in RTIL and isoviscous conventional solvent. Solvation dynamics studies
also did not reveal any difference in solvation time obtained from the previous
studies where neutral solutes were used as a solvation probe.

RTILs based on the N, N'-dialkylimidazolium salts have thus far been the
most widely studied because of their attractive physical properties. However,
considering the high cost of industrial scale synthesis of these salts, the focus
seems to be shifting gradually towards other less expensive alternatives such as
the morpholinium RTILs, which are not only cheap and easy to develop, but also
possess good physicochemical characteristics.

A series of N-alkyl-N-methylmropholinium RTILs have been explored by
monitoring the temperature dependent steady-state and time-resolved
fluorescence behavior of C153. The spectral data reveals that the polarity of the
RTILs decreases with increase in the alkyl chain length of the cation. Excitation
wavelength dependent emission spectra of C153 in these media indicate that these
ionic liquids are more heterogeneous than the imidazolium, ammonium,
phosphonium and pyrrolidinium ionic liquids. Temperature dependent rotational
and solvation dynamics studies also suggest more structured nature of these
RTILs.

The rotational dynamics of solute provides valuable information on the
interaction between the solute and solvent and sheds considerable light on the

physicochemical properties of the medium.
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Rotational dynamics of two dipolar solutes (AP and PRODAN) and a
nonpolar solute (anthracene) have been studied by measuring the time-resolved
fluorescence anisotropy of the systems in a series of N-alkyl-N-
methylmorpholinium ionic liquids to understand the physicochemical properties
of RTILs. The results obtained in this study have been analyzed in terms of
Stokes-Einstein-Debye (SED) model, which confirms the heterogeneity of these
RTILs that is indicated in the previous chapter. This study also reveals
distribution of the probes in distinct regions, which differ in their environments,

depending on the nature of the solutes.

8.2. Future scope and challenges

The dual physicochemical properties, high viscosity and polarity of the
RTILs have been utilized to study the photoinduced excited state conformation
dynamics of bianthryl and benzil. It was expected that the high viscosity of the
RTILs would slow down the excited state dynamics which would allow us to
follow the dynamics despite the limited time resolution of the instrument.
However, the present study reveals that these processes are quite fast even in
these viscous media. Recently, the domain structure of the RTILs has been
established more firmly. Perhaps, the fast dynamics in a viscous media is a
reflection of the microviscosity being much lower than the bulk viscosity. This is
an aspect that needs a more detailed and deeper investigation.

Solvation and rotational dynamics of charged solutes in imidazolium ionic
liquid reveals that the van der Waals and specific interactions between the solute
and ionic liquids play much more important roles in dictating the rotation of a
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solute rather than the electrostatic interaction. The reason for this behavior is
however not very clear at this moment. A better understanding of this aspects
requires more thorough and extensive investigation involving the charged solutes
and RTILs by other techniques such as Fluorescence Correlation Spectroscopy
(FCS), Time-resolved Electron Spin Resonance (Tr-EPR) spectroscopy etc.

The steady-state and time-resolved fluorescence behavior of some well-
studied fluorophores in a series of N-alkyl-N-methylmorpholinium ionic liquids
reveals that the morpholinum ionic liquids are more structured compared to the
other ionic liquids, so far explored. However, the exact structure of these ionic
liquids is hardly known. In order to have a clear understanding of the structural
features of these ionic liquids it is necessary to study these ionic liquids by other
techniques. Small and Wide Angle X-ray (SWAX), Fluorescence Correlation
Spectroscopy (FCS), Time-resolved Electron Spin Resonances (Tr-EPR)
spectroscopy, neutron scattering, Raman Scattering, optical Kerr effect, can
provide a more detailed and clear picture on the structural features of these ionic
liquids.
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