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Thesis Layout

The thesis has been divided into eight chapters. Chapter 1 provides a brief
introduction on room temperature ionic liquids (RTILs), the fundamentals of
photoinduced electron transfer (PET) reaction, solvation dynamics study in
various media including RTILs and a short note on microviscosity measurement
of various organized assemblies using fluorescence techniques. Motivation behind
the present work has also been briefly discussed. Chapter 2 provides the details of
the experimental procedures and methodologies adopted in this investigation. The
instrumental details and methods for different calculations have also been
discussed in this chapter. Chapter 3 describes the investigation on the optical
properties of some imidazolium ionic liquids. Chapter 4 deals with the study of a
PET reaction between pyrene and N,N-dimethylaniline in different RTILs.
Chapter 5 presents the rotational and solvation dynamics study of some dipolar
probes in an alcohol-functionalized RTIL based on imidazolium moiety. Chapter
6 describes the rotational and solvation dynamics study in the mixtures of an
RTIL with the nonpolar solvents. Chapter 7 delineates the photophysical behavior
of a “‘molecular rotor’ probe in RTILs of varying viscosity with an emphasis on
the relationship between bulk and microviscosity of the media. Chapter 8
summarizes the findings of the present investigations by touching upon the
achievements and looking into the future scope and upcoming challenges.
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Chapter 1

Introduction

This chapter provides a brief introduction of room temperature ionic liquids
(RTILs), highlighting their crucial physical and chemical properties, structural
features and versatile applications. Fundamentals of intermolecular
photoinduced electron transfer process, focusing mainly on the physical
aspects, have been outlined in this chapter. The molecular basis of dynamic
Stokes shift and salient features of solvation dynamics in various media, with
an emphasis on the studies carried out in RTILs, have also been discussed in
this chapter. The basic methods for microviscosity measurements exploiting
the fluorescence behavior of suitable probe molecules have been briefly
introduced. The chapter is concluded by describing the motivation of the

thesis and introducing the systems studied in this work.

1.1. Room temperature ionic liquids

In the recent years, a significant effort has been directed towards the design
and development of environmentally benign media to substitute the traditional
solvents, most of which are volatile organic compounds (VOCs), usually
employed for laboratory and industrial purposes. These VOCs are major source
for environmental pollution, especially when employed in bulk scale for industrial
purposes. Therefore, the quest for green chemistry' has began and this has led to
the realization of the importance of a number of alternatives, such as, solvent-free
synthesis,” use of water as a solvent,” use of supercritical carbon dioxide* and

5-16

ionic liquids as the reaction media.” ~ The ionic liquids have been invoked as



2 Chapter 1

environmentally benign solvents due to a number of suitable properties, but
mainly because of their negligible vapor pressure, which prevents air and water
pollution through emission of VOCs.

The ionic liquids are simply low melting organic salts, composed entirely of
ions (i.e., cation and anion). The term ‘ionic liquid’ has replaced the older phrase
‘molten salt’ as the latter suggests a high-temperature, highly corrosive, overtly
viscous media, cf. NaCl at and above its melting point 803°C.° In the academic
literature, the term ‘ionic liquid’ usually refers to liquids composed entirely of
ions that are fluid at around or below 100°C.> However, room temperature ionic
liquids (RTILs) are the class of ionic liquids which are free-flowing liquid at
ambient temperature (ca. 20-30°C) and pressure (1 bar), usually having melting
point near 0°C or less. The lowest melting point for RTILs reported so far is as
low as —96°C.”

RTILs are not new; ethyl ammonium nitrate, which is liquid at room
temperature, was first described in 1914.® The modern chemistry of RTILs was
introduced in the early 1980s by the use of the salts based on chloroaluminate
anions (AICl4 or Al,Cly) by Wilkes and his co-workers.’ However, as these salts
were extremely hygroscopic and highly reactive towards water their use was quite
limited. So, they were soon replaced by air and water stable RTILs based on less
reactive anions such as BFs, PFs, CF;CO,, CH;CO;, CF;S0;57, (CF3S0;),N
etc.'” The research employing the ionic liquids as reaction media received a boost
in 1992 after the invention of air and water stable ionic liquids based on 1-ethyl-3-
methylimidazolium cation and tetrafluoroborate anion, abbv. [emim][BF,]."" In

subsequent years, RTILs based on a number of cationic moieties like (a)
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imidazolium, (b) pyridinium, (c) pyrrolidinium, (d) ammonium, (e) phosphonium
etc (Chart 1.1) have been synthesized.'>"* Recently, even RTILs based on natural
amino acids have been prepared.' Since these basic cationic moieties can be
functionalized in numerous ways and anions can be introduced through metathetic
exchange, a large number of RTILs can be synthesized with the desired physical
and chemical properties. Most common RTILs are based on unsymmetrically
substituted imidazolium cations and BF4, PF¢, (CF3580;),N" (commonly known
as Tf;N") anions, though alkylsulfate’” and dicyanimde'® anions are also

becoming popular.

-

- /\R

e Ly
M /NVN\R O N R/ L\ R1/ 1\R3

(a) (b) (c) (d) (e)
X = BF,, PF;, EtSO,, (CF;S0,),N; R = alkyl group

Chart 1.1. Basic structure of some RTILs based on different cationic moieties.

N J

1.1.1. Properties of room temperature ionic liquids

Though nonvolatility (negligible vapor pressure) is the main reason for the
choice of RTILs as alternative media, there are a number of useful properties of
these substances that make them suitable for diverse application. Among them,
wide liquidus, high thermal and chemical stability, moderate to high polarity, high

viscosity, non-toxicity and non-flammable nature etc are noteworthy. Moreover,
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RTILs can dissolve a large variety of organic/inorganic substances and possess
high electrical conductivity and wide electrochemical window.'” Since the
properties of ionic liquids are largely dependent on the constituent ions, it is
possible to obtain a RTIL with desired properties by proper choice of the two

ionic components, and thus, they are considered as “designer solvent”."®

4 __ )
Me/NvN\(")n/
X
n= 1 3 5
X = BF,, [emim][BF,] [bmim][BF,] [hmim][BF,]
= PFg, [bmim][PF;] [hmim][PF]

(CF,SO,),N, [emim][TE,N]  [bmim][Tf,N]
= EtSO,, [emim][EtSO,] [bmim][EtSO,]

Chart 1.2. Structure and abbreviation of some common
imidazolium RTILs.

N J

Melting Point: Most RTILs have melting point much below the room temperature
(25°C). However, in many RTILs the exact melting point is difficult to determine
as they undergo considerable supercooling, which implies that the temperature of
phase change may differ considerably depending on whether the sample is heated
or cooled.' Whence some correlation has been found in terms of the influence of
cations, especially for those based on imidazolium salts,'” the anion effect
remains quite uncertain. It has been established that the melting point decreases
with increasing size and asymmetry of the cation and increases with increasing
branching in the alkyl chain.?® The effect of hydrogen bonding and delocalization

of charge has been invoked to explain the influence of anion, but only a rough
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correlation can be drawn." For example, low charge density and lack of hydrogen
bonding interaction is the main reason for lower melting point of Tf;N" salts,
whereas more spherical anions like BF4, PFs" with potential hydrogen bonding

ability result in higher melting point.

/ @ ﬁ o \
N
~~ N—H
H,N
® ’ 5
z AP
J 1 C
oY C %‘
Betaine Dye NO,
Nitroaniline C153 Pyrene
Chart 1.3. Structure of some probe molecules used for determination of
\_ polarity of RTILs. Y,

Polarity: The microscopic polarity of the RTILs has been determined by using a
number of solvatochromic probes and different polarity parameters.”'’ The

Er(30) or E} values for most of the common RTILs have been determined.”**

Other polarity parameters like Kamlet-Taft parameters™ and multiple polarity
parameters”® have also been employed to review the polarity criteria of RTILs.
Most of these studies indicate that polarity of common RTILs (i.e., those having

alkyl side-chains) is greater than acetonitrile but less than methanol. E1(30) values
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indicate that these RTILs are as polar as short-chain alcohols (cf. butanol).
However, recent measurement of static dielectric constant (¢) of a few RTILs
indicates that RTILs have very low dielectric constant (in the range of 9-13)
which is similar to that of pyridine (¢ = 12.3).”’ The reason for such large
difference in the polarity estimates of the RTILs is unclear at this moment.

Viscosity and Density: Viscosity of the RTILs is much higher compared to
normal solvents like water or alcohols. Even the least viscous RTIL is ~30 times
viscous than water and follow Newtonian-fluid behavior.'” Generally, RTIL
viscosity is sensitive to moisture content and impurities like chloride etc salts.”>*
Often non-Arrhenius behavior is apparent in the temperature dependence of

19,29 . 29
" especially when measured for a long temperature-range.

viscosity,
Examining various anion-cation combinations, the increase in viscosity observed
on changing selectively the anion or cation has been primarily attributed to an
increase in the van der Waals forces.”® Hydrogen bonding is always an important
parameter and the effect is distinct in the case of alcohol-functionalized RTILs,
which are found to be more viscous than their alkyl counterparts.”’ The symmetry
of the anion contributes as an additional parameter. Considering the symmetry
and hydrogen bonding parameters, the following order of viscosity decrease can
be realized: Cl" > PFs > BF4 > szN'.ZO

The density of RTILs is also much higher than that of the conventional
molecular solvents and the density tends to decrease with increasing anionic
volume.?**° It is also highly dependent on the molar mass of anions.*

Conductivity: The electrical conductivities of RTILs are similar to those of

organic solvents with added inorganic electrolytes. The conductivity generally
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decreases in the following order: 1-alkyl-3-methylimidazolium > N,N-
dialkylpyrrolydinium > tetraalkylammonium.'” This order has been attributed to
the decrease in planarity of the cationic component. Among same cationic series
with different anions, the conductivity values do not to change much.*® The heat
conductivities of the RTILs are also very high. Thus the RTILs permit a very
rapid dispersal of the heat of reaction."”
Other properties: RTILs usually show high thermal stability, say upto 400°C,
though prolonged heating at comparatively lower temperatures, say 200°C, may
lead to appreciable thermal degradation. It has been shown that the stability
dependence is PFs > Tf,N” ~ BF4 > halides,34 and the cation size does not have
much effect.”” Due to extremely low vapor pressure the RTILs cannot be distilled
in normal condition. But, recently the distillation of some RTILs has been
achieved at low pressure.””> Analysis of the vapor by mass spectroscopic method
has shown the existence of neutral ion pairs in vapor state.> b

Depending upon the miscibility of RTILs with water they are classified as
hydrophobic or hydrophilic. The anion has a dominant role in controlling this
property. The PFs, TH,N™ etc salts are hydrophobic, while halides, BF.,
alkylsulfates are mostly hydrophilic.'” However, increasing alkyl chain length
reduces water solubility, while polar side-chains (those with OH, NH,) enhance
the same. Generally hydrophobic RTILs show more nonpolar behavior in terms of
solubility and are readily miscible with the weakly polar organic solvents.

However, the solubility of RTILs in aliphatic hydrocarbons is scarce.
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1.1.2. Structural features and heterogeneity

Structural features of the ionic liquids have been investigated in the solid state
(mainly by crystallography) as well as in the liquid state using various techniques.
Even the crystal structure of some RTILs has been determined by in situ
crystallization at low temperatures.’® For imidazolium-based ionic liquids,

extensive cation-anion hydrogen bonding network is revealed in the crystal

structures, but for the liquid salts presence of such interaction is still not clear.'’

38,39

Though the hydrogen bonding interaction in some BF,4 salts”" and its absence in

TN salts are revealed in liquid s‘[ate,40 the case of the PF¢ salts is doubtful.*®
Again, some IR studies have revealed that the C-H---X hydrogen bonding
remains intact in the liquid state in many cases.*”*""**

Many simulation studies have been carried out to obtain an insight into the
liquid structure of the RTILs. Molecular dynamics simulations using both
atomistic and coarse-grained methods demonstrated the interaction between
hydrophobic alkyl tails on the cations, providing local liquid structures

reminiscent of membranes and worm-like micelles.****

The heterogeneity in the
liquid structure of RTILs and the presence of ‘local structure’ have been indicated
in many studies. While some experimental studies have indirectly indicated the

46 recent X-ray diffraction’’ and Raman

heterogeneity or local structures,
scattering®™ studies have shown the evidence of nanoscale ordering and
mesoscopic local structure. Using experimental tools like neutron scattering,”
XAFS,™ optical Kerr effect’’ etc many aspects of the nanoscale local structure of
the RTILs have been revealed. The presence of cation-cation, cation-anion local

association has been conclusively shown by NOE and ROESY experiments.*”**>2
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A different variety and level of modeling and simulation studies have also
predicted a nanostructured feature of RTILs.”> All simulations confirm a

pronounced long-range charge order in RTILs.

1.1.3. RTILs in mixed solvents

The scope of applications of the RTILs is broadened by addition of
conventional solvents as this allows fine-tuning of the solvent properties of
RTILs. This is why a growing number of researches focus on the study of the
physicochemical properties of mixtures of RTIL and conventional molecular

solvent. It is found that the addition of a cosolvent significantly changes a number

7,28,56 57-59

of physical properties of the RTILs such as the viscosity,
58,59

polarity,
solvation and electrochemical®®®' behavior. In case of some RTILs, even
traces of water or moisture drastically reduce the viscosity.”® The microscopic
polarity parameters of binary and ternary RTIL-molecular solvent mixtures,
measured from the solvatochromic behavior of various probe molecules,’”™®
indicate that these molecules are preferentially solvated within the RTIL core in
most RTIL-cosolvent mixtures. However, highly polar and protic cosolvent can
also enrich the cybotactic region of the probe.”® Electrochemical studies in RTIL-
cosolvent mixtures have addressed the influence of added solvents on the ionic

.. . .. 60.61
association/dissociation phenomenon.”™

It has been shown that the organic
solvents with low dielectric constants promote ionic association in RTILs.
However, solvents having high dielectric constants and strong hydrogen bonding

ability (such as water) effectively promote dissociation.®!
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1.1.4. Application of RTILs
The early usage of RTILs was mostly confined to their role as alternative

solvent system for a large number of organic and inorganic synthesis, >%*%

17,65
'

catalysis,' electrochemica and separation processes.” In recent days, RTILs

are emerging as versatile media with potential applicability ranging from

6768 to development of lunar telescope.”” The RTILs

synthesis of nanomaterials
have also been found to be useful in mass spectroscopy,’’ enzyme stabilization,
as biocatalysis,”' gas sensor,”” and supporting electrolyte for solar’* and fuel
cells.” The biphasic acid scavenging utilizing ionic liquids (BASIL) has even met
the industrial requirement.’

Because functionalization of the RTILs by covalently tethering a functional
group to the cation or anion (or both) imparts a particular capability to the ionic
liquids, there is considerable current interest in designing and development of
various types of functionalized ionic liquids, categorized as “task-specific” ionic
liquids (TSILs).”®”” These TSILs serve specific purposes such as catalysis,

organic synthesis, separation of specific materials, as well as construction of

nanostructured materials and ion conductive materials etc.’’

1.2. Photoinduced electron transfer

Photoinduced electron transfer (PET) reactions play quite an important role in
numerous chemical”® and biological systems.” The application of PET ranges
from photosensitized catalysis to solar energy conversion.”” In case of PET, the
transfer of an electron occurs between the photoexcited state (singlet or triplet)
and ground state molecule to generate a charge transfer species, which may either

be an excited state charge transfer complex or a charge separated radical ion
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pair.®' The initial species then may undergo a variety of secondary processes like
back electron transfer leading to the ground state of the molecule, ionic
dissociation to free, solvent-separated ions, triplet recombination to generate an
excited state of one of the reactants, or other charge transfer intermediates and/or

stable products (Scheme 1.1).%*!

1,3D* + A
electron 13rmet Ao secondary
or ——— > [D" A”] ———— > Products
transfer processes
D+ 1,3A*

Scheme 1.1. General description of the PET process.

In case of PET reaction involving singlet excited species, the electron transfer
leads to quenching of fluorescence and formation of either an exciplex, often a
fluorescent species, formed especially in nonpolar solvents, or a charge separated
ion pair, usually called geminate or contact ion pair, which is normally realized in
polar solvents. These species then undergo a number of secondary reactions and
one most common route is shown in Scheme 1.2.%%

The thermodynamic driving force, AGgr of the overall PET process, i.c.
formation of the solvent separated species from the photoexcited species (see

Scheme 1.2), is given by83’84

AG=Ey —EY' —E,,—¢’/er, (1.1)
where, EY' and E’are the oxidation and reduction potentials of the donor and

the acceptor, respectively. Eg is the energy corresponding to the 0-0 transition of
the photoexcited molecule (donor or acceptor) and ez/erq is the coulombic energy

of interaction of the ion pair at the effective encounter distance of the donor and
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acceptor (rq = rq + ). The coulombic energy term depends on solvent polarity and

becomes negligible when the solvent is highly polar, cf. acetonitrile.

g )
* *
D*+ A diffusional D*A electron 5+ 5%
ofy =<——= o0r transfer [O™-A"]
t .
D + A* encounter D A* Exciplex fluoy,
€s,
Encounter W
complex . D+A
A ‘
b (72}
gl &
| 5
. o~ dissociation + —
[ D*e--A ]solv —_— [ D ]solv + [A ]solv
GIP SSIP
BET
D+A Products

Scheme 1.2. A common PET reaction course: GIP = geminate ion-pair,
SSIP = solvent separated ion-pair, BET = back electron transfer.

The exothermicity (AGgr < 0) is the primary condition for an efficient PET
process and it is shown by Rehm and Weller that the rate of PET process
(determined by fluorescence quenching constant, kq) increases sharply with

decrease of AGgr and it attains the diffusion controlled limited value (~2x10'* M™!

s in acetonitrile) when AGgr < —10 keal (~ —0.43 ¢V).** In this context it is
important to note that the Marcus theory of outer sphere electron transfer predicts

a bell-shaped free energy dependence of the PET rate constant,®

i.e., when
AGgr 1s highly negative, the PET rate constant (kgr) will decrease with decreasing

AGgr. However, this phenomenon, known as electron transfer in the Marcus
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inverted region, is not realized experimentally in case of intermolecular PET
reaction, due to the masking effect of the diffusion-controlled quenching process
(1.e., kq = kairr, where kit 1s the diffusion constant).87’88 Other factors like efficient
nuclear tunneling through large free energy barrier,” or electron transfer from
electronically or vibrationally excited states® have also been invoked to explain
the lack of an observable inverted region. Nevertheless, evidence of the inverted
region has been demonstrated for intramolecular electron transfer between donor-
acceptor pairs held by rigid spacer,®” and in case of back electron transfer (BET)
90,91

occurring in geminate ion pair (Scheme 1.2).

The kinetic criterion of a PET process correlates the free energy of activation

for a PET reaction (AGj,) with the free energy changes due to nuclear motion

and that induced by solvent motion, and thus for uncharged reactants, we have 8%
2
A AG
AGL. ==|1+ ET 1.2
s (1480) 02

where, A = Ai + Ao. Ai and Ag are intrinsic barriers corresponding to bond length
changes and solvent reorganization energy, respectively. However, in most
electron transfer reactions A; is quite small and therefore, solvent reorganization
energy (Ao) becomes the dominant factor. According to Marcus theory, solvent

reorganization energy is given by

2
" :e_[ig_%J(Lz_l) 13)
2\r;, 1, r)A\n" ¢

where, donor-acceptor distance, r is given by, r = rq + 1,, n and € represent solvent
refractive index and dielectric constant, respectively. Eqn. 1.3 reveals that solvent

polarity is the governing factor in determining the barrier of the electron transfer
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process. In a subsequent semi-empirical treatment, Rehm and Weller connected
the rate constant for electron transfer fluorescence quenching (k;) with AG}; by
the following relationship,*

o= 2x10°M™'s™
* 140.25[exp(AG},/RT) + exp(AG ;/RT)]

(1.4)

which agrees well with the experiments for PET reactions featured with high
negative AGgr values.

The PET reaction is monitored using a number of experimental techniques.
Since energy transfer mechanism is another dominating pathway of fluorescence
quenching, it is often required to distinguish the PET quenching from quenching
due to energy transfer. Feasibility of the PET reaction for a particular donor-
acceptor pair can be evaluated by calculating AGgr using eqn. 1.1. Again energy
transfer can be excluded if the energy of acceptor exceeds that of the donor by 3
kcal mole™, as energy transfer then becomes inefficient.”” But, probably the best
evidence of PET and subsequent reaction comes out of the detection of
intermediates, like those described in Scheme 1.2. Among the various tools, laser
flash photolysis (LFP) detection is most popular as it offers direct determination
of the radical ions and other transient species resulted in PET reaction.® %>
Other techniques like ESR or spin trapping,’® chemically induced nuclear
polarization (CIDNP),” transient photocurrent measurement,”® scavenging or
trapping the intermediates’’ etc have also been employed to elucidate the PET

reaction course.
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1.3. Solvation dynamics

Solvation dynamics is generally understood as the reorientation of the solvent
dipoles around an instantly created solute dipole originating from photoexcitation.
In the fluorescence probe study, the solute refers to the fluorescent molecules
which undergoes a significant change in dipole moment due to photoexcitation
and becomes strongly polar in the excited state (Chart 1.4). Instantaneous

excitation with an ultra-short laser pulse triggers an electronic redistribution in the

4 )

O O o prodan
Nile Red

H
Z 1-Aminopyrene s O

NC Z P P

N
NH
DCM | T
. PAc*
SO% TNS

Chart 1.4. Typical fluorescence probe molecules used for the study of solvation
S dynamics.
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probe molecule, thereby creating a strong instantaneous dipole, which in turn,
perturbs the equilibrium arrangement of the solvent dipoles surrounding the
probe. The solvent molecules then reorient themselves around the newly created
dipole in order to attain a further equilibrium and the time required for this
rearrangement is known as the relaxation time of the solvent. This solvent
relaxation time, popularly called solvation time, depends on the viscosity,
molecular structure and temperature of the medium. In conventional molecular
solvents, the solvation time is typically less than 100 ps at room temperature
whereas the excited state lifetimes of the probes are in the order of a few
nanoseconds.” This indicates the attainment of excited state equilibrium prior to
fluorescence, but, the entire scenario may change in viscous solvents and
organized assemblies like micelles, proteins or membranes. In these cases,
emission from various stages of solvent relaxation can be monitored and thus a
time-dependent shift in the emission spectra, known as dynamic Stokes shift, can
be observed (Scheme 1.3). The method of studying the solvation dynamics using

dynamic Stokes shift technique has been elaborated in Chapter 2.

1.3.1. Solvation dynamics in conventional solvents

The solvation dynamics is extremely fast in conventional molecular solvents.
The ultrafast time-resolved studies indicate that in the absence of specific solute-
solvent interactions, ca. hydrogen bonding, the solvent relaxation in most solvents
occurs in the sub-picosecond time scale at room temperature.””'® The results can
be explained using nonspecific theory of solvation dynamics. The linear
correlation between the average solvation time and longitudinal relaxation time,

as predicted by simple continuum theory, depends primarily on the nature of
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solute-solvent interaction and temperature of the medium. Deviation from the
above can be accounted for considering the translational contribution to the
solvent relaxation, specific hydrogen bonding ability of the protic solvents

101,102
etc.

Energy

L
>

Solvation Coordinate

Time

Scheme. 1.3. Schematic representation of the dynamic Stokes shift.

However, an excellent correlation between the average solvation time and the
longest longitudinal relaxation time can be observed when solvation dynamics in
alcoholic solvents is studied at high pressures.'” For high pressure solvation
dynamics in ethanol, the solvent relaxation is found to become biphasic (i.e.,

biexponential relaxation) though in normal condition the dynamics is
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1'% The slow, biphasic dynamics has been explained by the

monoexponentia
liquid-solid phase transition of ethanol at high pressure.

In case of dynamic solvation in solutions of ionic salts (metal perchlorates and
halide) in nonaqueous solvents, the solvation time is found to be quite high and it

105

shows excitation wavelength dependence. ™~ Also, the solvation rate is found to

decrease with solvent polarity and charge to size ratio of the cation.

1.3.2. Solvation dynamics in confined environment

The relaxation in pure water is biexponential with solvation times 126 fs and
880 fs, respectively.'® According to Fleming et. al., the faster component is the
result of vibration relaxation, whereas the slower one is due to librational

106

motion. = However, a large number of dynamical studies in water confined in

. . . . 1 . . 1 . 1
organized assemblies like micelles, 9 microemulsions,'®® cyclodextrins, 09

O proteins''' etc have revealed the presence of a much slower

Vesicles,11
component in the relaxation of water in such media.''? The dynamics of ‘confined
water’ is found to be biphasic where the ultrafast sub-picosecond component is
associated with a slow component, which can be as large as hundreds of
picoseconds. The observation has been attributed to the dynamic exchange of free

and bound water molecules in such media.'"?

1.3.3. Solvation dynamics in RTILs

Since the RTILs are sufficiently polar, it is possible to obtain useful
information on the time scale of reorganization of the constituent ions around the
photoexcited probe by probing the time-resolved fluorescence behavior of the

dipolar molecules. Ever since the early work of Karmakar and Samanta,'”®> many



Introduction 19

researchers have contributed to the solvation dynamics study in RTILs with a
view to elucidating various aspects of this phenomenon. These studies have
indicated that the solvation dynamics in RTILs is a rather slow process, much
slower than that observed in conventional molecular solvents. Also, the slow
dynamics is mostly accompanied by an ultrafast component, usually called
missing component as this is missed in most experimental setups having a finite
time-resolution (typically 25 ps). In as much as 30-50% of the total dynamics has
been found to be ultrafast depending upon the nature of RTILs employed, but
generally, the ultrafast (or missing) component is independent of the viscosity of
the media.'>''® Although the exact time scale or the physical origin of the
ultrafast component is still under considerable speculation and doubt,'"> " it is
generally believed that the planar ring system and polarizability of cation, small
amplitude motion of ions in the first solvation shell contribute to the missing
dynamics.''”"*° The time scale of the ultrafast dynamics was earlier conjectured
to be 5 ps or < 1 ps."'*""” Recent studies based on optical Kerr-gated emission
spectroscopy have indicated that this dynamics is of the order of 300-700 fs at
room temperature,’© whereas another recent work based on the femtosecond
upconversion technique has shown that only 10-20% of the total dynamics is
ultrafast and it occurs within 10 ps.'*

The slow observable dynamics is biphasic in nature with the two components
typically in the picosecond and nanosecond time scale.''*''*'*? Again, some
authors prefers a nonexponential description for this slow dynamics with the

emphasis on the contribution of collective motion of the cation and anion to the

slow relaxation process.'">"'® In both cases, the average solvation time has been
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found to be roughly correlated with the viscosity of the media, at least for less
viscous RTILs (< 100 cP). The solvation dynamics in RTILs has also been found
to be probe-dependent.'*'"'*

Due to the complex characteristics of the solvation dynamics in RTILs, many
simulation studies have been carried out to investigate the dynamical properties of
the RTILs.”>'*"* While in their earlier studies Shim et. al. attributed the fast
component to the translation of anions,'> Kobrak and Znamenskiy'** assigned the
ultrafast component of the dynamics to the collective cation-anion motion. The

model of Shim et. al.'?

was probably unrealistic as it emphasized on the small
molecule dynamics, which is an untrue picture of RTILs. Later, Shim et al.
suggested that ultrafast dynamics is dependent on the local density of the ions
near the probe molecules.'” In the case of high local density the ultrafast
component is governed by the motion of a few ions close to the probe molecule,
whereas, for low initial density, the contribution of ions from the further region
becomes significant. The solvation dynamics has also been studied in the mixtures
of RTILs and conventional solvents and in ionic liquid-based micelle,

microemulsion etc.'?”'?

Recent femtosecond time-resolved ultrafast dynamical

studies based on the Kerr effect have also revealed the intermolecular dynamics

and the time scales of the different relaxation processes in imidazolium and

pyrrolidinium ionic liquids.'*

1.4. Fluorescent viscosity probes: measurement of microviscosity
Fluorescence technique has often been found useful for the measurement of

microviscosity of a variety of microheterogeneous systems, e.g., model systems

like micelles, reverse micelles or microemulsions, lipid bilayers or vesicles, as
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well as polymers, proteins and membranes. An early application of steady-state
fluorescence anisotropy measurements has been the determination of
microviscosity in the miceller interior.”**'** Weber et. al.”° have shown that
microviscosity (N,) can be derived from the steady-state anisotropy using Perrin’s

relation:

g, KT (1.5)
r M Vo

where, r and 1, are the measured and limiting fluorescence anisotropies,

respectively, T is the excited state lifetime and Vj is the hydrodynamic volume of

the probe. The common probes used for this kind of measurements are shown in

Chart 1.5. Microviscosities of many other confined systems like

133 135 136
and membranes

microemulsions,'” vesicles or lipid bilayers,** proteins,
have also been determined using this technique. However, it has been pointed out
that for restricted systems like lipid bilayers, the probe movement becomes
anisotropic and thus rotational movements are constrained, often leading to
‘wobbling in a cone motion’” as observed for DPH (1,6-diphenyl-1,3,5-

hexatriene)."*’

On this basis, it was suggested that the steady state measurement
may give erroneously overestimated microviscosity of certain confined
systems."’

Excimer fluorescence of intramolecular excimer-forming probes, mostly
based on pyrene derivatives (cf. dipyrenylalkanes), has been used to probe the
microviscosity of organized assemblies like micelles, lipid bilayers and
membranes as well as the free volume parameters for different polymer oils.'**'4°

However, the measured ratio of monomer to excimer intensities, which is required
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for microviscosity calculations, is also found to be solvent polarity dependent and

thus complication may arise during the estimation of

viscosity.

138,139

absolute local

-

Perylene

©\NH 0'3 SO; \
Pyranine O

ANS DPH

measurement using fluorescence technique.
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Chart 1.5. Structure of some probe molecules used for microviscosity

J

Fluorescent dyes which undergo rapid internal torsional relaxation leading to a

very fast nonradiative decay of the photoexcited state, often exhibit viscosity-

dependent fluorescence quantum yield (®@f) due to the hindrance of the twisting

motion in viscous media. These molecules are popularly known as “molecular

rotors” (Chart 1.6) and they have long been used as microviscosity probes for

various microheterogeneous media.

141

Though the early use of the malonitrile

derivatives (e.g., DCVJ, see Chart 1.6) was to serve as a free volume probe for
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142
these

monitoring the degree of polymerization during polymerization reaction,
and other derivatives have been used later for measuring microviscosity of

different biological systems'* as well as model confined media like lipid bilayers,

micelles and inverse micelles etc.'**'*
4 I
N N
N—cn \
NC NC
DCVJ ccvJ
° O\W
Z “CN
+
_NH
Cl
N Me_ O O N Me
| |
FCVJ Me AuO Me
Chart 1.6. Structure of some fluorescent ‘molecular rotor’ probes for microviscosity
measurement. The arrow indicates the internal rotation contributing to rapid

nonradiative process.
U P J

As mentioned earlier, these molecules posses very short excited state lifetime,
typically a few picoseconds in conventional less viscous solvents, and are
characterized by a very rapid nonradiative decay, which is directly associated with
the internal twisting or torsional motion around certain single bond.'*®~'*’
Viscosity-governed hindrance inhibits the twisting motion and thus the

fluorescence quantum yield is enhanced. According to Forster and Hoffmann the
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relationship between solvent viscosity (1) and fluorescence quantum yield (®y) is
as follows:'**

log ®;=C + x logn (1.6)
where, C is a constant and x is a term that depends on the structural properties of
the rotor and represents a fraction of the total critical volume for solvent motion
that is required for the molecular rotor to undergo torsional rearrangement.'*’
Eqgn. 1.6 holds good for a range of high viscosity solvents or solvent mixtures (5-
1000 cP) when malonitriles like DCVJ, CCV]J etc (Chart 1.6) are used as probes.
Therefore, the microviscosity can be measured for a large variety of biological

assemblies using a calibration curve following eqn. 1.6.

1.5. Motivation behind the thesis

The work embodied in this thesis has been primarily undertaken with a two-
dimensional objective: firstly, to understand the UV-visible absorption and
fluorescence behavior of neat RTILs based on imidazolium salts. This is
considered necessary as it imposes certain limitations on the systems to be studied
in these media. Secondly, to study the photophysical processes like photoinduced
electron transfer, solvation dynamics etc in RTILs in order to get an insight into
the mechanistic details of these processes, such as, to what extent these
phenomena differ from those in normal solvents and what is the specific role of
the RTILs, if any, in such differential characteristics of the aforementioned
photoprocesses.

In the recent years, many photophysical studies have been carried out in
imidazolium RTILs, though optical properties of the RTILs themselves remained

largely unexplored. In some current literatures an impression is given that the
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imidazolium salts are optically transparent liquids possessing no absorption in the
UV-vis region (above 250 or 300 nm) and that any absorption beyond this
wavelength is probably due to the presence of impurity.'* In order to have a
definite understanding, we have carried out a detailed investigation on the
absorption and emission properties of a few carefully prepared and rigorously

purified imidazolium RTILs (RTILs 1-4, in Chart 1.7).

4 N

[\ =
/N\?N\/\/ /N@\N %

X = PF¢; [bmim][PF/] (1)
= BF,; [bmim][BF,] (2)
= (CF;S0,),N; [bmim][Tf,N] (3)

X = (CF,S0,),N; [emim][Tf,N] (4)
= EtSO,; [emim][EtSO,] (5)

/N@N\/\OH
M

X = (CF,S0,),N; [OH-emim][Tf,N] (6)
= BF,; [OH-emim][BF ] (7)

Chart 1.7. Structure and abbreviation of the RTILs employed
in the present study.

Photoinduced electron transfer (PET) reaction has been quite an interesting
phenomenon with the potentiality of diverse application. Though various
mechanistic aspects of the overall PET process are intimately related to solvent
polarity and viscosity, very little effort has been made to examine the PET
reaction in RTILs. The handful of studies made in this direction have largely been

confined to determining the effect of viscosity and/or polarity on the rate constant
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of such processes.””’ How the course of a PET reaction is influenced by the
viscosity, polarity and ionic constituents of the RTILs is still an open question.
Therefore, we have studied a common PET reaction occurring between pyrene
and N,N-dimethylaniline in RTILs of varying viscosity (RTILs 1-4, in Chart 1.7)
in order to understand the influence of viscosity and polarity on the reaction

course.

ths study.

N—H
o
AP
2
V—en
NC
o prodan DCVJ
3 4

Chart 1.8. Structure of the probe molecules involved in

)

In recent days, the dynamic solvation in RTILs has stimulated a great variety
of experimental as well as theoretical/simulation studies.'”*"''>'*"'%® However,
many features of solvation dynamics in RTILs are not well-understood so far.
There remains considerable speculation and debate regarding the physical nature
and exact time scale of the early dynamics, called the ultrafast dynamics, which

115-121

‘missed’” in most dynamical studies. Therefore, we have aimed at
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determining the factors that might affect this ultrafast dynamics and probed the
influence of hydrogen bonding interaction on the missing and observable
components of the dynamics by using an alcohol-functionalized RTIL, [OH-
emim][Tf,N] (Chart 1.7) and three solvation probes (probes 1-3, in Chart 1.8).
Since addition of conventional solvent broadens the scope of applications of
the RTILs by allowing fine-tuning of the solvent properties, a growing number of
recent studies focus on the physicochemical properties of mixtures of RTIL and
conventional molecular solvent. These studies are mostly confined to the use of
medium-to-high polarity solvents as the second constituent in RTIL-cosolvent

56-61

mixtures. The few solvation dynamics studies in the RTIL-molecular solvent

mixtures reported so far have only focused on the polar solvents like water or

127
methanol as cosolvent.

Hence, we thought it would be interesting to follow the
dynamical course in a mixture of RTIL ([bmim][PFs], Chart 1.7) with nonpolar
solvents like toluene and 1,4-dioxane.

Recently, the liquid structure and heterogeneous nature of RTILs have been
probed by many experimental and simulation studies, although a clear picture is

435 To understand the heterogeneous character of RTILs, the

yet to emerge.
microviscosity of RTILs is needed to be probed. However, a little effort has been
made in this context."”' Therefore, we have undertaken the photophysical study of
a molecular rotor probe, namely 9-(dicyanovinyl)julolidine (DCVJ, Chart 1.8),'*
in a series of RTILs of varying viscosity (RTILs 1-7, in Chart 1.7), to understand

the free volume parameters and microviscosity of the RTILs.
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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 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, especially the time-
correlated single-photon counting technique (TCSPC) based picosecond setup
and nanosecond laser flash photolysis setup have been outlined. Various
methodologies employed in the present investigation, such as measurements
of fluorescence quantum vyield, analysis of TCSPC data, estimation of E;(30)
values of RTILs have been 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

Laser grade C153 was procured from Eastman Kodak and used as received.
Spectroscopic grade DCVJ and prodan were procured from Molecular probes and
used without further purification. AP was obtained from TCI (Japan) and
recrystallized twice from ethanol/water mixture prior to photophysical
experiments. Pyrene was recrystallized twice from ethanol. The purity of all
compounds 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 calcium sulphate (CaSO,), phosphorous

pentoxide (P,0s), potassium hydroxide (KOH) and sodium metal, used at
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different stages of the purification procedure, were purchased from local
companies. Calcium hydride was obtained from Spectrochem (India). N,N-
dimethylaniline was obtained from Aldrich. 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,
methanol-d4 and acetone-dg used for NMR spectral measurements were obtained
either from Aldrich or from Merck (India).

The reagents required for synthesis of various RTILs employed in different
studies embodied in this thesis were obtained from various sources and carefully
purified following standard procedure. The materials like 1-methyimidazole,
sodium tertafluoroborate (NaBF,), 1-chlorobutane, 1-bromoethane, 1-hydroxy-2-
bromoethane, 1-hydroxy-2-chloroethane and 1,1,1-tricholoroethane were obtained
from Acros. Hexafluorophosphoric acid (65% solution in water) was procured
from Lancaster, whereas sodium hexafluorophosphate (NaPFs) and lithilum
bis(trifluoromethanesulfonyl)imide (LiTf,N) were obtained from Aldrich.

The ionic liquid, [emim][EtSO4] was obtained as free sample from Wako
Chemicals (Japan) and this liquid was rigorously dried under high vacuum before

use.

2.2. Purification of conventional solvents and reagents

The solvents used at various stages of the study were purified using the
procedures available in the literature." We have adopted the following procedures
for the purification of various solvents.
Toluene and 1,4-dioxane: The solvent was refluxed over metallic sodium for 3-4

hr and then benzophenone was added after cooling. The dark blue solution was



Materials, Instrumentation and Methods 39

refluxed for another hour and distilled under dry condition. The purified solvents
were optically transparent in the spectral region of interest.

Dichloromethane (DCM): The solvents were stirred with calcium hydride for 5-6
hr 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: At first it is refluxed for some hours with anhydrous CaSO, and then the
solvent was distilled out.

Water: Water was initially distilled using potassium permanganate and potassium
hydroxide. This was subsequently distilled twice before taken to study.
N,N-dimethylaniline (DMA): This reagent was procured from Aldrich and was
dried for 12 hrs with anhydrous KOH beads. Then the amine was distilled under
reduced pressure in a reagent bottle wrapped with aluminium foil. For

experimental purposes, only freshly distilled DMA was used.

2.3. Synthesis and purification of RTILs
Methods for preparation of imidazolium RTILs have been depicted in Scheme
2.1. A brief description of synthesis of individual RTIL is outlined in the

following discussion.

2.3.1. [omim][BF4]
[bmim][BF4] was prepared from its chloride salt, [bmim]Cl, following a
standard procedure.” The latter was first prepared by treating a mixture of 1-

methylimidazole (distilled from KOH under reduced pressure) and 1-chlorobutane



40 Chapter 2

(distilled from P,0Os), taken in 1:2 mole ratio, at 65°C for 48-60 hrs under
nitrogen.’ It should be noted that the addition of 1-chlorobutane has to be slow
and under cooling condition. The reaction mixture was then cooled down to room
temperature and kept overnight in an ice-acetone bath in tightly sealed condition.
The white solid salt so obtained was washed several times with dry warm ethyl
acetate until the washings were free from unreacted 1-methylimidazole. The
halide salt was then rigorously dried under high vacuum before proceeding to the

next reaction step.

4 EtBr / 1,1,1-trichloroethane [\ CIn”""0H N
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Scheme 2.1. Synthetic steps of various RTILs employed in the present study.
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The solid [bmim]Cl was then taken in dry-distilled acetone and to it NaBF, (in
1:1.2 mole ratio) was added under inert atmosphere. The resulting mixture was
then stirred for 24 hrs at room temperature under nitrogen. The resulting solution
of [bmim][BF4] was then filtered through a plug of celite and the volatiles were

removed under reduced pressure.

2.3.2. [omim][PFg]

[bmim][PF¢] was prepared from [bmim]Cl using the following procedure.* A
dilute aqueous solution of [bmim]Cl was prepared in a plastic box and cooled to
0-4°C 1in an ice bath. To this ice-cold solution was added ice-cooled HPFg (65%
solution in water), maintaining 1:1.5 molar proportion, dropwise over an hour or
so with constant vigorous stirring. This slow addition prevented significant rise of
the temperature and avoided rapid exothermic reaction. The reaction mixture was
then stirred for 24 hrs at room temperature. After decanting the upper acidic layer,
the lower viscous ionic liquid portion was washed with excess water until it was

free from acid (checked by a pH paper).

2.3.3. [omim][Tf2N] and [emim][Tf2N]

[bmim][Tf,N] was prepared from [bmim]Cl in the following way.’ The
chloride salt and LiTf,N were dissolved in equimolar amount in doubly distilled
de-ionized water and the mixture was stirred for at least 18 hrs, first in room
temperature and then at 50-60°C, but always under nitrogen atmosphere. After
cooling the mixture, the viscous lower part (hydrophobic) was separated and
washed with water for 4-5 times, until and unless no trace of halide was detected

in the wash-liquid by AgNOs test.
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Using a similar procedure [emim][Tf,N] was synthesized from the
corresponding bromide salt, [emim]Br. [emim]Br, was prepared in a very similar
procedure as that of [bmim]Cl> A mixture of 1-methylimidazole and 1-
bromoethane, taken in 1:2 mole ratio in 1,1,1-trichloroethane, was stirred at 60-
65°C for 24 hrs under nitrogen. Subsequent treatment of the resulting mixture was
the same as in [bmim]Cl and the resulting white solid was then used in the next
step. The bromide salt and LiTf;N, taken 1:1 mole ratio in water, was stirred for
12 hrs at room temperature and the resulting hydrophobic liquid was then

separated and washed with water quite a few times to remove the precursors.

2.3.4. [OH-emim][Tf,N] and [OH-emim][BF,]

[OH-emim][Tf;N] was synthesized according to a published procedure.’ In
brief, 1-methylimidazole and 2-bromoethanol were stirred for 24 hrs in an inert
atmosphere under room temperature to obtain 1-(2-hydroxyethyl)-3-
methylimidazolium bromide ([OH-emim]Br) as a supercooled liquid, which when
treated with ethyl acetate, yielded white solid at room temperature. It was washed
further with ethyl acetate and then dried.

This bromide salt was then treated with LiTf;N in water at room temperature
to yield the desired ionic liquid. The ionic liquid was washed 3-4 times with de-
ionized distilled water until it was free from halide (confirmed by the AgNO; test
on the wash-liquid).

The other salt, [OH-emim][BF4] was prepared from the corresponding
chloride salt, [OH-emim]CL.” The latter was synthesized from 1-methylimidazole
and 2-chloroethanol using the same procedure described for [OH-emim]Br. This

chloride salt, obtained as a white solid, was then treated with NaBF, in dry
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acetone at room temperature to yield the desired ionic liquid. Acetone was

removed under reduced pressure to obtain the neat RTIL.

2.3.5. Purification of the RTILs

The purification of RTILs is the most crucial step as these liquids are used as
solvents for spectroscopic purposes. Care was taken to ensure that these liquids
are free from impurities, particularly those which might contribute to the
absorption/fluorescence in the wavelength region of interest. For hydrophobic
RTILs like [bmim][PF¢], [bmim][Tf;N], [emim][Tf,N] and [OH-emim][Tf,N],
the freshly prepared liquids were washed many times with water to remove the
unreacted precursors and halides. The removal of the halide impurities was
ensured by the fact that the ionic liquids or the washings did not form any
precipitate of silver halide when treated with aqueous AgNO; solution. For
hydrophilic RTILs like [bmim][BF,] and [OH-emim][BF4], the halide content was
minimized by using dry organics solvent like acetone for reaction, as it is reported
that the solubility of halides in acetone is very low.? Typically, for NaCl, the
solubility in acetone is 5.5x10° M.” For further purification, [bmim][BE4] was
diluted with dry DCM (freshly distilled), quickly filtered through small celite plug
and then DCM was evaporated under reduced pressure to furnish neat RTIL. This
process is repeated 2-3 times for effective removal of precursors and residual
halides. The same procedure was adopted for [OH-emim][BF,], but it was found
to be less effective as the miscibility of this RTIL with DCM is very less.

All the RTILs were then dried under high vacuum (pressure 102-10~ mbar),

sometimes with heating at 50-60°C, for at least 10-12 hrs to minimize the water
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content and for the removal of the traces of organic impurities, if any, present in
these liquids.'” In this way effectively dry ionic liquid was obtained. The RTILs
thus prepared were characterized by NMR and IR spectroscopic techniques
(compared with the literature data)””’ and then stored in vacuum desiccator under

nitrogen atmosphere wrapped by aluminum foil.

2.4, Instrumentation

The IR and NMR spectra were measured using Jasco FTIR 5300 spectrometer
and Bruker AVAnce 400 MHz NMR spectrometer, respectively. Steady-state
absorption and fluorescence spectra were recorded on a UV-vis
spectrophotometer (Caryl100, Varian) and a spectrofluorimeter (FluoroLog-3,
Jobin Yvon), respectively. For the measurement of steady-state fluorescence at
variable temperatures, FluoroMax-4 (Horiba Jobin Yvon) spectrofluorimeter with
an attached Peltier temperature controller (Wavelength electronics) was used. The
fluorescence spectra were corrected for the instrumental response. The viscosity
of the RTILs and other viscous solvents was measured by a LVDV-III Ultra
Brookfield Cone and Plate viscometer (1% 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. Two diode lasers, namely, the one
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having output at 374 nm with FWHM = 65 ps and the other with 439 nm output
and 90 ps FWHM were used in the present study. The maximum repetition rate of
the diode lasers was 1 MHz. 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.

2.4.2. Nanosecond laser flash photolysis setup

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

fluorescence measurements were also made using the LFP setup (Chapter 4). For
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this purpose, the light from the xenon lamp was blocked and the spectrometer was

run in the emission mode.
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Scheme 2.2. Schematic diagram of the LFP setup (from page 34, LKS.60 hardware
section of the user handbook of Applied Photophysics).

2.5. Sample preparation for spectral measurements

For measurements in conventional solvents, the solutions were prepared such
that the absorbance of the solution (1 cm pathlength) at the excitation wavelength
was around 0.1-0.2. The concentration of the probe molecules corresponding to an
absorbance value of 0.2 was found to be 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 50-60°C for 10-12 hrs in order to ensure the removal of the
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trapped moisture, if any, in RTILs. 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 the complete dissolution. The concentration of the solute was
optimized to have 0.2-0.3 absorbance at the excitation wavelength. For
fluorescence probes with long lifetime and oxygen sensitivity, cf. pyrene, the
solutions were deoxygenated by purging argon gas.

For laser flash photolysis experiments described in Chapter 4, quartz cuvettes
with pathlength of 0.3 cm were used and the probe (pyrene) concentration was
such that the absorbance was around 0.1 at the excitation wavelength (355 nm).
The solutions were deaerated by purging argon gas into the cuvettes for about 30

minutes prior to the experiments.

2.6. Measurement of the fluorescence quantum yield
For fluorescence quantum yield measurements, optically matched solutions
(or solutions with very similar absorbances) 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,'
Asample
smple =A% OD

XODS Xniam €
“ XD, 2.1)

2
X nstd

()

sample
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
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subscripts ‘sample’ and ‘std’ refer to the fluorophore of unknown quantum yield

and the reference fluorophore of known quantum yield, respectively.

2.7. Data analysis

The lifetimes of the samples were estimated from the measurements of
fluorescence decay curves and the 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 d-function. However,
when the lifetime is short, distortion of the experimental data occurs by the finite
decay time of the lamp pulse and response time of the photomultiplier and
associated electronics. Since the measured decay function is convolution of the
true fluorescence decay and the instrumental pulse, it is necessary to analyze the
data by deconvolution in order to get the actual fluorescence lifetime. The

mathematical statement of the problem is given by the following equation:
t
D(t) = j P(t)G(t - t)dt’ (2.2)
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
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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 > function for fitting. The deconvolution proceeded through a series
of such iterations until an insignificant change of %> occurred between iterations.
The inspection of reduced y°, a plot of weighted residuals and autocorrelation

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

2.8. 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 28-30 in each case. Each decay curve was
then fitted to a triexponential (or biexponential) decay function with an iterative
reconvolution program (IBH), to obtain the best fits with Xz 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

H(A)= L0 (2.3)

a0, )
was constructed, where, I(A) is the steady-state intensity, ai(A) and ti(A) are the

preexponential factor and decay time, respectively, at a particular wavelength
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with 2 0i(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) = H) 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,"
I=hexp[-In2{In(1+a)/y}*] for, o >-1 (2.4)

=0 for,a <-1

2 'Y(v_ Vpeak) —

A s Ve = Wavenumber corresponding to the peak, h = peak

where, o =

height, A = full-width at half-maxima and y corresponds to the asymmetry of the
band-shape. Optimizing these four parameters by nonlinear least-squares iteration

technique the best fitted curve was obtained.

2.9. Estimation of polarity in E+(30) scale

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 E(30) scale.'® These Er(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,

Er(30)/kcal mol = hev, N, =(2.8591 x 10°) v, /em™

= 28591/Amax (nM) (2.5)

where, v 1s the wavenumber and Amax is the wavelength corresponding to the

X

maximum of the long-wavelength, solvatochromic, intramolecular charge transfer



Materials, Instrumentation and Methods 51

absorption band of the standard betaine dye; and h, ¢, and N are Planck’s
constant, speed of light, and Avogadro number, respectively. This is the direct
way of solvent polarity measurement.

As mentioned in Chapter 5, the Ep(30) values of the RTILs were also
measured using probes other than the standard betaine dye, by an indirect

1 . .
method.!” Here, the wavenumber corresponding to the fluorescence maximum,

—fluo

v of each probe molecule in various conventional solvents was measured at

max

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)

—fluo

value of a RTIL was obtained using the measured v > value of the probe in the

max

given RTIL.

2.10. Standard error limits

Standard error limits involved in the measurements are:

Amax (abs./fluo.) + 1 nm

Dy +10%

¢ (> 1 ns) + 5%

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

excitation source used)
Polarity of RTILs in Er(30) scale £+ 5%
Relaxation time + 5%
Viscosity +2%
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Chapter 3

Optical Properties of the Imidazolium lonic Liquids

This chapter describes the optical properties of some carefully synthesized
and rigorously purified imidazolium ionic liquids, generally believed to be
transparent in most of the UV region and fully transparent in the visible
region. Contrary to what is known in the literature, we have shown that the
imidazolium ionic liquids have significant absorption in the UV region with a
long absorption tail in the visible region and give rise to an interesting
fluorescence, which shows an unusually large shift of the emission band on
changing the excitation wavelength. The observation has been accounted for
taking into consideration the existence of energetically different associated

species and the inefficiency of the energy transfer process between them.

3.1. Introduction

Room temperature ionic liquids (RTILs), particularly those based on
substituted imidazolium cations, are currently being extensively studied for a
variety of applications. The most commonly used salts are the ones involving
unsymmetrically substituted imidazolium cations and bulky inorganic anions such
as PF¢, BF4, (CF3S0,),N" (commonly known as Tf,N") etc. The property of the
RTIL that is most attractive from the point of view of its environmentally benign
nature is its negligible vapor pressure. Wide liquidus, thermal stability, miscibility
with other solvents, high ionic conductivity and wide electrochemical window etc
are some of the other properties that make these liquids suitable as solvents for

. . . 1-8 T . .
various applications. ~ These ionic liquids are considered as “designer solvents”
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as RTIL with a desired property can be designed using an appropriate
combination of the cationic and anionic constituents. A brief account of the
physicochemical properties, structural features and applications of RTILs has
already been given in Chapter 1.

Among the versatile application of RTILs, its utility as novel media for
studying various photophysical processes is also noteworthy. The optical behavior
of several dissolved solutes has been examined in RTILs. The UV-vis absorption
and luminescence spectral studies involving several dye molecules have been
carried out to measure the polarity or solvent strength of these ionic liquids.”"®
Empirical polarity parameters of various RTILs, which have been determined
using a number of dye molecules,” suggest that most of the imidazolium RTILs
are more polar than acetonitrile but less polar than methanol. Other photophysical

113 electron and energy transfer

studies like solvent relaxation dynamics,
kinetics,'* photoisomerization'” etc have also been carried out in RTILs.
Unconventional fluorescence of dipolar molecules showing an excitation
wavelength dependent behavior has also been observed in these media.'® Several
optical studies on dissolved solutes in RTILs based mixed solvents and
microheterogeneous systems have also been performed.'”'®

Even though the optical properties of a large number of systems, most of
which are fluorescent, have been studied in detail in various RTILs, there was
hardly any focused study on the optical properties of these liquids. Most of the
remarks on the optical properties of the RTILs have been made while examining
some other properties. Most of these studies give an impression that RTILs are

optically transparent for most of the UV region and completely in the visible
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1923 While some groups have indicated that the RTILs are transparent from

region.
300 nm onward,'”?' some others have suggested that one of the imidazolium
ionic liquids is transparent above 240 nm.?” The most comprehensive exploration
of the optical properties of an ionic liquid has been made by Billard et al.”> during
a study of the spectral behavior of Eu(Il) in [bmim][PFs] (Chart 3.1). These
authors examined the effect of repeated purification of [bmim][PFs] on the
absorption behavior and showed that the absorption band of [bmim][PF¢] in the
250-300 nm range was suppressed on purification. However, since the spectra
have been shown on a high OD scale, it is not clear whether pure [bmim][PFs] is
fully transparent in the 250-300 nm range, and, if not, whether the residual
absorption in this region is due to some impurity present in RTIL. Secondly, an
emission is reported for the purified [bmim][PFs]. However, it is not clear
whether or not the emission is due to some impurity that cannot be separated from
the given RTIL.” In recent years some more efforts have been directed towards
the decolorization of imidazolium RTILs for their use in spectroscopic studies.’*
2% These authors have described many decolorization procedures, most of which
are rather conventional, such as the use of charcoal as decolorizing material or
passing through an alumina column etc at various steps of synthesis. But, none
has shown that the absorption spectrum of any imidazolium RTIL is optically
transparent in the aforementioned UV-visible range.”*?® In order to obtain
definite information on the optical behavior of RTILs, we have undertaken the
present work of exploring the absorption and emission properties of the RTILs
based on imidazolium salts in detail. The RTILs studied here are depicted in Chart

3.1. With the help of the control experiments on the 1-methylimidazolium ion,
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generated from 1-methylimidazole, we unambiguously establish that the weak
absorption at 300 nm and beyond is indeed due to ionic liquids and that all the
liquids exhibit a highly interesting fluorescence that stretches well into the visible

region.

Me/N@N\MH/

n= 1 3
X = BF,, [bmim][BF,]
= PF,, [bmim][PF,]

= (CF,SO,),N, [emim][Tf,N] [omim][Tf,N]

Chart 3.1. Structure and abbreviation of the RTILs described in this work. emim
l-ethyl-3-methylimidazolium, bmim = 1-butyl-3-methylimidazolium, Tf;N
bis(trifluoromethanesulfonyl)imide.

The methods of preparation and purification of the RTILs described in this
chapter have been discussed in detail in Chapter 2. More importantly, the RTILs
were rigorously purified to ensure complete removal of the precursors and dried
for several hours (10-12 hours) under high vacuum (10 mbar) to minimize the
water content. The purified ionic liquids were characterized by both IR and NMR
spectroscopy and stored in a desiccator under dry nitrogen wrapped by aluminum
foils. However, only freshly prepared RTILs were used for the optical studies to

avoid its contamination from any probable decomposition products.
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3.2. Investigation on optical properties
3.2.1. Absorption

Fig. 3.1 depicts the absorption spectra of some most commonly used
imidazolium RTILs as measured with a 1 cm pathlength cuvette. The spectral
shape and nature of the absorption spectra of [bmim][PF¢] are consistent with
those reported by Billard et al.® From Fig. 3.1 it is obvious that the absorption of
RTILs is far from negligible and a long tail of the absorption extends even beyond
350 nm, though no clear maximum is observable above 250 nm. However, the
molar extinction coefficient of this absorption of RTILs is quite low, e.g., the
value estimated in acetonitrile solutions of [bmim][PFs] is nearly 0.2 M em™ at
275 nm, but it contributes to an OD of 0.8 at this wavelength in neat RTIL (Fig.
3.1(a)). In all cases, the absorbance is significant (around 0.07-0.14) even at 350
nm, suggesting that more than 15-25% of the incident light is absorbed by the
RTIL at this wavelength.

Apart from the neat ionic liquids, we have also examined the absorption
characteristics of [bmim]Cl. Since [bmim]Cl is a solid at room temperature, we
have examined its spectral behavior in acetonitrile (Fig. 3.2). Again, the long tail

is clearly visible in this case as well.
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Fig. 3.1. Absorption spectra of neat RTILs as obtained using a 1 cm pathlength
cuvette: (a) [bmim][BF,] (—), [bmim][PF¢] (---) and (b) [bmim][Tf,N] (—) and
[emim][TfuN] (---).
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Fig. 3.2. Absorption spectra of [omim]CI (0.35 M) in acetonitrile as obtained using a
1 cm pathlength cuvette.

3.2.2. Emission
The fluorescence behavior of the RTILs employed in this study, namely
[bmim][PF¢], [bmim][BF4], [bmim][Tf;N] and [emim][Tf;N] is illustrated in Fig.

3.3. Interestingly, the most common feature of the fluorescence spectra of all
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RTILs is that the spectral behavior is strongly dependent on excitation
wavelength. Moreover, in each case, the emission for a single excitation
wavelength is characterized by two components. For example, when [bmim][PF]
is excited around 280-290 nm, the peaks corresponding to the two components
appear at 337 and 410 nm (Fig. 3.3(a)). As the excitation wavelength (Aex) is
increased, the 337 nm band becomes less intense and eventually disappears and
the long wavelength band becomes prominent. Similarly, when [bmim][BF4] is
excited at wavelengths below 340 nm, it exhibits an emission band centered
around 365 nm with a shoulder around 425 nm and the band profile extending
beyond 500 nm. This two-component emission characteristic is also apparent in
other two RTILs, [bmim][Tf;N] and [emim][Tf;N].

As mentioned earlier, the most interesting part of the observation is the
excitation wavelength (Aexc) dependence of the emission spectra of these RTILs.
In case of [bmim][PF¢], as the Ae is increased beyond 320 nm, the long-
wavelength emission peak starts to shift towards the longer wavelength. As can be
seen (inset to Fig. 3.3(a)), the extent of the shift of the peak is unusually large
(>100 nm). It is also important to note that the fluorescence is observable even
when e > 400 nm, where the absorption due to the RTIL is almost negligible
(Fig. 3.1(a)). Similar is the case with other RTILs, except for the fact that (i) the
relative intensities of the two components, (ii) the value of Aexe from which Aeyc
dependent red shift of emission starts and (iii) the magnitude of red shift are

different for different RTILs.
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Fig. 3.3. Excitation wavelength-dependent emission behavior of neat RTILs: (a)
[bmim][PFg], Aexe (nm) =280 (1), 300 (2), 320 (3), 340 (4), 360 (5), 370 (6), 380 (7), 400
(8), 420 (9). (b) [bmim][BF4]. kexc (nm) = 290 (1), 310 (2), 320 (3), 330 (4), 340 (5), 350
(6), 360 (7), 380 (8), 400 (9), 420 (10). (c) [bmim][Tf2N], Aexc (NmM) = 280 (1), 290 (2),
300 (3), 320 (4), 340 (5), 360 (6), 370 (7), 380 (8), 390 (9), 400 (10). (d) [emim][Tf,N],
Aexc (nM) = 280 (1), 290 (2), 310 (3), 320 (4), 330 (5), 340 (6), 350 (7), 360 (8), 370 (9)
380 (10), 400 (11). The inset shows the variation of the fluorescence peak position
with the excitation wavelength for respective RTILS.
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Fig. 3.4. (a) Emission spectra of [bomim]Cl in acetonitrile solution (0.35 M). Aexe (NmM)
= 260 (1), 280 (2), 300 (3) 310 (4), 320 (5), 340 (6), 350 (7), 360 (8), 380 (9), 400 (10).
The sharp peaks are Raman lines. (b) Fluorescence excitation spectra of [omim]CI

in acetonitrile (0.35 M). Aems (NmM) = 410 (1), 430 (2), 450 (3), 475 (4). The sharp peaks
are Raman lines.

The fluorescence emission as well as excitation spectra of the acetonitrile
solution of [bmim]Cl is shown in Fig. 3.4. Here also the two-component feature
of the fluorescence is quite distinct: on excitation at around 270-280 nm, a short-
wavelength band around 335 nm and a long-wavelength band around 415 nm is
observed (Fig. 3.4(a)). With increase in the excitation wavelength, the long-
wavelength emission gains intensity with no shift of the maximum up to an
excitation wavelength of 340 nm. With further increase in the excitation
wavelength, a shift of the fluorescence maximum similar to that observed in neat
RTILs can be noticed (Fig. 3.4(a)). Figure 3.4(b) depicts the fluorescence
excitation spectra of [bmim]Cl in acetonitrile for various monitoring wavelengths.

As can be seen, the short wavelength band appears at the same place (270 nm),
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whereas the long-wavelength emission band shifts progressively towards red. This
shift is observable as long as it is possible to record an excitation spectrum.

In this context we note some of the recent investigations on the optical
properties of imidazolium and other RTILs. Earle et al®* have tried for
decolorization of RTILs, mostly using activated charcoal column to obtain a
transparent liquid. However, though these RTILs are transparent in naked eye like
our samples, they posses non-negligible absorption in the UV-visible region.”* A
similar attempt has been made by other groups using different methods, but a
significant absorption in the aforementioned range has eventually been
remained.”*® Burrell et al.> have tried to ‘purify’ imidazolium RTILs free from
fluorescent impurities. However, using the same method of decolorization by
activated charcoal, they have reported a fluorescence-free pyrrolidinium RTIL,”
which is expected to be so because of lack of polarizable n-cloud. On the other
hand, Gutkowski et al. have repoted the fluorescence spectra of [bmim][BF4],
which is very much similar to what we have observed for the same.”” In summary,
it can be said that the imidazolium RTILs possess non-negligible absorption and

fluorescence in the UV-visible regime of the spectra.

3.2.3. Quantum yield and lifetime

The fluorescence efficiency and lifetime of the neat RTILs have also been
measured. The fluorescence quantum yield measurements were performed using
4-aminophthalimide as the reference compound (®;= 0.1 in methanol).”® Because
of the Acxc dependence of the two-component emission and its shifting nature, the
fluorescence quantum yield (®¢) of the RTILs is dependent on Acy.. Therefore, the

fluorescence quantum yield has been estimated for a given excitation wavelength.
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Thus, in case of neat [bmim][PF], for Aexc = 360 nm, the @y value is estimated to
be 5 x 10°. A more or less similar value of ®@; is obtained in case of neat
[bmim][BF4] for the same excitation wavelength. For the two Tf,N-salts, the yield

is also in the same range (4-7 x 107).
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Fig. 3.5. Fluorescence decay profile of (a) [bmim][PFs] and (b) [bmim][BF,] as
monitored at 550 nm. The experimental decay curve is shown as a dotted line and
the instrument profile as a dashed line. The solid line is the triexponential fit to the
decay curve. The residuals are indicated below. The »* value corresponding to both
plots is 1.1.

The fluorescence decay behavior of the RTILs has been studied by exciting
the samples at 375, 390 and 420 nm and monitoring the fluorescence at various
wavelengths between 400 and 600 nm. The variation of the decay parameters with
the change in the monitoring wavelength and with the excitation wavelength is

minimal for a given ionic liquid, and it did not show any particular trend. Further,
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the lifetime components for the different ionic liquids are also very similar. The
major component (~90%) of the decay consisted of a lifetime varying between
470 and 590 ps. Two other minor components with lifetimes of 2.4-2.9 ns (7%)
and 8.5-11 ns (3%) are also observed. The typical fluorescence decay profiles for
[bmim][PF¢] and [bmim][BF4], as measured at around 550 nm, are shown in Fig.

3.5.

3.3. Discussion

The present results clearly suggest that imidazolium ionic liquids possess very
similar absorption characteristics. All of them have non-negligible absorption at
300 nm and at longer wavelengths. A concentrated solution of [bmim]Cl also
displays a similar absorption behavior. In order to prove that the absorption is not
due to any impurity, we have adopted a strategy that is different from the one of
comparing the absorption spectra of repeatedly purified samples of RTILs. That
the absorption is actually due to the imidazolium moiety is proved by starting
with pure 1-methylimidazole (MIM), generating the corresponding imidazolium
cation by protonation and then examining whether the latter has negligible
absorption in the region of interest.

Fig. 3.6 shows the absorption spectrum of a concentrated acetonitrile solution
of MIM and the effect of addition of acid. Addition of HCl or CF;COOH to a
concentrated solution of MIM produces a new species, which absorbs relatively
strongly in the longer wavelength region compared to MIM. The observation of
an isosbestic point rules out the possibility of the formation of any third species.
That the new species is the imidazolium ion is evident from the fact that the pK,

for the protonation equilibrium of MIM is reported to be 7.2.* In the presence of
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excess acid, when MIM is expected to be fully protonated, the ~275 nm band and
~330 nm shoulder persisted implying that the imidazolium cation does absorb
above 300 nm. Hence, we unambiguously establish that it is impossible to prepare

imidazolium ionic liquids with no absorption above 300 nm.

0.20- 1
0.15-

o

G 0.10-

0.054 1

0.00 T 7 T
250 300 350 400 450
Wavelength (nm)

Fig. 3.6. Effect of addition of HCI on the absorption spectrum of acetonitrile
solution of N-methylimidazole (1.7 M). The concentrations (in 102 M) of the acid (in
increasing absorbance at 325 nm) are 0, 1.25, 2.5 and 4.8.

As far as the emission behavior is concerned, all imidazolium ionic liquids
display rather similar emission characteristics. The higher energy band, centering
around 330-360 nm (exact position depending upon the specific RTIL), remains
stationary with respect to the increasing excitation wavelength, whereas the long
wavelength (i.e., lower energy) band, continually shifts with increasing Ay value.

We now attempt to find out what gives rise to the long wavelength emission
band and why the emission maximum corresponding to this band shifts
continuously. It is evident from Fig. 3.3 that the long-wavelength emission band

is observed when the excitation is made at the tail of the absorption band. We
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have tentatively assumed that the long tail in the absorption band might be due to
the presence of various associated species that are energetically different. At this
point, let us take into consideration the necessary information relating to the
structure of the imidazolium salts in their liquid state and examine whether the
existence of energetically different associated structures has been indicated by
recent studies. Several experimental and computer simulation studies have been
carried out with a view to obtaining insight into the structures of the imidazolium
salts in their liquid state.”">® Among the experimental studies, the results of the
neutron scattering, NMR, X-ray scattering, and Raman spectroscopic
measurements are particularly important.’*** Recent X-ray diffraction’, XAFS,*
optical Kerr effect®® etc studies have shown the evidence of nanoscale ordering
and local structure in RTILs. Even though the liquid state structure of the RTILs
is still not fully understood, these studies clearly indicate several structures with
both short and long-range spatial correlations of the cation-anion and cation-
cation pairs, which we term as associated species. Again, though the large anions
are located mostly above and below the plane of the imidazolium ring,* the
existence of the multiple structures, and the large region of probability of finding
an anion in the vicinity of a cation and vice versa, is expected to broaden the

energy states of the absorbing species, and this can lead to a long tail.
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Fig. 3.7. Effect of dilution (using acetonitrile) on the fluorescence profile of (a)
[bmim][PF¢], where Aexc = 285 nm and (b) [bmim][Tf,N] where Ae = 280 nm. The
spectra are normalized at the lower wavelength emission maximum. The
concentrations of [bmim][PFg] in decreasing order of the fluorescence intensity at
425 nm are 0.35, 0.15, 0.07, 0.03, 0.007 and 0.0015 M, whereas that for [bmim][Tf,N]
are 0.4, 0.2, 0.1, 0.04 and 0.004 M.

That the long-wavelength emission band indeed arises from the excitation of
the different associated structures, which comprise the long absorption tail of the
RTILs, is evident from the effect of dilution on the fluorescence spectra. Fig. 3.7
shows that sufficient dilution of the ionic liquid results in complete disappearance
of the long-wavelength emission band indicating the breaking of different kinds
of associated structures of the ionic liquid.

The excitation wavelength dependence of the long-wavelength emission band
can then be accounted for taking into consideration the existence of energetically
different associated species. As the excitation wavelength is changed, a slightly
different associated species is excited and an emission characteristic of this
species is observed. This is clearly evident from the shift of the peak of the

fluorescence excitation spectra with the monitoring wavelength (Fig. 3.4(b)).
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These individual overlapping bands in the excitation spectra contribute to the tail
of the absorption spectra of the ionic liquids. Thus, the excitation wavelength-
dependent shift of the emission maximum arises from the heterogeneity (or
multiplicity) of the structure of the ionic liquids.

Finally, the kind of fluorescence behavior observed for the RTILs, though not
very common, is not unprecedented. Dipolar probes in viscous media, in
organized assemblies such as membranes and proteins and even in the RTILs,
exhibit this kind of excitation wavelength-dependent fluorescence behavior when

excited at the red edge of the absorption band.””*

The phenomenon is commonly
known as red-edge effect (REE) and is particularly useful in applications such as
the measurement of the depth of a fluorophore in a membrane.*® The literature
suggests that REE can be observed when there exists a ground-state heterogeneity
and when the excited-state relaxation (which can be an energy transfer or
solvation process) is slow.”” We believe that the heterogeneity of the structure of
RTIL, which allows photoselection of energetically different associated species,
and the high viscosity and short fluorescence lifetime, which make the relaxation

of the photoexcited species inefficient, contribute to REE-like behavior in ionic

liquids.

3.4. Conclusion

The electronic absorption and fluorescence spectra of several commonly
utilized imidazolium salts have been examined. The results suggest that none of
the imidazolium ionic liquids is transparent in the entire UV region. These liquids
display a very interesting excitation wavelength-dependent fluorescence covering

a significant portion of the visible region. Though the absorbance above 300 nm is
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rather small and as such this may not constitute any serious problem to optical
studies of the dissolved solutes, the fact that these liquids are fluorescent implies
that one needs to be extremely careful in fluorescence studies, especially
involving weakly fluorescent samples. lonic liquids based on pyrrolidinium
cation, which contain a saturated ring system, may be better suited for optical

studies.
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Chapter 4

Photoinduced Electron Transfer Reaction in RTILs

This chapter delineates the photoinduced electron transfer (PET) reaction
between pyrene and N,N-dimethylaniline in four RTILs, monitored by using
steady-state and time-resolved fluorescence and laser flash photolysis
techniques. No exciplex emission could be observed for this well-known pair.
The rate constants of fluorescence quenching due to electron transfer
process, although found to be much lower compared to normal solvents, are
2-4 times higher than the diffusion-controlled rates in RTILs. The yield of PET
products, i.e. solvent-separated radical ions, was also found to be very low,
and in highly viscous RTILs the absorption due to radical ions could not be
observed. This observation has been attributed to slower escape rate of the

ions compared to fast back electron transfer in the geminate ion pair.

4.1. Introduction

Though RTILs are emerging as media of diverse application, the number of
photophysical studies carried out in this novel solvent system is still
comparatively less. As such, only a few PET processes have been studied so far in
RTILs." These studies have largely been confined to determining the effect of
viscosity and/or polarity on the rate constant of such processes. It has been shown
that the rate of diffusion-controlled PET is considerably slower in RTILs
compared to conventional solvents, and, higher the viscosity slower is the rate of
the PET process.'* While Gordon et al. explained this observation considering a

higher activation energy for PET because of high viscosity,' others interpreted it
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in terms of “screening of an ionic liquid” toward primary photoprocesses.” In a
recent work, Garcia and co-workers have pointed out some similarity in various
aspects of a PET reaction in RTILs and zeolite.” Recently, Vieira and Falvey have
demonstrated the Rehm-Weller relationship for a series of PET reactions in
RTILs with an emphasis on solvent reorganization energy of these media.* In
many PET processes studied in RTILs the rate constant is found to be higher than
that expected for a fully diffusion-controlled process,"* which is calculated using
Smoluchowski equation:

8RT
K =—— (4.1)
3n

where, 1) is the viscosity (in cP) of media at temperature T (in K). The same has
been found in case of pulse radiolysis studies of ground state electron transfer or
electron capture process.”® Thus, it is of interest to see whether or to what extent
this behavior is general.

Again, how the course of a PET reaction is influenced by the viscosity,
polarity, and ionic constituents of the RTILs is still an open question. Gordon et
al. determined the efficiency of cage escape of the geminate ion pair to form
solvated ions, and found that this was not drastically lower than that in
acetonitrile.! This observation was somewhat unexpected because of huge
viscosity difference between the two solvents. These authors thus hypothesized
that the back electron transfer rate in the geminate ion pair is slower in RTIL than
in acetonitrile, because of the competition between the diffusional separation of
the geminate ions with the molecular reorganization prior to back electron

transfer.! Because of very limited number of studies on the PET processes in
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RTILs, there is hardly any information on how the mechanism, dynamics and
yield of these reactions can be influenced by the bulk properties such as the

viscosity, polarity and ionic nature of the constituents of the RTILs.

\/\/N@N\ \/N@N\

X X
X = [CF,SO,I,N ; [bmim][TF,N] X = [CF,SO,],N ; [emim][Tf,N]
[PF] : [omim][PF,]
[BF,] : [omim][BF,]

Chart 4.1. Structure and abbreviation of the RTILs used in the present work;
[bmim] = 1-butyl-3-methylimidazolium, [emim] =1-ethyl-3-methylimidazolium, [Tf,N]
= bis(trifluoromethanesulfonyl)imide.

In order to study these aspects, we have chosen a simple but extensively
studied PET reaction between pyrene and N,N-dimethylaniline (DMA), in which
pyrene fluorescence is quenched by DMA through a diffusion-controlled process
in conventional solvents.”'” This is evident from the fact that the quenching

! s'l) is very similar to the kg

constant (kq) for the present system (~10" M
values, 10°-10"° M s™ (depending on solvent viscosity).® Apart from the fact that
PET between pyrene and DMA is diffusion-controlled, the second reason for
selecting this pair is that PET gives rise to the formation of a fluorescent exciplex
in a nonpolar medium.” Well-characterized absorption data of the transient

species of this PET reaction offers additional advantages.”'” This chapter thus

describe the study of PET reaction between pyrene and DMA in four different
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RTILs (Chart 4.1), which cover a wide range of viscosity, using steady-state and

time-resolved fluorescence and laser flash photolysis techniques.

4.2. Fluorescence quenching experiment

Steady-state absorption as well as fluorescence spectra of pyrene in RTILs are
similar to what observed in conventional solvents. With the addition of DMA to
the solution of pyrene in an RTIL the pyrene fluorescence is quenched, as shown
in Fig. 4.1. However, no additional fluorescence band due to the exciplex could
be observed in the long wavelength region in any RTIL. As can be seen from Fig.
4.1, even when the DMA concentration is as high as 0.5 M, no trace of exciplex
emission can be detected. Fig. 4.2 depicts the variation of fluorescence lifetime of
pyrene as a function of DMA concentration. The Stern-Volmer plot of 1o/t versus
[DMA] is also shown as an inset to Fig. 4.2. The calculated quenching constants
(kq) in different RTILs, which range between 0.7 x 10% and 3.7 x 10°* M 57!, are
collected in Table 4.1. As can be seen, these values are nearly 2 orders of

magnitude lower than those measured in conventional solvents.
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Fig. 4.1. Steady-state fluorescence spectra of pyrene in [bmim][PFg] for various

concentrations of DMA (Aeyc = 340 nm). DMA concentrations, from top to bottom,

are 0.0, 0.015, 0.065, 0.13 and 0.5 M. The inset shows the Stern-Volmer plot for the
quenching experiment (k, = 6.3 x 10" M™s™).
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Fig. 4.2. Decay profiles of pyrene fluorescence in [emim][Tf,N], monitored at 370

nm, for various concentrations of DMA. DMA concentrations are (a) 0.0 M, (b) 0.012
M, (c) 0.02 M and (d) 0.06 M. Inset: Stern-Volmer plot for the corresponding data.
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Table 4.1. Quenching constant values obtained from the fluorescence decay
measurements (at 20°C).

RTILs Viscosity (cP)* ko (M™'s")" kg (M s Ko/Kaite
[bmim][PFq] 330 6.9x10’ 2.0x107 3.45
[bmim][BF,] 154 1.8x10° 4.3x10’ 4.18
[bmim][Tf;N] 52 2.7x10° 1.25x10° 2.16
[emim][Tf:N] 34 3.7x10° 1.95x10° 1.9

*Viscosity values are obtained from literature (refs 1, 16 and 17), bquenching constants (kq) values
were obtained from the Stern-Volmer plots of 1o/t vs. [quencher] with the lifetime values obtained
by monitoring the fluorescence decay profiles in the LFP setup, ‘diffusional rate constant (k)
values are obtained from viscosities of RTILs using the eqn. 4.1.

It is to be noted here that the quenching constants (ky) estimated from the
Stern-Volmer plots of 1o/t vs [DMA] were found to be very similar to those
obtained from the plots of Iy/I vs [DMA] using the steady-state intensities (see
inset to Fig. 4.1). For example, in [bmim][PF¢], the estimated kg value from
steady-state data is 6.3 x 10’ M s, which is very close to that obtained (6.9 x

10’ M s from time-resolved study.

4.3. Transient absorption measurement

Laser flash photolysis (Aexe = 355 nm) of pyrene in RTILs gives rise to
transient absorption bands having a sharp peak at around 360 nm and a relatively
broader absorption in the 450-550 region (Fig. 4.3). The time profiles of both of
the absorption bands are found to be very similar (inset to Fig. 4.3), indicating
that both of the absorption bands arise from the same transient. In view of the

similarity of the lifetimes associated with these absorption bands and that due to
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the fluorescence, these transients can be attributed to S;-S, transitions of pyrene.

This assignment is consistent with the literature.'®
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. 0.06
34 ns
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Fig. 4.3. Transient absorption spectra of pyrene in [bmim][PF¢] in the short time-
scale. The negative absorption in the 370-460 nm region is due to the emission of
pyrene. The inset shows the decay traces of the transient absorption at 360 nm
(top) and 470 nm (bottom). The exponential fits to these decay curves yielded
decay times of 303 ns and 310 ns, respectively, which are quite similar to the
fluorescence lifetime of pyrene in that solvent (295 ns).

While the absorptions due to the S;-S, transitions decay completely in < 1 ps,
another absorption centering around 410-415 nm could be observed in the longer
time-scale (nearly millisecond range), as depicted in Fig. 4.4. The long lifetime
associated with this absorption suggests that this absorption is due to T;-T,

transitions of pyrene.>'
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Fig. 4.4. Transient absorption spectra of pyrene in [bmim][PF¢] in the long time-
scale. The peak of the absorption at around 410 nm characterizes the pyrene
triplet. Delay times (top to bottom) are 2 ps, 9.2 us, 45 ps, 110 pus and 172 ps. The
inset shows the decay trace of the transient absorption at 410 nm.

The evidence of dynamic electron transfer quenching of the S; state of pyrene
in RTILs is evident from the quenching of the S-S, absorption in the presence of
DMA. A Stern-Volmer plot of the transient absorption data in [bmim][PFg],
obtained by monitoring the absorptions at 360 and 470 nm, gives k, values of 6.6
x 10" and 6.0 x 10" M s, respectively at 20°C, which are very similar to those
obtained from the fluorescence studies (see Table 4.1). In this context, we note
that the lifetime of the long-lived absorption due to the T;-T, transition remained
unaffected in the presence of DMA. This observation is consistent with the fact
that the PET process between pyrene and DMA proceeds only through the S,

state.8
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In relatively less viscous RTILs such as [emim][Tf,N] and [bmim][Tf,N],
additional absorption bands, which can be assigned to the products of the PET
reaction, namely, pyrene radical anion (intense peak at ~493 nm) and DMA
radical cation (relatively less intense peak around 455-460 nm), can also be
observed in the presence of DMA in the large time-scale (e.g., 100-200 pus
range).*'" The transient absorption spectra of the pyrene-DMA system in
[emim][Tf;N] and [bmim][Tf,N] are shown in Fig. 4.5. Interestingly, in more
viscous RTILs, [bmim][PF¢] and [bmim][BF4], the absorption bands due to the

transient radical ions were not observed.
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Fig. 4.5. Transient absorption spectra of pyrene in presence of DMA (0.1 M) in (a)
[emim][Tf,N] and (b) [bmim][Tf,N]. The absorption near 420 nm and the peak
around 495 nm correspond to the triplet pyrene and pyrene radical anion,
respectively. However, the shoulder around 455-460 nm is due to DMA radical
cation.
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4.4. Discussion
4.4.1. Fluorescence quenching and thermodynamic parameters

One of the important findings of the present work is the absence of the
exciplex emission in the steady-state measurement as well as in the laser flash
photolysis studies. In general, for the donor-acceptor systems comprising of
amines and aromatic hydrocarbons, the PET processes can lead to the formation
of an exciplex, which is often an intermediate for PET reactions occurring in

- 7,19
conventional nonpolar solvents.”

In polar media, the exciplexes are generally
not observed because of rapid dissociation of the primary photoproducts to, most
commonly, the solvated radical cations and anions." As described earlier, pyrene-
DMA is regarded as a typical exciplex forming system, for which the exciplex
emission is most pronounced in nonpolar solvents.”" Since weak exciplex
emission for the present system can even be observed in polar solvents such as

fpt 10,11
acetone and acetonitrile,'”

where the formation of the solvated ions competes
with the exciplex emission, lack of this emission in RTILs suggests that these
media are more polar than acetonitrile. While this inference is consistent with the
findings of various absorption and fluorescence studies, which suggested the

polarity of the RTILs to be higher than that of acetonitrile,”**'

recently measured
static dielectric constants of some RTILs (¢ = 11.4-12.3, at 250C),22 however,
indicate that these media are much less polar than acetonitrile (e = 35.9 at 25°C).*
It is therefore evident from the present results that it is the microscopic polarity
parameter, such as the E1(30) value of the RTIL, which determines whether or not

exciplex emission can be observed in a given RTIL.
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Another noticeable feature of the present study is that the measured kq values
are 2-4 times higher than the kgir values for the respective RTILs, calculated
using eqn. 4.1 employing the literature values of viscosity of RTILs (see Table
4.1). In conventional solvents, the kq values are comparable to the kg values. In
fact, in acetonitrile, the kq value (1.3 x 10" M s at 25°C)* is slightly lower than
the kgisr value (~1.9 x 10°Mm!s! using 1 = 0.341 cP for acetonitrile, at 25°C).

Before probing the difference in the kq and kairr values, let us focus on the
thermodynamic parameters of PET to have an understanding of these physical
quantities for PET reaction in RTILs. According to Rehm and Weller, the
thermodynamic driving force (AGgr) of the overall PET process, i.e., the
formation of solvent-separated species from the photoexcited species is given
by, 2425

AG=Ey —EY' —E,,—¢’/er, (4.2)

where, EX and E% are the oxidation and reduction potentials of the donor and

the acceptor, respectively. Eg is the energy corresponding to the 0-0 transition of
the photoexcited molecule (donor or acceptor) and 62/8rq is the coulomb energy of
interaction of the ion pair at the effective encounter distance of the donor and
acceptor (i.e., Iq = rq + 1,). The coulomb energy term depends on solvent polarity
(i.e., dielectric constant) and becomes negligible when the solvent is highly polar,
cf. acetonitrile. It is also shown by Rehm and Weller that k, increases sharply
with a decrease of AGgt and it attains the diffusion-controlled limited value (~2 x
10" M s™ in acetonitrile) when AGgr < —10 kcal (~ —0.43 eV).”> For the pyrene-
DMA system, the AGgr value in acetonitrile is estimated to be —0.47 eV at
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25°C,'"!? which is close to the critical value of AGgr required for an electron
transfer process to be diffusion-controlled.*
Now, since the redox potentials of pyrene and DMA in the present RTILs are

not known, we assume that the [EY —E%X?] value for the present system in

[emim][Tf;N] is the same as that in pyridine (3.08 ¢V),'? as the two solvents are
isopolar in terms of dielectric constant (the € values are 12.25 and 12.3 for
[emim][Tf;N] and pyridine, respectively, at 25°C).** Subsequent calculation using
eqn. 4.2 with an rq value of 7 A for the pyrene-DMA system'>"? and Egg(A*) =
3.34 eV leads to slightly lower AGgr values (—0.4 to —0.42 eV) in the four RTILs
compared to that in acetonitrile. (For RTILs other than [emim][Tf;N], the

[EX —EY?] value was assumed to be ~3.0 eV, as their dielectric constants are

marginally lower than that of [emim][Tf,N]).

Since for the pyrene-DMA system the AGgr value in acetonitrile is close to its
critical value required for diffusion-controlled electron transfer, a drop in the
AGgrt value 1s expected to result in a reduction of the kq value, making it less than
the ki value.'® However, in the present case, the kq values in RTILs are, in fact,
2-4 fold higher than the kg values (Table 4.1), despite the lower AGgr values in
these media. This observation was unexpected but not “unprecedented”, as a
similar observation, i.e. kq > kaifr has been noted by Neta coworkers in the pulse
radiolysis study of ground state electron transfer or capture reactions™® and in
some recent PET studies."* The present result, perhaps, is a reflection of the fact
that the microviscosity surrounding the electron donor-acceptor moieties is
different from the bulk viscosity of the RTILs, as suggested by Skrzypczak and
Neta.”
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4.4.2. Transient absorption spectra and yield of ions

Mataga et al. have shown that the yield of the solvent-separated ions (®j,n) of
the present system decreases with a decrease in the € value of the solvents.'"*""
For example, ®j,, in acetonitrile is 0.5, whereas, in less polar solvent pyridine,
this value is only 0.08."° A rough estimate of the yield of the solvent-separated
radical ions (®j,,) can be made from the transient absorption data, using the
following equation: ®;o, = Nion/N,,, where Nio, and N, denote the total number of
ions produced per pulse and total number of exciting photons per pulse,
respectively.”® The former is obtained from the concentration of the ions produced
(cion) for each laser excitation using ci,n = AOD/¢)-| where AOD is the differential
absorption due to the radical ion at a given wavelength, €, is the molar extinction
coefficient of the same species at this wavelength, and | is the optical path length.
Again, the number of exciting photons per pulse (Np) is obtained for each
excitation from the laser energy monitor (N, = 1.2 x 10" per unit volume per

10,13,26
pulse). ™™

Under the condition when pyrene fluorescence is highly quenched
(~90%), the maximum AOD value due to the pyrene radical anion allows
estimation of cj,, assuming that the g, value (4.8 x 10* M em™ at 493 nm in
acetonitrile)'” is solvent independent. It is to be noted here that the absorption due
to the pyrene radical anion at 493 nm was obtained after subtracting the
absorption due to the triplet at this wavelength from the total AOD value. The
contribution due to the triplet was estimated by performing a control experiment
without DMA. Thus, the estimated ®;,, value is 0.015+0.005 in [emim][Tf,N] and
slightly less in [bmim][Tf;N]. Such low yield of the solvent-separated ions is in

agreement with the high viscosity and low dielectric constant of the RTILs."*"*#’
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Here ®@;,, was estimated from the yield of the pyrene radical anion because of the
prominence of the transient absorption due to the pyrene radical anion than that of
the DMA radical cation (see Fig. 4.5). The yield of the radical cation is, however,
the same as that of the radical anion, according to Scheme 4.1 depicted below.
Since the absorption due to the pyrene radical anion or DMA radical cation could
not be observed in more viscous RTILs, [bmim][PF¢] and [bmim][BF4], the ®j,,
values in these solvents could not be calculated from the transient absorption
studies. However, one can obtain an estimate of this quantity when taking into
consideration the fact that @, is closely related to the yield of dissociation of the
geminate ion pair (GIP), @giss, With @jo < Dyiss. It should be noted that, @jy, =
®4iss, when no process other than those depicted in Scheme 4.1 is involved. In
reality, the exciplex formation in competition with the formation of the GIP,
annihilation of the GIP resulting in the formation of triplet species, and so forth,

often leads to a difference in these two quantities.

+ <
A+B_’[A _______ B*]_>[A ....... B]£A+B

GIP
Dissociation
+ -
A+B
SSli

Scheme 4.1. Mechanism of the PET reaction in RTILs. GIP, BET and SSI stand for
geminate ion pair, back electron transfer and solvent-separated ions, respectively.
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According to Scheme 4.1, the dissipation of GIP occurs only through
dissociation to solvent-separated free ions (SSI) and geminate recombination by
the back electron transfer (BET) process. Hence, ®4iss can be written as

k

= diss 43
diss k + kBET ( )

diss
where kgiss 1s the rate constant for dissociation of the GIP yielding free ions and
kger i1s the rate constant for back electron transfer leading to geminate
recombination in the GIP. The estimated value of @y for the pyrene-DMA
system is almost unity in acetonitrile and ~0.7 in acetone.'*'* However, in
pyridine and other weakly polar solvents, this value is much lower.”® Herein, we
have attempted to calculate an approximate value of ®giss for the pyrene-DMA
system in RTILs using the Tachiya method,” which is based on the Onsager
diffusion-controlled ion-recombination model.’*® According to this method, the
rate of dissociation of the ion pair (kgiss) in the initial separation distance (rp) is
given by
Dr

= o lexp(try)—1] G5

diss

where D is the sum of the diffusion constants of the donor and acceptor, that is, D
= D, + Dq and r. is the Onsager distance, which is given by the expression r, =
¢’/kyT (ks = Boltzmann constant) and is constant for a given solvent at a constant
temperature (T).”’ The equation suggests that kg is strongly dependent on rp,
and therefore, an accurate choice of rp value is necessary for the estimation of

kgiss using the above equation.
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Since the RTILs are viscous solvents, the diffusion coefficient (D) of the
small solutes in these media is expected to be significantly lower than that in
conventional solvents. According to Stokes-Einstein law, the diffusion coefficient
for a small molecule is given by, Dgman = kgT/6mnr, where r is the radius of the
molecule (hydrodynamic radius), assumed to be spherical, and n is the viscosity
of the solvent at temperature T. It is a common practice to use an average D (= D,
+ Dy) value of 3.5 x 10 ecm” s™ at 25°C in acetonitrile, as estimated by Weller,’
for a large number of common organic donor-acceptor systems.”' To estimate the
diffusion constant in RTILs, we have assumed that the hydrodynamic radius of
the molecules (r) remains the same as in acetonitrile, and thus according to the
Stokes-Einstein law, we have Dy /Dan = nan/MiL where the subscripts ‘i’ and ‘AN’
stands for RTIL and acetonitrile, respectively. Now, using known values of Day
and nan we can calculate Dy values in respective RTILs, which are, for instance,
3.45 x 107 and 3.55 x 10® cm? s' in [emim][Tf;N] and [bmim][PFe],
respectively, at 20°C. Now, to calculate kgiss values in RTILs we need to know the
rip values. If it is assumed that the distance between radical ions in the GIP is not
much different from that during the quenching, then we have rp = rq = 7 A. To
arrive at this assumption, we have speculated that since RTILs are highly viscous,
the diffusional separation of the radical ions of the GIP is significantly slower
than that in conventional solvents. Therefore, the radical ions of the GIP cannot
move far before being dissipated by either of the two processes described in the
Scheme 4.1, thereby leading to a situation where rp = rq. Then, subsequent
calculation based on eqn. 4.4 leads to a kgiss value of 6.1 x 10° and 4.1 x 10* s in

[emim][Tf;N] and [bmim][PFs], respectively. The measured kgiss value for the
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present system in acetonitrile (5 x 10 s™)!*** is 10°-10* fold higher than that in
RTILs.

The estimation of @ also requires the understanding of kggr values in
RTILs. In acetonitrile and acetone the kggr values are reported to be <5 x 10 and
~3 x 107 5!, respectively.”®**? Since kggr shows weak solvent polarity dependence
and is especially independent of viscosity,'* one can assume a similar kggr value
in RTILs as well. Using a kggr value of 3 x 10’ s'l, the @giss values for the pyrene-
DMA system in [emim][Tf;N] and [bmim][PFs] are estimated to be 0.02 and
~0.001, respectively, according to eqn. 4.3. An extremely low dissociation yield
(Dgiss = 107) in highly viscous [bmim][PF¢] explains why the radical ions could
not be observed in this RTIL. Near identical values of experimentally determined
®;,, and calculated @giss in [emim][Tf,N] are also noteworthy. The observation
not only confirms that the reaction course depicted in Scheme 4.1 is true but also
implies that an efficient BET is the primary deactivation channel responsible for
the poor yield of the products of the electron transfer reactions in RTILs. In this
context, it should be noted that, in an earlier work on PET between a ruthenium
complex and methyl viologen, an unexpectedly higher yield of the solvent-
separated PET products was observed despite a slower escape rate in highly
viscous [bmim][PFs]." The observation was interpreted by speculating that the
rates of both BET and dissociation are lowered in RTIL. Our findings, wherein a
lower yield of the PET products has been obtained in several RTILs of varied
viscosity, appears to be more realistic in view of the high viscosity of the RTILs.

The low escape efficiency of the radical ions from the GIP can also be

understood in terms of the cage effect, which in high-viscosity RTILs such as
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[bmim][PF¢] and [bmim][BF4] cannot be neglected. The dynamics of the solvent
reorganization in these RTILs is so slow that the geminate ion pair is virtually
confined to a solvent cage in which the residency period of the radical ions in
close proximity will be so long that scarcely any radical ion can escape from the
cage before being annihilated by the geminate recombination. Such a situation
arises in water-in-oil type of microemulsions where the GIP is effectively trapped
in the water pool and subsequently dissipated through BET; the net result is little
or no yield of ions.”” Consideration of the cage effect in highly viscous RTILs
leads to a @giss value lower than that calculated from the diffusion theory, making

the yield of the free ions (®;o,) a negligible quantity.
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Fig. 4.6. Decay profiles at 493 nm (where Py  absorption is maximum) for pyrene in
[emim][Tf;N] in the absence (xxx) and in presence (0.1 M) of DMA (===). The inset
shows the decay at 458 nm (DMA™" absorption). The lifetime of the Py s
estimated to be 35 ps.

The effect of slow diffusion and probable confinement of the solvated species

is also reflected in the lifetime of the radical ions. Once the free solvent-separated
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radical ions are formed in less viscous RTILs, they are found to be quite long-
lived. This is evident from the fact that the lifetime of the pyrene anion radical in
[emim][Tf;N] is 35 ps (Fig. 4.6), whereas the same in methanol is only 8.7 us
(which is obtained from the reported half-life of 6 ps®’).

4.5. Conclusion

This comprehensive study of the PET reaction between the well-known
donor-acceptor pair reveals several interesting aspects concerning the mechanism
of the PET, the time-scale of the various rate processes involved, and the overall
yield of the primary photoproducts in RTILs. First, the system chosen for the
present study is one in which PET is diffusion-controlled and well-known for its
exciplex emission. On one hand, the lack of exciplex emission for this system
appears to be consistent with the microscopic polarity parameters (such as the
E1(30) value) of the RTILs, which indicated these media to be more polar than
acetonitrile. On the other hand, since the measured dielectric constants indicate a
much lower polarity of the RTILs, lack of exciplex emission is completely
unexpected. Therefore, it appears from the present results that the Er(30) value of
the medium better describes the behavior of donor-acceptor couples than the
dielectric constant. A relatively lower rate constant for the PET induced
fluorescence quenching process in RTILs compared to conventional solvents is
consistent with a slower rate of diffusion in these media. However, the
observation of a rate constant that is 2-4 fold higher than the diffusion-controlled
value possibly suggests that the microviscosity around the donor-acceptor pair is

different from the bulk viscosity of the RTILs.
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Transient absorption studies, wherein the solvent-separated radical ions could
be observed in low-viscosity RTILs, [emim][Tf,N] and [bmim][Tf,N], indicate a
low yield of the PET products. This observation along with the fact that the
products could not be observed in high-viscosity analogues implies that the
escape rate of the radical ions from the geminate ion pair is viscosity dependent.
A significantly lower escape rate compared to the rate of geminate recombination
is shown to be responsible for the low overall efficiency of the solvent-separated
PET products. The cage effect in highly viscous RTILs may also contribute to the
high efficiency of the back electron transfer process and consequent decrease in
the yield of the solvent-separated ions. It is also shown that slow diffusion and
probable confinement contribute to the long lifetime of the small fraction of the

PET products that escape geminate recombination.
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Chapter 5

Solvation Dynamics in an Alcohol-Functionalized
lonic Liquid

Steady-state and time-resolved fluorescence behavior of some dipolar
solutes, C153, AP and prodan, have been studied in an alcohol-functionalized
room temperature ionic liquid, 1-(hydroxyethyl)-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide. The steady-state fluorescence parameters
have been exploited for the estimation of the polarity of this ionic liquid and
to obtain information on the hydrogen bonding interaction between the ionic
liguid and the probe molecules. The time-resolved measurements have been
focused on the dynamics of solvation by studying the dynamic Stokes shift in
the ps-ns time scale and solute rotation by measuring the time dependence of
the fluorescence anisotropy. The influence of hydrogen bonding interaction
between the probe molecules and the ionic liquids on the solute rotation and
various components of the solvation dynamics is carefully analyzed in an
attempt to obtain further insight into the mechanism of solvation in these

novel media.

5.1. Introduction

Among the various photophysical studies carried out in RTILs, the most
explored one is the study of solvation dynamics by probing the dynamic Stokes
shift of fluorescence spectrum of dipolar molecules.'® These studies have
revealed that the dynamics in RTILs is rather slow and is of biphasic or

nonexponential nature.''® A substantial portion of the dynamics has also been
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found to be too fast to be detectable in the usual experimental setups of finite
time-resolution (typically around 25 ps). The exact time scale and physical nature
of this missing or ultrafast dynamics has still remained a matter of considerable

speculation and debate.”"?

It has also been found that the solvation dynamics in
RTILs is highly probe dependent.”” A number of solvation dynamics studies have
been carried out in ionic liquid based microemulsion and in the mixture of RTILs
with conventional solvents.'®"'® A more detailed description on this topic covering
its crucial aspects has been given in Chapter 1.

Taking into consideration the fact that a clear understanding of the solvation
process in RTILs is possible only when the dynamical data is available in a large
variety of the RTILs, we have studied solvation dynamics in an alcohol-
functionalized imidazolium ionic liquid, namely, 1-(hydroxyethyl)-3-
methylimidazoilum bis(trifluoromethanesulfonyl)imide, abbreviated as [OH-
emim][T£;N] in this discussion (Chart 5.1)." In addition to the solvation process,
we have studied the rotational dynamics of the probe molecules in this medium by
measuring the time-dependent rotational anisotropy. The factors that motivated us
toward the selection of this protic RTIL are as follows. First, the presence of the
OH group in the imidazolium cation makes it a better hydrogen bond donor. This
is expected to enhance the hydrogen bonding interaction of the cation with the
probe molecules, particularly those that are hydrogen bond acceptors. At the same
time, the interactions between the cationic and anionic components of the RTIL
may also be enhanced due to additional hydrogen bonding interaction. Clearly, the
present RTIL provides an opportunity to study the influence of the local effect,

which is expected to be dominated by the hydrogen bonding interaction between
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the [OH-emim] cation and the photoexcited fluoroprobe, and its consequence on
the overall dynamics. Second, [OH-emim][Tf;N] is reported to be much more
polar compared to most of the other imidazolium ionic liquids," presumably due
to the presence of the alcohol-functionalized side chain in the imidazolium moiety
(Chart 5.1). Because the high polarity of [OH-emim][Tf;N] implies greater
stabilization of the fluorescent state of the dipolar probe molecules, the time-
dependent shift of any given probe molecule in this RTIL is expected to be larger
than that observed in other RTILs. This should allow one to monitor the dynamics
over a larger frequency domain. Furthermore, because the RTILs comprising the
THHN™ anion are commonly less viscous compared to other RTILs, [OH-

emim][Tf;N] is expected to be one of those low-viscosity ionic liquids.

Me/N\\j-/N\/\OH

N O
Ox NN 2
ce \ /] cr,
o o

[OH-emim][Tf,N]

o '\I"e
N
“Me
N—H
Et
H,N
(o}
AP o prodan

Chart 5.1. Structure and abbreviation of the ionic liquid and probe molecules
employed in the present study.
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Three well-known fluoroprobes of solvation dynamics study, namely, C153,
AP and prodan (Chart 5.1), have been employed in the present study. Our choice
has been guided by the fact that, among these systems, AP, in particular, is well-
known for its strong hydrogen bonding interaction with the hydroxylic

20,21
solvents.””

Therefore, any difference in the rotational and solvation dynamics of
these probes may provide useful information on the influence of hydrogen
bonding interactions and the proximity of the cationic component on these

processes.

5.2. Steady-state behavior

The steady-state absorption and fluorescence spectra of C153, AP and prodan
in [OH-emim][Tf,N] are shown in Fig. 5.1. The spectral data of the two systems
in this RTIL along with the same in a few other imidazolium RTILs are
summarized in Table 5.1 for comparison. It can be seen that the emission maxima
for all of the probes appear at higher wavelengths relative to their respective
maxima in other RTILs. In the case of AP, which is highly prone to hydrogen
bonding interaction with the hydroxylic solvents,” this difference is much more
pronounced (Table 5.1). This observation is clearly a reflection of higher polarity
of [OH-emim][Tf;N] compared to other imidazolium RTILs, which lack the
hydroxyl group, and also specific hydrogen bonding interaction of the present

ionic liquid with the probe molecules, in particular, with AP.
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Fig. 5.1. Steady-state absorption and emission spectra of C153 (—), AP (----) and

prodan (—) in [OH-emim][Tf,N]: excitation wavelength for emission (Aexc) = 374 nm.
All spectra are normalized at the corresponding peak maximum.

Table 5.1. Absorption and fluorescence properties of the fluoroprobes in RTILs of

different viscosities.

Viscosity C153¢ AP prodan’
RTILs WC he A A A A A
(cP) nm  nm nm  nm nm  nm
[bmim][BF4] 154° 435 536 371 483 378 475
[emim][THN] 34 424 530 361 476 350 472
b
[OH-emim][T£;N] (zé)c 428" 546" 364" S511°  365° 508"

“From ref. 22, “this study, °this study (at 25°C), “obtained from the values measured in previous

experiments done in our lab.

An earlier measurement involving the betaine dye has indicated a polarity of

60.8 for this RTIL in the E(30) scale.'” However, the Er(30) values estimated for
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[OH-emim][Tf;N] from the observed fluorescence maxima (v°) of the two

flouroprobes in this RTIL and in a series of normal solvents of known Er(30)
values™ are 50.5 and 54.0 with C153 and AP, respectively (Table 5.2).° Even
though these values are lower than the literature value,'” the present data confirms
that [OH-emim][Tf,N] is significantly more polar than other imidazolium ionic
liquids that lack the hydroxyl moiety (Table 5.2). Another point of interest is
relatively large difference in the estimated Ep(30) values with these probe
molecules. This departure is quite significant in case of AP as compared to other
two (C153 and prodan) probes. Interestingly, in other RTILs, where the hydrogen
bonding interaction with the probe molecule is not significant, the estimated

E1(30) values are fairly similar for these molecules (Table 5.2).

Table 5.2. Wavenumber corresponding to the fluorescence maxima of the systems
and the estimated E+(30) values.

Probe o a Er(30) (indicated by the v,"*)

(cm™) [OH-emim][TH:N]* [bmim][PFs]? [bmim][BF4]° [emim][THN]P
C153 18315 50.5 47.9 49.1 477
AP 19555 54.0 472 50.1 48.5
prodan 19675 49.8 46.1 47.1 46.5
E;teame — 60.8° 52.3¢ 52.7° 52.6°

“this study, "obtained from the values measured in previous experiments done in our lab, “from ref.
19, “from ref. 24.
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5.3. Time-resolved measurements
5.3.1. Rotational dynamics

Time-resolved fluorescence anisotropy, r(t), is calculated using the following
equation:

1, —-GI, (1)
I,(H)+2GI, (1)

1(t) = (5.1)

where G is the correction factor for the detector sensitivity to the polarization
direction of the emission and I;i(t) and I,(t) are the fluorescence decays polarized

parallel and perpendicular to the polarization of the excitation light, respectively.

r(t)

Time (ns)

Fig. 5.2. Decay the fluorescence anisotropy, r(t), of C153 (c) and AP () in [OH-
emim][Tf,;N].

The anisotropy results are collected in Table 5.3 and the anisotropy decay
curves are shown in Fig. 5.2 for the two probes, C153 and AP. The anisotropy
decay profiles were fitted to both bi- and single-exponential functions of time.

Although the biexponential fits were found to be marginally better than the single-
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exponential fits, the average rotational correlation times, (t;or), obtained from the
biexponential fits were found to be very similar to those obtained from the single-
exponential fits (1.o¢). The anisptropy decay with associated single-exponential fit
has been shown in Fig. 5.3 for prodan in the given protic RTIL. The 1, values

obtained for C153, AP and prodan are 3.7, 4.3 and 5.1 ns, respectively.

Time (ns)

Fig. 5.3. Decay the fluorescence anisotropy, r(t), of prodan in [OH-emim][Tf,N]. The
solid line depicts the single-exponential fit to the data.

Table 5.3. Rotational relaxation parameters of the three probes in [OH-emim][Tf,N].
Probe 19  To(ns) V@A) fu' Cu Crof’

C153 032 3.740.07 243 1.5 0.7 0.1-0.7 (many solvents)°

AP 0.27  4.340.07 134 1.6 14 2.740.2 (alcohols)*
1.0+0.1 (many aprotic)*
prodan 0.28  5.1+0.2 227 24 0.66 —

“From ref. 7, °C',, are the literature values of rotational coupling constants of the probe molecules
in conventional solvents, ‘from ref. 25. dfrom ref. 6.

In the absence of any specific interaction, the solute rotation is primarily

governed by the volume of the solute and viscosity of the medium. That the
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average rotational time for C153 is higher than that for AP (12 ns and 8.7 ns in
[bmim][PF], respectively, at 25°C)*” is consistent with a larger size of the former
molecule. Interestingly, in the present case, AP has a higher t,,; value than C153
(Table 5.3). This certainly owes to significant hydrogen bonding interaction

2021 \which hinders the rotational motion.

between the ionic liquid and AP,

The significant hydrogen bonding interaction between AP and [OH-
emim][Tf,N] is also evident from the following consideration. According to the
stick hydrodynamic prediction, the rotational time constant (1) of a nonspherical
solute of volume V, rotating along the longest axis of the ellipsoid in a medium of
viscosity 1 at temperature T is given by,

VEun
Ty = (5.2)
ik K, T

where fgy is a factor accounting for the nonspherical shape of the solute and kg is
the Boltzman constant. Using the literature value of V and fstk,7 we have
calculated the 14 values for two probes for the present ionic liquid at 25°C. From
the calculated T4 values, the rotational coupling constants, C,, defined as C;or =
Trot/ Tstk, Which are a measure of the extent of departure from normal hydrodynamic
behavior of a solute due to specific interaction, are estimated (Table 5.3). The
estimated C,o values for AP (C,,t = 1.4) differ by a factor of ~2 from that of the
other two probes (0.7 for C153 and 0.66 for prodan) in [OH-emim][Tf;N]. On the
other hand, the corresponding values for C153 and AP in other ionic liquid, e.g.,
in [bmim][PFs], are 0.5 and 0.7, respectively.é’7 It can also be seen from Table
5.3, although the C, values for C153 are very similar in conventional solvents

(both protic and aprotic), these values for AP are higher in protic solvents. The
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Crot value for AP in [OH-emim][Tf,N], though lower than that observed in
alcohols (Table 5.3), is considerably larger than those in aprotic media. As for
prodan, the literature C,. values in conventional solvents are not available.
However, from the similarity of the C,. values in case of prodan and C153 (0.66
and 0.7, respectively) we can assume a fairly similar situation in both cases.
Therefore, we can conclude that a significant hydrogen bonding interaction
between AP and the protic ionic liquid is evident from the hydrodynamic behavior
of AP, whereas, no significant interaction is indicative in case of C153 and
prodan.

Thus, the steady-state fluorescence and rotational anisotropy data
unambiguously establish that AP is strongly hydrogen bonded to the ionic liquid.
That this hydrogen bonding is mediated by the interaction of the >C=0O group of

AP and the ~OH moiety of the imidazolium cation is evident from the literature.*

5.3.2. Solvation dynamics

To study the dynamic Stokes shift and associated solvation dynamics, the
fluorescence decay profiles of the systems have been measured at 28-30 different
wavelengths covering the entire emission spectra. Wavelength-dependent decay
profiles, which are a typical signature of slow solvation dynamics, have been
observed for all of the three systems. The representative wavelength-dependent
decay behavior is illustrated for two probes, namely AP and prodan, in Fig. 5.4.
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.
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00 05 10 15 20 25 30 35 40 00 05 10 15 20 25 30
Time (ns) Time (ns)

(a) (b)

Fig. 5.4. Wavelength-dependent decay profiles of (a) AP and (b) prodan in [OH-
emim][Tf,N]. The monitoring wavelengths are indicated in the respective graphs;
the lamp profile in each case is shown as dotted line.

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 process described in Chapter 2 in
detail. The TRES for the two probes at five different time intervals are shown in
Fig. 5.5. In each case, a time-dependent shift of the emission spectra toward the
lower energy, indicating solvent-mediated relaxation of the excited state of the
fluorophore, is observable. The total shift of time-dependent emission ( AV ), has
been calculated from the difference between the peak frequencies (in cm™) of the

measured spectra at zero time (Vv(0) ) and infinite time (V() ). The Av values are

1352, 1834 and 2896 cm™ for C153, AP and prodan, respectively (Table 5.4).
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Fig. 5.5. Time-resolved emission spectra (TRES) of (a) C153 in [OH-emim][Tf,N]: (=)
0 ps, (o) 50 ps, (x) 250 ps, (») 500 ps and (v) 2.0 ns, and (b) prodan in [OH-
emim][Tf,N]: (=) 0 ps, (o) 50 ps, (%) 200 ps, (») 500 ps and (v) 2.0 ns. All spectra are
normalized at the corresponding peak maximum. Aq. = 374 nm

Table 5.4. Relaxation parameters of solvation and observed shift for the three
probes in [OH-emim][Tf,N].

Stretched Observed

From biexponential fit exponential fit shift

Probe - - . N () 5 () [V(0)— i(w) ] Fmiss”
(ps) _ (ns) (ps) (ps) (cm”)

C153 180 1.14 0.63 037 535 0.67 520 1352 25%

AP 435 1.77 0.63 037 930 0.77 850 1834 45%

prodan 180 1.16 0.51 049 660 — — 2896 20%

*Using eqn. 5.4, baverage solvation time (1) = aT; + a,7, where a; + a, = 1, experimental error is
+5%, ‘using eqn. 5.5, ‘by eqn. 5.6, “missing component.

The time constant for the observable part of the solvation dynamics is
calculated from the peak frequencies at various times obtained by the log-normal
fit to the TRES. Generally, a correlation function, C(t), of the following form is

constructed.
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_ V()= V()
CH) = 70)—7(0) (5.3)

These C(t) values are then plotted against time and fitted to a biexponential
function of the following form:

C(t) = ajexp(-t/1)) + azexp(-t/12) (5.4)
where 1) and 1, are the solvent relaxation time constants. The representative plots
for the three probes, C153, AP and prodan with the biexponential fit to the data
are depicted in Fig. 5.6.

10 C153 AP prodan
08 R’ =0.9999 0.9997 0.9994
0.6 -
S

0.4

0.2

0.0 T T T T T T T T —t T

0 1 2 3 4 5 6

Time (ns)

Fig. 5.6. Decay of the spectral shift correlation function, C(t), of C153 (x), AP (m)
and prodan (o) in [OH-emim][Tf,N]. In each case the solid line denotes the
biexponentioal fit to the data, where R? denotes correlation coefficient.

As can be seen (Fig. 5.6), the observable part of the solvation dynamics is
biphasic and similar to those observed in our earlier studies.” The average
solvation times, (t), estimated with C153, AP and prodan are 535 ps, 930 ps and
660 ps, respectively (Table 5.4). In this context, we note that Maroncelli and
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coworkers treated the observable dynamics as nonexponential and fitted their data
to a stretched exponential equation:

Y(t) = V(o0) + Avexp(—(t/1,)") (5.5)

where, 0 <3 < 1, and the average time of solvation is obtained by
1% T
=— | [V(t) = V(c0)]dt =—>T'(B™ 5.6
(Tan) Avgr() (o)dt =2 T () (5.6)

where, I" is the gamma function. A representative stretched exponential fit to our
data according to eqn. 5.5 is shown in Fig. 5.7 and the corresponding average
solvation time (Tsy) (obtained from eqn. 5.6) and B-values are given in Table 5.4.
As can be seen (Fig. 5.7), the fit to the stretched exponential function is inferior to
our biphasic fit to the C(t) data (Fig. 5.6). However, the average solvation time
obtained by these two methods is quite similar to each other (Table 5.4).

1.0
Fit result:
0.8% ; CISZ'T2 AP .
¥« =2x10 8x10
. 2_

06l % R =0.9967 0.998
© 04
0.2

0.0 T T T T T T T T T T

0.0 0.5 1.0 1.5 2.0 25 3.0

Time (-ns)

Fig. 5.7. Decay of the spectral shift correlation function, C(t), of C153 (o) and AP (o)
in [OH-emim][Tf,N]. The solid line represents the stretched exponential fit to the
data, where, x2 is standard deviation and R? denotes correlation coefficient.
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The solvation dynamics in RTILs is fundamentally different from that in
ordinary polar solvents. In molecular solvents, reorientation of the solvent diploes
around the probe molecule mainly contributes to solvation. However, the
diffusional motion of the constituent ions is expected to contribute significantly to
the relaxation process in RTILs. This could be the motion of the individual ions
and/or the collective motion of the cation and anion. At the same time, small
amplitude motion of the ions in the immediate vicinity of the probe molecule is
likely to play an important role, especially in the early part of the solvation
dynamics. Also, for polarizable ionic constituents, electronic redistribution in
these ions influenced by the change in the dipole moment of the photoexcited
probe, may significantly contribute to the early time domain of the dynamics.
Clearly, understanding the mechanism of solvation dynamics in RTILs is a
complex problem, and at this stage, it is impossible to pinpoint the various
motions that contribute to the different components of the dynamics. Despite the
complex nature of the dynamics in 1onic liquids, recent literature suggests that the
dielectric continuum model may work for ionic liquids,'' and also, orientation
dynamics of ionic liquids can be similar to that in van der Waals liquids."

At first, let us focus on the time-resolvable slow component(s) of the
dynamics. Because the biphasic nature of the solvation dynamics in imidazolium
ionic liquids was found to be similar to that observed in molten salts by Huppert
and co-workers,? the short component of the observable dynamics was attributed
to the translational motion of the anion by Samanta and coworkers, taking into
consideration the amplitudes associated with the two observable components.*™

The relatively long component was assigned to the collective cation-anion
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diffusional motion without speculating what contributes to the missing or ultrafast
component of the dynamics.” Maroncelli and co-workers, on the other hand,
treated the dynamics as nonexponential, and their interpretation was focused on
the average solvation time, which was assigned to the large-scale diffusion of the
constituent ions.”” However, the average solvation time, whether obtained from a
biexponential or a stretched exponential fit, does correlate with the viscosity of
the medium, at least for the RTILs that are not too viscous.’ In the present case,
judging by the quality of the fits to the spectral shift data (Fig. 5.6 and 5.7), the
biphasic description clearly appears to be more suitable than the nonexponential
one, even though the nature of the motions responsible for these components may
not be very clear.

Let us attempt to see whether the probe dependence of the two resolvable
components signifies something. As far as the shorter component of the
observable dynamics is concerned, the dynamics is slower in the case of AP by a
factor of ~2.5 compared to the other two probes (Table 5.4). Although probe
dependence of the solvation dynamics in RTILs is a common observation, such a
large difference of the magnitude of this component in the present case is most
likely to be the direct consequence of a strong hydrogen bonding interaction of
AP with the cation and, hence, could be due to local effects in the proximity of the
probe molecule. We are however unable to comment on anything more at this
point. Interestingly, because the longer component is not so different for the three
probes (1.14, 1.77 and 1.16 ns, from Table 5.4), this component is presumably

due to the long-range collective cation-anion motion. It is also important to take
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note of the fact that the average solvation time obtained with AP does not

correlate with the usual trend of the viscosity dependence (Fig. 5.8).

o C153 [bmpy][TEN]
12004 = 0 [OH-emim][T,N] | :
—_ A prodan .’
£ 1000 - P i %
o [emim][BF ] § e
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Fig. 5.8. Viscosity dependence of the average solvation time of C153, AP and
prodan in low viscosity ionic liquids (n < 100 cP). The data points shown in the plot
are collected from the previous studies done in our lab (ref. 3, 5) and the present
one. The solid line represents average trend of variation, from which AP in [OH-
emim][Tf,N] clearly stands out. The dashed lines indicate the maximum deviation
from the trend line for all other data points. bmpy = N-butyl-N-methylpyrrolidinium.

Because one important aspect of solvent relaxation dynamics in RTILs is the
extent of the spectral shift missed due to the ultrafast nature of this component of
relaxation, we now concentrate on the component missed in this study. In this
context, let us have a look at the literature information on the time scale and
origin of this ultrafast component. Maroncelli and coworkers suggested a time
scale of 5 ps or <1 ps,”” whereas Petrich et al. have indicated a value of 7 ps for
this component on the basis of an upconversion setup with a time-resolution of 1

ps.'® The latter have also indicated that 50% of the initial dynamics occurs with a
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time constant of 40-70 ps. However, because this conclusion regarding the early
part of the dynamics is based upon a single-wavelength solvent response function,
we are not sure whether one should attach too much importance to this findings.
More recent data on this aspect have come from two recent works.'*"* Maroncelli
and co-workers observed the full solvation response of 4-dimethylamino-4'-
cyanostilbene in three imidazolium ionic liquids using the Kerr-gated emission
spectroscopy (450 fs resolution) and single-photon counting fluorescence
technique.'? The results of this work suggest that the ultrafast component of the
dynamics is of the order of 300-700 fs at room temperature. A recent work is
based on a femtosecond upconversion technique (230 fs resolution) involving
C153 where the authors have shown that only 10-20% of the total dynamics is
ultrafast and occurs within 10 ps."”> The authors have pointed out that, due to
factors such as conformational changes of the fluorophore in polar and nonpolar
solvents, superimposition of the internal relaxation of the probe with the early part
of solvent relaxation, etc, precise construction of the ‘zero-time’ spectrum may
not be possible by following the method suggested by Fee and Maroncelli®’ from
the steady-state data.

While Maroncelli and coworkers attributed the ultrafast component in
imidazoilum ionic liquid to small amplitude motion of imdazolium cations in
close contact with the probe, facilitated by the coplanar arrangement of the probe
and imidazolium moiety,™’ others have speculated that the ultrafast dynamics

1011 Recent simulations®® have

could be due to the polarizability of the cation.
indicated collective cation-anion motion on the subpicosecond time scales that

argues against a purely anionic subpicosecond solvation response.”’ Though the
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role of the cation in the ultrafast component of dynamics was reinforced by the
absence of this component in alkylammonium or alkylphophonium ionic
liquids,® later studies on a pyrrolidinium ionic liquid,” which is a cyclic analogue
of tetraalkylammonium ionic liquid, where substantial ultrafast component was
indicated, implies that the planarity and polarizability of the cation are not the
only factors responsible for the ultrafast component of the dynamics.

In most of the earlier studies in imidazolium ionic liquids, nearly 40-50% of
the total expected shift was missed in TCSPC setups having a time-resolution ~25
ps. For example, in [bmim][BF4] and [emim][Tf,N], the observed shift is 900 and
1010 cm, respectively. Hence, the extent of missing component, which is
obtained by assuming the total expected shift in these RTILs to be comparable to
that reported for the isopolar solvents’ (namely, I-pentanol and 1-decanol,
respectively),” is nearly 50% for the former and 45% for the latter. The missing

614 In the

component has been estimated to be ~35-40% in the case [bmim][PFg].
present study, the missing component for C153 is estimated assuming that the
‘expected’ total shift in [OH-emim][Tf,N] is the same as in an isopolar solvent.
Considering that the E1(30) value of this ionic liquid (50.5, using C153 as probe)
is close to that of 1-propanol (Er(30) = 50.7),% the total shift expected in [OH-
emim][T;N], calculated from the ‘zero-time’ spectra for C153 in 1-propanol,® is
1820 cm™. Hence, the calculated missing component for C153 is ~25%, which is
substantially less than those reported in other imidazolium ionic liquids. In the
case of AP and prodan, however, the missing component was calculated

according to the conventional procedure described by Fee and Maroncelli.”” The

values are 45% and 20%, respectively, which are again substantially less than
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those observed in alkylimidazolium RTILs (e.g., the missing component in
[bmim][PF] is reported to be ~63%).° Since the effective time-resolution of the
present setup (~40 ps) is less than that of the usual laser-based TCSPC setup (~25
ps), these numbers are quite significant.

To rationalize why the extent of missing component is less in the present case,
we note that in a recent study of solvation dynamics in [bmim][BF4]-based
microemulsion (ionic liquid-in-oil type) the missing component (15-25%) for
C153 was substantially less than that in neat ionic liquid.'® The authors suggested
that restricted motion of ions in microemulsion pool slows down the dynamics
thereby retarding the ultrafast component by a sizable proportion. In our case,
such local effects must play an important role. We have shown that the cations in
the first solvation shell are hydrogen bonded to the probe molecules and that this
hydrogen bonding interaction is particularly significant in the case of AP. This
hydrogen bonding interaction can restrict the motion of the cations, and slow
down the dynamics of the ultrafast component. Again, at the same time,
significant hydrogen bonding interaction between the cations and anions in the
first solvation shell can also contribute to the retardation of the individual motion
of the ionic constitutents as well as the collective cation-anion motion. At any
rate, the net result will be a substantial retardation of the ultrafast dynamics

leading to a net decrease of the ‘expected’ missing component.

5.4. Conclusion
In summary, we have studied for the first time the steady-state and time-
resolved fluorescence behaviors of dipolar molecules, namely C153, AP and

prodan, in an alcohol-functionalized ionic liquid based on the imidazolum moiety
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in order to investigate the influence of specific hydrogen bonding interactions on
the solvation and rotational dynamics in RTILs. Hydrogen bonding interactions
between the probe molecules and the hydroxylated cations have been
demonstrated by the steady-state and time-resolved anisotropy studies. The
present ionic liquid is found to be more polar than other imidazolium ionic liquids
that lack the hydroxyl functionality. However, the estimated polarity of the ionic
liquid using these probe molecules is found to be significantly lower than that
estimated using the betaine dye. Hydrogen bonding interactions are shown to have
a significant influence on the dynamics of the solute rotation. The solvation
dynamics is shown to be biphasic with the relatively shorter component strongly
dependent on the hydrogen bonding interaction and, hence, is highly dependent
on the identity of the probe molecule. It is also found that in this ionic liquid the
ultrafast component of the dynamics, which is commonly missed in most studies
because of limited time-resolution, is substantially less than that in other ionic
liquids. This observation has been primarily attributed to the local effect due to
hydrogen bonding interactions between the probe and the cationic moiety.
However, the hydrogen bond mediated cation-anion association in the first

solvation shell can also contribute to the reduction of the ultrafast component.
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Chapter 6

Solvation Dynamics in the Mixtures of an RTIL with
Nonpolar Solvents

Recognizing the potential of the mixed solvent systems comprising ionic liquid
as one of the constituents in real applications, the steady-state and time-
resolved fluorescence behavior of C153 has been studied in neat 1-butyl-3-
methylimidazolium hexafluorophosphate and its mixtures with nonpolar
solvents, namely, toluene and 1,4-dioxane. Though no significant effect of the
nonpolar solvent was observed in the steady-state behavior of the probe,
time-resolved anisotropy study shows a decrease of rotational correlation
time. On gradual addition of nonpolar solvents, a continuous blue shift of the
time-zero spectrum was observed, resulting in larger Stokes shift of the time-
dependent spectra. The average solvation time also gradually decreases
during the same course. A comparison of the time-dependent spectral data of
the RTIL-toluene and RTIL-dioxane systems shows that, while a small amount
of toluene can significantly affect the dynamics, comparatively, a larger

amount of dioxane is required to bring about the same effect.

6.1. Introduction

As mentioned earlier, there is a growing number of recent studies focusing on
the physicochemical properties of mixtures of RTIL and conventional molecular
solvent, because of the potential utility of such mixed systems.'” It is found that
the addition of a cosolvent significantly changes a number of physical properties

of the RTILs such as the viscosity,' polarity,” solvation™ and electrochemical®’
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behavior. From solvatochromic probe behavior in the RTIL-molecular solvent
mixtures it is known that the probe is preferentially solvated in the RTIL core,
unless the cosolvent is highly polar and protic one.** For, in the latter case,
cybotactic region of the probe is also enriched with the cosolvent. The electrical
conductivity measurements in the mixed solvent systems revealed that ionic
association is promoted by addition of molecular solvents to RTILs, with the
exception of highly polar solvents which may promote dissociation.’

There have been a few studies on solvation dynamics in RTIL-based
microheterogeneous systems like microemulsions, micelles and so forth® and in
mixtures of RTIL and polar conventional solvents.” However, dynamical study in
mixed solvents containing RTIL and nonpolar solvents has not yet been carried
out. It will be of interest to study the effect of nonpolar solvents on the solvation
dynamics of a probe molecule in an RTIL, for, in one hand, enhanced ionic
association promoted by nonpolar solvents, as has been found experimentally,*® is
likely to slow down the dynamics because of restricted ionic mobility. On the
other hand, the dynamics is expected to be faster in RTIL-nonpolar solvent
mixture due to the reduced viscosity of the solution. Therefore, it will be quite
interesting to see how the dynamic solvation of a probe in an RTIL is perturbed
by addition of a nonpolar solvent and whether or how this effect can be connected
to the ion association or aggregation in the RTILs.

In the present study, we have chosen toluene as the primary nonpolar
cosolvent to study its effect on solvation dynamics in an RTIL, namely, 1-butyl-3-
methylimidazolium hexafluorophosphate, [bmim][PF¢] (Chart 6.1). The choice

was guided by the fact that toluene is one of the most nonpolar solvents having an
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appreciable solubility in [bmim][PFs]. The solvation dynamics has been studied in
neat RTIL and in a number of RTIL-toluene mixtures of varying toluene content.
RTIL-1,4-dioxane mixtures have also been studied for a comparison. In all
experiments, one of the most widely used solvation probes C153 was employed

(Chart 6.1). The polarity parameters of these media are depicted in the Table 6.1.

/N@N\/\/

PF

6

[obmim][PF] C153

Chart 6.1. Structure and abbreviation of the RTIL and probe molecule employed in
this study.

Table 6.1. Polarity parameters of the RTIL and conventional solvents used in this
study.

System E1(30) Dielectric constant
[bmim][PF¢] 52.0° 11.4°
Toluene 33.9 2.38°
Dioxane 36.0° 2.21°

%From ref. 10, °from ref. 11, “from ref. 12.

6.2. Steady-state behavior
The UV-visible absorption and fluorescence behavior of C153 in [bmim][PF]

13,14 vyx7 . .-
7 With successive addition of

is found to be similar to that reported previously.
toluene to a solution of C153 in the RTIL, the intensities of the absorption and

fluorescence spectra are decreased as a result of dilution, but the wavelengths
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corresponding the absorption and fluorescence maximum suffer negligible shift.
This feature is depicted in Fig. 6.1. A similar observation is made in the RTIL-
dioxane mixture. This steady-state behavior of C153 suggests that the solvation

shell of the probe is unaffected by the addition of toluene or dioxane.
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Fig. 6.1. Absorption (m or o) and emission (Aor A) maxima (in wavenumber) of
C153 in neat RTIL and in RTIL-toluene (filled) and RTIL-dioxane (hollow) mixtures

—abs —ems

of different wt percentage. The trend lines indicate that both v __ and v_,  are
invariant to the added solvent in the given concentration range.

6.3. Time-resolved measurements
6.3.1. Rotational dynamics

Time-resolved fluorescence anisotropy, r(t), is calculated using the following
equation:
L,(t) - GI, (1)
I,()+2GI, (b

r(t) = (6.1)

where, G is the correction factor for the detector sensitivity to the polarization

direction of the emission and Ij(t) and I,(t) are the fluorescence decays polarized



Solvation Dynamics in Mixed Solvents 123

parallel and perpendicular to the polarization of the excitation light, respectively.
The anisotropy results in neat RTIL and two RTIL-toluene mixtures of different
toluene content are collected in Table 6.2 and the associated anisotropy decay
curves are shown in Fig. 6.2. The initial anisotropy 1o of the probe C153 in neat
[bmim][PF¢] is found to be 0.28 and it does not changes much with increasing
toluene content. The anisotropy decay profiles were fitted to both biexponential
and single-exponential functions of time. While the biexponential fits were found
somewhat better than the single-exponential fits, the average rotational correlation
times, (T.), obtained from the biexponential fits were found very similar to those
(trot) Obtained from the single-exponential fits. The t,,¢ value for C153 in neat
RTIL is measured to be 6.6 ns and this value decreases with increasing toluene
content in the mixtures, i.e., with decreasing viscosity of the medium (Table 6.2).
In this context, we note that the t,,¢ value of C153 in neat [bmim][PFs] has been
measured previously by different groups. While Chakrabarty et. al."” reported a
value of 3.58 ns with ro = 0.3, Ito et. al.'* have reported a value of 12 ns by fitting

the anisotropy data to a stretched exponential fit using a fixed ro value of 0.37.
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r(t)

Time (ns)

Fig. 6.2. Decay the fluorescence anisotropy, r(t), of C153 in neat RTIL (m) and in
RTIL-toluene mixtures having 2.3% w/w of toluene (*) and 6.6% w/w of toluene (a).
In each case the solid line denotes the appropriate fit to the anisotropy data.

In the absence of any specific interaction, the solute rotation is primarily
governed by the volume of the solute and the viscosity of the medium. According
to the stick hydrodynamic prediction, the rotational time-constant (tyk) of a
nonspherical solute of volume V, rotating along the longest axis of the ellipsoid in
a medium of viscosity 1 at temperature T is given by

Vi,n
Ty =—>o— (6.2)
ik K, T

where fyy is a factor accounting for the non-spherical shape of the solute, and kg is
the Boltzmann constant. Using the literature value of V and ’fstk,14 the Tty values
for the probe are calculated for neat RTIL and different RTIL-toluene mixtures at
25°C. From the calculated Tty values, the rotational coupling constants, Ci,

defined as Crot = Trot/Tsik, Which are a measure of the extent of departure from
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normal hydrodynamic behavior of a solute due to specific interaction, are
estimated (Table 6.2). The estimated C,. values for the probe in different
solutions are essentially similar to what is observed in neat RTIL (0.35), and these
Crot values lie within the normal range, i.e., those obtained in conventional

solvents (typically 0.1-0.7)."

Table 6.2. Rotational relaxation parameters for C153 in neat [bmim][PFg] and in
different binary mixtures.

Viscosity

(CP) To Trot (ns)a Vv (A3)b fstkb Crot Clrot

Systems

0.1-0.7

Neat RTIL 210 028 6.6+0.15 243 1.5 0.35 q
(many solvents)

RTIL+ 2.3%
w/w of 158 0.27 4.8+0.10 0.34
toluene

RTIL + 6.6%
w/w of 110 0.28 3.5+0.06 0.35
toluene

RTIL + 6.6%

w/w of 130 0.28 4.1+0.07 0.35
dioxane

*These T, values are obtained from the single-exponential fit to the anisotropy data. "From ref. 14,
°C',o are the literature values of rotational coupling constants of the probe molecules in
conventional solvents, “from ref. 15.

A similar result is obtained with the RTIL-dioxane mixtures (Table 6.2).
Therefore, as far as the rotational dynamics is concerned, the behavior of the
RTIL is similar to that of the molecular solvents, and the addition of nonpolar

solvents does not change the situation.
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6.3.2. Solvation dynamics

Representative TRES for C153 in a given RTIL-toluene mixture at five
different time-intervals are shown in Fig. 6.3. In all cases, a time-dependent shift
of the emission spectrum toward the lower energy, indicating solvent-mediated
relaxation of the excited state of the fluorophore, is observable. The total time-
dependent Stokes shift (Av) due to solvation, measured from the wavenumbers

corresponding to the fluorescence maxima at zero time (given by v(0)) and
infinite time (given by V() ), is found to be 965 cm™ for C153 in [bmim][PFq]
(Table 6.3). The AV values reported by Chakrabarty et al."” is 900 cm™, whereas

Ito et al.'* observed a time-dependent shift of 1370 cm’ in neat [bmim][PFe].

1.0{ Time (ps)
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Fig. 6.3. Time-resolved emission spectra (TRES) of C153 in [bmim][PFs] + toluene
(4.7% w/w) mixture. The time-intervals are indicated for the symbols in the graph.
All spectra are normalized at the corresponding peak maximum. Ag. = 374 Nm
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Table 6.3. Observed shift, v(0)values and the extent of missing component for
C153in neat [bmim][PFg] and in [bmim][PFg]-toluene mixtures.

(0) Observed shift

Sets Xﬁ:én(;f Vliggilty () (AV) ci}fffsmg t
(em™) ponen
I 0 210 19520 965 52%
11 24 156 19670 1050 48%
11 47 125 19780 1130 44%
v 8.9 98 19800 1155 42%
v 12.8 79 19850 1160 42%

6.3.2.1. Time-zero spectra

One very interesting feature of the TRES in neat RTIL and RTIL-toluene
mixtures is the observation of a steady blue shift of the measured time-zero
spectrum with increasing toluene content (Table 6.3). The blue shift, as observed
from the difference in the Vv(0) values measured in neat RTIL (set I) and in the
last set of the mixture (set V, having 12.8% w/w of toluene), is nearly 330 cm™.

The corresponding shift of the V(c0) value (indicative of the completion of
dynamic solvation) is much less, i.e., ~130 cm™. This differential shift of the v(0)
and V(o) values results in a larger time-dependent Stokes shift (Av) upon
increasing the toluene content in the mixture. It can be seen from Table 6.3 that
the observed Stokes shift (AV) for set V (12.8% w/w of toluene) is ~200 cm’
larger than that for set I (neat RTIL). The blue shift of the v(0) values with
increasing toluene content is an indication of the involvement of nonpolar
cosolvent in the early part of the dynamics. It is clearly evident that toluene is

interspersed into the RTIL-rich cybotactic region of the probe. In other words, the
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blue shift of the time-zero spectrum in the presence of toluene implies a definite
proximity and involvement of the nonpolar cosolvent in the solvation of the probe
prior to the photoexcitation. Interestingly, the steady-state data, which indicates

only an average behavior, cannot provide information of this nature.

6.3.2.2. Observed shift and missing component
As mentioned earlier, the observed Stokes shift (Av ) due to solvent relaxation
is around 965 cm™ in neat [bmim][PFs], and this value is higher in the RTIL-

toluene mixtures (Table 6.3), because of the blue shift of v(0) with increasing
toluene content and a larger blue shift of Vv(0) compared to V(o). This

observation indicates that, in presence of the nonpolar solvent, the
microenvironment of the probe is comparatively nonpolar at the initial stage of
dynamics, whereas the probe environment is relatively more polar at the final
stage, i.c., upon the completion of dynamics. Thus, there occurs a polarity shift
during the course of the dynamic solvation in the mixed solvent systems. Since
the excited state of a dipolar probe such as C153 is more polar than the ground
state, the photoexcited probe is stabilized in a more polar environment, which is
created by the displacement of some nonpolar toluene molecules from the
cybotactic region of the probe by the constituent ions of the RTIL during the
course of dynamics.

Since the total Stokes shift expected as a result of solvation, as calculated by
Maroncelli and co-workers,'* is ~2000 ¢cm™ for [bmim][PFs], our data suggests
that more than 50% of the dynamics is missed (Table 6.3) because of limited

time-resolution of our TCSPC setup. However, since AV increases with
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increasing toluene content of the mixture, the missing component appears to be
significantly lower: only 42% in the solution having highest toluene content (set
V, Table 6.3). However, this may be misleading, as the larger Av value for the

mixed solutions is simply due to the blue shift of Vv(0). The situation arises

because the total expected Stokes shift, calculated from steady-state spectra,'® do
not reflect the influence of toluene on solvation. Clearly, the procedure of
calculation of the missing component using the steady-state spectra cannot be
applied in the present case. Since it is difficult to pinpoint the actual time-zero
spectra (the starting point of the solvation) in this case, the extent of the missing

component cannot be precisely determined for the mixed systems.

6.3.2.3. Observable dynamics
The time constants of the observable dynamics have been obtained from the

plot of the spectral shift correlation function, C(t), defined as

C(ty = 20 =V=) 6.3)
v(0) = V()
versus time. A biexponential function of the form
C(t) = ajexp(-t/t)) + azexp(-t/12) (6.4)

where t1; and 1, are the solvent relaxation time-constants, and a; and a, are
normalized preexponential factors, was found to describe the time dependence of
C(t). The C(t) versus time plots for neat RTIL and the RTIL-toluene mixtures are
shown in Fig. 6.4 along with the biexponential fits. The various time-constants (;)

and a; values are collected in Table 6.4.
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1.0
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Fig. 6.4. Decay of the spectral shift correlation function, C(t), of C153 in
[obmim][PFg] and different RTIL-toluene mixtures. In each case the solid line
denotes the biexponentioal fit to the data (eqn. 6.4), where, x2 is standard deviation
and R? is correlation coefficient.

Table 6.4. Relaxation parameters of solvation for C153 in neat RTIL and in RTIL-
toluene mixtures.

Wt% (. . From biexponential fit* Stretched )

Sets of Yiseosity eXponenUa![rﬁt
toluene (cP) T T a a Tay B T,y d
(ns (ns) (ns) (ns)

I 0 210 028 1.99 043 057 1.25 0.645 134
II 24 156 022 143 056 044 0.75 0.65 0.75
ar 4.7 125 0.19 092 0.62 038 047 0.7 0.46
IVv. 89 98 0.15 074 06 04 038 0.69 0.38
vV 128 79 0.17 087 0.71 029 0.37 0.75 0.34

*Using eqn. 6.4, baverage solvation time t,, = a;T, + a,T, where a; + a, = 1, experimental error is
+5%, ‘using eqn. 6.5, ‘by eqn. 6.6.
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This biphasic solvation dynamics is similar to what has been observed in the
previous studies from our laboratory.'”'® The estimated average solvation time
(Tav = 2171 + a2T2) in neat [bmim][PFg] is found to be somewhat higher (1.25 ns)
than the previously reported value (1.0 ns),"* even though our sample (210 cP) is
slightly less viscous than the previously used (260 cP) [bmim][PFs]. The results
presented in Table 6.4 show that t,, monotonically decreases with increasing
toluene content in the mixture, obviously because of a steady decease of the
viscosity of the solution. The decrease of 1,y is less pronounced for higher weight

percentage of toluene.

15
15
12
1242 09
:% 06
1 os
"
— 0.9+ 0% 100 150 200 250
\é.)/ Viscosity (cP)
3 06
w
l———l/o
0.3 _o—
O
A p_—A A A
0.0 T T T T T T T
50 100 150 200 250

Viscosity (cP)

Fig. 6.5. Variation of average and weighted solvation times with respect to the
viscosity of different RTIL-toluene mixtures. The respective plots are: average
solvation time, t,, (m), weighted short time-component, a;t; (A) and weighted long

time-component, a,T, (0). The same for RTIL-dioxane mixtures has been shown in
the inset.
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This feature is more clearly evident from Fig. 6.5, wherein the average
solvation time is plotted against the viscosity of the RTIL-toluene mixture.
Interestingly, while the individual t; values decrease continually with increasing
toluene content (or decreasing viscosity) in the mixture (Table 6.4), we find that
the dependence of the two weighted solvation times (ajt;) on the viscosity of the
medium is quite different. Fig. 6.5 indicates that, while the weighted short
component (a;7;) is more or less insensitive to the viscosity change (i.e., dilution

effect), the longer counterpart (a,t,) follows a trend similar to that of ty,.

1.0
Wt % of toluene R’ x
0.8 = neatlL 09995 0.6x10°
‘ o 2.4% 0.9977  2x10”
.. o 47% 0.9982 1.6x10°
b * 8.9% 0.9981 1.6x107
s 12.8% 0.9966

Time (ns)

Fig. 6.6. Decay of the spectral shift correlation function, C(t), of C153 in
[obmim][PFg] and different RTIL-toluene mixtures. The solid line represents the
stretched exponential fit to the data according to eqn. 6.5, where, Xz is standard
deviation and R* denotes correlation coefficient.

In this context, we note that, while a biphasic description of the solvation

8,9,13,17,18

dynamics is preferred by many groups, others have considered the
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dynamics as nonexponential with a distribution of solvation times estimated from

a stretched exponential fit to the C(t) data according to:'*"’

C(t) = eXp(_ t/Tsolv )ﬁ (65)
where 0 <3 <1, and the average solvation time is obtained by

str 17 — Tooly -1
LN =E£W(t)—V(OO)]dt =5 T6™) (6.6)

where I' is the gamma function. The stretched exponential fit to our data

according to eqn. 6.5 is shown in Fig. 6.6, and the corresponding average

str
av

solvation time (1}, ) and P values are given in Table 6.4. Although both biphasic

and nonexponential treatment to the observable dynamics yield similar average
solvation times (Table 6.4), judging by the quality of the fit to our present data
(comparing Fig. 6.4 and 6.6) one can readily see that the biphasic description is
more appropriate than the stretched exponential one (especially in the case of
RTIL-toluene mixtures), even though the significance of the individual
component is not clear.

The correlation highlighted in Fig. 6.5 perhaps points to the importance of the
weighted components (ajt; values) over the individual t; values. As can be seen
from Fig. 6.7, the weighted long component (a,t;) correlates with the average
value (t,y), whereas the short component (a;t;) remains almost constant. A plot
based on the data obtained for a few other RTILs (with C153 as the probe) also
indicates a similar trend (inset to Fig. 6.7). We must admit in this context that the
physical significance of this correlation is not so obvious. One can perhaps
presume that the average solvation time is composed of two distinct time-

components (represented by a;t;’s), the shorter one having much less contribution
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from the overall diffusional motion of the ions as compared to that of the longer

component. Recalling the insensitivity of the early (ultrafast) dynamics to the

viscosity of the medium,'*'®*° such a situation may not be altogether
impossible.
16
] 25
_ laq 20
b 12 15
= 1.2—5: 10
2 10_- 0.5
o . r
= 1 %% 05 10 15 20 25
§ 0.8+ o (9)
g 06
e ]
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g |
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0.0 .

02 04 06 08 10 12 14

Av. Solvn Time (z,) (ns)
Fig. 6.7. Variation of the weighted solvation time-components, namely, weighted
short component, a;t; (A or A) and weighted long component, a,t, (m or o) with the
average solvation time (ta) for RTIL-toluene (filled) and RTIL-dioxane (hollow)
mixtures of varying wt percentage. Inset shows the similar variation in a few other
RTILs reported in the literature, namely, [emim][Tf,N],""° [bmim][Tf,N],*"
[emim][BF4],""® [OH-emim][Tf,N],?* [BuPy][Tf,N],"® [bmim][BF]'™ and [bmim][PF]
(this work). (BuPy= 1-butyl-1-methylpyrrolidinium, OH-emim = 1-hydroxyethyl-3-
methylimidazolium).

6.3.2.4. RTIL-toluene versus RTIL-dioxane mixture
We have also studied two sets of RTIL-dioxane mixtures, primarily to
corroborate the findings with the RTIL-toluene mixtures. The choice of dioxane is

governed by the fact that it is only slightly more polar than toluene in terms of

E1(30), but is much less polar than the RTIL, both in terms of Et(30) and
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dielectric constant values (Table 6.1). The relevant dynamical data for RTIL-

dioxane systems are collected in Table 6.5.

Table 6.5. Relaxation parameters of solvation and observed shift for C153 in
different RTIL-dioxane mixtures.

Wit % From biexponential fit* Observed
° Viscosity v(0)  shift Missing
Sets  of (cP) TR Tay " 1y (Av) Com
dioxane (ms) (s) ' *  (ns) (em™) (Cm-l)) P

X 4.0 140 031 2.0 0.64 036 092 19530 940 53%
Y 134 66 0.15 1.02 0.78 0.22 0.34 19705 1040 48%

Using eqn. 6.4, bavelrage solvation time t,, = a,T; + a,T,, where a; + a, = 1, experimental error is
+5%.

In the case of an RTIL-dioxane mixture, the general features of the dynamic
solvation are similar to those observed in RTIL-toluene systems. There are,
however, some differences as well. The extent of the blue shift of the time-zero
spectrum for the RTIL-dioxane system is not as pronounced as that in the RTIL-
toluene system. For example, upon going from neat RTIL to the solution having
~13% w/w of dioxane (set Y, Table 6.5), the observed blue shift (~180 cm™) is
nearly half of that observed (~330 cm’™) for the same concentration (~13% w/w)
of toluene (set V, Table 6.3). More significantly, this total blue shift for the given
RTIL-dioxane mixture (~13% w/w of dioxane) is even less than that observed for
a mixture containing a rather small amount of toluene (~260 cm™ shift is found
for solution containing only 4.7% w/w of toluene, vide set III, Table 6.3). For a
comparable weight percentage of dioxane (4.2% w/w) virtually no shift (only 30
cm’') was observed (set X, Table 6.5). As opposed to the v(0) shift, the blue shift
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of time-infinity spectrum is found to be more or less the same for both systems
(130 cm™ in RTIL-toluene vs. ~100 cm™ in RTIL-dioxane) having the same
concentration (~13% w/w) of the cosolvents. These features indicate that dioxane
exerts a comparatively less nonpolar effect than toluene at the early stage of
dynamics, while, in the final state, the effect of both is essentially the same. In
other words, the polarity shift during the course of the dynamics is less
pronounced in case of the RTIL-dioxane system.

As far as the observable dynamics is concerned, the average solvation time
(tav), as expected, decreases with increasing dioxane content in the solution,
because of lowering of the viscosity of the solution (Table 6.5). Interestingly, at a
lower weight percentage of dioxane (typically, 4.2% w/w), the 1,, value (0.92 ns)
is significantly higher than that observed for a similar toluene weight percentage
(set III, Table 6.4), although, at higher concentrations (say, ~13% w/w), both
systems behave similarly (vide set V, Table 6.4, and set Y, Table 6.5). In other
words, the viscosity variation of t,, for the two systems does not follow the same
trend. The 1,, for the mixture with low dioxane content is substantially greater
than that for a similar solution with toluene. However, the characteristic variation
of the ajt; values with respect to the dioxane content or viscosity is found to be
very similar; a;t; varies little with the viscosity of the solution, while a,t, varies
in accordance with t,, (Fig. 6.7).

A comparison of the dynamic solvation in RTIL-toluene and RTIL-dioxane
mixtures obviously suggests that, while a small concentration of toluene is
sufficient to influence the dynamics, a larger amount of dioxane is required to

produce similar effects. The fact that both cosolvents are almost equally nonpolar
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with respect to the given RTIL, the differential behavior of the two solvents
cannot be explained in terms of the polarity parameters. Considering the structural
and dynamical complexity of the RTILs, even though it may not be possible to
pinpoint the origin of this difference, one can speculate that, since toluene has a
planar ring system with a polarizable m-electron system, it is possible for the
toluene molecules to penetrate into the interstitial region of the imidazolium ring
system of RTIL cations by virtue of the n-n interactions and polarizability effect.
This is why, even with a relatively smaller concentration, toluene molecules can
be effectively solubilized in the cybotactic region of the probe where dioxane
cannot effectively penetrate because of its nonplanarity and lack of favorable
interactions owing to the absence of the polarizable n-cloud. However, when the
number of molecules is increased at higher concentrations, the probability of
finding the dioxane molecules near the probe is also increased. In a simulation
study aimed at explaining the higher solubility of aromatic compounds in
imidazolium RTILs as compared to the aliphatic counterparts, Hanke et al. have
indeed observed favorable electrostatic interactions between aromatic solute and

imidazolium ring systems, by virtue of a polarizable n-cloud.*

6.4. Conclusion

We have studied the steady-state and time-resolved fluorescence behavior of
C153 in mixed solvents comprising [bmim][PF¢] and toluene or dioxane to
investigate the influence of RTIL-cosolvent interaction on the solvation and
rotational dynamics. While the steady-state spectral behavior of C153 is hardly
affected by the nonpolar cosolvent, direct or indirect involvement of

toluene/dioxane in the solvation and rotational processes is clearly evident from
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the dynamical studies. The rotational dynamics of the probe becomes faster in the
presence of the cosolvents owing to lowering of the viscosity of the medium. A
shift of the time-zero spectrum toward the higher energy is observed upon
increasing the content of the nonpolar cosolvent, indicating a slightly nonpolar
surrounding of C153 in the mixed solvents at the moment of excitation. The time-
resolved study also reveals that blue shift of the time-zero maximum of the
fluorescence spectrum is more than the shift of the time-infinity maximum. This
observation is attributed to a shift of the polarity around the photoexcited probe
molecule on displacement of some toluene/dioxane molecules, which were
present at the start or early part of the dynamics, by more polar constituents of the
RTIL during the course of the solvation process. A biphasic description of the
observable dynamics appears to be more appropriate than the stretched
exponential one, and when one focuses on the weighted components (a;t;) instead
of the individual time-components and associated amplitudes, an interesting
correlation between the weighted long component and average solvation time is
observed. The difference of the dynamic solvation data in RTIL-toluene and
RTIL-dioxane suggests that, while a small amount of toluene can effectively
penetrate into the cybotactic region, a larger amount of dioxane is required to
observe a similar effect. The data seems to suggest that the planar n-cloud of
toluene makes it possible to get interspersed with the imidazolium ring system

with favorable quadrupolar or multipolar electrostatic interactions.
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Chapter 7

Photophysical Behavior of a Microviscosity Probe
in RTILs

In this chapter, the photophysical behavior of a molecular rotor probe,
namely, 9-(dicyanovinyl)julolidine (DCVJ) has been studied in seven
imidazolium RTILs of varying viscosity in order to understand the factors that
contribute to the microviscosity and related parameters. Also, the correlation
between the micro- and bulk viscosity of the media has been discussed in this

chapter.

7.1. Introduction

Measurement of microviscosity of different organized assemblies using
various fluorescence techniques has been briefly introduced in Chapter 1. One of
the well-known fluorescent microviscosity probe is 9-(dicyanovinyl)julolidine
(DCV]J, in Chart 7.1) whose fluorescence efficiency increases with increasing
viscosity of the media.'” The molecule is rather weakly fluorescent (quantum
yield, ®@; ~ 10) in conventional less viscous (<2 cP) solvents,' whereas in highly
viscous glycerol, @y is as high as 0.1.> The first excited singlet (S;) state of this
molecule is a w,m* intramolecular charge-transfer state. Nonradiative deactivation
of this excited state is controlled by rapid internal torsional motion, which is
substantially restricted in viscous media.”> Loutfy and Arnold® have shown that
for a series of malononitrile derivatives, there is an excellent agreement between
the experimentally determined quantum yield and the solvent viscosity as

predicted by the Forster-Hoffmann equation.* This viscosity-dependent
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fluorescence behavior of DCVJ has been exploited in a wide variety of
applications, both in chemical and biological systems.”” In a recent study, the
photophysical behavior of DCVIJ has been studied in an ionic liquid. In this work,
the authors have shown that the activation energy of nonradiative decay of the
excited state is much less than the viscosity activation energy, indicating a free
volume-controlled deactivation process.® However, this study lacks a detail

investigation on the relationship between viscosity and free volume parameters.

4 N

/»@\»:\/\/ A M

X = PF; [bmim][PF]
= BF,; [bmim][BF,]
= (CF,S0,),N; [bmim][Tf,N]

X =(CF,S0,),N; [emim][Tf,N]
= EtSO,; [emim][EtSO,]

/N\VN\/\OH \
X \ CN
X = (CF,S0,),N; [OH-emim][Tf,N] NC
= BF,; [OH-emim][BF ] DCVJ
N J

Chart 7.1. Structure and abbreviation of the RTILs and the probe molecule (DCVJ)
employed in this study. emim = 1-ethyl-3-methylimidazolium, bmim = 1-butyl-3-
methylimidazolium, OH-emim = 1-hydroxyethyl-3-methylimidazolium. Tf;,N =
bis(trifluoromethanesulfonyl)imide. The arrow in DCVJ indicates the internal
torsional motion responsible fast nonradiative decay of photoexcited molecule.

In recent years, heterogeneous nature of the RTILs have been indicated in
many experimental and simulation studies.”'? Although a complete picture is yet
to emerge, these studies have indicated nanoscale ordering or association in liquid

structure of RTILs. To understand the heterogeneity in RTILs, a knowledge of the
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microviscosities of the various domains of RTILs is necessary, but, only a little
effort has been made in this direction."” In the present work, the absorption and
fluorescence behavior of DCVJ in seven RTILs of varying viscosity has been
studied in order to understand the microviscosity and free volume criteria of
RTILs in greater detail. We have measured the viscosity of the media and
fluorescence quantum yield of DCVJ in RTILs at different temperatures (typically
in the range of 10-60°C) to achieve the aforesaid goal. The structure and

abbreviation of the RTILs employed in this study have been depicted in Chart 7.1.

7.2. Steady-state absorption and fluorescence

The steady-state absorption spectra of DCVJ in various RTILs are very

similar with the absorption maxima (A% ) appearing between 462 and 468 nm

(Table 7.1). Fig. 7.1(a) depicts representative absorption spectra of DCV]J in three

RTILs. As can be seen, there is a small but monotonic red shift of the absorption

maxima from [bmim][TH;N] (A2 = 462 nm) to [OH-emim][THN] (A = 465

max max

nm) to [emim][EtSO,4] (A = 468 nm). This shift presumably reflects increasing

polarity of these media. The fluorescence spectra of DCVJ in the RTILs,

however, do not follow the same trend (Table 7.1). The fluorescence maxima

(A2 in alcohol-functionalized RTILs, namely, [OH-emim][Tf;N] and [OH-

emim][BF4] are found to be red-shifted compared to their alkyl-functionalized

analogues. However, the A" values of DCVIJ in the RTILs also lie within a

max

small range of 499-507 nm (Table 7.1). The fluorescence spectra of DCVJ in
three RTILs are shown in Fig. 7.1(b).
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Table 7.1. Viscosity and steady-state absorption and fluorescence behavior of
DCVJ in RTILs at 25°C.

RTILs/Normal  Viscosity

A (M) AT (nm)* - Dy

solvents (cP)
1. [emim][TEN] 315 462 500  0.013
2. [bmim][THN] 49 462 500 0.019
3. [emim][EtSO4] 76 468 504 0.022
4. [OH-emim][TE;N]  83.5 465 502.5  0.019
5. [bmim][BFu] 92 465 501 0.023
6. [OH-emim][BF,] 117 466.5 507 0.028
7. [bmim][PFg] 260 464 499 0.024
8. acetonitrile 0.34 457° 502  0.0022°
9. methanol 0.054 454.7° 495° 0.0015°
10. glycerol 954° 469° 508° 0.1°

exe = 430 nm for RTILs, *from ref. 1, “from ref. 3.

1.01— [emim][EtSO,] (@) 1.0+ (b) —— [emim][EtSO,]
—— [OH-emim][Tf,N] —— [OH-emim][Tf,N]
084 [bmim][Tf,N] 0.8+ —— [bmim][Tf,N]
G 06 £ 06-
< F
0.4 S 04
0.2 0.2 /
o'o T T T T T T o'o T T T T T
350 375 400 425 450 475 500 525 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Fig. 7.1. Steady-state (a) Absorption and (b) Emission spectra of DCVJ in three
RTILs.
A comparison of the spectral data of DCVJ in RTILs and in conventional

solvents reveals that the A® and A°™ values in RTILs lie between those in
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acetonitrile and glycerol. This observation is consistent with the literature that the

RTILs are at least as polar as acetonitrile, if not more.

7.3. Relationship between viscosity and quantum yield

For molecular rotors like DCVJ, fluorescence quantum yield, which is largely
governed by torsional relaxation, is shown to be viscosity dependent.’ According
to Loutfy and Arnold,3 in viscous media the time for internal rotation (), termed
as torsional relaxation time, of a molecular rotor like DCVJ does not follow
simple hydrodynamic model (Debye-Stokes-Einstein model), which predicts, ot
o n/T, where, n is the viscosity of the media at temperature T. Instead, the
following relationship was shown to be valid:’

_dnY)
Trot _C(TJ (71)

where, C is a constant and x is a fractional number. When this torsional relaxation
process is the main nonradiative deactivation channel of the photoexcited probe,
T,0t can be equated to the nonradiative decay time (t,) and since,

b

Lk =kr[L—1] (72)
T T, ®

rot f

where, k,, and k; are the nonradiative and radiative rate constants, respectively,

and @ is the fluorescence quantum yield, one can write

@, = B(%jx (7.3)

for ®f << 1, which is the case with DCV]J in normal solvents and RTILs (Table

7.1). Eqn. 7.3 is shown to be valid for moderate-to-high viscosity solvents, where,
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‘x’ is the free volume parameter.>” It was observed that the higher the viscosity,
the greater is the free volume dependence and larger is the value of x.* At constant
temperature, eqn. 7.3 can be written as,

log ®@¢= Const + x (log 1) (7.4)
which is known to be the Forster-Hoffmann expression.” This equation is widely
used for microviscosity measurements of many microheterogeneous systems or
organized assemblies.”” A plot of log ®@; vs log 1 gives x = 2/3 for a number of

triphenylmethane dyes,* and ~0.6 for DCVJ,” indicating the probe dependence of

X.

1.8

1.6
1.4
1.2

1.0

log (®, x 10°)

0.8 1

0.6 -

0.4

05 10 15 20 25 3.0
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Fig 7.2. log ®; vs log n, at 25°C for DCVJ in solvents: 1. EG:2-propanol (1:3 v/v), 2.
EG:2-propanol (1:1 v/v), 3. EG:2-propanol (3:1 v/v), 4. EG (neat), 5. EG:glycerol (9:1
viv), 6. EG:glycerol (4:1 viv), 7. EG:glycerol (3:2 v/v), 8. EG:glycerol (2:3 viv), 9.
EG:glycerol (1:3 v/v), where, EG = ethylene glycol. The straight line shows linear fit
according to eq. 7.4.
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Fig. 7.3. A Bar diagram representing relative deviation of the microviscosity (Nmicro)
obtained from Fig. 7.2 and the measured bulk viscosity (n,.x) of the seven RTILs
used in this study (at 25°C). The inset shows the deviation from the mean
regression line (dashed line).

To measure the fluorescence quantum yield (®f) of DCVJ in RTILs and other
solvents, the reported yield of the same compound in acetonitrile (®¢ = 0.0022, at
25°C) has been taken as standard." We have measured the quantum yield (®y) of
DCVJ in a number of solvent mixtures of varying viscosity at constant
temperature (at 25°C) and plotted log ®r vs. log 1 to produce a calibration curve
(Fig. 7.2), which is similar to that already reported.” We have found that the slope
x = 0.5840.02 is very close to the reported value (x = 0.6)." Then the
microviscosity (Nmicro) Of the RTILs at 25°C was calculated from the plot using
the measured ®; values of DCVJ in the respective RTILs. However, the

microviscosity (Nmicro) Of the RTILs measured this way differs considerably from
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the bulk viscosity (npuik), and interestingly, except for highly viscous [bmim][PFg]
the former is always greater than the latter (Fig. 7.3).

1.6
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Fig. 7.4. Plots of log ®; vs log n/T for DCVJ in two less viscous RTILs: (a)
[emim][Tf,N] and (b) [emim][EtSO,]. The values of x were obtained from respective
slopes.

Lack of correlation between Mmicro and Mpu reflects the limitation of a single
temperature measurement of viscosity, which gives an inappropriate description
of the microscopic domain. Thus a treatment of Loutfy and Arnold’ (eqn. 7.3) is
more appropriate because then the temperature variation of viscosity (i.e., bulk
viscosity) is taken into account. Therefore, log ®r is plotted against log n/T (here,
N = Mvu) for a temperature range of 10-60°C for all RTILs. It is found that for
less viscous RTILs, namely, [emim][Tf,N], [bmim][Tf;N] and [emim][EtSO4],
this plot is linear, as shown in Fig. 7.4. The x values obtained from the slopes vary
between 0.52 and 0.57 (Table 7.2). These values are not very different from those
obtained in normal solvents (x = 0.58). However, for the remaining RTILs (4-7,

Table 7.2), which are comparatively more viscous, a departure from linearity is



Photophysical Behavior of Viscosity Probe

observed. In these cases, a clear break-point is noticeable around 28-30°C. The
representative log @¢ vs log /T plots for two RTILs, namely, [bmim][PF¢s] and
[OH-emim][BF4], are shown in Fig. 7.5.

Table 7.2. The value of ‘x’ obtained from the slopes of the log ®: vs log n/T plots for

respective RTILs.

RTILs Viscosity (cP) (at 25°C) X
1. [emim][THN] 315 0.57
2. [bmim][THN] 49 0.52
3. [emim][EtSO4] 76 0.57
4. [OH-emim][T£;N] 83.5 053  0.69
5. [bmim][BF.] 92 038  0.55
6. [OH-emim][BF,] 117 035  0.68
7. [bmim][PF¢] 260 036 051
1) 12
14l 13
5] 4.4
. 16 s
g 47] 8 1.6
-1.84 -1.7
4.9 .81
2.0 . 1.9
42 08 06 03 00 03 06 T4 12 10 48 <6 04 02 00
log n/T log n/T
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Fig. 7.5. Plots of log ®; vs log n/T for DCVJ in two highly viscous RTILs: (a)
[bmim][PF¢] and (b) [OH-emim][BF,]. The values of x were obtained from respective

slopes.
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The break in the linearity of the log ®r vs log n/T plots (Fig. 7.5) presumably
indicates a change in the liquid structure of RTILs around certain temperatures
(28-30°C) resulting in an abrupt change of the free volume dependence. A closer
look at Table 7.2 reveals that the x values for more viscous RTILs (4-7, Table 7.2)
lie in two distinct ranges. In the high temperature range, i.e., below the break-
point (Fig 7.5), the x values are in the range of 0.35-0.38 excepting [OH-
emim][Tf;N], for which x = 0.53. In the low temperature region, i.e., above the
break-point in Fig. 7.5, the x values (0.51-0.55) are comparable to the values
obtained for the less viscous RTILs (0.52-0.57). However, for alcohol-
functionalized RTILs, namely, [OH-emim][Tf,;N] and [OH-emim][BF4] the x
values in the low temperature region are quite high cf. 0.68-0.69, which indicate
that the free volume dependence is more in case of these RTILs in this
temperature range.

The appearance of this break-point within a narrow range of temperatures, 28-
30°C, for all highly viscous RTILs is quite interesting. However, this can be
understood as follows. Loutfy and Arnold® pointed out that the temperature
dependence of viscosity of many small molecular liquids arises largely from their
dependence on the available free volume,'* much similar to the free volume
concept applied to polymers." It is also known that higher the viscosity, smaller
is the available free volume and consequently greater is the free volume
dependence.” Again, with decreasing temperature the free volume shrinks to
about 2.5% at the glass transition temperature (T,) and the predominant influence
of free volume expansion upon viscosity remains from T to ~T, + 100 K.'® We

note that the reported T, values for RTILs vary rather widely (Table 7.3). For
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example, two different groups have reported the T, value [bmim][PF¢] as —61°C"
and —77°C."* However, if only the closely matched values of T, are accepted
(Table 7.3) then it is observed that these values lie in a rather narrow range of
—77°C to —85°C for all RTILs concerned here.'” This is probably the reason for
the appearance of a break-point at around a close range of temperatures (28-30°C)
for more viscous RTILs (4-7, Table 7.2), because, as stated earlier, the dominant
influence of free volume sustains upto ~T, + 100 K. This explains a higher x
value for low temperature region (e.g., <30°C) and a much lower x value above

that temperature.

Table 7.3. Reported glass transition temperatures (T,) of the RTILs employed in the
present study.

Glass Transition

RTILs Temperature, T, (°C)
1. [emim][Tf;N] -78° -92°
2. [bmim][Tf,N] —86° —87°
3. [emim][EtSO4] =77°
4. [OH-emim][Tf,N] —79¢
5. [bmim][BF4] —85° -81¢  -71°
6. [OH-emim][BF4] —84¢
7. [bmim][PFs] 77 -76* —61°

From, “ref. 18, "ref. 19, °ref. 20, %ref. 21, ‘ref. 17, ‘ref. 22, &ref. 23.

7.4. Activation energy of viscosity and nonradiative decay
The viscosity activation energy (E,) of the RTILs can be measured from the

following Arrhenius-type plot of the temperature-dependence of solvent mobility

m™:
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Inn" =Inn;' Sl (7.5)

where, n,' is the limiting solvent mobility at infinite temperature. The plot of
In ' vs 1/T is found to be reasonably linear for all RTILs regardless of their
viscosity (Fig. 7.6) and from the slopes of the respective plots the corresponding

activation energies (E,) are obtained (see Table 7.4).
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Fig. 7.6. Plots of In n'1 vs 1/T for three RTILs: (a) [emim][Tf;N], (b) [OH-emim][BF,]
and (c) [bmim][PF¢].
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Fig. 7.7. Plot of viscosity activation energy (En) vs viscosity (at 25°C) for all RTILs.
The solid line represents the trend line for variation of En with viscosity.
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As can be seen from Fig. 7.7, the viscosity activation energy (E,) for different
RTILs increases with increasing viscosity of the media. The figure shows almost
exponential increment of E,, with increasing viscosity of the RTILs.

The activation energy for nonradiative decay (E,:), which is essentially the
same for torsional relaxation, can be obtained by using the Arrhenius equation of

temperature dependence of ky,, the nonradiative rate constant:

E
k= Aexp| ——x 7.6
or xp[ RT] (7.6)

where, A represents the preexponential factor. By combining eqn. 7.6 and 7.2, we

arrive at the following relationship,

L_l =&=Aexp[—Emj (7.7)
o, k., k, RT
or, In L—1 :lni—Enr l (7.8)
D, k. R T

in which, k; and ®r represent the raditative rate constant and quantum yield of
DCV]J, respectively, in a given RTIL. The Arrhenius plot of In (1/®¢— 1) vs. 1/T
is expected to be linear whose slope is a measure of the nonradiative activation

energy (Enr).
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Table 7.4. Activation energy for solvent viscosity and nonradiative (torsional
relaxation) process.

ILs Ey X En Bl =xE,
(kJ mol™) (kJmol™)  (kJ mol™)
1. [emim][Tf,N] 27.6 0.57 17.5 15.7
2. [bmim][Tf)N] 31.3 0.52 17.7 16.3
3. [emim][EtSO,] 36.1 0.57 23.2 20.6
4. [OH-emim][TfZN] 354 0.53 18.6 18.9
0.69 25.0 24.6
5 [bmim][BF4] 35.9 0.38 15.2 13.7
0.55 20.7 20.1
6. [OH-emim][BF4] 375 0.35 13.3 13.1
0.68 26.3 25.1
7 [bmim][PF6] 4.0 0.36 16.1 15.1
0.51 26.3 21.3
5.4 5.0
5.2 @) 43 (b)
5.0 46
__ 48 4.4
o 467 S 421
% 4.4 ?—, 4.0
T a2 £ 38l
4.0 3.6
3.8 3.4
28 29 30 31 32 33 34 35 36 37 28 29 30 31 32 33 34 35 36 37
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Fig. 7.8. Plots of In (1/®+1) vs 1/T for two RTILs: (a) [emim][Tf2N] and (b)
[bmim][Tf,N].
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The, In (1/®¢ — 1) vs 1/T plot (Arrhenius plot) is found to be a straight line
(Fig. 7.8) only in case of less viscous RTILs (1-3, Table 7.4). A significant
departure from linearity has been noted for other more viscous RTILs (4-7, Table
7.4), and this departure is most prominent in case of [OH-emim][BF4] (Fig. 7.9).
A similar deviation from linearity for highly viscous glycerol was also reported in

the literature,’ but then this observation was not highlighted.
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Fig. 7.9. Plots of In (1/®1) vs 1/T for two RTILs: (a) [bmim][BF4] and (b) [OH-emlm]
[BF,;]. The data in both cases were f|tted with the polynomial y = A + Bx + CcxX’,
which interprets the nonlinear behavior.?

A curvature in the Arrhenius plot can arise from the temperature dependence
of the activation parameters, namely the preexponential factor and activation
energy.”* Since, the temperature effect is very much dominant for the exponential
term of the Arrhenius equation (see eqn. 7.6),>* the same for the preexponential
factor can be neglected for the present case, given the small temperature range of
the present study (10-60°C). The nonlinear Arrhenius plot can be fitted to a

polynomial function, as shown in Fig. 7.9. However, the significance of the use
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of such function is unclear in the present case and thus, instead of polynomial
fitting, the data obtained in more viscous RTILs, namely, [OH-emim][Tf,N],
[bmim][BF4], [OH-emim][ BF4] and [bmim][PFs] is subjected to two linear fitting
in the two different temperature-range, as shown in Fig. 7.10. It can be seen that
the break-point in these plots appears around the same temperatures (28-30°C) as
is found in case of log @ vs log 1/T plots. Hence, it can be concluded that the
activation energy (E,;) for the two ranges of temperatures, is a measure of the free

volume parameter x of the respective region. The nonradiative activation energies

(Enr) are given in Table 7.4.
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Fig. 7.10. Plots of In (1/®¢+1) vs 1/T for two RTILs, namely, (a) [bmim][BF4] and (b)
[OH-emim][ BF,] with the appropriate bilinear fit.

A relationship of x and E,; can be derived from the following consideration:

Rearranging eqn. 7.1 and using Tt =

equation,

1T x 10° (1/K)

3.5

Toe = 1/kne we can obtain the following
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1 T (1) | (7.9)
By introducing the expression for 1/n one can get, after suitable rearrangement,

T xE
k, = exp| —— |. (7.10)
Cn, RT

By comparing eqn. 7.6 and 7.10, we can arrive at the following relationship:
E.=xE, (7.11)
by assuming the temperature dependence (T*) of the preexponential factor of eqn.

7.10 to be far less than that of the exponential term. The calculated nonradiative
activation energy (E') values, obtained from respective values of x and E, for

different RTILs (by using eqn. 7.11) in the two different regions (below and

above the break-point), have been tabulated in Table 7.4. A comparison of the
respective B, and E™ values for all the RTILs (see Table 7.4) reveals an
excellent agreement between the two, thus validating the relationship delineated

in eqn. 7.11. A plot of E® vs. measured E,, has been depicted in of Fig. 7.11.

nr

One can see that most of the data points in Fig. 7.11 fall within 1 kJ mol™ of the
mean regression line. This is an excellent demonstration of the validity of the
aforementioned relationship. In other word, the activation energy for the
nonradiative process or torsional relaxation is closely related to the free volume of

RTILs.
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Fig. 7.11. Plot of E,, (obs), i.e., obtained from Arrhenius plot, versus ES? where,

Eﬁf' = xE,. The black points correspond to the three less viscous RTILs (1-3) and

the colored points (red or blue) represent more viscous RTILs (4-7). The red points
corresponds to the high activation energy values (therefore, high x values),
whereas blue points corresponds to low activation energy values (i.e., low x
values).

The most interesting feature of this study is that while the temperature
variation of bulk viscosity (or mobility) shows linearity to a satisfactory extent,
the nonlinear behavior is apparent in case of Arrhenius plots of the nonradiative
process for more viscous RTILs (4-7, in Table 7.4). The break-point in these
Arrhenius plots corresponds to that obtained previously for log @ vs log n/T
plots, and the validity of eqn. 7.11 justifies the fact. A different temperature
dependence of bulk viscosity and nonradiative rate constant suggests that the
microviscosity of the RTILs, which is correlated to the quantum yield of DCV]J,

shows an entirely different temperature dependence from the bulk viscosity.
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For less viscous RTILs (1-3, Table 7.4), the bulk viscosity and microviscosity
are directly correlated (through the x term) throughout the whole temperature
range studied (10-60°C). However, for more viscous RTILs (4-7, Table 7.4), the
occurrence of a break-point in the Arrhenius plot suggests that the microviscosity
is different above and below this point, owing to the difference in free volume
dependence (different x values). As mentioned earlier, this is indicative of some
change in the liquid structure of RTILs at the break-point. At lower temperatures
(above break-point) when the viscosity is quite high and thus free volume is less,
the free volume dependence of viscosity is more. One can then see that
microviscosity is strongly correlated to the bulk one, and this feature is reflected
in the high E,, values, 21-26 kJ mol™ (Table 7.4) in the low temperature regime.
Eu values of the alcohol-functionalized RTILs, [OH-emim][Tf,N] and [OH-
emim][BF,] above the break-point (25.0 & 26.3 kJ mol”, respectively) are as high
as that of [bmim][PF ] (26.3 kJ mol™) even though the latter is much more
viscous than the formers (see Table 7.1). This indicates a significant role of close
range interaction like hydrogen bonding on the microviscosity, at least in the low
temperature domain. At higher temperatures, the free volume is more and so the
free volume dependence is less, which is reflected by the smaller x values.
Therefore, the microviscosity becomes weakly correlated with the bulk viscosity,
which is indicated by the smaller E,, values, 13-15 kJ mol" for more viscous
RTILs, except for [OH-emim][Tf,N]. Interestingly, for [emim][Tf,N] and
[bmim][Tf,N], two less viscous RTILs, the E is also similar (~17 kJ mol™). This

observation may be linked to the alkyl chain motions in RTILs. The activation
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energy for hydrocarbon chain mobility, as measured from microviscosity using
DCVJ, in the gel state of vesicle was found to be ~15 kJ mol”'.> NMR study of
vesicles also indicated a similar value for activation energy for acyl chain trans-
gauche isomerization.”® By analogy, it can be said that the alkyl chain mobility
may have a significant influence on the microviscosity of the highly viscous
RTILs at high temperature and of less viscous RTILs throughout the whole

temperature range.

7.5. Conclusion

In summary, we have studied the fluorescence efficiency of a ‘molecular
rotor’ probe, DCV] in seven RTILs of varying viscosity at different temperatures,
focusing mainly on the relationships between these parameters. The
microviscosity of the RTILs estimated using the Forster-Hoffmann equation at a
single temperature (room temperature) was found wunsuitable for proper
understanding of the viscosity criterion in the microscopic domain. Hence,
variation of viscosity with temperature was also taken into account (see eqn. 7.3).
The log @ vs. log /T plots for more viscous RTILs were found to be bilinear
with a break around 28-30°C. A similar break-point was noted in case of
Arrhenius plots corresponding to nonradiative or torsional relaxation of DCVJ in
these RTILs. However, in case of less viscous RTILs, the log @ vs. log /T plots
and the above-mentioned Arrhenius plots are simply linear. These observations
are rationalized by introducing the free volume concept in the relation of
microviscosity and bulk viscosity. Higher the bulk viscosity (at low temperature),
greater is the free volume dependence and stronger is the correlation between bulk

and microviscosity. At high temperature, sufficiently above the glass transition
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temperature, free volume influence is less and so the microviscosity is less
influenced by it. In this case, the alkyl chain motions of RTILs’ cation can be an

important factor for microviscosity, as indicated by the activation energy values.
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Chapter 8

Concluding Remarks

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

and the challenges ahead have also been outlined.

8.1. Overview

The work embodied in the thesis had been undertaken with the primary
objective to explore the horizon of RTILs as media for photophysical studies.
Before taking up this investigation, the optical properties of RTILs based on the
imidazolium cation have been carefully examined with a view to understand the
applicability and limitation of the RTILs as media for studying photophysical
processes. A variety of photoprocesses like photoinduced electron transfer
reaction, solvation and rotational dynamics etc have been subsequently studied in
these RTILs with a two-dimensional objective. Firstly, to find out whether or to
what extent these processes differ from those occurring in conventional solvents,
and secondly, to determine the specific role of the RTILs, if any, in such
differential characteristics of the aforementioned photoprocesses. Several
instrumental techniques and methodologies, namely, NMR and IR spectroscopy
for characterization, cone and plate viscometer, UV-visible absorption, steady-
state and time-resolved fluorescence and laser flash photolysis techniques have
been employed to carry out this work. The results obtained from the

investigations are outlined below.
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While optical studies on dissolved probe molecules in RTILs are reported,
those focusing on the optical properties of RTILs are scarce. A few literatures that
are available on the related topic have given an impression that imidazolium
RTILs are optically transparent liquid as far as UV-visible spectroscopy is
concerned. In order to have a definite understanding, we have made a careful
scrutiny of this subject by choosing a few well-known members of the family.
Our investigation revealed that these RTILs do possess non-negligible absorption
in the UV region with a long tail extending to the visible region. These RTILs
also exhibit an interesting wavelength-dependent fluorescence (though weak)
behavior which covers a large portion of the visible region. The observations have
been interpreted in terms of selective excitation of various energetically-different
associated species and inefficient energy transfer between these species.

Photoinduced electron transfer reaction between pyrene and N,N-
dimethylaniline has been studied in a number of RTILs of varying viscosity using
steady-state and time-resolved fluorescence and laser flash photolysis techniques.
Unlike in conventional media, exciplex emission for this well-known pair could
not be observed in RTILs. This absence of exciplex is a consequence of high
polarity of RTILs, as indicated by the microscopic polarity parameters, but
indicated otherwise by the low dielectric constant of RTILs. The yield of the
radical ions produced from the PET reaction found to be significantly lower in
RTILs. In highly viscous RTILs, the yield was so low that the transient absorption
due to the free ions could not be detected. The results have been quantitatively
analyzed in terms of the formulation based upon the Onsager dielectric continuum

model and the calculations show that low escape efficiency of the constituents of
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the geminate ion pair and efficient back electron transfer are responsible for such
behavior.

In order to understand certain unresolved issues of solvation dynamics in
RTILs, especially those related to local effect and its contribution towards the
early part of the dynamics (ultrafast or missing component), we have studied
dynamic solvation in an alcohol-functionalized protic ionic liquid based on
imidazolium moiety using popular solvation probes, namely, C153, AP and
prodan, focusing on the influence of hydrogen bonding interaction on the
aforementioned aspects. Steady-state absorption and emission of the probe
molecules have indicated a higher polarity of this RTIL compared to common
alkylimidazolium RTILs and a significant hydrogen bonding interaction with AP
in particular. The rotational anisotropy study also revealed a significant hydrogen
bonding interaction between RTIL cation and AP. However, most interesting
feature of this study is the retardation of ultrafast or missing dynamics, leading to
a net reduction of missing component by 15-20% as compared to that in
alkylimidazolium RTILs. This finding is attributed to specific hydrogen bonding
interaction between the probe and RTIL cation in the first solvation shell, though,
the cation-anion hydrogen bonding interaction may also have some influence on
it.

Since the addition of conventional solvent broadens the scope of application
of RTILs, many physicochemical studies in the mixture of RTILs with these
solvents have been carried out in recent days. However, these studies have been
restricted to mixed solvents comprising RTILs and polar conventional solvents

and no such studies have been done with the mixture of RTILs and nonpolar
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solvents. We, therefore, have chosen to study the dynamics of solvation in the
mixture of an RTIL with nonpolar solvents like toluene and 1,4-dioxane. The
steady-state behavior of the probe, C153 in RTILs, was not affected by the
addition of these nonpolar solvents and the time-resolved anisotropy study
demonstrated merely the effect of dilution on rotational correlation time.
However, a continuous blue shift of the time-zero emission spectra of C153 with
gradual addition of toluene is observed. The time-infinity spectra, which
recognize the end of dynamic solvation, however, was affected to lesser extent.
This observation has been attributed to a change of the polarity of the surrounding
environment of C153 during its lifetime. The observable dynamics is found to be
biphasic and an interpretation based on the weighted time-constants of the
observable part has been put forward to explain the biphasic dynamics. Finally,
the various aspects of dynamical phenomenon of RTIL-toluene and RTIL-dioxane
have been compared. It is shown that a low concentration of toluene compared to
dioxane is sufficient to bring about the same changes because of favorable
interactions between toluene and the imidazolium ring system leading to a more
effective solubilization of toluene in the cybotactic region of the probe.

The photophysical studies of a molecular rotor probe, DCVJ have been carried
out in seven RTILs of different viscosity in order to understand the free volume
parameters and the correlation between microviscosity and bulk viscosity of the
media. Since, a single-temperature measurement of microviscosity using a
standard calibration curve is an inadequate description of this parameter, the
temperature dependence of viscosity is taken into account. The plot of log @ vs.

log n/T and the Arrhenius plot of nonradiative decay constants show a break-point
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around certain temperatures (28-30°C) for high-viscosity RTILs. For less viscous
RTILs, these plots are linear. Interestingly, the Arrhenius plot of viscosity
activation energy for all RTILs is linear. This suggests that while the correlation
between microviscosity and bulk viscosity is straightforward in the case of less
viscous RTILs, it is dependent on temperature and/or viscosity for more viscous
RTILs. This apparent temperature dependence is attributed to a significant change
in the free volume at around certain temperatures, leading to an abrupt change of
the free volume dependence of microviscosity and giving rise to a break-point in

the aforementioned plots.

8.2. Future scope and challenges

In the present work we have probed the optical transparency of the
imidazolium RTILs. The non-negligible absorption in the UV-visible region of
these RTILs, which suggests that these substances are not as optically transparent
media as commonly believed, is consistent with the chemical formulae of these
substances and the optical properties of the constituent ions and their various
associated forms. These liquids also display weak but highly interesting
fluorescence covering a large part of the visible region. Nonetheless, the weak
absorption and fluorescence due to imidazolium RTILs may not be a matter of
concern while studying strongly fluorescent samples in these media. On the other
hand, this can be a serious problem for weakly emitting species, and extreme care
is required while carrying out such measurements.

Care should be taken while estimating the polarity of an RTIL from the
measured fluorescence maxima of dipolar probes. Since dynamic solvation in

RTILs is slow, only those probe molecules having fluorescence lifetime
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appreciably larger than the solvation time can perhaps ensure that the frequency
corresponding to the maximum represents the equilibrium solvation energy and
qualify as polarity indicator. However, we believe that the potential of RTILs as
media for photophysical studies is quite high and the number of such studies will
continue to grow in the coming years.

The polarity of RTILs reported by solvatochromic probe molecules is as high
as acetoinitrile, whereas the dielectric constant values are as low as pyridine. It is
not clear from these conflicting findings how a PET reaction would proceed in
these media. While our study have thrown some light into this topic, further
studies are necessary to obtain a clear understanding of the role of the
microscopic polarity and overall polarity of these media in deciding the course of
a PET reaction. Also, many aspects of the PET reactions have remained
unexplored and detailed study of the mechanistic details of such processes for
different donor-acceptor pairs in a variety of RTILs will be an interesting project
to pursue. In this context, the study of PET processes in the mixed solvent
systems containing RTILs and a series of conventional solvents of varying
polarity may also be useful.

The dynamical Stokes shift of the fluorescence spectra of dipolar molecules in
the ps-ns time-scale is a reflection of slow solvation in these media. The solvation
dynamics in RTILs is characterized by a long average solvation time, a significant
portion of missing (ultrafast) component and its probe-dependent behavior. While
these features of the dynamics are known with certainty, the mechanism of the
solvation process is far from clear. As far as the ultrafast component of the

dynamics is concerned, its physical origin or exact time-scale is still under
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considerable speculation, even though it is clear that local effect, arising from the
various interactions of the ions with the probe molecule in the first solvation shell
and small amplitude motion of these ions, play an important role in the ultrafast
dynamics. The dynamical study in the protic ionic liquid has revealed that the
hydrogen bonding interaction between ion(s) and probe molecule can retard the
ultrafast dynamics. Again, while the average solvation time roughly correlates to
viscosity of the media, the significance of the individual components of the
biphasic dynamics is under cloud. Although recent molecular dynamics
simulation studies have shed light on the time-scales of motions of the constituent
ions in the vicinity of the probe molecules, the physical motions that contribute to
the different components of the dynamics are not yet identified. Therefore, further
investigations focusing on these aspects are necessary to have a clear
understanding of the mechanism of dynamic solvation in RTILs.

Solvation dynamics in the mixture of an RTIL with nonpolar solvents have
revealed many interesting features like blue-shift of the time-zero spectra or the
polarity shift in the course of dynamics. This study has been performed with only
two nonpolar solvents and one probe molecule. In order to have a complete
picture it is necessary that the scope of this investigation is broadened by taking
up several other conventional solvents and RTILs. This will perhaps improve our
understanding of the interpretation of biphasic dynamics in terms of the weighted
time-components.

We have studied the microviscosity in a series of RTILs using a single probe.
Many interesting aspects that have come out in our study can be verified or

improved upon by further studies of this nature. In fact, since microviscosity of
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the microheterogeneous systems or organized assemblies is found to be dependent
on reporter molecules, different microviscosity probes are required to fully

understand the nature of free volume criterion and microviscosity of RTILs.



