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Room Temperature lonic Liquids as Media for Photophysical Studies
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In this article, we first present a brief introduction on room temperature ionic liquids based on substi-
tuted imidazolium salts that have been the focus of extensive studies in recent years. Subsequently, we
summarize some of the photophysical studies made in these ionic liquids. Finally, we discuss the suitabil-
ity of the imidazolium ionic liquids in optical studies taking into consideration their absorption and fluo-
rescence behavior.

Keywords: Room temperature ionic liquids; Imidazolium salts; Green solvent; Fluorescence;

Photophysical behavior.

INTRODUCTION

A significant effort in recent years has been directed
towards finding suitable replacements for the conventional
solvents as these are volatile liquids used in large quantities
for various purposes and are difficult to contain. The grow-
ing concern for increasing air and water pollution by these
chemicals has given birth to ‘green chemistry’' and has led
to the realization of the importance of solvent free synthe-
sis® and the use of water, supercritical carbon dioxide® or
room temperature ionic liquids*® as the reaction media.

Room temperature ionic liquids are organic salts,
which in their pure state are liquids at ambient tempera-
ture.*> While molten organic substances such as tetraalkyl-
ammonium and tetraalkylphosphonium salts were consid-
ered seriously for some time as likely solvent systems be-
cause of their relatively low melting points (between 50-
250 °C) and ability to dissolve a wide variety of organic
compounds, the instability in acids and thermal decomposi-
tion of these salts have made their usage significantly re-
stricted.’

The discovery of air and water stable ionic liquids
based on substituted imidazolium cation in 1992 has given
a boost to the research activities on the ionic liquids.” The
sudden spurt in this activity can be understood when taking
into consideration that these salts are low melting, ther-
mally stable, highly conducting, less reactive, less sensitive
towards moisture, possess a wide liquid range, and are able
to dissolve a wide variety of inorganic and organic sub-
stances.*’ However, the property of the imidazolium ionic

liquids that is considered most attractive from the view-
point of the environment is their negligible vapour pres-
sure. The nonvolatility, nonflammability and nontoxic na-
ture of the imidazolium ionic liquids has made them envi-
ronmentally benign ‘green’ media for carrying out various
chemical reactions.*” The structures of some of the most
commonly used imidazolium salts are given in Chart 1, and
some of the solvent properties are collected in Table 1. It is
evident from the data collected in Table 1 that the halide
salts are solid at room temperature, whereas those with
larger anions are low melting and are suitable as solvent
systems at ambient temperatures. Among the imidazolium
salts, those involving [bmim] and [emim] cations and [PF],
[BF,] and [ Tf,N] anions are most commonly studied. These
salts are fairly stable at ambient conditions and the proper-
ties are suitable for various studies. The syntheses of these
salts are straightforward.'>'"> In the first step of a 2-step
synthesis, a halide salt is prepared by reaction of the appro-
priate imidazole derivative and the alkyl halide. The sec-
ond step involves the replacement of the anion. The com-
monly used imidazolium ionic liquids are also available
from commercial sources, though not in a very pure form.

Chart 1
[\ /\
\/\/N\\-;N\ \/N§+//N\
X-= X =
[bmim][x] [emim][x]

X = C|, BF4, PF6, (CF3802)2N
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Table 1. Some physical properties of RTILs mentioned in the

text
RTIL m.p. (°C) mn(cP) p(g/co) c E1(30)
[emim][CI] 87° s S - -
[bmim][C]] 65° s s - -
[emim][BFE,] 6° 66.5° 125  13° 4914
[bmim][BF,] -81° 154> 1.2° - 48.94
[emim][PF] 60" s s 5.2 s
[bmim][PFq] 61° 371 137° 1.5° 523¢
[emim][T£,N] -3h 348 1520 ggt 477
[bmim][THN] 4h 50h 143" 39" 470

s: solid; m: viscosity; p: density; o: Specific conductivity
(mS/cm); E1(30): microscopic solvent polarity parameter (see:
Reichardt, C. In Solvents and Solvent Effects in Organic
Chemistry; VCH, Weinheim, Germany, 1988; p. 378)

a) Ref 5d; b) at 20 °C, ref 4b; c) at 25 °C, ref §; d) ref 9; e) ref 10;
f) ref 11; g) ref 12; h) all values at 20 °C, ref 13; i) ref 14.

Apart from a wide variety of reactions that have al-
ready been carried out in ionic liquids,’ a large majority of
the recent studies involving the ionic liquids are directed
towards the characterization of their various properties.
The increasing usage of these ionic liquids as media for or-
ganic synthesis,’ liquid-liquid extraction,'® electrochemi-
cal studies,'” mass spectrometry,'® solar cells," synthesis
of nanoparticles,?’ gas sensors,”' and other applications is
also evident from the literature. The number of papers on
ionic liquids has increased almost exponentially in recent
years.

SPECTROSCOPIC AND PHOTOPHYSICAL
STUDIES

Several photophysical and spectroscopic studies have
been carried out in ionic liquids during the past few years.
NMR spectroscopy (nuclear Overhauser enhancements)
has been used to obtain direct evidence of cation-cation, cat-
ion-water and cation-anion interactions in [bmim][BF,].*
Wide angle X-ray scattering and Raman spectroscopic stud-
ies have confirmed the existence of two crystalline forms of
[bmim]C1.** IR spectroscopic studies on probe molecules
have thrown light on the Lewis acidity of the ionic liquids.*
A number of pulse radiolysis studies have also been made in
ionic liquids.”® Low frequency vibrational motions in ionic
liquids have been studied by femtosecond optical Kerr ef-
fect.*

A large number of photophysical studies in imidazo-
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lium ionic liquids are aimed at quantifying the polarity of
these media.”'>'**"* Probe molecules whose absorption
or fluorescence properties are sensitive to the surrounding
medium (such as the dipolar molecules) have been ex-
ploited for this purpose. Among the solvatochromic probes,
Reichardt’s dye, nitroaniline and Nile Red are the most
common ones. The fluorescent probes include coumarin-
153, 4-aminophthalimide and 6-propionyl-2-dimethylami-
nonaphthalene (PRODAN). The vibronic band intensities
in the fluorescence spectrum of pyrene or its derivatives
have also been used to determine the polarity of neat ionic
liquid."*? All these studies have indicated that most of the
imidazolium ionic liquids are more polar than acetonitrile,
but less polar than methanol. In fact, the polarity experi-
enced by the probe molecules in commonly exploited ionic
liquids is found very similar and comparable to that of the
short-chain alcohols. The effect of polar additives such as
water, alcohol or surfactants on the ionic liquid has also
been examined using various probe molecules.” The effect
of carbon dioxide on different fluorescent probe molecules
dissolved in ionic liquids has also been examined.*® Photo-
isomerisation process’' and rotation of solute molecules®*>*
have also been investigated in ionic liquids. We have inves-
tigated intramolecular excimer formation process in these
media.”

While the steady state fluorescence spectra of the
electron donor-acceptor molecules did not provide much
information other than the polarity of the media, the time-
resolved fluorescence behavior of these systems has been
found to be much more informative.”'***3*%3% Since the
ionic liquids are sufficiently polar, the time-dependent flu-
orescence behavior of dipolar solutes in these media is ex-
pected to provide information on the reorganization of the
constituent ions around the photoexcited solute subsequent
to instantaneous separation of charge.”'***3%3°3% I this
context it should be that the study of the dynamics of solva-
tion is an active area of interest from a theoretical as well as
from the experimental point of view. Solvation dynamics
has been studied in a wide variety of polar solvents employ-
ing fluorescent probe molecules in which the charge sepa-
ration reaction is much faster than the motion of the sol-
vents. Though water and alcohols are the most commonly
used media for this purpose, the organized assemblies have
been investigated in recent years.

We have studied the picosecond time-resolved fluo-
rescence behavior of several dipolar molecules such as
coumarin 153 (C153), 4-aminophthalimide, PRODAN,
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whose fluorescence behavior is well-known in conven-
tional media, with a view to determining the time constant
and mechanism of solvation in these ionic liquids.’ Follow-
ing this initiation, we and several other groups subsequently
examined solvation dynamics in ionic liquids.'*?*3*36-3
The signature of slow solvation in ionic liquids is apparent
from the dependence of the fluorescence decay profiles on
the monitoring wavelength. A typical behavior of this type
is illustrated in Fig. 1. The decay profiles consist of a mo-
notonous decrease of the fluorescence intensity with time
when monitored at the short wavelength region of the fluo-
rescence spectra. On the other hand, for a long monitoring
wavelength, an initial rise followed by decay of the fluores-
cence intensity was observed. These studies have revealed
that the dynamics of solvation in these media is much slower
than in common organic solvents such as acetonitrile or al-
cohols and is non-exponential in nature. In many respects,
the solvation process in the room temperature ionic liquids
is similar to that observed in molten ammonium salts stud-
ied by Huppert and coworkers.*” Almost 50% of the total
solvation in imidazolium ionic liquids has been found to be
ultrafast and could not be resolved in most of the stud
ies.”**® There is however disagreement among different
groups on how fast this ultrafast component is.**** As far as
the physical origin of the various components of the solva-
tion dynamics is concerned, there also exists a difference of
opinion.””*'™* A number of theoretical, mostly computer
simulation studies,*'™** have been carried out with a view to
examining the dynamics of solvent fluctuations in these

12

Counts (x10 %)

Time (ns)

Fig. 1. Wavelength dependence of the fluorescence
decay profiles of C153 in [bmim][Tf;N]: (a)
450 nm, (b) 500 nm, (¢) 550 nm and (d) 630 nm.
Aexe =375 nm. The lamp profile is shown in (e).
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media. Shim et al. have assigned the fast component of the
dynamics to the translation of the anion and the slow com-
ponent to the collective motion of the anion and cation.*'
However, according to Kobrak and Znamenskiy, the fast
component arises from the collective cation-anion mo-
tion.** The probe dependence of the solvation dynamics has
also been examined recently.’> Solvation dynamics in
mixed solvents comprising ionic liquid and one conven-
tional polar solvent as the components has also become a
topic of recent interest.*’

During the course of our studies on the probe mole-
cules, we have observed an excitation wavelength depend-
ent shift of the fluorescence spectra of some dipolar mole-
cules in room temperature ionic liquids.** This excitation
wavelength dependence is attributed to two factors: first,
the existence of a distribution of ground state molecules
differing in their interaction energies with the room tem-
perature ionic liquids, which results in inhomogeneous
broadening of the absorption band; second, slow excited
state relaxation processes such as solvation and/or energy
transfer. While the ground state heterogeneity, which al-
lows photoselection of the molecules, is present even in
conventional fluid media, it is for the slow rate of the ex-
cited state processes, the excitation wavelength depend-
ence is observable in ionic liquids. Since the fluorescence
maximum of the dipolar systems are frequently used for the
estimation of the polarity of the ionic liquids, the observa-
tion that these values can be excitation wavelength depend-
ent suggests that utmost care is needed while selecting the
probe molecules for these measurements.**

OPTICAL PROPERTIES OF THE IMIDAZOLIUM
IONIC LIQUIDS

The imidazolium ionic liquids are usually regarded as
transparent substances having no absorption in the UV
(above 250 nm) and visible region.'*** Perhaps this ex-
plains how several studies, some of which are discussed
above, could be made in these media. However, during the
course of our studies we discovered that the imidazolium
ionic liquids are not really optically transparent.*® Even
though the absorbance values in this region are not large,
these cannot be ignored. We noted that the absorption is far
from negligible at 300 nm and a long absorption tail ex-
tends even beyond 350 nm. Though the molar extinction
coefficient values in this wavelength region are fairly low,
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the OD value observed even at 350 nm is around 0.1 (in 1
cm path length cuvette) suggesting that nearly 20% of the
incident light is absorbed at this wavelength.*® For quite
some time we thought that this absorption could be due to
the presence of some impurity in the ionic liquids. How-
ever, we could finally establish that the absorption in this
region is inherent to the ionic liquids. That this absorption
is primarily due to the constituent imidazolium ion and its
various associated structures is proved by controlled exper-
iments in which imidazolium ion was generated from
imidazole following addition of protons.*®

A second observation that points to further limitation
of the imidazolium ionic liquids in optical studies is that
when excited in the UV or early part of the visible region,
these liquids exhibit fluorescence that covers a large part of
the visible region and show dramatic excitation wavelength
dependence.*® A typical fluorescence behavior of the
imidazolium ionic liquid is shown in Fig. 2. What appears
quite interesting is that unlike the conventional fluores-
cence, here the emission maximum shifts towards the lon-
ger wavelength as the excitation wavelength is increased.
The excitation wavelength dependent fluorescence behav-
ior, which is quite dramatic in the present case, though un-
common, is not unprecedented. In viscous media or in orga-
nized assemblies, a similar excitation wavelength depend-
ent shift of the fluorescence maximum of dipolar systems
has been observed previously and is known as Red-Edge

Intensity (a.u.)

3% 400 450 500 550 600
Wavelength (nm)
Fig. 2. Emission spectra of [bmim][BF4] in aceto-
nitrile (0.13 M). Excitation wavelengths are:
(1) 300 (2) 320 (3) 330 (4) 340 (5) 350 (6) 360
(7) 380 (8) 400 (9) 420 nm. The sharp peaks on
the broad emission envelope are Raman bands.
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Effect, which is commonly abbreviated as REE.*” Accord-
ing to the literature,*” two essential conditions must be met
to observe excitation wavelength dependent emission be-
havior of the kind shown here. First, there must be a distri-
bution of energetically different species in the ground state.
Second, the rate of the excited state relaxation between
these energetically different species must be slower than
the fluorescence lifetime of these species. The first condi-
tion ensures that selective excitation of energetically dif-
ferent species is possible and the second one ensures that it
is possible to observe emission from each species excited.
Taking into consideration the two factors, it is not difficult
to understand why imidazolium ionic liquids exhibit REE.
First, the long absorption tail due to imidazolium ionic lig-
uids has been attributed to various associated structures
that are energetically different.*® It has also been estab-
lished that the broad fluorescence band originates from
these associated species. That the energy transfer between
these species is not efficient is understandable when taking
into consideration the sub-nanosecond fluorescence life-
time of these species.*

CONCLUDING REMARKS

That the imidazolium ionic liquids are not only suit-
able media for chemical reactions but also promising media
for photophysical studies is already evident from the litera-
ture presented above. Notwithstanding the recent findings
on the absorption and fluorescence behavior of the imida-
zolium ionic liquids, which point to some of the shortcom-
ings of these substances in optical studies, we believe that
the number of photophysical studies in ionic liquids will
continue to grow in the coming years as the absorption due
to the ionic liquids, particularly in the longer UV and visi-
ble region, is small and the fluorescence quantum yield is
low. Due precaution is however needed in these studies,
particularly when dealing with systems that absorb in the
UV region or that are weakly emitting. Relatively less ex-
plored ionic liquids, particularly those based on the pyr-
rolidinium cation, could also be media of photophysical
studies in the future. In the coming years, as our under-
standing of the various properties of the ionic liquids devel-
ops, it may then be possible to regulate the photophysical
behavior of the substances with the help of these designer
solvents. However, we may have to wait for some time for
this to happen.
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