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Room temperature ionic liquids (RTILs) have attracted
tremendous interest in recent years as promising media,
which could be an alternative to the environment-
polluting, volatile common organic solvents. In this arti-
cle, we focus on the studies of dynamic Stokes shift of
the fluorescence spectra of dipolar solutes in RTILs.
These studies throw light on the nature of solvation
dynamics in media that are conceptually quite different
from the conventional solvents. A brief introduction to
the RTILs and results of some relevant spectroscopic
studies have been provided prior to the presentation of
the results of dynamic Stokes shift studies. The experi-
mental results on solvation dynamics have been dis-
cussed along with theoretical simulation studies. The
current understanding of the solvation process in these
media, which includes the various timescales and the
mechanism of solvation dynamics, is presented to high-
light the need and scope for further studies in this area.

Keywords: Dynamic Stokes shift, electron donor—
acceptor molecules, fluorescence, room temperature ionic
liquids, solvation dynamics.

A significant effort in recent years has been directed towards
finding suitable replacement for conventional solvents,
which are volatile chemicals used in large quantities and
difficult to contain. The growing concern for increasing
air and water pollution by these chemicals has led to the
realization of the importance of solvent-free synthesis',
use of waterz, supercritical carbon dioxide® and room tem-
perature ionic liquids (RTILs)*'' as alternative reaction
media and has given birth to ‘green chemistry’ as a new
vibrant area of chemistry .

The last few years have witnessed a phenomenal
growth in research involving the RTILs, primarily because
of the potential of these substances as green alternative to
conventional solvents*''. RTILs are organic salts com-
posed entirely of ions and unlike the common inorganic
salts, which melt at higher temperatures, these are liquids
at ambient condition. For example, when Na* in NaCl,
which melts at 803°C, is replaced by a bulky organic
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cation, say, 1-butyl-3-methylimidazolium cation, [bmim]",
the melting point of the resulting compound, [bmim]Cl, is
lowered to 65°C. Further, when CI" is changed by a larger
anion, [BF,]", the melting point is further decreased to —81°C,
thus making it an RTIL". Hence, using appropriate com-
binations of the constituting ions, it is possible to obtain
salts that are liquid at room temperature. The low melting
point of these salts can be attributed to their being composed
of sterically mismatched ions with low charge density,
leading to hindered ion packing. Since the properties of
RTILs can be tuned by appropriate combination of cations
and anions, these are termed as ‘designer’s solvent’™,

Some of the properties that make RTILs attractive as
environmentally benign media for various applications
are negligible vapour pressure, high thermal stability, high
conductivity, low moisture sensitivity, wide liquid range,
non-flammable and nontoxic nature, ability to dissolve both
hydrophilic and hydrophobic solutes and recyclability* ',
Several organic reactions take place quite well in RTILs.
Increasing usage of RTILs as media of organic synthesis™,
liquid—liquid extraction', electrochemical studies'®, bio-
catalysis'®, mass spectrometry'’, solar cells'®, synthesis of
nanoparticles', gas sensors®’, and other applications are
clearly evident from the literature. Task-specific or func-
tionalized RTILs, wherein a functional group is incorporated
in the cation or anion to achieve a particular task, are in-
creasingly becoming popular’'. Ionic liquid comprising
magnetic anion such as FeCly has also been developed re-
cently™.

The most widely used RTILs are the asymmetric de-
rivatives of N,N’-dialkylimidazolium salt. The structures
of some common RTILs that are based on substituted
imidazolium cation are shown in Chart 1 and some of their
properties are given in Table 1. The synthesis of these
ionic liquids is fairly straightforward’. Usually, a halide salt
of the imidazolium cation is first prepared by treatment of
appropriate imidazole derivative with an alkyl halide.
Subsequently, the halide anion is exchanged by the required
anion. Purification of RTILs meant for spectroscopic
studies requires special care. Usually, repeated washing
with suitable solvents followed by passage through a col-
umn charged with activated charcoal and alumina gives
satisfactory results.
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Table 1. Some physical properties of RTILs mentioned in the text

RTIL Tonp (°C) T4(°C) 1 (cP) p (g/cc) G (ms/cm) Er (30)
[emim][Cl] 86° - s s - -
[bmim][CI] 65° - s s - -
[emim][BF.] 6° 447° 66.5° 1.25° 13¢ 49.1°
[prmim][BF,] -17° 435° 103° 1.24° 5.9° -
[bmim][BF,] -81f 435° 154° 1.2° 3.5 48.9°
[emim][PFs] 608 - s s 5.29 s
[bmim ][PFe] -61f - 371° 1.37° 1.5¢ 52.3"
[emim][T£,N] -3 - 34 1.52 8.8' 47.7
[bmim][Tf,N] —4 >400° 52/ 1.43' 3.9 47.2

Twmp, Melting point; T4, Decomposition temperature; s, Solid; 1, Viscosity; p, Density; &, Specific conductivity;
E7 (30), Microscopic solvent polarity parameter (see: Reichardt, C., In Solvents and Solvent Effects in Organic
Chemistry, VCH, Weinheim, Germany, 1988, p. 378.)

“Dupont et al.”; *Nishida, T. et al., J. Fluorine Chem., 2003, 120, 135; °At 20°C, Seddon er al.'®; “At 25°C, Buzzeo et
al.”’; °Aki et al.”’; "Watson, P. R. et al., Langmuir, 2001, 17, 6138; #Haworth, D. et al., Chem. Commun., 1994,
299; "Reichardt®'; ‘At 20°C, Bonhote et al.**; 'Karmarkar and Samanta’®.
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Chart 1. Structures of some imidazolium ionic liquids.

Spectroscopic studies on RTILs

NMRZHS, IR26’27, X-ray28’30, UV-vis absorption and fluo-
rescence'””" and Raman®®’’ spectroscopic studies
have been carried out on RTILs with a view to under-
standing their physical properties, nature of various inter-
actions and structure—property relationships in solution,
solid and liquid phases. These studies have provided con-
clusive evidence of cation—cation T-stacking interaction
among the imidazolium rings, and cation—anion C-H...X
and C-H...® interactionsﬂ’zs, presence of isomers of the
cations®”” and acidity of some ionic liquids™. Multi-
nuclear NMR studies on [emim]X (X = halide) have indi-
cated the formation of contact ion pair even in polar
solvents such as propionitrile. In dichloromethane, these
salts exist in quasi-molecular states showing imidazolium
stacking interactions®. While solvent-separated ion-pair
formation has been observed in highly dilute solution of
[bmim][BPh,] in DMSO, the evidence of contact ion pair
formation in CDCl; has been obtained by 'H NOESY
NMR experiments™. A number of pulse radiolysis studies
have been carried out in RTILs by Neta and coworkers®® %,
These include identification of the various transients pro-
duced on radiolysis of the imidazolium salts, study of re-
action kinetics and investigation of the spectrum and
reactivity of the solvated electrons in RTILs.

302

Dielectric response of some RTILs in the low frequency
region (<400 cm™') has been measured by femtosecond
optical heterodyne-detected Raman-induced Kerr-effect
spectroscopic (OHD-RIKES) studies®™®. Librational ultra-
fast dynamics occurs within the first few picoseconds,
while the subsequent slow dynamics is attributed to rota-
tional diffusion. Quasielastic neutron scattering study on
[bmim][PF¢] has indicated at least two different kinds of
relaxation at around room temperature®®. The ultrafast
(<1 ps) component is ascribed to highly localized libra-
tional motion associated with the aromatic H-atoms,
while the slower component (~10 ps) is attributed to the
same relaxation related to alkyl group such as conformational
transition. Recently, Shirota et al.% have also reported ultra-
fast molecular dynamics of several pyrrolidinium ionic
liquids (Chart 2) using femtosecond optical heterodyne-
detected Raman-induced Kerr effect.

Several electronic absorption and fluorescence studies
in RTILs have been performed with a view to estimating
the polarity of these media. A number of probe molecules
such as Reichardt’s dye'>!, nitroaniline®', Nile Red*>”’,
coumarin 153 (refs 34-36), 4-aminophthalimide®’,
PRODAN™ and pyrene® (Chart 3) have been employed
for this purpose. The polarity of most imidazolium ionic
liquids lies between that of acetonitrile and methanol and
is comparable to the short-chain alcohols. We have recently
studied the optical properties of imidazolium ionic lig-
wids™*’, which suggests that these liquids are not as
transparent as commonly believed. Further, an excitation
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wavelength-dependent fluorescence behaviour of RTILs,
which is similar to what is commonly known as ‘red-edge
effect’, has also been observed recent1y39’40. This observation
has been attributed to the presence of various energeti-
cally different associated species in RTILs. The red-edge
effect of some dipolar solutes in RTILs is also reported*!
Among the other photoprocesses studied in different
RTILs, photoinduced isomerization reactions“’“, and in-
tramolecular excimer formation** are noteworthy.

Solvation dynamics
General consideration

Solvation is a fundamental process of considerable impor-
tance. It refers to stabilization of a solute by the surrounding
solvent molecules and the phenomenon is most pro-
nounced when both the solute and solvent are dipolar or
charged species. Solvation dynamics represents the rate at
which the solvent dipoles/charged species are rearranged
surrounding a newly created dipole. The dynamics of sol-
vation is known to dictate the reaction rates of electron or
proton transfer reaction in polar solvent. Strictly speaking,
solvation dynamics is an exclusive solvent property and
is expected to be independent of probe molecule.
Solvation dynamics has been an active area of interest
both from theoretical and experimental point of view® "
and has been studied in different polar solvents such as
acetonitrile, alcoholic solvents and water. Solvation is an
extremely rapid process in these media occurring in the
subpicosecond or picosecond timescale. Study of solvation
dynamics in ‘confined water’ of various organized assem-
blies, which include model systems such as micelles and
reverse micelles or real systems such as proteins, membranes,
DNA, etc., is a current topic of considerable interest’®%2,
Recent studies suggest that solvation dynamics in confined
water bodies is drastically different from that in ordinary
bulk water. The solvation response is biphasic in nature; a
sub-picosecond component and a slow component, which
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Structures of some probe molecules used for measurement of polarity of RTILs.

can be as large as hundreds to thousands of picoseconds.
The slow component is assigned to dynamic exchange be-
tween the ‘free” and ‘bound” water molecules’® %,

Measurement of solvent relaxation times

The commonly exploited procedure of measuring the sol-
vation dynamics from dynamic Stokes shift of the fluo-
rescence maximum of a dipolar probe molecule is as
follows®”. Fluorescence decay profiles at various wave-
lengths across the entire steady-state emission spectrum
are first collected. Time-resolved emission spectra are then
constructed from these measured decay profiles. The
wavenumbers corresponding to the emission maximum at
different times (Vv (r)) are then obtained by fitting the
spectra to a line-shape function. The time constant of the
solvation dynamics, described by the normalized Stokes
shift correlation function, C(z), is calculated using the peak
frequencies of the time-resolved emission spectra

C() =V (1) =V (2)]/[V(0) =V (e9)], (1)

where, V (1), v () and v (0) are the peak frequencies at
times ¢, o and 0 respectively.

While the above procedure is the most common one, it
is possible to obtain directly the time-resolved emission
spectra using a high-speed streak camera. Time-resolved
fluorescence spectra as well as decay profiles at different
wavelengths are conveniently extracted from a single in-
formation-rich two-dimensional streak image. We have
recently demonstrated this procedure while studying the
solvation dynamics in RTIL”

Solvation dynamics in neat RTILs

Since the ionic liquids are sufficiently polar, time-resolved
fluorescence studies are expected to provide information
on the reorganization of the constituent ions around the
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Time-resolved fluorescence behaviour of (@) PRODAN and (5) C153 in [emim][BF,4]. Monitoring wavelengths are (i) 560, (ii) 430 and

(iii) 390 nm in (@) and (i) 650, (ii) 500 and (iii) 450 nm in (b). Aex. = 375 nm. Excitation lamp profile is shown in (iv) in both cases. [Reprinted with
permission from Karmakar and Samanta®®; Copyright (2002) American Chemical Society].

photoexcited dipolar probe molecule. That solvation is a
slow process in RTILs became evident from the wave-
length dependence of the fluorescence decay profiles of
some common dipolar probe molecules in these media® .
In all cases, the decay profiles consisted of monotonous
decrease of fluorescence intensity with time in the short-
wavelength region and an initial rise followed by decay
characterized the long-wavelength region (Figure 1). The
RTIL in which solvation dynamics was examined for the
first time from the dynamic Stokes shift of the fluorescence
spectrum of dipolar molecule, C153, was [bmim][BF,]
(Figure 2). The dynamics was found to be biphasic in nature
consisting of a fast component (~275 ps) and a slow
component (3980 ps), with an average™ solvation time
(<1>) of 2.1 ns. The biphasic nature of the dynamics in
RTIL appears similar to that observed in molten ammonium
salts by Huppert and coworkers®**. These authors attri-
buted the two components of the dynamics to diffusional
motion of the constituting ions. The fast component was
attributed to the anion, the relatively smaller species, and
the slow component to the larger species, the cation. Our
subsequent studies on imidazolium ionic liquids employing
several probe molecules, whose photophysical properties
are well known, confirm the non-exponential or biphasic
nature and slowness of the solvation dynamics (Figure 3)*>°.
The average solvation time is found to be consistent with
the viscosity of RTIL. The results presented in Table 2
highlight some of the major findings. Even though some
variation of solvation time with the probe molecule can
be observed, no definite trend is immediately apparent
from the data. It is important to note in this context that
total spectral relaxation observed for C153 between zero
and infinite time is substantially less than the expected
value. Nearly 50% of the total spectral relaxation is missed
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in our measurements having a time resolution of 25 ps.
This implies that a substantial portion of the solvation
dynamics is ultrafast and occurs within 25 ps, despite the
high viscosity of the RTILs. In addition to the studies
based on the conventional method of construction of time-
resolved emission spectra, we have recently investigated
solvation dynamics from the two-dimensional images
captured by a fast streak camera™. The findings of this
study are consistent with those obtained by the conven-
tional technique.

Subsequent to our initiation of studies on solvation dyna-
mics and demonstration that solvation is a slow process in
RTILs, several other groups have studied solvation dyna-
mics in neat RTILs* . These results corroborate slow
non-exponential or biphasic nature of the dynamics, as
well as the viscosity and probe dependency of the solvation
times. While the measured solvation times by different
groups differ significantly for highly viscous RTILs such
as [bmim][PFs], the values agree fairly well for moderately
viscous RTILs (Table 3). A feature common to all studies
is that nearly 50% of the spectral relaxation is extremely
rapid to be measured even in a picosecond set-up.

Maroncelli and coworkers*®* have recently studied the
solvation dynamics in RTILs comprising various ammonium
or phosphonium ions as the cationic component. While
the solvation times are consistent with the viscosity of
these RTILs, the most important observation of these stud-
ies is that the ultrafast component of the solvation, which
could not be time-resolved in the case of immidazolium
ionic liquids, is completely absent in these cases.

Recently, we have studied the solvation dynamics in a
pyrrolidinium ionic liquid, [N-butyl-N-methylpyrrolidi-
nium bis(trifluoromethanesulfonyl)imide, [bmpy][Tf;N]
using three different solvation probes™. The solvation
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Table 2. Results of some of the early measurements of solvation dynamics

RTIL Viscosity (cP) Probe T (ps) T, (ps) a a <1> (ps) Reference
[emim][BF,] 66 C153 125 1290 0.73 0.27 440 36
PRODAN 175 2130 0.74 0.26 680 36
[bmim][BF4] 154 C153 278 3980 0.5 0.5 2130 34, 36
PRODAN 280 3330 0.62 0.38 1440 36
[emim][Tf,N] C153 165 650 0.78 0.22 280 35
34 AP 240 1500 0.9 0.1 370 35
PRODAN 180 1300 0.92 0.08 270 35
[bmim][T£,N] C153 225 980 0.67 0.33 480 35
52 AP 145 760 0.63 0.37 380 35
PRODAN 205 1320 0.68 0.32 560 35
Table 3. Measured average solvation time, <t>, in different imida-
1.0 zolium RTILs
RTIL Viscosity (cP) Probe <1> (ps) Reference
~ 0.8 .
) [emim][BF,] C153 440 36
g 66.5 PRODAN 680 36
©
£ 0.6 [bmim][BF4] C153 2130 36
6 154 PRODAN 1440 36
£ Cl153 460 50
2 C102 850 51
204 C153 280 35
(]
E [emim][Tf,N] 34 AP 370 35
PRODAN 270 35
0.2
[bmim][Tf,N] C153 480 35
1 " 1 " 1
52 AP 380 35
18000 19000 20000 21000 PRODAN 560 35
Wavenumber (cm™) C153 720 50
[bmim][PF]’ AP 1400 45
Figure 2. Time-resolved normalized emission spectra of C153 in C102 1800 45
[bmin_l][BF4] at 00, 100 ( %*),250 ps (), 500 ( ¢) and 2003(1 ps O. PRODAN 1800 49
[Reprinted with permission from the Karmakar and Samanta™; Copy-
. . . : C153 1000 49
right (2002) American Chemical Society].
207 AP 1600 49
C153 1000 50
C153 3350 47
dynamics is found to be biphasic in nature. Time-depen- C152 2760 47
dent shift of the fluorescence spectra suggests that nearly Nile Red 1010 33
45% of the relaxation is too rapid to be measured by the [hmim][PFg] C153 6960 47
instrument having a time resolution of 25 ps. The remain- 363 C153 6090 47

ing observable components of the dynamics consist of a
fast component of 115-440 ps (with smaller amplitude)
and a slow component of 610-1395 ps. The average solva-
tion time is found to be consistent with the viscosity of
this RTIL. Further, nearly two-fold variation of the solvation
time depending on the probe molecule is observed, though
no correlation of time with the probe molecule could be
established.

Solvation dynamics in binary solvents containing
RTILs

Since limited solubility of many solutes in neat RTILs
can be overcome by addition of conventional solvents as
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7\Viscosity of [bmim][PFe] is reported to be 260 and 371 cP in Ito et
al.” and Chowdhury ef al.” respectively.

co-solvents and that such addition allows modulation of
some of the solvent properties of RTILs to a great extent,
study of solvation properties in mixed solvents comprising
ionic liquid as one of the constituents is also a topic of
considerable interest™. The effect of water, ethanol, aqueous
ethanol, etc. on the steady state absorption and fluorescence
properties of a number of solvatochromic dye molecules
has been explored. One of the first studies on solvation
dynamics in binary mixture containing RTIL was made
by Baker et al.87, in which the authors examined the effect
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of addition of water in [bmim][PFs] on the dynamic
Stokes shift of PRODAN. Nearly 40% reduction of the
solvation time was observed in the presence of water.
Sarkar and coworkers™* have studied solvation dynamics

C(t)

Time (ns)

10 PRODAN

c(t)

15 2.0 25 3.0
Time (ns)

C(t)

0.0 0.5 1.0 1.5 2.0 25 3.0
Time (ns)

Figure 3. Time-dependence of spectral shift correlation function, C(¢)
of different probe molecules in [bmim][Tf,N] (¢) and [emim][Tf,N] ()
respectively. Points denote estimated values of C(¢) and solid lines rep-
resent the bi-exponential fit to the data. [Reprinted with permission
from Karmakar and Samanta®™; Copyright (2003) American Chemical
Society].
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in several binary mixtures of [bmim][PF4] and [hmim][PFs]
containing water, methanol, acetonitrile, etc. In these media
also, solvation occurs in two well-separated time regimes
and a substantial portion of the solvation dynamics was
found too fast to be time-resolved. Addition of the co-sol-
vents, which leads to lowering of viscosity of the media,
results in a decrease in solvation time. Exploiting a recent
report on formation of ‘water-in-oil’ type microemulsion by
surfactant (Triton-X-100)-stabilized [bmim][BF,] in cyclo-
hexaness, Sarkar and coworkers™ have recently studied
the effect of confinement of the RTILs to nanometre-sized
microemulsions on solvation dynamics. Solvation dynamics
has been found to be biphasic occurring in two different
timescales, with the solvation time independent of the
weight ratio of [bmim][BF,] to [surfactant]. Further, solvation
dynamics in the cores of the microemulsions has been
found to be retarded by a factor of ~4 compared to the
time constant of solvation in neat RTILs.

Nature of biphasic solvation components

The mechanism of solvation in RTILs is fundamentally
different from that in polar molecular solvents. While in
the case of molecular solvents, reorientation of the solvent
molecules around the photoexcited dipole is responsible
for solvation, diffusional motion of the constituent ions
mainly contributes to solvation in the case of RTILs. This is
illustrated using an over-simplified diagram (Scheme 1).
Since the thermal properties of RTILs are strikingly
similar to those of ordinary molecular glass-forming lig-
uids, a number of similarities in their solvation dynamics
are expected and this is indeed the case. While studying
the solvation dynamics of glass-forming molecular liquids,
Berg et al.**° observed the dynamics in two well-sepa-
rated timescales, quite similar to that observed in the case
of imidazolium RTILs. The fast component was ascribed
to ‘phonon-induced’ or ‘inertial motion’, whereas the slow
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Scheme 1. Schematic representation of solvation of a dipolar solute
in conventional solvents (top) and RTILs (below). In this oversimpli-
fied diagram, the shape and size of the probe/solvent molecules and
constituting ions of the RTILs have not been taken into account. Also,
solvation process only in the immediate neighbourhood of the probe
molecule is highlighted.
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component to the ‘diffusive’ or ‘structural relaxation’.
The slow solvation component is found to track solvent
viscosity. Ediger er al.”"** also observed similar non-expo-
nential dynamics in supercooled liquids and glasses. Even
though there is some controversy on the homogenous ver-
sus heterogeneous origin of such non-exponential relaxa-
tion in glass-forming liquids, spatial heterogeneity is
proposed to be the cause of distribution kinetics in those
systems.

Let us now attempt to determine the various motions
that can contribute to the fast and slow components of
solvation dynamics in RTILs. In order to account for the
two observable components of the solvation dynamics in
RTILs, different models have been proposed. Taking into
account the literature on the dynamics in molten ammo-
nium salts and the amplitudes associated with the slow
and fast components of the dynamics®®, we proposed a
model according to which the faster component was due
to the translational movement of the relatively smaller
species, the anion and the longer component arose due to the
combined translational motion of cation and anion®> %',
This assignment is in accordance with the molecular dyna-
mics simulation studies by Shim and coworkers’. On the
other hand, Maroncelli and coworkers™ attributed the ultrafast
response to the small amplitude motion of one or more
cations in close contact with the solute and the slow com-
ponent to large scale spatial rearrangement of the ions.
Chowdhury ez al.”’, however, considered the polarizability
of the cation responsible for the fast component. Clearly,
there is disagreement on the origin of the two components
of solvation. There is also disagreement between different
groups on how fast the ultrafast component is. According
to Maroncelli and coworkers48, the ultrafast component is
shorter than 5 ps. However, the stimulated emission experi-
ments™ which had subpicosecond time resolution, suggest
40-70 ps as the time constant for the ultrafast component.

Theoretical studies

Several theoretical molecular dynamics simulation stud-
ies” ™ have been made by different groups to investigate
the structure and dynamic properties of the RTILs. Shim
and coworkers have studied solvation using molecular
dynamics simulation of [emim]Cl and [emim][PF4] using
a diatomic probe molecule. They found a sub-picosecond
component of the dynamics due to anion translation’.
Kobrak and Znamenskiy97, on the other hand, have shown
that collective cation and anion motions are responsible
for the fast component. This disagreement can probably
be attributed to the difference in the treatment of the probe
molecules by the two groups. Shim and coworkers consi-
dered a diatomic molecule of 3.5 A bond length, whereas
Kobrak and Znamenskiy used a much larger and more re-
alistic betaine 30 as the probe molecule. Thus, while the
model of Shim and coworkers may be relevant to small
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molecule dynamics, the latter model is more pertinent to
studies involving large aromatic probe molecules used in
solvation studies. The results of Kobrak and Znamenskiy
contradict the suggestion that cation and anion motions
occur on different timescales and instead, these attribute
the two different timescales of the solvation process to
different length scales for solvation response. Shim et
al®®* have recently examined the solvation structure and
dynamics in RTILs by molecular dynamics simulations
using both diatomic and benzene-like probes. Both equi-
librium and nonequilibrium solvation dynamics are char-
acterized by a sub-picosecond inertial regime and a slow
diffusional regime. Solvent region contributing to sub-
picosecond dynamics is found to vary significantly with
inertial solvent configuration near the solute, whereas the
slower component is ascribed to the ion transport. In case
of high local solvent density near the probe at the moment
of excitation, the sub-picosecond relaxation is governed
mainly by the motion of a few ions close to the probe mole-
cule. However, for low initial density, the solvent ions,
which are even farther away, contribute to the sub-pico-
second solvent relaxation process.

Probe dependency

Another point that requires attention is the probe dependency
of solvation dynamics. Solvation dynamics being a solvent
property, is expected to be independent of the probe
molecules used. Maroncelli and coworkers® have high-
lighted the probe dependency of solvation dynamics. Our
recent study on pyrrolidinium cation-based RTIL also in-
dicates significant probe dependency®. The solvation times,
measured using different RTILs with various probe mole-
cules by different groups, are given in Table 4. It can be
seen that the average solvation time for [emim][Tf,N], as
measured by us is the lowest with PRODAN and highest
with AP. However, for [bmim][Tf,N], the trend is exactly
opposite. Maroncelli er al.*’ found that the average solva-
tion time for [bmim][PF¢] is the lowest with C153 and
highest for PRODAN, which is though similar to the trend
observed in the case of [bmpy][Tf,N]. Table 4 suggest
that there is no definite pattern of variation of solvation
times with the probe molecules.

Table 4. Probe dependency of average solvation times (in ps) in dif-

ferent RTILs
RTIL C153 PRODAN AP Reference
[emim][Tf,N] 280 270 370 35
[bmim][Tf,N] 480 560 380 35
[emim][BF4] 440 680 - 36
[bmim][BF,] 2130 1440 - 34, 36
[bmim][PFe] 1000 1800 1600 49
[bmpy][Tf,N] 500 1025 765 52
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Concluding remarks

Some of the general features that have emerged from the
dynamic Stokes shift studies of fluorescence spectra of
dipolar solute molecules in imidazolium ionic liquids are
the following: The observable part of the dynamics is
characterized by two components; one typically few hundreds
of picoseconds and the other, few thousands of picoseconds.
The nonexponential nature of solvation dynamics in RTILs is
similar to that of glass-forming molecular liquids. The
average solvation time is consistent with the viscosity of
the medium. A significant portion (40-50%) of the dyna-
mics is too rapid to be measured and hence, missed in
most studies. The solvation dynamics is dependent on the
probe molecule. While the salient features of the dynamical
studies are known with certainty, the mechanism of solvation
process in ionic liquids is far from clear. Though recent
molecular dynamics simulation studies have shed light on
the timescales of motions of the constituent ions in the
vicinity of the probe molecule and at some distance from
it, what kind of physical motion contributes to the various
components of the dynamics is still a matter of debate and
speculation. It is not known at present why the ultrafast
component, which is absent in ammonium and phosphonium
ionic liquids, is present in imidazolium and pyrrolidinium
ionic liquids. The probe dependence of the dynamics is
also not understood. It will certainly take some more time
before we fully understand the mechanism of solvation
dynamics in RTILs, because of the complex nature of the
problem and lack of convincing theoretical results. Un-
derstanding of the solvation process in binary mixtures
containing ionic liquid as one of the components, will
certainly be an even more difficult job.

1. Tanaka, K. and Toda, F., Solvent-free organic synthesis. Chem.
Rev., 2000, 100, 1025-1074.

2. Hang, C. T., Lianhai, L., Yang, Y. and Wenshuo, Lu., Developing
green chemistry: Organometallic reactions in aqueous media. In
Clean Solvents: Alternative Media for Chemical Reactions and
Processing (eds Abraham, M. and Moens, L.), ACS Symposium
Series 819, Washington DC, 2002, pp. 166-177.

3. Kajimoto, O., Solvation in supercritical fluids: Its effects on energy
transfer and chemical reactions. Chem. Rev., 1999, 99, 355-389.

4. Rogers, R. D. and Seddon K. R., Ionic liquids—solvents of the future?
Science, 2003, 302, 792-793.

5. Seddon, K. R., Tonic liquids: A taste of the future. Nature (Mater.),
2003, 2, 363-365.

6. Welton, T., Room-temperature ionic liquids. Solvents for synthe-
sis and catalysis. Chem. Rev., 1999, 99, 2071-2083.

7. Dupont, J., de Suza, R. F. and Suvarez, P. A. Z., Ionic liquid (molten
salt) phase organometallic catalysis. Chem. Rev., 2002, 102, 3667—
3692.

8. Wasserscheid, P. and Keim, W., Ionic liquids — new ‘solutions’
for transition metal catalysis. Angew. Chem., Int. Ed. Engl., 2000,
39, 3772-3789.

9. Welton, T., Ionic Liquids in Synthesis (ed. Wasserscheid, P.),
VCH-Wiley, Weinheim, 2002.

10. Seddon, K. R., Stark, A. and Torres, M. J., Clean Solvents: Alter-
native Media for Chemical Reactions and Processing (eds Abra-

308

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ham, M. and Moens,
Washington DC, 2002.
Rodgers, R. and Seddon, K. R. (eds), lonic Liquids, Industrial Ap-
plications for Green Chemistry, ACS Symposium Series 818,
Washington DC, 2002.

Nelson, W. M., Green Chemistry (eds Anastas, P. T. and Williamson,
T. C.), Oxford University Press, Oxford, 1998.

Muldoon, M. J., Gordon, C. M. and Dunkin, I. R., Investigations
of solvent—solute interactions in room temperature ionic liquids
using solvatochromic dyes. J. Chem. Soc., Perkin Trans., 2001, 2,
433-435.

Huddleston, J. G. and.RogeES, R. D., Room temperature ionic liquids
as novel media for clean liquid-liquid extraction. Chem. Com-
mun., 1998, 1765-1766.

Buzzeo, M. C., Evans, R. G. and Compton, R. G., Non-haloalu-
minate room-temperature ionic liquids in electrochemistry —a re-
view. ChemPhysChem, 2004, 5, 1106-1120.

van Rantwijk, F., Lau, R. M. and Sheldon, R. A., Biocatalytic
transformations in ionic liquids. Trends Biotechnol., 2003, 21,
131-138.

Armstrong, D. W., Zhang, L. K., He, L. and Gross, M. L., Ionic
liquids as matrixes for matrix-assisted laser desorption/ionization
mass spectrometry. Anal. Chem., 2001, 73, 3679-3686.

Wang, P., Zakeeruddin, S. M., Moser, J. E. and Gratzel, M., A
new ionic liquid electrolyte enhances the conversion efficiency of
dye-sensitized solar cells. J. Phys. Chem. B, 2003, 107, 13280-
13285.

Ttoh, H., Naka, K. and Chujo, Y., Synthesis of gold nanoparticles
modified with ionic liquid based on the imidazolium cation. J. Am.
Chem. Soc., 2004, 126, 3026-3027.

Buzzeo, M. C., Hardacre, C. and Compton, R. G., Use of room
temperature ionic liquids in gas sensor design. Anal. Chem., 2004,
76, 4583-4588.

Davis Jr. J. H., Task-specific ionic liquids. Chem. Lett., 2004, 33,
1072-1077.

Hayashi, S. and Hamaguchi, H., Discovery of a magnetic ionic
liquid [bmim]FeCly. Chem. Lett., 2004, 33, 1590-1591.

Dupont, J., Suarez, P. A. Z., de Suza, R. F., Burrow, R. A. and
Kintzinger, J. P., C-H-= interactions in 1-n-butyl-3-methylimid-
azolium tetraphenylborate molten salt: Solid and solution struc-
tures. Chem. Eur. J., 2000, 6, 2377-2381.

Avent, A. G., Chaloner, P. A., Day, M. P., Seddon, K. R. and Welton,
T., Evidence for hydrogen bonding in solutions of 1-ethyl-3-
methylimidazolium halides, and its implications for room-tem-
perature halogenoaluminate(IIl) ionic liquids. J. Chem. Soc., Dal-
ton Trans., 1994, 23, 3405-3413.

Mele, A., Tran, C. D. and Lacerda, S. H. P., The structure of a
room-temperature ionic liquid with and without trace amounts of
water: The role of C-H...O and C-H...F interactions in 1-n-butyl-
3-methylimidazolium tetrafluoroborate. Angew. Chem. Int. Ed.
Engl., 2003, 42, 4364-4366.

Tait, S. and Osteryoung, R. A., Infrared study of ambient-tem-
perature chloroaluminates as a function of melt acidity. Inorg.
Chem., 1984, 23, 4352-4360.

Dieter, M. K., Dymek, C. J., Heimer, N. E., Rovang, J. W. and
Wilkes, J. S., Ionic structure and interactions in 1-methyl-3-
ethylimidazolium chloride-aluminum chloride molten salts. J. Am.
Chem. Soc., 1988, 110, 2722-2726.

Holbrey, J. D., Reichert, W. M., Nieuwenhuyzen, M., Johnston,
S., Seddon, K. R. and Rogers, R. D., Crystal polymorphism in 1-
butyl-3-methylimidazolium halides: Supporting ionic liquid for-
mation by inhibition of crystallization. Chem. Commun., 2003,
1636-1637.

Saha, S., Hayashi, S., Kobyashi, A. and Hamaguchi, H., Crystal
structure of 1-butyl-3-methylimidazolium chloride. A clue to the
elucidation of the ionic liquid structure. Chem. Lett., 2003, 32,
740-741.

L.), ACS Symposium Series 819,

CURRENT SCIENCE, VOL. 90, NO. 3, 10 FEBRUARY 2006



REVIEW ARTICLES

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Elaiwi, A., Hitchcock, P. B., Seddon, K. R., Srinivasan, N., Tan,
Y. M., Welton, T. and Zora, Z. A., Hydrogen bonding in imidazolium
salts and its implications for ambient-temperature halogenoalumi-
nate(III) ionic liquids. J. Chem. Soc., Dalton Trans., 1995, 3467.
Reichardt, C., Polarity of ionic liquids determined empirically by
means of solvatochromic pyridinium N-phenolate betaine dyes.
Green Chem., 2005, 7, 339-351.

Carmichael, A. J. and Seddon, K. R., Polarity study of some 1-
alkyl-3-methylimidazolium ambient temperature ionic liquids with
solvatochromic dye, Nile Red. J. Phys. Org. Chem., 2000, 13,
591-595.

Saha, S., Mandal, P. K. and Samanta, A., Solvation dynamics of
Nile Red in a room temperature ionic liquid using streak camera.
Phys. Chem. Chem. Phys., 2004, 6, 3106-3110.

Karmakar, R. and Samanta, A., Solvation dynamics of coumarin-
153 in a room-temperature ionic liquid. J. Phys. Chem. A, 2002,
106, 4447-4452.

Karmakar, R. and Samanta, A., Dynamics of solvation of the fluo-
rescent state of some electron donor—acceptor molecules in room
temperature ionic liquids, [BMIM][(CF3;SO,),N] and [EMIM]
[(CF380,),N]. J. Phys. Chem. A, 2003, 107, 7340-7346.
Karmakar, R. and Samanta, A., Steady-state and time-resolved
fluorescence behavior of C153 and PRODAN in room-temperature
ionic liquids. J. Phys. Chem. A, 2002, 106, 6670-6675.

Aki, S. N. V. K., Brennecke, J. F. and Samanta, A., How polar are
room temperature ionic liquids. Chem. Commun., 2001, 413-414.
Bonhote, P., Dias, A. P., Papageorgiou, N., Kalyansundaram, K.
and Gaetzel, M., Hydrophobic, highly conductive ambient-tem-
perature molten salts. Inorg. Chem., 1996, 35, 1168-1178.

Paul, A., Mandal, P. K. and Samanta, A., How transparent are the
imidazolium ionic liquids? A case study with 1-methyl-3-butyl-
imidazolium hexafluorophosphate, [bmim][PF¢]. Chem. Phys.
Lett., 2005, 402, 375-379.

Paul, A., Mandal, P. K. and Samanta, A., On the optical properties
of the imidazolium ionic liquids. J. Phys. Chem. B, 2005, 109,
9148-9153.

Mandal, P. K., Sarkar, M. and Samanta, A., Excitation-wave-
length-dependent fluorescence behavior of some dipolar molecules
in room-temperature ionic liquids. J. Phys. Chem. A, 2004, 108,
9048-9053.

Ozawa, R. and Hamaguchi, H., Does photoisomerisation proceed
in an ionic liquid? Chem. Lett., 2001, 30, 736-737.

Chakrabarty, D., Chakraborty, A., Hazra, P., Seth, D. and Sarkar,
N., Dynamics of photoisomerisation and rotational relaxation of
3,3"-diethyloxadicarbocyanine iodide in room temperature ionic
liquid and binary mixture of ionic liquid and water. Chem. Phys.
Lett., 2004, 397, 216-221.

Karmakar, R. and Samanta, A., Intramolecular excimer formation
kinetics in room temperature ionic liquids. Chem. Phys. Lett.,
2003, 376, 638-645.

Ingram, J. A., Moog, R. S., Ito, N., Biswas, R. and Maroncelli, M.,
Solute rotation and solvation dynamics in a room-temperature
ionic liquid. J. Phys. Chem. B, 2003, 107, 5926-5932.

Ito, N., Arzhantsev, S., Heitz, M. and Maroncelli, M., Solvation
dynamics and rotation of coumarin 153 in alkylphosphonium ionic
liquids. J. Phys. Chem. B, 2004, 108, 5771-5777.

Chakrabarty, D., Hazra, P., Chakraborty, A., Seth, D. and Sarkar,
N., Dynamics of solvent relaxation in room temperature ionic lig-
uids. Chem. Phys. Lett., 2003, 381, 697-704.

Arzhantsev, S., Ito, N., Heitz, M. and Maroncelli, M., Solvation
dynamics of coumarin 153 in several classes of ionic liquids:
cation dependence of the ultrafast component. Chem. Phys. Lett.,
2003, 381, 278-286.

Ito, N., Arzhantsev, S. and Maroncelli, M., The probe dependence
of solvation dynamics and rotation in the ionic liquid 1-butyl-3-
methyl-imidazolium hexafluorophosphate. Chem. Phys. Lett., 2004,
396, 83-91.

CURRENT SCIENCE, VOL. 90, NO. 3, 10 FEBRUARY 2006

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Chowdhury, P. K. ef al., Dynamic solvation in room-temperature
ionic liquids. J. Phys. Chem. B, 2004, 108, 10245-10255.

Mandal, P. K., Paul, A. and Samanta, A., Fluorescence studies in
environmentally benign solvents: Solvation dynamics of coumarin
102 in [BMIMI][BF,]. Res. Chem. Intermed., 2005, 31, 575-583.
Mandal, P. K. and Samanta, A., Fluorescence studies in a pyrrolidi-
nium ionic liquid: Polarity of the medium and solvation dynamics.
J. Phys. Chem. B, 2005, 109, 15172-15177.

Chakrabarty, D., Chakraborty, A., Seth, D. and Sarkar, N., Effect
of water, methanol, and acetonitrile on solvent relaxation and rota-
tional relaxation of coumarin 153 in neat 1-hexyl-3-methylimida-
zolium hexafluorophosphate. J. Phys. Chem. A, 2005, 109, 1764—
1769.

Chakrabarty, D., Chakraborty, A., Seth, D., Hazra, P. and Sarkar,
N., Dynamics of solvation and rotational relaxation of coumarin
153 in 1-butyl-3-methylimidazolium hexafluorophosphate [bmim]
[PF¢] — water mixtures. Chem. Phys. Lett., 2004, 397, 469—-474.
Chakrabarty, D., Seth, D., Chakraborty, A. and Sarkar, N., Dyna-
mics of solvation and rotational relaxation of coumarin 153 in
ionic liquid confined nanometer-sized microemulsions. J. Phys.
Chem. B, 2005, 109, 5753-5758.

Hayashi, S., Ozawa, R. and Hamaguchi, H., Raman spectra, crystal
polymorphism, and structure of a prototype ionic-liquid [bmim]CL
Chem. Lett., 2003, 32, 498-499.

Ozawa, R., Hayashi, S., Saha, S., Kobyashi, A. and Hamaguchi,
H., Rotational isomerism and structure of the 1-butyl-3-methyl-
imidazolium cation in the ionic liquid state. Chem. Lett., 2003, 32,
948-949.

Cole, A. C., Jensen, J. L., Ntai, I., Tran, K. L. T., Weaver, K. J.,
Forbes Jr. D. C. and Davis, J. H., Novel Bransted acidic ionic liquids
and their use as dual solvent-catalysts. J. Am. Chem. Soc., 2002,
124, 5962-5963.

Amyes, T. L., Diver, S. T., Richard, J. P., Rivas, F. M. and Toth,
K., Formation and stability of N-heterocyclic carbenes in water:
The carbon acid pK, of imidazolium cations in aqueous solution.
J. Am. Chem. Soc., 2004, 126, 4366—-4374.

Behar, D., Neta, P. and Schultheisz, C., Reaction kinetics in ionic
liquids as studied by pulse radiolysis: Redox reactions in the sol-
vents methyltributylammonium bis(trifluoromethylsulfonyl)imide
and N-butylpyridinium tetrafluoroborate. J. Phys. Chem. A, 2002,
106, 3139-3147.

Skrzypczak, A. and Neta, P., Diffusion-controlled electron-trans-
fer reactions in ionic liquids. J. Phys. Chem. A, 2003, 107, 7800—
7803.

Grodkowski, J. and Neta, P., Reaction kinetics in the ionic liquid
methyltributylammonium bis(trifluoromethylsulfonyl)imide. Pulse
radiolysis study of "CF; radical reactions. J. Phys. Chem. A, 2002,
106, 5468-5473.

Giraud, G., Gordon, C. M., Dunkin, I. R. and Wynne, K., The effects
of anion and cation substitution on the ultrafast solvent dynamics
of ionic liquids: A time-resolved optical Kerr-effect spectroscopic
study. J. Chem. Phys., 2003, 119, 464-477.

Hyun, B-R., Dzyuba, S. V., Bartsch, R. A. and Quitevis, E. L., Inter-
molecular dynamics of room-temperature ionic liquids: Femtosecond
optical Kerr effect measurements on 1-alkyl-3-methylimidazolium
bis((trifluoromethyl)sulfonyl) imides. J. Phys. Chem. A, 2002, 106,
7579-7585.

Triolo, A. A., Russina, O., Arrighi, V., Juranyi, F., Janssen, S. and
Gordon, C. M., Quasielastic neutron scattering characterisation of
the relaxation processes in a room temperature ionic liquid. J.
Chem. Phys., 2003, 119, 8549-8557.

Shirota, H., Funston, A. M., Wishart, J. F. and Castner, E. W., Ultra-
fast dynamics of pyrrolidinium cation ionic liquids. J. Chem.
Phys., 2005, 122, 184512-184523.

Bagchi, B., Oxtoby, D. W. and Fleming, G. R., Theory of the time
development of the Stokes shift in polar media. Chem. Phys., 1984,
86, 257-267.

309



REVIEW ARTICLES

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

van der Zwan, G. and Hynes, J. T., Time-dependent fluorescence
solvent shifts, dielectric friction, and nonequilibrium solvation in
polar solvents. J. Phys. Chem., 1985, 89, 4181-4188.

Maroncelli, M. and Fleming, G. R., Picosecond solvation dynam-
ics of coumarin 153: The importance of molecular aspects of sol-
vation. J. Chem. Phys., 1987, 86, 6221-6239.

Simon, J. D., Time resolved studies of solvation in polar media.
Acc. Chem. Res., 1988, 21, 128-134.

Maroncelli, M., Macinnis, J. and Fleming, G. R., Polar solvent
dynamics and electron-transfer dynamics. Science, 1989, 243,
1674-1681.

Bagchi, B., Dynamics of solvation and charge transfer reactions in
dipolar liquids. Annu. Rev. Phys. Chem., 1989, 40, 115-141.
Jarzeba, W. and Barbara, P. F., Ultrafast photochemical intra-
molecular charge transfer and excited state solvation. Adv. Photo-
chem., 1990, 15, 1.

Horng, M. L., Gardecki, J. A., Papazyan, A. and Maroncelli, M.,
Subpicosecond measurements of polar solvation dynamics: Cou-
marin 153 revisited. J. Phys. Chem., 1995, 99, 17311-17337.
Fleming, G. R. and Cho, M., Chromophore solvent dynamics.
Annu. Rev. Phys. Chem., 1996, 47, 109-134.

Nandi, N., Bhattacharyya, K. and Bagchi, B., Dielectric relaxation
and solvation dynamics of water in complex chemical and biologi-
cal systems. Chem. Rev., 2000, 100, 2013-2046.

Bhattacharyya, K., Solvation dynamics and proton transfer in supra-
molecular assemblies. Acc. Chem. Res., 2003, 36, 95-101.
Bhattacharyya, K. and Bagchi, B., Slow dynamics of constrained
water in complex geometries. J. Phys. Chem. A, 2000, 104, 10603—
10613.

Pal, S. K., Peon, J. and Zewail, A., Biological water at protein sur-
face: Dynamical solvation probed directly with femtosecond reso-
lution. Proc. Natl. Acad. Sci. USA, 2002, 99, 1763-1768.

Pal, S. K., Zhao, L. and Zewail, A., Water at DNA surface: Ul-
trafast dynamics in minor groove recognition. Proc. Natl. Acad.
Sci. USA, 2003, 100, 8113-8118.

Pal, S. K., Peon, J., Bagchi, B. and Zewail, A., Biological water:
femtosecond dynamics of macromolecular hydration. J. Phys.
Chem. B, 2002, 106, 12376—12395.

Bagchi, B., Water dynamics in the hydration layer around proteins
and micelles. Chem. Rev., 2005, 105, 3197-3219.

Bart, E., Meltsin, A. and Huppert, D., Solvation dynamics of cou-
marin 153 in molten salts. J. Phys. Chem., 1994, 98, 3295-3299.
Bart, E., Meltsin, A. and Huppert, D., Solvation dynamics in molten
salts. J. Phys. Chem., 1994, 98, 10819-10823.

Bart, E., Meltsin, A. and Huppert, D., Excited-state solvation dyna-
mics in solid tetraalkylammonium salts. J. Phys. Chem., 1995, 99,
9253-9257.

Seddon, K. R., Stark, A. and Torres, M. J., Influence of chloride,
water, and organic solvents on the physical properties of ionic liquids.
Pure Appl. Chem., 2002, 72, 2275-2287.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Baker, S. N., Baker, G. A., Munson, C. A., Chen, F., Bukowski, E.
J., Cartwright, A. N. and Bright, F. V., Effects of solubilized water
on the relaxation dynamics surrounding 6-propionyl-2-(N,N-di-
methylamino)naphthalene dissolved in 1-butyl-3-methylimidazo-
lium hexafluorophosphate at 298 K. Ind. Eng. Chem. Res., 2003,
42, 6457-6463.

Gao, H., Li, J., Han, B., Chen, W., Zhang, J., Zhang, R. and Yan,
D., Microemulsions with ionic liquid polar domains. Phys. Chem.
Chem. Phys., 2004, 6, 2914-2916.

Berg, M., Viscoelastic continuum model of nonpolar solvation. 1.
Implications for multiple timescales in liquid dynamics. J. Phys.
Chem. A, 1998, 102, 17-30.

Fourkas, J. T. and Berg, M., Temperature-dependent ultrafast sol-
vation dynamics in a completely nonpolar system. J. Chem. Phys.,
1993, 98, 7773-7785.

Ediger, M. D., Angell, C. A. and Nagel, S. R., Supercooled liquids
and glasses. J. Phys. Chem., 1996, 100, 13200-13212.

Ediger, M. D., Spatially heterogeneous dynamics in supercooled
liquids. Annu. Rev. Phys. Chem., 2000, 51, 99—-128.

Shim, Y., Duan, J. S., Choi, M. Y. and Kim, H. J., Solvation in
molecular ionic liquids. J. Chem. Phys., 2003, 119, 6411-6414.
Margulis, C. J., Stern, H. A. and Berne, B. J., Computer simulation of
a ‘Green Chemistry’ room-temperature ionic solvent. J. Phys.
Chem. B, 2002, 106, 12017-12021.

Del Popolo, M. G., Lynden-Bell, R. M. and Kohanoff, J., Ab initio
molecular dynamics simulation of a room temperature ionic liquid.
J. Phys. Chem. B, 2005, 109, 5895-5902.

Lynden-Bell, R. M., Kohanoff, J. and Del Popolo, M. G., Simula-
tion of interfaces between room temperature ionic liquids and other
liquids. Faraday Discuss, 2005, 129, 57-67.

Kobrak, M. N. and Znamenskiy, V., Solvation dynamics of room-
temperature ionic liquids: evidence for collective solvent motion
on sub-picosecond timescales. Chem. Phys. Lett., 2004, 395, 127-132.
Shim, Y., Choi, M. Y. and Kim, H. J., A molecular dynamics com-
puter simulation study of room temperature ionic liquids. I. Equi-
librium solvation structure and free energetics. J. Chem. Phys.,
2005, 122, 044510.

Shim, Y., Choi, M. Y. and Kim, H. J., A molecular dynamics com-
puter simulation study of room temperature ionic liquids. I. Equi-
librium and nonequilibrium solvation dynamics. J. Chem. Phys.,
2005, 122, 044511.

ACKNOWLEDGEMENTS. This work has been supported by Coun-
cil of Scientific and Industrial Research (CSIR), Department of Science
and Technology (DST), New Delhi, and UPE Programme of University
Grants Commission. P.K.M. thanks CSIR for fellowship.

Received 6 October 2005; accepted 19 December 2005

310

CURRENT SCIENCE, VOL. 90, NO. 3, 10 FEBRUARY 2006



