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ABSTRACT
We summarize results obtained by a combination of ab initio and
classical computer simulations of dialkylimidazolium ionic liquids
in different states of aggregation, from crystals to liquids and
clusters. Unusual features arising from the competition between
electrostatic, dispersion, and hydrogen-bonding interactions are
identified at the origin of observed structural patterns. We also
discuss the way Brønsted acids interact with ionic liquids leading
to the formation of hydrogen-bonded anions.


I. Introduction
Room-temperature ionic liquids (RTILs) are in many ways
similar to the more familiar inorganic molten salts. They
share the common feature of being made of charged
particles bound largely by electrostatic interactions. RTILs,
however, are richer in many respects. Their large organic


cations sustain enhanced dispersion interactions and can
also be involved in hydrogen bonding. Since almost a
decade ago, it has become increasingly clear that differ-
ences in the physicochemical properties of these two
classes of systems have to be rationalized from a micro-
scopic point of view.


In this Account, we summarize some lessons learned
from classical and ab initio simulations of alkylimidazo-
lium salts (see Figure 1). As a first topic, we discuss the
behavior of RTILs when restricted to form small ag-
gregates.1 The interest on RTIL clusters stems from the
possibility of investigating the evolution of properties and
phenomena with system size such as the precursors of
phase transitions observed in the bulk, the size depen-
dence of dielectric and dynamical properties, the relative
contribution of Coulomb and van der Waals interactions
to cohesion, and the stability of charged nanodroplets.
Some of these topics can be examined experimentally in
electrosprays2 or with modern beam techniques.3 Fur-
thermore, the recent experimental demonstration that
RTILs possess a thin but detectable vapor phase4 routes
the attention toward the small aggregates present in the
vapor.


Electronic density functional theory (DFT) is one of the
tools of the trade in computational material science
providing a unified description of covalent, ionic, and
hydrogen bonding, including electronic polarization. Here
we compare the liquid structure of a model RTIL calcu-
lated from first-principle simulations with that measured
in neutron diffraction experiments or simulated with
empirical potentials.5 Moderate hydrogen bonding be-
tween cation and anion appears as the cause of important
structural motifs in both the liquid and the solid phase of
this model salt. Furthermore, the electrostatic properties
of the ions are examined by analyzing the electronic wave
functions over a sample of configurations.6


Nowadays it is well recognized that the most popular
DFT schemes, based on local (LDA) and semilocal (for
example, Perdew–Burke–Ernzerhof generalized gradient
approximation, PBE-GGA) approximations to the ex-
change and correlation functional, do not contain the
necessary ingredients to describe dispersion interactions.7,8
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FIGURE 1. 1-Alkyl-3-methyl imidazolium cation. In this case, the alkyl
chain in position 1 is a butyl group.
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Many properties of ionic liquids can be interpreted in
terms of a balance between Coulomb and van der Waals
forces, leading to the question of the accuracy of DFT
calculations in describing the equilibrium density and
volume dependence of structural parameters in these
materials.9 Such topics are discussed in section IV.


Finally, we consider the complexes that Brønsted acids
form in molten salts. These are anionic complexes stabi-
lized by strong hydrogen bonding between the proton-
donor molecule and the ionic liquid anions.10 The char-
acterization of such complexes in terms of structure,
relative stability, and vibrational frequencies is important
to understand acid–base chemistry and proton transport
in ionic liquids.


II. Clusters and Gas Phase Composition of a
Room Temperature Molten Salt
We performed extensive calculations to optimize the
structure and explore the thermal behavior of a series of
charged and neutral clusters of 1-butyl-3-methylimida-
zolium trifluoromethylsulfonate ([bmim][Tf]).1 The ag-
gregates ranged from single isolated ions up to a nano-
droplet of 30 ion pairs. Simulations were based on the
force field of reference,11 and involved both a fine-tuned
simulated-annealing Monte Carlo algorithm and the basin
hopping technique.12


Figure 2 shows the cohesive energy per ion for neutral
and charged clusters as a function of N–1/3. Here N ) n+


+ n–, and n+ and n- are the number of cations and
anions, quoted as an ordered pair (n+, n-) in the following
discussion. In the case of neutral clusters, the convergence
to the cohesive energy of the crystal is remarkably smooth,


and even for the smallest aggregates there are no signs of
enhanced stability peaks or “magic numbers”. Although
the absence of favored sizes could be attributed to an
incomplete optimization, we have argued that this effect
is genuine, and it is associated with the intricate potential
energy surface of ionic liquids.1 Such complexity was
attributed to the symmetry and flexibility of the cation
that gives rise to a variety of local minima with very similar
energies.


Figure 3 shows the lowest energy structures of a few
clusters. The absence of strict ordering and symmetry
is evident even for clusters as small as four ion pairs,
(4,4). All the aggregates are spheroidal with either
prolate or oblate form, and their surface is populated
by both anions and cations. The butyl chain of bmim+


and the sulfur–carbon axis of Tf- tend to align in the
radial direction, while the imidazolium ring tends to
orient tangential to the surface. The butyl tails show
trans/gauche rotational conformers around the C1′–C2′
bond, with an 80% predominance of the gauche form.
The presence of the two isomers in all the optimized
structures is interesting, because only one of them
(gauche) is eventually selected in the crystal. Such
conformational freedom of the alkylimidazolium salts
is behind the polymorphism observed in compounds
such as [bmim][Cl] or [bmim][Br].13,14


FIGURE 2. Cohesive energy per ion of neutral and singly charged
[bmim][Tf] clusters as a function of 1/N1/3 . N is the total number of
ions in the cluster. The dashed line is a linear interpolation for the
energy of neutral clusters larger than (12,12). The black diamond at
the ordinate shows the energy of the crystal, computed with the
force field used for the clusters. Reproduced with permission from
ref 1. Copyright 2007 American Chemical Society.


FIGURE 3. Lowest energy structure for selected neutral and charged
clusters. The ordered pair (n+, n-) gives the number of cations and
anions respectively. Reproduced with permission from ref 1.
Copyright 2007 American Chemical Society.
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We analyzed thermodynamic and dielectric properties
of clusters as a function of temperature. Figure 4 shows
the thermal evolution of the potential energy of some of
the clusters. U(T) shows low and high temperature linear
regimes that intersect each other at T ≈ 180 K. No
discontinuity or anomaly is observed at the experimental
melting point of [bmim][Tf], Tm ) 286 K.15 The transition
between the two linear regimes is continuous and fairly
marked, and the transition temperature increases slightly,
but systematically, with system size. Based on the behavior
of the different energy components, we have argued that
this phase transition can be either a precursor of the bulk
glass transition15 (Tg ≈ 200 K) or a weakly first-order
transition corresponding to a defective crystallization.


Solidification is accompanied by a change in the
dielectric properties of the cluster. As temperature de-
creases so does the average dipole length, 〈 |D|〉, although
at the lowest temperature the distribution of dipole
lengths, P(|D|), shows a dipole fluctuating around a small
but non-negligible residual value. In the liquid range (Tg


≈ 250 K), P(|D|) is approximately Gaussian, and near the
solidification point, it shows a clear change in the pattern
of dipole fluctuations (see Figure 12 of ref 1). At this point,
P(|D|) is bimodal, suggesting the coexistence of a solid-
like and a liquid domain. The first domain carries a
permanent dipole moment, while the latter provides a
background of Gaussian fluctuations.


Separating the Coulomb and van der Waals contri-
butions to the energy difference between optimum
structures provided a clear picture of the bonding in
[bmim][Tf]. Starting with the isolated ions, bmim+ and
Tf-, the formation of a single ion pair is dominated by
electrostatic energy. Henceforth, the addition of neutral
pairs to form larger clusters results in dispersion energy
gains that increase substantially relative to the electro-
static gain. For large clusters, the addition of a new ion


pair produces a change in dispersion energy of 75% that
of the Coulomb counterpart. At variance with inorganic
salts, both contributions have similar strength in RTILs.
This balance between long- and short-range forces,
associated with neutral and charged moieties in the
ions, explains some structural patterns observed in
crystals of alkylimidazolium salts (see Figure 8 and
discussion in section IV).


Finally, we used the energies of Figure 2 to calculate
the composition of the gas phase of [bmim][Tf].4 The
species present in the vapor result from the aggregation
equilibrium between free ions, neutral ion pairs, and
clusters of larger size. For a given temperature and density,
the concentration of each component is found by solving
the chemical equilibrium relations for a set of aggregation/
deaggregation reactions in an ideal gas mixture (see
section III-B of ref 1).


Panels a and b of Figure 5 show the relative concentra-
tion of species in the gas for two densities, F1 ) 10–5 mol/
m3 and F2 ) 10–7 mol/m3. It is clear that large aggregates
are favored at low temperature, being stabilized by a large
cohesive energy gain. Of course, at low temperatures the
vapor–liquid equilibrium is displaced toward the liquid
and the absolute concentration of such clusters in the real
vapor has to be very small. At high temperatures (T > 400
K), entropy favors fragmentation and the concentration
of small clusters increases. Above 500 K, the single ion
pair accounts for almost all the particles in the system,
and at 600 K, which is the limit of thermal stability of
[bmim][Tf], free ions appear in a small but non-negligible
concentration. In conclusion, the concentration of the
species in the gas phase results from the competition
between potential energy and entropy, and the resulting
speciation determines the shape of the pressure profiles
in panels a and b of Figure 5.


FIGURE 4. Average potential energy per ion pair U as a function of
T for the (10,10), (20,20), and (30,30) clusters. In order to highlight
the change of slope, a linear term Ulin ) 0.35T was subtracted from
each curve. Reproduced with permission from ref 1. Copyright 2007
American Chemical Society.


FIGURE 5. Total pressure as function of T at two different densities:
(a) F1 ) 10-5 mol/m3; (b) F2 ) 10-7 mol/m3. Molar fraction of neutral
and charged species in the gas phase at (c) F1 ) 10-5 mol/m3 and
(d) F1 ) 10-7 mol/m3. In the lower panels, full curves are for neutral
species: black (1,1); blue (2,2); orange (3,3); red (4,4), green (5,5).
Dashed lines and symbols are for charged species: black dash line
(1,0); red circles (0,1). Reproduced with permission from ref 1.
Copyright 2007 American Chemical Society.
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III. Ab-initio simulation of a model ionic
liquid
When we started this project, there was already a signifi-
cant experience in describing room-temperature ionic
liquids using empirical force fields, beginning with the
seminal work of Hanke et al.16 It was clear that such force
fields were able to reproduce to a good extent a number
of structural properties such as radial distribution func-
tions, but their success was more limited in predicting
three-dimensional distributions and features associated
with quantum-mechanical interactions such as hydrogen
bonding. In addition, the procedure used to extract real-
space structural information from reciprocal-space neu-
tron data, namely, the EPRS method of A. Soper,17 was
being pushed to another level of complexity by moving
from relatively simple molecular liquids, for example,
water, into the significantly more complex imidazolium
salts.18 Such circumstances suggested that it was impor-
tant to validate both approaches by means of a more
fundamental computational method. We then decided to
undertake what would be the first ab initio molecular
dynamics simulation of a room-temperature molten salt,5


that was closely followed by the work of other groups
arriving to similar conclusions.19,20


We performed an extensive study of dimethylimida-
zolium chloride ([mmim][Cl]) using the SIESTA DFT
code.21 The reliability of this approach was tested on the
solid phase and the isolated ion pair. In the first case,
starting from the experimental crystal structure, the
atomic positions were optimized within a unit cell con-
strained to the experimental shape and volume. The
resulting intra and intermolecular distances and angles
were in very good agreement with the experimental ones,
and therefore, the liquid phase was simulated at constant
volume in conformance with the experimental density. In
light of the results presented in section IV, this is a
constraint that compensates for the lack of cohesion
associated with the DFT approach used in our work (PBE-
GGA). Its potential effect on structural properties other
than the density should be kept in mind.


A very important issue in the case of ionic liquids is
that their dynamics is very slow.22 Therefore, a reliable
statistical sampling of the liquid cannot be obtained by
running a single very long trajectory. It proved much
better to average several trajectories starting from different
initial conditions. This also provided a way of introducing
error bars and helped detecting unreliable features due
to insufficient statistical sampling.


In Figure 6, we show the site–site radial distributions
for the Cl- anion with respect to the atoms in the
imidazolium ring and also the ring hydrogens. The peaks
of the distributions correspond quite well with the con-
tacts in the solid phase (shown by arrows) and appear at
considerably shorter distances than those obtained from
simulations with empirical models. Comparison with the
isolated ion pair is not straightforward because our lowest-
energy structure had the Cl- above the plane of the ring,
in a configuration quite different from that assumed in


the liquid. We also found another local minimum with a
similar energy and more reminiscent of the liquid struc-
ture (see Figure 2 in ref 5), but the finite temperature study
was reported only for the former.


A more stringent test is the three-dimensional distribu-
tion of anions around the cation’s center. In Figure 7, we
show such distribution from our ab initio simulations,
where it can be seen that the Cl- anions are coordinated
with the ring hydrogens. Moreover, each anion appears
to be coordinated with hydrogens in three cations, all at
distances smaller than 3.5 Å, and the H· · ·Cl bonds turn
out to be quite directional. This, together with experi-
mental evidence,18 suggested the formation of C–H· · ·Cl
hydrogen bonds. We analyzed this possibility by comput-
ing the Cl- distributions around the C–H bond axis
(Figure 10 in ref 5) and found that typical bond lengths
and angles did indeed correspond to moderate hydrogen
bonds. The H· · ·Cl distance was too long to involve
chemical bonding, but electronic polarization effects could
be important to describe these specific interactions.


We subsequently confirmed this observation by
studying the distribution of molecular dipole moments


FIGURE 6. Site–site radial distribution functions, gab(r), between
different cation atoms and chloride. Lines with circles and solid blue
lines correspond to systems of 8 and 24 ion pairs, respectively.
Simulations were run at the experimental density of [mmim][Cl] at
450 K. The arrows represent the corresponding contacts in the solid
phase. Atom labeling can be inferred from Figure 1. Reproduced
with permission from ref 5. Copyright 2005 American Chemical
Society.
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(|µ|) in the liquid phase.6 In the case of mmim+, the
origin was set at the geometric center of the imidazo-
lium ring. The most likely value of |µ| for the cations in
the liquid phase was about 0.7 D larger than that of an
isolated cation at the same temperature and, accord-
ingly, larger than that calculated with most fixed-charge
models. In addition, we observed a sizable dipole
moment in the Cl- anion, which was purely due to
polarization. Both dipole moment distributions exhib-
ited significant fluctuations. In the case of cations, such
fluctuations (see Figure 1 of Lynden-Bell’s paper in this
issue) are equally shared by thermal and electronic
polarization effects. Experience has shown, however,


that polar molecules can be modeled satisfactorily with
nonpolarizable models, if the charges are chosen to
produce an enhanced dipole moment. We did this by
constructing a nonpolarizable flexible model that re-
produced the forces calculated in the ab initio MD
simulation,23 obtaining radial and angular distributions
in better agreement with ab initio distributions than
other force fields of the same functional form.


FIGURE 7. Probability distribution of Cl- around mmim+. The isosurface corresponds to a density level of 0.03 Å-3, which is 6 times the
average number density of anions. Methyl hydrogens have been omitted from the molecular model. X, Y, Z coordinates in angstroms. Reproduced
with permission from ref 5. Copyright 2005 American Chemical Society.


FIGURE 8. Crystal structure of (a) [emim][PF6], (b) [bmim][PF6], and
(c) [ddmim][PF6]. Note the arrangement of the alkyl chains.


FIGURE 9. (a) Joint probability distribution P(l1,l2), for the two
hydrogen–chlorine bond lengths, l1 and l2, in ClHCl- and (b)
distribution of bending angles, P(R). Reproduced with permission
from ref 10. Copyright 2006 American Chemical Society.


Clusters, Liquids, and Crystals of Dialkyimidazolium Salts Del Pópolo et al.
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IV. Electronic Structure Calculations for
Crystals of Alkyl-Imidazolium Salts
In sections III and V of this paper, we discussed DFT-
based simulations of ionic liquids in which the density of
the system was fixed to the experimental value. Given the
limitations of standard DFT schemes in reproducing the
attractive tail of van der Waals interactions, it was
important to assess their accuracy when describing the
volumetric properties of RTILs. As organic ionic com-
pounds, these materials are halfway between ionic sys-
tems (where standard DFT performance is fairly good) and
systems containing weakly interacting components (for
example, noble gases and nonpolar molecules, where
these calculations are problematic).7,8


Starting with the experimental crystal structure, we
performed a long series of geometry optimizations using
the local24 (LDA) and one semilocal approximation25 (PBE-
GGA) to DFT, as implemented in the SIESTA code.21 In
order to subtract thermal and quantum effects from the
experimental volumes, and thus allow for a better com-
parison with theoretical results, we resorted to the quasi-
harmonic approximation (QHA). The same calculations
were performed with the empirical force field (FF) of ref
11. The final result was a complete picture in which DFT,
FF, and experimental data can be compared.9


Computations were performed on (i) a sequence of
[R-mim][PF6] salts, where R represents methyl
([mmim][PF6]), ethyl ([emim][PF6]), butyl ([bmim][PF6]),
and dodecyl ([ddmim][PF6]) groups and (ii) two chloride
salts, [mmim][Cl] and [bmim][Cl]. From the first series,
one can assess the performance of DFT since the role of
van der Waals interactions is enhanced due to the growth
of the alkyl tail at fixed anion. On the other side, effects
associated with changes in Coulomb energy can be
assessed from the comparison of compounds with the
same cation but different anions ([mmim][PF6]/
[mmim][Cl] and [bmim][PF6]/[bmim][Cl]). The experi-
mental crystallographic structures of some PF6 salts are
shown in Figure 8, where a clear arrangement of ionic and
nonionic domains is observed as the alkyl tail grows.


Table 1 reports the equilibrium volumes predicted by
LDA, PBE-GGA, and FF. The first striking result is the 20%


difference between the volumes predicted by LDA and
PBE-GGA, pointing to a problem with the intermolecular
interactions. In contrast, the volumes calculated with the
force field agree with the experimental data within a
maximum error of 3%. The removal of quantum and
thermal expansion contributions to the experimental
volume (T * 0 K) results in a contraction of around 2%
for all the systems, thus allowing for a cleaner comparison
with the DFT calculations (T ) 0 K).


The two DFT approximations incur a significant error
as evidenced by the underestimation and overestimation
of the experimental volume by LDA and PBE-GGA,
respectively. The relative error of PBE-GGA is practically
the same for [mmim][PF6], [emim][PF6] and [bmim][PF6]
but increases significantly for [ddmim][PF6], where the
hydrocarbon chain is longer. The relative error of LDA is
around 10% across the whole series. The results for the
chloride crystals exhibit similar trends and show little
effect from the change of anion. The intramolecular
structure of the ions is well described by both approxima-
tions, with the most affected parameters being the P–F
covalent bonds. Some of these bonds stretched up to 5%
with respect to the experimental bond length.


Intermolecular distances are far more sensitive to the
choice of exchange and correlation functional. By looking
at the changes in close-contact distances, it became clear
that (i) PBE-GGA overestimates distances where LDA
underestimates them and (ii) the PBE-GGA error increases
with the size of the lateral chain while LDA errors do not
show a clear trend. We also verified that fixing the cell
parameters to the experimental values and optimizing the
atomic positions resulted in a good description of the
equilibrium atomic coordinates. This suggests that stan-
dard DFT schemes can be safely used for RTILs provided
that the volume of the system is fixed to the correct value.
Unfortunately, this approach is impractical for inhomo-
geneous systems such as clusters and interfaces.


The trends observed in equilibrium volume and atomic
positions manifest themselves also in the cohesive energy
of the crystals, Ecoh, reported in Table 2. The difference
in Ecoh between LDA and PBE-GGA is very large (around
1 eV per ion pair) and increases with the length of the


Table 1. Zero-Pressure Equilibrium Volume (Å3) of the RTIL Crystalsa


comp [mmim][PF6] [emim][PF6] [bmim][PF6] [ddmim][PF6] [bmim][Cl]-I [bmim][Cl]-II [mmim][Cl]


exp 1893.9 1023.9 605.0 2000.6 961.2 966.7 687.6
ref 26 27 28 29 13 13 30
T [K] 173 102 173 123 173 173 203
Z 8 4 2 8 4 4 4
extrapol 1840.3 1014.1 590.4 1962.5 947.3 948.1 674.5


LDA 1628.9 892.1 520.9 1710.9 843.9 836.7 596.6
(-11.5) (-12.0) (-11.8) (-12.8) (-10.8) (-11.7) (-11.5)


GGA 2038.4 1120.4 650.0 2258.0 1036.6 1051.3 742.8
(10.8) (10.5) (10.1) (15.1) (9.4) (10.9) (10.1)


FFM 1837.9 1010.6 609.5 1947.3 936.9 952.6 682.2
(1.8) (-0.3) (3.2) (-0.8) (-1.1) (0.5) (1.1)


a The lines below the name of the compounds report the raw experimental numbers (exp), the reference (ref) providing the experimental
unit cell parameters and relative atomic coordinates, the temperature (T) of the sample, the number of neutral ion pairs in the unit cell
(Z), and the experimental volume extrapolated to the limit of T ) 0 and classical ions (extrapol), followed by the computational results.
Relative errors (in percent) are reported in parentheses following the computational result. Table and caption reproduced with permission
from ref 9. Copyright 2007 American Institute of Physics.
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alkyl tail. LDA cohesive energies are remarkably close to
those obtained with the force field, owing to a fortuitous
compensation of errors.


The rationalization of the former results was extensively
discussed in ref 9 and can be summarized as follows: both
local and semilocal approximations to DFT misrepresent
dispersion interactions. This is the main source of error
on PBE-GGA, at least as concerns cohesion and volumetric
properties. In the case of LDA, the former effect is
overcompensated by a spurious attraction between slightly
overlapping closed-shell fragments, thus resulting in a
higher equilibrium density.


V. The State of the Proton in Ionic Liquids
Ionic liquids have been extensively investigated as solvents
for chemical reactions and as electrolytes for electro-
chemical devices. In this last sense, it is worth mentioning
their potential application as proton conductors in fuel
cells.31,32 Proton transport capacity and acid–base chem-
istry in molten salts have the microscopic behavior of
protons in solution as a common factor.


In ref 10, we considered the addition of a Brønsted
acid molecule to a molten salt, specifically HCl in
[mmim][Cl], with the aim of understanding the energet-
ics and solvation structure of the acidic proton, as well
as the transport mechanism of such protons through
the solvent. Since in this case the breaking and forma-
tion of chemical bonds is a central issue, we resorted
again to ab initio MD simulations with SIESTA.21 We
observed that the HCl molecule in [mmim][Cl] im-
mediately binds to a Cl- ion forming a ClHCl- molecule.
This species is an example of a more general class of
complexes of the type AHB-, in which the proton-donor
molecule binds to an anion in solution. In our case, A
and B (i.e., the molecules that flank the proton) cor-
respond to Cl and Cl-, but they can be replaced by other
anions like NO3


-, BF4
-, PF6


-, SO4H-, etc. In the gas
phase, such complexes exist as rather strongly bound
species, and in the case of halogens, they are known to
be symmetric, and their stability is known to decrease
from F- toward I-.33–35 The question arises as to
whether this geometry is retained in the ionic liquid.
Figure 9a shows a contour plot of the joint probability
distribution of the two bond lengths in ClHCl-, where
a single maximum indicates that the proton is sym-
metrically located at 1.55 Å from each Cl atom. The


geometry of the complex is barely modified from that
of the gas phase, at variance with observations in some
ionic crystals.36–38 That the anion remains linear is seen
in Figure 9b, which shows the distribution of bending
angles peaking at 180°. For the solvation shell of this
species, we observed a strong correlation between the
asymmetric stretching and the coordination of each
chlorine with the hydrogen atoms in the cations. The
Cl- that moves away from the central hydrogen acquires
a larger charge thus gaining coordination.


We then studied the proton exchange reaction depicted
in Figure 10, where a third Cl- enters the sphere of the
ClHCl- complex making a bond with the acidic proton
and displacing one of the two other chloride anions. This
process suggests a possible proton hopping mechanism
that might compete with the diffusion of ClHCl- as a
whole. Whether one or the other mechanism is favored
depends on their relative activation barriers and on
thermodynamic conditions. For the hopping mechanism,
we estimated a quite large free energy barrier of about
0.4 eV. The structural rearrangments associated with this
process can be described in the following way: when
ClHCl- is asymmetrically stretched, a third Cl- anion
approaches the proton perpendicular to the axis of the
molecule forming a highly asymmetric Cl3H-2 complex.
As detailed in ref 10, the formation of this complex is the
kinetic bottleneck of the reaction. The process ends with
the ejection of the asymmetrically stretched Cl- leading
to a new ClHCl- molecule.


VI. Summary
An extensive study of [bmim][Tf] clusters revealed a
number of interesting features such as the absence of
magic numbers and the hint of a phase transition that is
accompanied by a peculiar change of dielectric behavior.
A chemical thermodynamical study showed that at tem-
peratures close to the upper stability limit of [bmim][Tf]
the vapor phase is made of neutral ion pairs with small
amounts of free ions.


We have used ab initio calculations and molecular
dynamics simulations to understand the structural
properties of liquids and crystals of dialkylimidazolium


Table 2. Computed cohesive energy (in eV per
neutral ion pair) of alkyl-imidazolium crystals.a


LDA GGA FFM


[mmim][PF6] 2.372 1.637 2.257
[emim][PF6] 2.420 1.546 2.296
[bmim][PF6] 2.480 1.445 2.237
[ddmim][PF6] 3.113 1.510 2.803
[nmim][Cl] 2.258 1.478 2.392
[bmim][Cl]-I 2.252 1.2855 2.480
[bmim][Cl]-II 2.308 1.349 2.401


a Ecoh is defined with respect to the energy of the gas-phase
neutral ion pair. Reproduced with permission from ref 9. Copyright
2007 American Institute of Physics.


FIGURE 10. The old molecule is Cl1HCl2
-. Cl3 enters and displaces


Cl2 forming a new molecule Cl1HCl3
-. �1 is defined as l1 – l2. Note


that if a distortion with negative �1 occurs then Cl1 and Cl2 change
roles. Reproduced with permission from ref 10. Copyright 2006
American Chemical Society.


Clusters, Liquids, and Crystals of Dialkyimidazolium Salts Del Pópolo et al.
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salts. The correct picture unveils a complex scenario
where a balance between Coulomb, van der Waals, and
sometimes moderate hydrogen-bonding interactions,
determines the macroscopic properties and behavior of
RTILs. Such balance is crucial when describing struc-
tures of reduced dimensionality such as surfaces,
interfaces, and clusters.


By comparing local (LDA) and semilocal (PBE-GGA)
density functional calculations with empirical force fields
and experimental data, we have found that the equilib-
rium volume predicted by either approximation is affected
by significant errors of similar magnitude but of opposite
sign. However, optimization of atomic positions within
the experimental unit cell provides results in good agree-
ment with the experimental structures.


We have started to address the central issue of chemical
reactivity in ionic liquids by focusing on acid–base pro-
cesses. We have shown that Brønsted acids in ionic liquids
form strongly hydrogen-bonded anions whose relative
stability determines acid–base behavior and affects proton
transport capacity.


We acknowledge several discussions with Prof. P. Ballone. This
work was funded by the Engineering and Physical Sciences
Research Council (EPSRC) under grants GR/S41562 and EP/
D029538/1.
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ABSTRACT
We show several pieces of Raman spectroscopic evidence that are
indicative of local structure formation in imidazolium-based ionic
liquids. Low-frequency Raman spectra of CnmimX, where Cnmim
stands for 1-alkyl(CnH2n+1)-3-methylimidazolium cation and X
represents the anion, exhibit broad bands assignable to collective
modes of local structures. Spatial distributions of coherent anti-
Stokes Raman scattering (CARS) signals from Cnmim[PF6] are
consistent with local structures whose size increases with increasing
n. Picosecond Raman spectra of S1 trans-stilbene as a “picosecond
Raman thermometer” show microscopic thermal inhomogeneity
ascribable to local structure formation in C2mimTf2N and
C4mimTf2N. We also describe two novel phenomena that we
believe are relevant to extraordinary nanoenvironments generated
by local structures in a magnetic ionic liquid C4mim[FeCl4].


Introduction
Liquids are much less understood than gases and crystals.
The structure of molecules in the gas phase can be
accurately determined by electron diffraction or high-
resolution rotationally resolved spectroscopy. Molecular
structures and their three-dimensional arrangements in
crystals can be determined by X-ray or neutron diffraction.
The diffraction and spectroscopic methods are also ap-
plicable to liquids, but with only limited resolution.
Diffraction patterns become diffuse and rotational struc-


tures lost in the liquid phase. Structural information
available for liquids is thus dilute. Molecules are disor-
dered in gases, but they are ordered in crystals. What
happens in liquids?


Recent research focus on ionic liquids is casting a new
light upon this problem.1 Ionic liquids are composed
solely of ions. Unlike ordinary molecular liquids, Coulomb
interaction may play a major role in these liquids. The
long-range nature of Coulomb interaction may give rise
to structure and dynamics that are unique to ionic liquids
but are not associated with molecular liquids. The many
novel features of ionic liquids are likely to originate from
these unique structures and dynamics. Ionic liquids are
extreme examples of liquids that are highly informative
and suitable for investigating possible molecular orderings
in liquids.


Raman spectroscopy provides vibrational Raman spec-
tra that are often called “molecular fingerprints”. From
these fingerprints, we are able to learn in detail the
structure and dynamics of molecules (ions). The versatility
of Raman spectroscopy enables us to measure Raman
spectra and hence comparatively study molecules in
different phases or states. In fact, we found the rotational
isomerism in 1-butyl-3-methyl-imidazolium (C4mim)-
based ionic liquids2 by comparing the Raman spectra of
supercooled liquid C4mimCl and those of the two poly-
morphs of crystalline C4mimCl, for which crystal and
molecular structures are solved.3–5 In Cnmim-based ionic
liquids, at least two rotational isomers of the Cnmim cation
coexist, one with a trans and the other with a gauche
conformation with respect to the C7–C8 bond of the alkyl
group, where C7 is the second carbon atom of the alkyl
group attached to the imidazolium ring.1 The trans isomer
is more stable than the gauche as is the case in nonpolar
organic molecular liquids. However, the measured en-
thalpy differences in Cnmim[BF4] (n ) 3–10)1 are much
smaller than the common value for neat alkane liquids at
room temperature.6,7 It has also been found that the
enthalpy difference increases with increasing the chain
length n. These findings indicate that the alkyl chains in
liquid Cnmim[BF4] are not free to change conformation
but are subject to strong intermolecular interactions and
that these interactions become stronger in longer alkyl
chains. Based on these Raman spectroscopic implications,
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together with a wide-angle X-ray diffraction result,8 we
have built a working hypothesis that these ionic liquids
are not homogeneous at the microscopic level but that
they form specific local structures.1 The possibility of local
structure formation in ionic liquids has been discussed
from various viewpoints: X-ray diffraction,9,10 diffusion
measurement,11,12 neutron diffraction,13 ultrafast photo-
excited dynamics,14–18 and molecular dynamics simu-
lations.19–22


In the present Account, we discuss our recent Raman
spectroscopic results that further support our working
hypothesis. Low-frequency Raman spectra of liquid Cn-


mim[PF6] (n ) 4, 6, 8) are shown to exhibit broad features
assignable to collective modes of local structures with
different size. Spatial distributions of coherent anti-Stokes
Raman scattering (CARS) signals from Cnmim[PF6] show
characteristic broadening ascribed to local structures whose
average size is larger for larger n. Picosecond time-resolved
Raman results are discussed with a focus placed on the
cooling process of photoexcited trans-stilbene in C2mimTf2N
and C4mimTf2N. The observed cooling rates are not cor-
related with macroscopic thermal diffusivity, contrary to
what we observed for molecular liquids, suggesting that these
ionic liquids are thermally inhomogeneous. Finally, two
newly found phenomena are described, which are indicative
of extraordinary nanoenvironments in a magnetic ionic
liquid, C4mim[FeCl4]. Though information carried by these
experimental results is rather indirect, as is always the case
with structural studies of liquids, they all point to the same
direction of local structure formation in imidazolium-based
ionic liquids.


Low-Frequency Raman Spectra and Collective
Cationic Motions in Cnmim[PF6]
In low-frequency Raman spectra of liquids, various col-
lective modes are expected to appear in addition to
intramolecular vibrational modes.23,24 We are able to study
those collective modes, which must bear key information
for understanding ionic liquid structures, by measuring
low-frequency Raman spectra. Though similar information
is obtainable with the ultrafast optical Kerr effect (OKE)
method25–32 and also by far-infrared/terahertz spectrosco-
py,33,34 Raman spectroscopy is more advantageous for its
versatility. It would be difficult to measure by OKE or far-
infrared/terahertz spectroscopy both the liquid and solid
samples under the same experimental conditions.


A typical Raman spectrum of C4mim[PF6] is shown in
Figure 1a. A shoulder-like Raman band is observed in the
low-frequency region below 100 cm-1. In order to discuss
the low-frequency spectra quantitatively, we reduce the
observed spectra by the following formula:35


Ired[ν̃]) (1- e-
chν̃
kT )(ν̃0 - ν̃)-3Iobs[ν̃] (1)


Here ν̃0 is the wavenumber of Stokes Raman shift, ν̃0 is
the wavenumber of the incident laser light, c is the velocity
of light, k is the Boltzmann constant, and T is the absolute
temperature. The resultant reduced spectrum of C4mim
[PF6] is shown in Figure 1b. The intensities in the reduced
spectrum are proportional to the Raman scattering cross


sections of the ν ) 1 r ν ) 0 transitions, where ν is the
vibrational quantum number. The physical meaning of
reducing a Raman spectrum is to cancel out the effect of
thermal excitation and make the spectrum comparable
to calculated Raman intensities. Note that the negative
feature in the anti-Stokes region in the reduced spectrum
is the inverted mirror image of the Stokes region.


The reduced Raman spectra of Cnmim-based ionic
liquids are compared in Figure 2. We compare C4mim
[BF4] and C4mim[PF6] for examining the anion depen-
dence and C4mim[PF6], C6mim[PF6], and C8mim[PF6] for
investigating the dependence on the alkyl chain length
of the cation. For the sake of quantitative discussion, these
spectra are fitted by simple model functions assuming two
independent components. One is a Gaussian band that
is related to an inhomogeneously broadened vibrational
band. The other is a relaxation band that corresponds to
a Debye-type relaxational motion. The observed spectra
are very well fitted with the model functions correspond-
ing to the two components. The best-fitted curves are
shown in Figure 2 by the solid lines. The peak position Ω
and the width Γ of the Gaussian component obtained


FIGURE 1. The observed (a) and reduced (b) Raman spectra of
C4mim [PF6].


FIGURE 2. Reduced Raman spectra for CnmimX ionic liquids: (a)
C4mim[BF4]; (b) C4mim[PF6]; (c) C6mim[PF6]; (d) C8mim[PF6]. The solid
lines indicate the fitting results. The vertical bars indicate the
calculated results for the C4mim cation.
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from the best fit are listed in Table 1. The relaxational
components have similar widths in all measured ionic
liquids. They are around 20 cm-1 (corresponding to about
1 ps damping time constant) and correctly reproduce the
baselines of the spectra in the 200–600 cm-1 region.


The peak position Ω of the Gaussian component shows
no appreciable anion dependence, but it deceases sys-
tematically with increasing chain length, n, of the cation.
It is therefore considered that the Gaussian vibrational
bands are due to cationic motions. However, these bands
are not assignable to intracationic vibrations, because their
area intensities are much higher than those of the other
intracationic bands. In fact, a quantum chemical calcula-
tion of an isolated C4mim+ cation at the B3LYP/6-31+G**
level36 predicts only very weak bands around 80 cm-1


(vertical bars in Figure 2b). We therefore assign these
Gaussian components to inhomogeneously broadened
bands due to collective motions of cations involved in
local structures. We note that a similar band in an OKE
spectrum has been assigned to a librational mode.26 The
unusually large widths, 35–40 cm-1, are consistent with
local structures having different size.


In the 200–400 cm-1 region, we observe a few bands
assignable to intracationic modes. It is known that the
accordion vibration of alkyl chain (in-phase C–C–C bend)
exists in this frequency region.37 According to the quan-
tum chemical calculation, the 330 cm-1 band of
C4mim[PF6] is assignable to the accordion vibration from
the butyl chain, coupled with the out-of-plane vibration
of the imidazolium cation. If the chain length of the cation
becomes longer, the frequency of the accordion vibration
shifts to lower frequency. Corresponding to this expecta-
tion, we find broad features in the 200–300 cm-1 region
of the spectra of C6mim[PF6] and C8mim[PF6]. It seems
that the accordion band becomes broader as well with
increasing n. This observation is consistent with stronger
interchain interactions in liquid Cnmim[PF6] with larger
n. The peak position Ω of the Gaussian component and
the width of the accordion band both change more
markedly between n ) 4 and n ) 6 than between n ) 6
and n ) 8. It seems that the liquid structure changes more
on going from C4mim[PF6] to C6mim[PF6] than from
C6mim[PF6] to C8mim[PF6].


Local Structures in Cnmim[PF6] as Revealed by
Spatial Distribution of Coherent Anti-Stokes
Raman Scattering (CARS)
It has recently been shown by us that the local structures
in liquids and solutions can be sensitively probed by
measuring the spatial distribution of coherent anti-Stokes
Raman scattering (CARS) signals.38,39 In CARS, two laser


beams with ω1 and ω2 angular frequencies and with k1


and k2 wavenumber vectors, respectively, are incident on
a sample medium. If the frequency difference ω1 – ω2


coincides with the frequency Ω of a Raman active transi-
tion (ω1 – ω2) Ω, Raman resonance), a coherent CARS
signal is emitted in the phase-matched direction deter-
mined as 2k1 – k2 ) k (Figure 3). This phase-matching
condition is derived on the assumption that the interac-
tion length L of the incident radiations with the medium
is much larger than their wavelengths, λ1 and λ2 (L . λ1


and λ2). In other words, the sample medium must be
optically homogeneous (invariant refractive index) over
a range much larger than λ1 and λ2. In reality, however,
the sample medium can be optically inhomogeneous
(distributed refractive index) for many reasons. If, for
example, the sample liquid has mesoscopic local struc-
tures, the refractive index of the medium varies micro-
scopically, even though it is transparent and seemingly
homogeneous, and the interaction length L is limited due
to this optical inhomogeneity. Then, the phase-matching
condition is relaxed and a portion of CARS signal is
emitted off from the phase-matched direction (θ > 0 in
Figure 3). This phase-mismatched CARS signal at θ ) 90°
was already measured and studied as partially coherent
anti-Stokes Raman scattering (PCARS).40,41 The correlation
of the PCARS intensities with the optical inhomogeneity
in binary liquid mixtures was discussed with reference to
Rayleigh scattering intensities.41 If the spatial distribution
of the phase-mismatched CARS signal is measured as a
function of θ, it gives more-detailed information on the
optical inhomogeneity in the medium. We recently used
polystyrene beads of different size (100 and 350 nm in
diameter) dispersed in water as a model system and
quantitatively examined the CARS signal spatial distribu-
tion.38 The CARS signal from the ring breathing vibration
of polystyrene was measured as a function of θ. The
observed spatial distribution showed clear dependence on
the bead size, with larger beads giving less broadened
distribution. This size dependence was successfully repro-
duced by a theoretical simulation assuming a microscopic
distribution of refractive index that corresponds to random
location of polystyrene spheres in water.38 Thus, measure-
ment of the CARS signal spatial distribution has been shown
to provide quantitative information on the size or extent of
the optical inhomogeneities existing in liquids.


If local structures are formed in ionic liquids, they give
rise to optical inhomegeneities, and they can be probed
by CARS. Figure 4 shows the measured CARS signal
spatial distributions of the totally symmetric PF stretch
mode of PF6


- in liquid C4mim[PF6], C6mim[PF6], and
C8mim[PF6].39 The spatial distribution becomes narrower
on going from C4mim[PF6] to C8mim[PF6], unequivocally


Table 1. The Peak Position Ω and Width Γ of the
Gaussian Component in the Low-Frequency Raman


Spectrum of CnmimX


Ω, cm-1 Γ, cm-1


C4mim[BF4] 69 ( 2 40 ( 2
C4mim[PF6] 71 ( 2 36 ( 2
C6mim[PF6] 64 ( 2 37 ( 2
C8mim[PF6] 62 ( 2 37 ( 2


FIGURE 3. Phase matching condition and spatial distribution of CARS
signal.
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indicating that these three ionic liquids are optically
inhomogeneous at the microscopic level and generate
significant phase-mismatched CARS signals. It also indi-
cates that the inhomogeneity is less extensive in
C4mim[PF6] than in C6mim[PF6] and C8mim[PF6]. In other
words, there exist local structures giving rise to optical
inhomogeneity, and these local structures are more
extensive in ionic liquids with longer alkyl chains. Since
we are looking at the CARS signal from the PF6


- anion,
only the inhomogeneities in the anion distribution are
detected, but they must be accompanied with the inho-
mogeneities of the cation distribution. More extensive
local structures in Cnmim[PF6] with larger n are consistent
with the results discussed in the preceding section, since
stronger interactions in longer alkyl chains are likely to
generate local structures with larger size. Furthermore, the
trend gives plausible explanation to the fact that the shear
viscosity increases rapidly with increasing n: C4mim[PF6],
371 cP; C6mim[PF6], 680 cP; C8mim[PF6], 866 cP.42 Here
again, we see that changes are larger on going from n )
4 to n ) 6 than on going from n ) 6 to n ) 8.


The size of the detected local structures of Cnmim[PF6]
is not clear yet. It is certain that the size is smaller than
the wavelength of visible light, because they are all
transparent. Considering the fact that the polystyrene
beads with 100 nm radius give similar width of CARS
spatial distribution as that of C4mim[PF6], we can estimate
that the size of local structures ranges between a few tens
of nanometers and a few hundred nanometers. However,
this estimation needs to be refined by comparison of the
experimental spatial distribution with theory, in particular,
with molecular dynamics simulations. We note that recent
molecular dynamics simulation20,21 and X-ray10 studies
have suggested much smaller size (a few to several
nanometers) of local structures.


Microscopic Energy Transfer and Local
Structures in Ionic Liquids Probed with a
“Picosecond Raman Thermometer”
Energy transfer is a fundamental process in the condensed
phase, in which a molecule exchanges its energy with the
surrounding molecules constantly through intermolecular
interactions. Monitoring the energy transfer process there-
fore gives quantitative information about the intermo-
lecular interactions in the condensed phase. One of the


most effective ways for studying energy transfer is to
record the cooling kinetics of a probe molecule after
instantaneous excitation of its vibrational states. Im-
mediately after the excitation, the probe molecule starts
cooling toward the thermal equilibrium by transferring the
excess vibrational energy to the surrounding molecules.
Because this vibrational cooling proceeds in a few pico-
seconds to a few hundreds of picoseconds,43 time-resolved
spectroscopy with time resolution of a few picoseconds
is required. More than a decade ago, we constructed a
transform-limited picosecond time-resolved Raman spec-
trometer44 and started studying picosecond vibrational
dynamics of molecules in liquids and solutions.45 In the
course of these studies, we found that the CdC stretch
Raman band of the first excited singlet (S1) state of trans-
stilbene (tSB)46–49 showed linear dependence on temper-
ature and that it served as an excellent “picosecond
Raman thermometer”.49 Recently, we have examined the
cooling kinetics of S1 tSB in ionic liquids by using this
picosecond Raman thermometer.50


We measure picosecond time-resolved Raman spectra
with the pump–probe method. The stilbene molecule is
photoexcited to the S1 state with the pump pulse at 296
nm. The produced S1 state is monitored with the probe
pulse at 592 nm, which is in resonance with the Sn–S1


absorption. With this setting of the pumping wavelength,
an excess energy of 3000 cm-1 is deposited to S1 tSB. Time
resolution of the spectrometer, estimated by the cross-
correlation function between the pump and probe pulses,
is 1.7 ps.


A set of time-resolved Raman spectra of S1 tSB mea-
sured in a C2mimTf2N solution (5.0 × 10-3 mol·dm-3) is
shown in Figure 5.50 The Raman bands from the solvent
C2mimTf2N have been subtracted in the spectra. It is clear
from the figure that the CdC stretch band near 1570 cm-1


shifts toward higher wavenumbers with increasing time
delay. This shift reflects the temperature decrease of the
S1 tSB molecule during the cooling process.49 The cooling
curve of S1 tSB, obtained by plotting the peak position of
the 1570 cm-1 band against the time delay, is fitted well
with a single exponential function. The obtained rate
constants are summarized in Table 2.


FIGURE 4. Spatial distribution curves of the CARS intensities of the
totally symmetric PF stretch mode of PF6


- in C4mim[PF6] (red),
C6mim[PF6] (blue), and C8mim[PF6] (black).


FIGURE 5. Time-resolved Raman spectra of S1 trans-stilbene in
C2mimTf2N.
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We previously measured similar cooling kinetics of S1


tSB in ten molecular liquids.49 The obtained rate constants
showed a good correlation with the thermal diffusivity κ


of the solvent. Thermal diffusivity characterizes the mac-
roscopic heat conduction in the solvent, which is well
represented by the diffusion equation of heat:


∂U
∂t


) κ∆U (2)


Here, U is temperature and t is time. The diffusion
equation of heat is directly derived from the continuity
equation and Fourier’s law of heat conduction. Figure 6
shows the plot of the observed cooling rate of S1 tSB vs
thermal diffusivity in ten molecular liquids and two ionic
liquids. A clear relation between the cooling rate and the
thermal diffusivity is observed for the molecular liquids.
We have explained this observation by assuming the
following scheme of thermal energy transfer. The excess
energy first given to S1 tSB is shared in the first solvation
shell within the time resolution of the experiment (a few
picoseconds). The solvent–solvent energy transfer then
follows. The whole cooling rate is controlled by the heat
transfer process in the solvent, which is characterized well
by thermal diffusivity. The cooling rates observed in the
ionic liquids are, however, not explainable by the simple
model that we proposed for molecular liquids. The
reported values of thermal diffusivity51 for C2mimTf2N and
C4mimTf2N, (6.01 ( 0.04) × 10-8 m2 s-1 and (6.0 ( 0.1)
× 10-8 m2 s-1, respectively, are much smaller than the
values for heptane (8.01 × 10-8 m2 s-1) or ethanol (8.70
× 10-8 m2 s-1). Contrary to what is expected from these
values of thermal diffusivity, the cooling rates observed
in the ionic liquids are similar to that in ethanol and are


larger than that in heptane (Figure 6). It seems that, for
ionic liquids, thermal diffusivity does not represent the
energy transfer process at the microscopic level.


The cooling rate of a solute may not show a good
correlation with macroscopic thermal diffusivity of the
solvent if there are local structures formed in the solvent,
as we expect for C2mimTf2N and C4mimTf2N. The pico-
second cooling process is determined by the energy
transfer within a group of solvents that are surrounding
the solute. By the time the flow of the excess energy of
3000 cm-1 reaches the boundary of the local structure, it
is already distributed to the many degrees of freedom of
a large number of solvent molecules. The temperature
may well be cooled back to the room temperature at that
time. The whole cooling process is thus completed within
the local structure. The macroscopic heat conduction,
however, proceeds over the boundary between the local
structures. If the energy transfer between a pair of local
structures is less effective than the energy transfer within
the local structures, then macroscopic heat conduction
is controlled by the inter-local-structure energy transfer
as shown in Figure 7. We consider that the apparent
discrepancy between the thermal diffusivity dependence
of the cooling rate in the molecular liquids and that in
the ionic liquids indicates the presence of local structures
in C2mimTf2N and C4mimTf2N.


Table 2. Vibrational Cooling Rates (kvib) of S1 tSB
and Thermal Diffusivity (K) of the Solvent


solvent kvib, ps-1 κ, 10-8 m2 s-1


C2mimTf2N 0.11 ( 0.02 6.01 ( 0.04b


C4mimTf2N 0.12 ( 0.02 6.0 ( 0.1b


heptane 0.08a 8.01a


ethanol 0.13a 8.70a


a Reference 45. b Reference 47.


FIGURE 6. Vibrational cooling rate of S1 trans-stilbene and thermal
diffusivity of solvent. The solid line represents the correlation
between the vibrational cooling rate and thermal diffusivity observed
in molecular liquids, whereas the dotted portion indicates the
extrapolated values.


FIGURE 7. Model for the cooling process in ionic liquids.


FIGURE 8. Raman spectra of crystals formed in C4mim[FeCl4] (a)
and C4mim[FeCl4] treated with D2O (b). The insets show the
microscopic image of the measured crystals with the laser spot
(circle) used for the Raman measurements.
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Extraordinary Nanoenvironments in a Magnetic
Ionic Liquid, C4mim[FeCl4]
Local structures in imidazolium-based ionic liquids may
well produce extraordinary molecular environments and
hence lead to novel molecular phenomena that have not
been found for molecular liquids. Here, we describe two
newly found phenomena that are ascribable to such
molecular environments in C4mim[FeCl4]. C4mim[FeCl4]
is a prototype magnetic ionic liquid that shows strong
response to a magnet.52–54 Raman spectroscopy has
indicated that the cation structure in C4mim[FeCl4] is very
similar to those in the other Cnmim-based ionic liquids
discussed in the preceding sections.52


In the course of Raman spectroscopic examination of
liquid C4mim[FeCl4] under a microscope, we accidentally
found that unknown crystals occasionally formed when
the liquid was irradiated by the back illuminating light.55


It was later confirmed that the crystal formation was
accelerated by ultraviolet irradiation at 365 nm. We
suspect that a photochemical reaction of the FeCl4


– anion
results in this crystal formation (see discussion below).
The Raman spectrum of one of those crystals is given in
Figure 8a. As shown in the inset of the figure, the formed
crystal has sharp edges characteristic of a single crystal.
The Raman spectrum shows two prominent bands at 3401
and 1619 cm-1 and two weaker bands in the low-
frequency region. This spectral pattern is quite different
from those of C4mim[FeCl4]; neither the C4mim+ nor the
FeCl4


- bands are observed. The frequencies 3401 and 1619
cm-1 happen to be close to those of water. We therefore
repeated the same experiment under a D2O atmosphere
with an expectation that water impurity absorbed from
the atmosphere might play a role.56 The resultant Raman
spectrum is shown in Figure 8b. A crystal similar to that
in spectrum a was obtained. In spectrum b, in addition
to the two peaks observed also in spectrum a, four peaks
are observed at 2541, 2503, 1427, and 1192 cm-1. These
spectral changes are consistent with the assignments of
the two prominent bands in spectrum a to water, 3401
cm-1 (symmetric OH stretch) and 1619 cm-1(HOH bend).
The new bands observed in spectrum b are assigned
accordingly: 2541 cm-1 (OD stretch of HDO), 2503 cm-1


(symmetric OD stretch of D2O), 1427 cm-1 (HOD bend),
and 1192 cm-1 (DOD bend). The spectral change in the


low frequency region can be ascribed to lattice vibrations
including water molecules.


It is obvious that water molecules are contained with
an extremely high concentration in the crystal formed in
C4mim[FeCl4]. It is also clear that all the observed water
bands show much smaller widths than those in ice and
liquid water. In particular, the full width at half-maximum
(fwhm) of the HOH bend band in the spectrum a is less
than 9 cm-1. As far as the authors are aware, such a sharp
HOH band of water has never been reported. These
unusually sharp bands are indicative of unusual structure
of water molecules in the crystal. If the crystal contains
water molecules only, it is a new form of ice at room
temperature. We note this tempting possibility. We also
note the possibility that some unknown species, which is
silent in Raman spectroscopy, is contained in the crystal.
For example, a clathrate hydrate structure, (H2O)nHCl, in
which a chloride anion is loosely bound in a water cage
(H2O)nH+, is conceivable. Under UV irradiation, the
FeCl4


- anion can be photohydrated to FeCl3(OH)- and
generate H+ and Cl-. Then, the H+ and Cl- ions are likely
to be present in the irradiated ionic liquid and play a role
in the crystal formation.


Separation of the crystals formed in C4mim[FeCl4] has
so far been unsuccessful, hindering its X-ray structural
analysis. Whatever the chemical composition might be,
the uniqueness of the crystal must be a reflection
of extraordinary molecular environments specific to
C4mim[FeCl4]. The relevance of magnetic interactions with
this crystal formation is not clear yet.


The other new phenomenon is the magnetic-field-
dependent fabrication of nanostructures of conducting
polymers in C4mim[FeCl 4]. We found that nanoparticles
and rod-like structures of conducting polymers (polypyr-
role, N-methyl-polypyrrole, polythiophene) formed by
simply adding monomer liquids to C4mim[FeCl4].57 It was
also found that the formed nanostructures were depend-
ent on the external magnetic field. Figure 9 shows the SEM
(scanning electron microscope) images of polypyrrole
synthesized by this method with and without an external
magnetic field. Without an external magnetic field (Figure
9a), nanoscale particles with 60 ( 20 nm diameter were
formed (see also inset a-1). With an external magnetic field
(Figure 9b), the particles tend to be aligned in a particular
direction and a rod-like structure is formed. It is highly


FIGURE 9. SEM images of the nanostructures of polypyrrole formed in C4mim[FeCl4] without (a) and with (b) an external magnetic field
(1.3 T).
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likely that local structures in C4mim[FeCl4] give rise to
specific nanoenvironments that cause the formation of
nanostructures and that these local structures and hence
the nanoenvironments can be regulated by an external
magnetic field. Nanostructure formation in nonmagnetic
ionic liquids has been reported.58,59


Conclusion
It seems beyond doubt that specific local structures are
formed in imidazolium-based ionic liquids. The next step
is to characterize these local structures and clarify the
structure–property and structure–function relationships
in these ionic liquids. Coexistence of local structures with
different size can make the free-energy landscape ex-
tremely complicated with a large number of shallow local
minima.1 An ionic liquid system may have an unusually
long thermal relaxation time on account of this compli-
cated energy landscape. We cannot rule out the possibility
that it is even longer than our lifetime! New physicochem-
ical approaches and standpoints, both experimental and
theoretical, must be taken in order to correctly address
this problem. Elucidation of local structures in ionic
liquids may alter the concept of thermal equilibrium and
the definition of material phase based on it.


The authors are grateful to all the coauthors of the papers that
have founded the discussion presented in this Account.


Note Added after ASAP Publication: This manuscript
was released ASAP on October 27, 2007 with an incorrect
version of Figure 4. The correct version was posted on
November 20, 2007.
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ABSTRACT
Many ionic liquids offer a range of properties that make them
attractive to the field of electrochemistry; indeed it was electro-
chemical research and applications that ushered in the modern
era of interest in ionic liquids. In parallel with this, a variety of
electrochemical devices including solar cells, high energy density
batteries, fuel cells, and supercapacitors have become of intense
interest as part of various proposed solutions to improve sustain-
ability of energy supply in our societies. Much of our work over
the last ten years has been motivated by such applications. Here
we summarize the role of ionic liquids in these devices and the
insights that the research provides for the broader field of interest
of these fascinating liquids.


1. Introduction
Ionic liquids (ILs) potentially offer many things to many
fields, not the least of which is the field of Electrochem-
istry. As we have discussed recently,1 while there are many
properties that individual members of the family exhibit,
the single ubiquitous property that we can expect to find
in all ILs is ionic conductivity. This intrinsically makes
them of interest to the electrochemist, and it was for this
reason that we first became interested in the properties


of ILs at Monash around 1995. At that time there was
much interest in ion conducting materials for lithium
battery applications.2,3 Such materials needed to have
“apparent” stability to below lithium plating potentials
(-3.0 V vs NHE). Not many salts or solvents are stable
under such strongly reducing conditions, and the field was
actively researching polymer electrolytes and ceramic
materials to solve the problem. About that time, we were
collaborating with Prof. Michael Grätzel and his group at
École Polytechnique Fédérale de Lausanne (EPFL) who
were developing liquid salts for the photoelectrochemical
solar cell.4 In this device, it is the low volatility of the liquid
salts that is the appealing property, but some of the ILs
described by Grätzel also had amazing electrochemical
properties; cyclic voltammetry experiments showed that
they produced no appreciable electrochemical processes
down to at least -2.5 V (vs Fc/Fc+)5 in the reducing
direction. Similarly they showed high stability against
oxidation, typically to >2.0 V vs Fc/Fc+. This type of
potential window made these materials of immediate
interest to both the lithium battery world and the emer-
gent field of high energy density double-layer (or “super”)
capacitors. It was with motivations in both these areas,
and also recalling the work that had been done by Angell’s
group on organic iodide melts many years earlier,6 that
we began our first ionic liquids work in 1996. The
challenge then, as it still is today in many respects, was
to develop stable ILs that were also sufficiently conductive
to be of interest in real device applications. Unfortunately,
while ILs are intrinsic ion conductors, their ion conductiv-
ity often falls short of that of solvent-based electrolytes
because of the high viscosity. Of course, the viscosity of
ILs is a consequence of the electrostatic interactions that
are intrinsic to their ionic nature. Understanding and
untangling this conundrum has been one of the underly-
ing themes of our research interests since then. In this
Account, we survey the electrochemistry applications in
which ionic liquids have become important and discuss
the challenges that they present.
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2. Lithium Electrochemistry
For lithium cell applications, the 1-alkyl-3-methylimida-
zolium cation [Cnmim] is not quite stable enough to be
unreactive toward lithium. This is probably the result of
the acidity of the C-2 proton in this ring.7 The C-2
substituted imidazolium based ionic liquids are all sig-
nificantly more viscous than their unsubstituted ana-
logues, in itself a very interesting effect but not helpful in
finding a fluid IL of sufficient stability against Li metal.
To overcome this, we investigated a large family of
ammonium8 and pyrrolidinium9 bis(trifluoromethane-
sulfonyl)amide10 ([NTf2]-) salts, this anion (Figure 1)
typically providing the highest ion conductivity among the
ILs known at the time. Work since has probed crystal
structures involving this anion11–13 and also ab initio
calculations of its structure as shown in Figure 1,14 to
understand why such a large and massive ion could
provide champion ion mobility. The answer, in a nutshell,
is charge delocalization; the single negative charge, which
formally resides on the amide nitrogen, is highly delocal-
ized, as shown in Figure 1. Recently,14 we have proposed
an energetic criterion as a basis on which to gauge the
degree of charge delocalization. In this approach, we use
a proton as a probe charge to examine the net charge at
various locations on the anion. The calculated relative
proton affinities correlate well with experimental data
such as melting point. For example, for the methyleth-
ylimidazolium (often abbreviated as [C2mim]+) based
ionic liquids, the melting points vary from 87 °C (Cl-) and
38 °C ([NO3]-) for anions having a high degree of charge
localization to -10 °C (tricyanomethanide) and -12 °C
([NTf2]-) for the more diffuse anions. The diffuse ions are
more able to move independently of other ions in an
electric field and thus produce higher conductivity. Fur-
ther extension of the concept by extending the perfluo-
roalkyl chain produces little further delocalization, thus
suggesting that the negative charge can be delocalized
only to a certain effective extent. The properties of the
corresponding ILs unfortunately reflect this fact,15 show-
ing little additional improvement in transport properties.


The pyrrolidinium [NTf2] salts, in particular, show a
noticeable increase in reductive stability compared with
the imidazolium salts, sufficiently so that we were sub-
sequently able to demonstrate highly reversible elec-
trodeposition and dissolution of lithium metal from these
ILs.16 In situ monitoring of the electrode over hundreds
of cycles showed that the IL seemed to suppress the
troublesome formation of dendrites, which had plagued
earlier lithium/electrolyte combinations. Of the large
family of alkylmethylpyrrolidinium17 [NTf2] salts available,
the propyl and butyl derivatives proved to be the most
fluid and conductive of the family, and these have been
the focus of much research since.


Although ionic conductivity is the most frequently
discussed property with respect to applications such as
batteries, it is not, under most circumstances, the key
transport property. In a device where lithium is produced
at one electrode and consumed at the other, it is lithium
ion diffusivity that is of importance. Unfortunately, ad-
dition of a lithium salt to the IL to provide a reservoir of
lithium ions, typically causes a decrease in conductivity
as a result of relatively strong binding of the anion by the
lithium ion to form ion pairs or even LiA2


- triple ions.
Thus direct probes of the lithium diffusivity become
important in understanding these electrolytes, including
pulsed field gradient (pfg) NMR and ultra-microelectrode
electrochemical methods. The pfg-NMR method of de-
termining diffusion coefficients, at one level, appears to
be a simple and ideal approach to obtaining this vital
information. However, there are subtleties in the way that
this experiment is carried out that are still being clarified.18


Certainly it appears that the “spin–echo” method of the
pfg-NMR technique (known as the pulse gradient spin–
echo, or PGSE, method) is capable of producing spurious
diffusion coefficient results, by as much as 25%.18 In the
relatively viscous medium that the ILs represent, this
occurs because of a failure of some of the underlying
assumptions of the method. On the other hand, the
“stimulated echo” variant of the pulsed field gradient
method appears to provide a superior approach. However,
one learns from this that it is important to confirm
satisfactory consistency with the underlying physical
assumptions when applying these methods.


While the electrochemical window of the alkylmeth-
ylpyrrolidinium [NTf2] ILs appears to extend well below
the deposition potential for lithium, especially in the
presence of an added lithium salt (Figure 2), a closer
analysis of electrodeposited lithium quickly reveals the
presence of a layer of breakdown products covering the
surface of the lithium deposit. Such layers are well known
in the lithium electrochemistry field. Detailed analysis of
the data indicates a multilayer film with heavily reduced
inorganic species dominating close to the metal surface,
whereas at the outer surface the film is dominated by less
reduced fragments of the [NTf2]– anion (Li2S2O4, LiSO2CF3,
LiNSO2CF3, ...) and organic species that appear to be
precipitated salts of the cation.16,19 The origins of these
layers certainly include trace impurities remaining in
the IL and the other cell components (the counter


FIGURE 1. Electron density as a function of position on the [NTf2]
–


anion displayed using electrostatic potential values. The red color
indicates the positive values of potential, while blue indicates
negative values. The four sulfonyl oxygens carry a significant fraction
of the overall negative charge in this molecule. The electron density
and electrostatic potential were calculated at the HF/aug-cc-pVTZ
level of theory.14
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electrode, cell body, etc) including water, O2, and N2 but
also clearly involve some breakdown of the IL ions.
Appearance of such breakdown products at potentials
quite close to the apparent IL reductive limit is perhaps
not surprising; however more detailed electrochemical
experiments have now revealed that there are electro-
chemical processes taking place well before this low
potential limit is reached in [NTf2]– ILs.20–22 The current
understanding is that the anion is susceptible to a series
of electrochemically initiated breakdown reactions starting
at around -2.0 V vs Fc/Fc+.20 The products of these
eventually precipitate onto the electrode as a film, which
inhibits further reaction but which is able to transport the
lithium ion such that lithium electrochemistry remains
possible. The demonstration of several hundred Li oxida-
tion and reduction cycles at high Coloumbic efficiency
indicates that further growth of the film is slowed,
although it may ultimately limit the life of the electrode.


The role of impurities in these processes has been
demonstrated by experiments in which additional trace
levels of water are spiked into the sample.20,22,23 At these
potentials where common atmospheric impurity species
(O2, N2, H2O) are electrochemically active, this approach
is preferable to ultimately futile attempts to lower these
species below the level of chemical significance (<1 ppb?).
The water spiking experiments clearly demonstrated the
role of water in the IL breakdown processes (Figure 3) but
at a level greater than could be directly accounted for in
terms of the water content present in the sample. Hence


a catalytic role for the reduction products of water (•OH,
etc.) is indicated. Further evidence for such processes has
been provided by ab initio modeling of some of the
proposed breakdown reactions.20


3. Organic Ionic Plastic Crystals
Of course, a solid or elastomeric form of electrolyte is
preferred in most, if not all, of the device applications
discussed here, and it is important to note in this context
that many of the organic salt families that form ILs also


FIGURE 2. Cyclic voltammograms showing the influence of LiNTf2 concentration in [C4mpyr][NTf2]: (a) neat; (b) 0.005 mol kg-1; (c) 0.05 mol
kg-1; (d) 0.5 mol kg-1. Only (d) shows the characteristic deposition and stripping peaks associated with Li cycling.


FIGURE 3. The [C3mpyr][NTf2] cyclic voltammogram at negative
potentials with varying water concentrations on a Pt electrode.
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contain members that form plastic crystalline phases.
These organic ionic plastic crystals (OIPCs) are character-
ized by high diffusivities of both the ions themselves and
solute ions that can be added to the material.24 In many
cases, the plastic phases correspond to a polymorph of
the crystalline compound in which one or both of the ions
is able to execute rotational motions (in some cases, fully
isotropic rotational motion) on their lattice sites. This
introduces some of the liquid-like motional degrees of
freedom into the solid state and raises the thermodynamic
state closer to the liquid state.


One of the classic examples of this behavior is tetra-
ethylammonium dicyanamide ([Et4N][dca]),25 which melts
at 54 °C to form a fluid and highly conductive IL (Figure
4). However, it melts with very little change in volume and
entropy, suggesting that the solid phase (termed phase
1) just below the melting point has much of the disorder
and motional properties of the liquid. The material is also
quite plastic. On cooling, it enters a more ordered crystal-
line phase (phase II) around 17 °C via a transition
involving much more substantial changes in entropy and
volume. At room temperature, the plastic crystal is as
conductive as many ILs and hence is of interest in many
of the device applications where a solid-state electrolyte
is of value.


In a series of reports, we have described a number of
these families of plastic crystalline compounds and their
properties, with particular emphasis on their transport
properties.9,26,27 In cases where the electrochemically
active ion of interest is not intrinsic to the material, for
example, Li+ ions for Li battery applications or H+ for fuel
cell applications, it is possible to dope/mix the plastic solid
with a salt of the active ion. Cooper and Angell have also
described interesting ion conductive binary inorganic/
organic plastic phases.28 In some cases, the conductivity
is enhanced by as much as 2 orders of magnitude.29–31 In
a tangential development from this work, we and others
have shown that molecular plastic crystalline materials
such as succinonitrile containing dissolved salts could also
be highly conductive and thereby useful as solid-state
electrolyte materials.32–36


The detail of the link between the rotational degrees
of freedom and the transport properties in these materials
remains to be fully explained, but it appears clear that
there is a direct cause and effect relationship in operation.
NMR spectroscopy has been particularly useful in probing
the rotational motions that are active in these solids, the
NMR linewidths of a nucleus being a strong function of
the state of motion of other nuclei in its environment
(Figure 5). In cases where a crystal structure was available,
calculation techniques were developed that allowed the
prediction of linewidths, ab initio, from the crystal struc-
ture and assumed modes of rotational motion.37


4. Actuators and Conducting Polymers
Ionic liquids also have much to offer the field of conduct-
ing polymers (CPs). CPs such as poly(pyrrole) and poly-


FIGURE 4. Phase behavior and conductivity of [Et4N][dca] showing
plastic behavior around room temperature. The inset to the heat
capacity plot shows the same data on a larger scale such that the
whole of the 290 K peak can be displayed.


FIGURE 5. Temperature dependence of the 1H NMR spectra for
crystalline [Me4N][dca] showing line narrowing at the transition to
the plastic phase (∼390 K) reflecting the onset of isotropic tumbling
and diffusion in the solid state. The melting point of this material is
450 K.
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(thiophene) are, under most circumstances, conductive
only in their partially oxidized state. The required coun-
terion is typically an anion such as iodide, ClO4


-, or
tosylate. In fact, the overlap between the anions that are
of utility in this respect and those that are often found in
ILs is remarkable. The origins of this similarity lie in a
common set of properties required in such ions. Like the
IL, the conducting polymer is optimized by an anion that
has a relatively delocalized charge, such that it interacts
rather weakly with the positive charge on the backbone
of the polymer. Thus the appropriate IL can provide an
excellent source of counterions in an otherwise inert
medium and hence represents a potentially ideal medium
for both the synthesis and electrochemical action of CPs.


In the context of electrochemical action, the results can
be dramatic. One example involves the CP-based electro-
mechanical actuator device, which functions on the basis
of the volume change that takes place in poly(pyrrole)
when it is oxidized and incorporates the anion. Such
“actuators” have the potential to provide electromechani-
cal action in microdevices comparable to human muscle.
Unfortunately, when constructed with a solvent-based
electrolyte, their lifetime is limited to a few thousands of
cycles, utterly insufficient for any practical device. How-
ever, when an IL of an appropriate anion is used, the cycle
life exceeds 106 cycles.38 The low volatility of such IL-based
electrolytes is also ideal for practical applications; the IL
can also be gelled such that it exhibits no flow charac-
teristics.39


The availability of the counterion in the IL medium is
also an ideal situation with respect to the synthetic routes
from which conducting polymers are obtained. For ex-
ample, the electrochemical polymerization of monomers
such as pyrrole,40 thiophene41 and benzene42 is simply
achieved in an IL. The resultant polymer can have a range
of morphological characteristics quite different from the
solvent based polymerization process (Figure 6). The high
oxidative stability of the IL also allows polymerizations of
monomers such as terthiophene that otherwise require
too high an oxidation potential to be tolerable by most
solvents.


In a similar vein, ILs have proven to be very useful
solvents for the chemical polymerization of monomers
such as thiophene, allowing the use of high potential
oxidants such as AuCl3 (Figure 7a).43 The use of AuCl3 or
AgNO3 as the oxidant in these systems is also advanta-
geous because it can result in the incorporation of metal
nanoparticles into the polymer (Figure 7b). Using a
biphasic IL/water system, with the AuCl3 in the water layer
and the monomer in the IL, produces polymers with very
unusual nanodimensional fibrillar morphologies (Figure
7c).44


5. Photoelectrochemical Solar Cells
As originally proposed by Grätzel,4,45,46 ILs are potentially
the ideal basis of a liquid or gel electrolyte for the
photoelectrochemical solar cell, by virtue of their low
volatility. However, their relatively high viscosity is a


significant detraction; in the context of the solar cell, mass
transport limitation produces poor efficiency. As part of
an ongoing effort to design and synthesize novel ILs we
described the use of the dicyanamide,47 thiocyanate,48 and
tricyanomethanide49 ions in producing champion low-
viscosity ILs. All of these proved to be of interest for solar
cell applications,50–52 as well as in a variety of other
contexts where low viscosity is important, including room
temperature synthesis. One of the interesting features of
these anions, and the ILs that they produce, is a distinct
degree of basicity not present in the more typical IL
families.53 This basicity provides a range of interesting and
useful solvent effects including a specific base catalysis
effect in which the ionic liquid solvent can serve as a
nucleophilic catalyst in organic reactions in a fashion
typically only observed in aqueous systems.54 In the solar
cell, a degree of basicity is usually ideal; however, it would
be appear that the basicity of dca is too great for long-
term stability.51 The interesting ILs formed by the SeCN–


and the [B(CN)4]- ions may provide the ideal situation.55,56


Ultimately, solid materials are the electrolytes of choice
in this device, and among a variety of approaches, the use
of plastic crystal based electrolytes has shown some
promise.33,36


6. Fuel Cells
For many of the same reasons that ILs have ideal proper-
ties in the device applications described above, they are
also potentially ideal for use as proton conducting media


FIGURE 6. Poly(pyrrole) films grown in [C4mpyr][NTf2] (top) and
propylene carbonate/Bu4N PF6 (bottom), at constant potential onto
Pt. Scanning electron micrographs show very different morphologies
achieved from the different electrolytes.
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in fuel cells.57–60 Xu and Angell59 have investigated these
in detail, and the Arizona State group has now shown how
binary (inorganic) liquid salt mixtures can produce im-
pressive fuel cell performance at temperatures above 100
°C.61 One of the curious aspects of these proton transfer
liquids is that the degree of proton transfer, and therefore
the ionicity of the resultant material, turns out to be
substantially less than is predicted by simple aqueous pKa


estimations.60 The origins of this shift in acidity are


becoming clearer as a result of ab initio calculations of
the gas-phase acid–base pairs, which suggest that it is
mainly associated with the absence of the aqueous
hydrogen bonding and solvation environment.53


7. Passivation of Reactive Metals
In considering the property that allowed lithium metal
batteries to become viable in ILs, that is the surface layer,
it became apparent that the charge transfer at the lithium
electrode was dominated by the ability of Li+ ions to
transport across the LiF and Li2O inorganic nanolayers
that form when Li metal comes into contact with the NTf2


anion in the ILs. At the same time, it is well understood
that the key to controlling the charge transfer on reactive
metals such as aluminum, steel, and magnesium in
engineering applications, and hence their corrosion, is that
these metals can be passivated by formation of thin
inorganic oxide and hydroxide layers that can restrict ionic
and electronic conductivity. While defective LiF and Li2O
are good lithium ion conductors, fluoride and oxides of
Mg and Al are relatively insulating and hence a hypothesis
developed that it may be possible to passivate Mg and its
alloys by treatment in an IL.


Given the electrochemical breakdown of NTf2
- at


around -2.0 V vs Fc+/Fc and the position of Mg in the
electrochemical series, we hypothesized that when this
anion came into contact with a Mg or Mg alloy surface, it
would react to form inorganic fluorides, which would
passivate the metal surface. Indeed, exposure of pure Mg
and AZ31 (a magnesium alloy containing aluminum and
zinc) to NTf2


- ILs produced an order of magnitude
reduction in corrosion rates.62,63 The trihexyl(tetrade-
cyl)phosphonium ([P6,6,6,14]) NTf2 IL, in particular, pro-
duced homogeneous films that were protective against Cl-


aqueous solutions (Figure 8). The time that the alloy was
exposed to the IL and its temperature during this treat-
ment had a significant influence on the composition,
thickness, and protectiveness of the passivating layer.


Electrochemical polarization (Figure 9) and ac imped-
ance measurements confirmed the increased resistance
to corrosion of these “IL treated” surfaces. The results
obtained thus far indicate that IL treatments are promising
replacements for the highly toxic hexavalent chromium
passivation treatments currently used.


Surface analysis of the treated Mg surfaces confirm
that, similar to the Li metal surface, a metal fluoride is
present together with the oxide and hydroxide (Figure 10).
In addition, the outermost layers appear to have en-
trapped organic components, possibly the IL constituent
ions themselves. This latter observation is significant
because it suggests that IL components are retained in
the film and are thus available for repassivation, should
the film be breached in some way. Our electrochemical
tests suggested that “self-healing” of these surfaces is
indeed possible.


Given the reactivity of phosphates with magnesium, we
then proceeded to investigate the passivation behavior of
an IL based on an organophosphinate.65 In the presence


FIGURE 7. Transmission electron micrographs of conducting
polymers chemically synthesized in [C2mim][NTf2]: (a) poly(thiophene)
nanoparticles synthesized in a one-phase system using AuCl3 (200
nm scale bar); (b) poly(pyrrole) from one phase using AgNO3, which
results in the incorporation of silver nanoparticles (20 nm scale bar);
(c) poly(3,4-ethylenedioxythiophene) (PEDOT) synthesized in an IL/
water biphasic system (1000 nm scale bar).
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of an equilibrium amount of water (approximately 6 wt
% in the IL), a very thin film formed on the AZ31
magnesium alloy surface, which apparently offered even
more protection than the NTf2-based IL. However, the
mechanism of passive film formation in this case is more
likely to be due to direct reaction with the phosphinate
group forming a thin insoluble compound by reaction
with functional groups on the alloy surface (as opposed


to electrochemical reactivity). The mechanism, however,
is still not clear, although it does seem to involve water.


8. Concluding Remarks and Future Prospects
Undoubtedly, the attractive features of some ionic liquids
will generate increasingly widespread interest in the
electrochemistry field and in electrochemical device ap-
plications. However, the very features that make these
liquids attractive, also create challenges in understanding
the electrochemical process that take place at extremes
of potential and the role of the inevitable impurities. The
occurrence of passivating films on lithium, magnesium,
and magnesium alloy surfaces in the presence of some
ILs is likely to have significant implications in attempts
to electrodeposit metals such as Ti and Ta at cathodic
potentials in the vicinity of -2.0 V vs Fc+/Fc. Thus, it can
be expected that, in many cases, unusual morphologies
or deposit compositions will result. Nonetheless, under-
standing and controlling these processes will certainly be
of technological significance in the production and ap-
plication of a number of important materials. Equally,
there is a huge data gap emerging with respect to the
thermodynamic and transport properties over a wide
range of temperatures, as well as the effect of solutes and
impurities on these properties. Answers to these chal-
lenges will hopefully be forthcoming in the near future
given the increasing interest of a broader spectrum of
researchers.
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ABSTRACT
In this Account of the small portion of the recent research in ionic
liquids (ILs) by the Rogers Group, we fast forward through the first
evolution of IL research, where ILs were studied for their unique
set of physical properties and the resulting potential for tunable
“green solvents”, to the second evolution of ILs, where the
tunability of the cation and anion independently offers almost
unlimited access to targeted combinations of physical and chemical
properties. This approach is demonstrated here with the field of
energetic ionic liquids (EILs), which utilizes this design flexibility
to find safe synthetic routes to ILs with high energy content and
targeted physical properties.


A Chance Encounter
The interests of the Rogers Group in the field of ionic
liquids (ILs) can be traced to a meeting in 1996 with Ken
Seddon (The Queen’s University in Belfast) at a NATO
Advanced Study Institute on crystal engineering in Digby,
Canada.1 Interestingly, while the conference had virtually
nothing to do with ILs, it was co-organized by Mike


Zaworotko (credited with John Wilkes in preparing some
of the first viable water-stable IL solvents2) and Ken
Seddon (credited with the boom in academic and indus-
trial interest in using ILs as solvents in organic chemistry3).
It was Zaworotko (a graduate school colleague of Prof.
Rogers at The University of Alabama) who issued the
invitation to speak at the summer school but Seddon who
suggested the use of 1-butyl-3-methylimidazolium hexaflu-
orophosphate (here abbreviated as [1-Bu-3-Me-im][PF6]
but commonly described in the literature as [bmim][PF6]
or [C4mim][PF6]), one of Wilkes’ and Zaworotko’s water-
stable salts in our work!


Until that point, we had been working under the
banner of “Green Chemistry” to obviate the need for the
use of volatile organic compounds (VOCs) in liquid/liquid
extraction with rather complicated, wholly aqueous sys-
tems, known as aqueous biphasic systems (ABS) (based
on the salting out of poly(ethylene glycol)s with kosmo-
tropic salts).4 However, the ABS systems have several
drawbacks, such as elongated separation times or mutual
miscibility of the phases. Hoping to overcome these
disadvantages the concept of a hydrophobic liquid salt
with no vapor pressure fit well with our search for green
extraction processes. Our first “IL” paper was published
in 1998,5 where we described the use of [1-Bu-3-Me-
im][PF6] for extractions from aqueous solution. Encour-
aged by these results, we soon started to investigate ILs
for metal ion extraction and quickly learned that using
ILs did not necessarily simplify separations, but actually
could make them much more complicated,6–9 and pos-
sibly even much less green,10,11 than traditional solvent-
based approaches.


These latter lessons are still being learned by many
researchers today. Although there are now in excess of
8000 papers on ILs, too many of these make sweeping
overgeneralizations about the “green” nature of ILs, or any
of a variety of desirable physical properties, which all salts
meeting the IL definition simply cannot possess. None-
theless, in this first evolution of IL research, the focus on
the physical property set available from ILs and how to
obtain them has driven the field.12–18 Researchers from
around the world have raced to prepare and characterize
new combinations of ions that could meet the definition
of an “ionic liquid”, to try to predict physical properties
from structure,19,20 and to use the more attractive acces-
sible physical properties (e.g., nonvolatility or low volatil-
ity; large liquidus ranges, etc.) in new applications.


Much of our early research as well was focused on
making use of the unique, tunable physical property set
offered by ILs and their use as solvents. We have studied,
and continue to study, ILs as solvents for separations,21


polymerizations,22,23 and crystallization.24,25 We have even
made use of the unique solvating power of some ILs to
dissolve such intractable biopolymers as cellulose26 and
extract biopolymers directly from biomass such as wood.27
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Pernak’s group and is currently a graduate student in Prof. Rogers’ group in
Tuscaloosa. His primary interests are energetic ionic liquids, as well as
development of novel halide-free synthetic protocols for the formation of ILs.


Dr. Andreas Metlen was born in Eupen, Belgium, the 22nd of March 1976. After
receiving his Diploma in Chemistry at the RWTH Aachen in Germany, he joined
Prof. Peter Wasserscheid’s group and worked in the field of aromatic substitution
reactions in ionic liquids. After obtaining his Ph.D., he joined Prof. Rogers’ team
as a postdoctoral researcher. He now is focused in the synthesis of ionic liquids
and new applications thereof.


Prof. Robin D. Rogers was born in Fort Lauderdale, Florida, on March 4, 1957.
After obtaining both B.S. and Ph.D. from The University of Alabama, he joined
the faculty at Northern Illinois University, DeKalb, IL. In 1996, he returned to his
Alma Mater where he currently holds the titles of Robert Ramsay Chair of
Chemistry, Distinguished Research Professor, and Director of the Center for Green
Manufacturing. He is the Founding Editor-in-Chief of the American Chemical
Society journal Crystal Growth & Design and is a member of the Editorial Board
for Separation Science & Technology and Solvent Extraction and Ion
Exchange. He also serves on the International Advisory boards for Green
Chemistry and Chemical Communications. This year he will join the faculty of
The Queen’s University of Belfast as Chair in Green Chemistry and Co-Director
of The Queen’s University Ionic Liquid Laboratory (QUILL), while retaining an
appointment at The University of Alabama as Director of the Center for Green
Manufacturing.


Acc. Chem. Res. 2007, 40, 1182–1192


1182 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 11, 2007 10.1021/ar7001304 CCC: $37.00  2007 American Chemical Society
Published on Web 11/03/2007







Nonetheless, here we wish to highlight the materials
applications of ILs.


The Second Evolution of Ionic Liquids:
Targeted Physical and Chemical Properties
As the number of researchers in a variety of disciplines
joined the ranks of the IL community, it was inevitable
that new directions would emerge and new applications
would be found (Figure 1). In the past few years ILs have
found useful application in sensors,28,29 solar cells, solid-
state photocells,30 and batteries31 and as thermal fluids,32


lubricants,33,34 hydraulic fluids,35 and ionogels,36 to name
only a few. Despite the fact that ILs today are defined by
one physical property (melting point), many of the
potential applications make use of a particular chemical
property set combined with IL physical properties.


We have actually started to view ILs as tunable,
multipurpose materials for a variety of applications rather
than as just solvents. From this vantage, we believe that
it is possible to form any specific IL composition depend-
ing on the user’s needs and that the desired chemical and
physical properties can be realized in a single salt by
proper selection of the component ions or in mixtures of
component ions. Thus, essentially an IL cookbook arises
from the inherent modularity of ILs, where a suitable
combination of ions, or mixture of ions, can be developed
to solve each given problem by providing the exact
combination of physical and chemical properties needed.


Energetic Ionic Liquids
In 2002, another chance encounter motivated us to
explore this concept in the field of energetic ionic liquids
(EILs). In discussions with Dr. Greg Drake, then of


Edwards Air Force Base, it became apparent that the IL
cookbook holds excellent recipes for unique liquid ener-
getic materials. The problems facing modern energetic
materials would seem to be an ideal platform with which
to test the generality of the IL concept.


Many modern energetic materials, even though highly
advanced and understood in terms of their performance
and behavior, suffer from safety issues and environmental
concerns, which call for novel approaches.37,38 New
materials are needed that exclude the use of hazardous
and potentially toxic compounds such as hydrazine,
metals, halides, and perchlorate. Problematic issues limit-
ing safe storage and handling must be addressed, such
as those related to the solid state of most energetic
materials, for example, polymorphism (a possible factor
in the sensitivity of the material), high melting points, and
the need to use plasticizers for processing the materials.39


Nonetheless, new energetic materials that exhibit liquid-
state rheological properties (thus being easier to handle)
must not exhibit common disadvantages of the liquid state
such as high vapor pressures, which may result in loss of
material, composition changes, and increased hazards
through formation of explosive fumes. A seemingly perfect
challenge for ILs!


The concept of using salts in general as energetic
materials is, of course, not new (Table 1). Additionally,
many currently used molecular energetic materials can
often be derivatized into ionic compounds, thus opening
newpossibilitiesformodificationandfurtherILformation.40–42


There are commonly used materials on the market today,
such as trimethylammonium nitrate (a component in
fusible explosives), that in fact already fit the definition
of an EIL.43 Even salts reported in the 19th century such
as hydroxyethylammonium nitrate (mp 52–55 °C)44 and


FIGURE 1. Growth in the number of IL publications and representative areas of interest. Data obtained from SciFinder Scholar 2006 using the
search terms “ionic liquid” OR “ionic liquids” and then refined by publication year. The data for total publications includes the number of
patents, and the area of the particular field does not represent the number of publications in the subfield.77
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ethylammonium nitrate (mp 34 °C,45 often referred to as
the first “IL”), can be considered EILs.


In the mid-1980s, the need for insensitive energetic
compounds led to the development of the first nitro- or
amine-functionalized (or both) triazoles (e.g., 5-amino-
3-nitro-1,2,4-triazole (ANTA)46 and 3,5-dinitro-1,2,4-tria-
zole (DNT)47,48). These first results showed that substitut-
ing the aromatic core with electron-withdrawing groups
leads to products with high energy content, favorable
density, comparably low sensitivity, and good heat resis-
tance. These and other literature reports on the topic of
energetic materials,49–51 along with the growing knowledge
of ILs, suggested that the ILs as additives to or replace-
ments of currently used energetic materials could greatly
advance this field.


Klapötke et al.52 published one of the first papers on
energetic ionic liquids in which he reported explosive
N-containing salts like hydrazinium azides, which were
obtained as viscous room temperature ionic liquids or as
low melting solid salts, depending on the substitution
pattern of the hydrazinium cation. Shortly after that, Drake
et al. described in more detail the approach of combining
the IL platform with energetic materials, where 1,2,4-
triazolium, 4-amino-1,2,4-triazolium, and 1,2,3-triazolium
cations were paired with small inorganic energetic anions
([NO3]–, [ClO4]–, and [N(NO2)2]-) and the resulting salts
were characterized.53


Considering all of the above, ILs appear to be a very
reasonable platform on which novel energetic materials
can be designed, and it appears that basic “rules-of-
thumb” for the design of EILs are already available.54–57


Combining nonvolatility, high thermal stability, and low
melting points with properly designed energetic function-
alities can lead to a variety of new liquid energetic
materials,53 while at the same time improving safety issues
related to transportation, handling, and processing from
production to end-use.


Recently, a working group funded by the Air Force
Office of Scientific Research helped to establish target
physical and chemical properties accessible by IL materi-
als and needed for ideal energetic materials (Table 2).
These general property goals for ideal, safe, high perfor-
mance advanced energetic materials have allowed re-
searchers, including us, to focus attention on the interplay
of individual physical and chemical properties on the bulk
properties of the fluid.


Since 2003, in collaboration with Professor Alan Katritz-
ky (University of Florida), we have directed our approach


toward fostering development of new EILs from our
modular design perspective to select and synthesize target
compounds that separately implement each specific
property needed for an ideal composition of ions. In our
research, we do not direct our efforts toward the manu-
facture of new energetic fluids, but rather toward an
understanding that will enable the links between the
desired chemical functionality and the physical and
thermodynamic properties required for EILs. This ap-
proach will ultimately allow the prediction of ion combi-
nations with the desired property sets in a modular “ionic
liquid” platform for the custom design of energetic
materials.


Thus, we are trying to take advantage of the dual-
functional nature of ILs, which in concept and in practice,
allows for the modular, interchangeable use of ions to
achieve desired chemical and physical properties. Ad-
ditionally, we have envisioned that due to the ionic
composition of those salts, each ion component of the
product can be tuned separately and brought to the final
product in the last step of synthesis. Each component,
anion and cation, may be independently modified toward
the desired final material through incorporation and
modification of functional groups (Figure 2). We should
note, however, that anyone using these design criteria to
make energetic materials should exercise extreme care.
Transferring our results to highly energetic ions may lead
to extremely unstable materials, and appropriate safety
procedures must be followed.


We have directed our approach toward understanding
how EILs might be designed from a modular design
perspective. That is, each targeted property (melting point,
density, viscosity, long-term thermal stability, etc.) is
investigated separately to allow for a better understanding
of how structural modification in either ion affects the IL
properties as a whole. This knowledge allows us to develop
an “IL toolbar”, from which a variety of IL design options
can be brought to bear on any synthetic scheme based
on the desired set of final IL properties. Figure 3 illustrates
this modular approach. Each target property is considered


Table 1. Examples of Known Energetic Salts


ammonium azide ammonium nitrate
triazoethanol nitrate ammonium chlorate
diisopropylamine trinitrate ammonium perchlorate
ethylenediamine dinitrate hydrazinium nitroformate
ammonium dinitramide hydrazinium nitrate
diammonium 5,5′-bi-1H-


tetrazolate
guanidinium perchlorate


ammonium picrate guanidinium picrate
ammonium 2-amino-4,6-


dinitrophenolate
triaminoguanidine nitrate


ammonium 2-amino-4,6-
dinitropicrate


1,2,3-propanetriol trinitrate


Table 2. Performance Requirements for EILs76


Physical Properties


melting point less than -40 °C
surface tension <100 dyne cm-1


density >1.4 g cm-3


viscosity as low as possible


Hazard Sensitivity


impact >50 kg cm
friction >120 N
electrostatic discharge sensitivity >5000 V at 0.25 J


Thermal Stability


TGA (75 °C, isothermal) <1% loss of material over 24 h
TGA (rate 10 °C/min) >120 °C for Tdecomp


Thermodynamic Properties


heat of formation as positive as possible
heat of combustion >6 kcal g-1


Toxicology


LD50 >0.5 g kg-1


AMES negative
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separately as the primary property, and all other target
properties are designated as secondary during any given
iteration. In the example provided in Figure 3, the primary
property was set to be the thermal stability.


First Design Cycle: Protonated EILs
For our first research goal, we selected the most straight-
forward, fast, and simple synthetic approach for the
formation of ILs via acid–base neutralization reaction to
form protonated azolium-based salts. The hypothesis
behind this choice was that the more easily the product
can be synthesized (manufactured), the more likely it
could find an application as an energetic material. Seddon
and McFarlane have suggested that to meet the IL
definition, the products must be >99% ionized, and thus
careful selection of acids and bases based on their pKa


values is required.58 Although knowledge and control of
the speciation within such ILs is required, it is possible
that such a strict criterion is not needed for a given EIL.


Utilizing the cation module, we initially selected a
variety of imidazole-based compounds (Figure 4) based
on their substitution patterns and homological differences
in the imidazole ring structure. Working with the strong
heterocyclic chemistry group of Prof. A. R. Katritzky,
systematic changes were implemented in the substitution
patterns of N-alkyl imidazole cores, ranging from C-alkyl-
substituted to energetically substituted cations (NO2 and
CN groups directly appended to the imidazolium core).
This approach allowed us to screen a large range of
products and to evaluate their properties in terms of
usefulness to EILs.


At first, the obtained salts looked promising. The initial
melting point analysis revealed that generally, due to the
size and shape of the anion, the nitrate salts exhibit
significantly lower melting points than their picrate
equivalents (Table 3). Thermogravimetric analyses (TGA)
of nitro-substituted and nonsubstituted protonated imi-
dazolium salts revealed that thermal stabilities range from
∼70 to 200 °C, with picrate salts exhibiting higher stabili-
ties (by ∼40 °C) than nitrate salts.59 Disappointingly,
however, the thermal stabilities of these protonated salts
were significantly lower than those of alkylated derivatives
(Figure 5).


In collaboration with Dr. John Wilkes from the U.S. Air
Force Academy, we tested these salts for their ability to
ignite10 and found ready combustion (thus destroying


another myth regarding the overgeneralized safety of ILs).
Our preliminary results suggest that the ILs tested are
themselves not flammable (i.e., having a flash point below
37.8 °C60) but their gaseous decomposition products are.


To better understand this decomposition and the
energetic character of the ILs, we studied these salts using
TGA and accelerating rate calorimetry (ARC) in collabora-
tion with Dr. Joseph S. Thrasher (The University of
Alabama). The results suggest that vigorous exothermic
decomposition reactions occur in protonated EILs, which
results in large amounts of thermal energy and highly
flammable (combustible) gases, which can easily ignite
upon contact with a flame source.10,59 Additionally, it was
observed that in comparison with Cl- salts of the same
cations, nitrate and picrate anions have a significant
influence on the rapid exothermic decomposition pro-
cesses, thereby making these anions suitable candidates
for future design of other EILs.


Overall, the melting points of the protonated ILs we
studied were in acceptable ranges, and the overall struc-
ture/property trends were satisfactory, but the relatively
narrow liquidus ranges and especially the low tempera-
tures of decomposition are problematic. In order for this
class of compounds to be considered further, new design
options are needed to overcome these limitations.


Second Design Cycle: Alkylated EILs
Analysis of the results of the first design cycle led back to
the design scheme and consideration of the use of
permanent cations (e.g., N,N-dialkyl imdazolium), and
addition of energetic –NO2 or –CN modifications to the
cation. To simplify the systems, we initially focused on
using commonly known IL-forming anions such as me-
thylsulfate, triflate, and bistriflimide (Figure 6).61


In general, the methylsulfate and triflate salts exhibited
melting points in the range of 70 to 140 °C. We thus paired
the cations with the bistriflimide (NTf2


-) anion, known to
result in lower melting, less viscous ILs.62 Salts of 1,3-
dimethyl-4-nitroimidazolium and 1-ethyl-3-methyl-4-ni-
troimidazolium with this anion were indeed found to be low
melting, with melting points close to room temperature
(18–35 °C). Comparing our results with those reported by
Shreeve and co-workers,63 for iodide, perchlorate, and nitrate
salts, further indicates how anions can affect melting points.
Additionally, by comparison of the data for 1,2,3-trimethyl-


FIGURE 2. Independent design of components in multifunctional EILs.
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4-nitroimidazolium salts, the effect of a methyl group at-
tached to the C2 position of the imidazolium ring can be
clearly seen in this set (Table 4).


Using crystalline analogs, we have also analyzed the
effect of nitro substitution on crystal packing of five nitro-
appended imidazolium salts.61 No major hydrogen-bond-
ing or directional close contacts were observed, suggesting
that in the solid state, the nitro group has a very limited
effect, beyond its steric contribution, in the crystal pack-


ing. This indeed suggests that the nitro substituents can
be added without major increases of the melting points.


Also importantly, TGA analyses of these alkylated
imidazolium-based salts revealed substantial improve-
ment of the thermal stability compared with the pro-
tonated cation homologues. In most of the analyzed
salts, the decomposition temperatures exceeded 220 °C,
allowing consideration of this class of cations in the
future design of EILs.


FIGURE 3. Modular design approach for the development of EILs.
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Third Design Cycle: Azolate-Based EILssWhen
Failure Directs Success
The second design cycle included several attempts to
synthesize dinitro- and dicyano-substituted, alkylated, and
protonated alkylimidazolium salts, with only limited suc-
cess (dicyano derivatives were possible). The functional-
ization of these heterocycles with electron-withdrawing
substituents such as NO2 or CN results in a reduction in
nucleophilicity of the heterocycle and thus a reduced
ability to form quaternary salts by SN2 alkylation, even
with strong alkylating agents (e.g., methyltriflate or fluo-
rosulfonate) or acids (e.g., nitric acid, picric acid). Indeed,
the isolation of a cocrystal of 1-methyl-2,4-dinitroimida-
zole and picric acid (Figure 7) revealed rather dramatically
that due to the high electron density of the nitro groups
attached to the imidazole core, the imidazole ring was not
protonated. Imidazolium salts with two nitrile substituents
could be obtained only via the reaction of 1-methyl-4,5-
dicyano-imidazole with the strong alkylating agents
MeOSO2F and (MeO)2SO2.61


In an effort to fully explore the synthetic limitations
suggested by these results, we began a study in collabora-
tion with Dr. David Dixon (The University of Alabama)
on a computational investigation of proton and methylene
group affinities and cation stabilities relative to the parent
azoles.64 This study concluded that when electron-
withdrawing groups are added to the heterocyclic ring
system, the application of stronger alkylating/protonating
agents becomes necessary, and in the case of dinitro-
imidazolium salts, when calculated under ideal conditions,
only the triflates were reactive enough to alkylate the
dinitro-imidazole precursor. However, the dicyano-sub-
stituted imidazoles were predicted to be more reactive and
their salts to be accessible through the reaction with
methyl triflate, confirmed experimentally as mentioned
above. The theoretical results also suggested that the
alkylation of tricyano alkylimidazoles should be possible


under ideal conditions with methyl triflate; however, we
have not pursued this line of investigation. Finally, as
supported by experimental data, it was found that weakly
electron-donating groups, such as a methyl group, have
the opposite effect by slightly enhancing the basicity of
the ring, facilitating quaternization reactions.


Unfortunately, even though the designed property
(thermal stability) was greatly improved by changing from
protonated cations to their alkylated analogs, the synthetic
limitations for introducing energetic groups directly to the
heterocyclic ring narrowed the range of available reactive
precursors suitable for cation formation. Nonetheless,
these results led us to speculate that the addition of
enough electron-withdrawing groups to the neutral imi-
dazole would eventually lead to ready azolate formation,
where the tunability inherent in azolium cations could also
be implemented in azolate anions (Figure 8).


In collaboration with the Katritzky group, we thus
synthesized a variety of energetically substituted azolate
anions that were later paired with common IL-forming
cations (Figure 9). The resulting products were analyzed
for their thermal behavior and initially assessed to be a


FIGURE 4. Investigated protonated imidazolium cores with functional
groups appended to the heterocyclic core.


Table 3. Influence of Substitution Patterns on the
Melting Point of Protonated EILs


(Representative Data)59


cation picrate mp (°C) nitrate mp (°C)


1-methyl-3-H-imidazolium 159 59
1-hexyl-3-H-imidazolium 40 1
1,2-dimethyl-3-H-imidazolium 181 79


FIGURE 5. Thermal stabilities of protonated vs. alkylated imidazolium
nitrate salts.


FIGURE 6. Investigated energetically substituted imidazolium-based
salts.


Table 4. Influence of Anion Type and C2 Methyl
Group Substitution on the Melting Points61


anion


cation/anion I- ClO4
- NO3


- CH3SO4
- NTf2


-


1,3-dimethyl-4-
nitroimidazolium


180 172 163 104 34


1,2,3-trimethyl-4-
nitroimidazolium


191 182 161 150 110


The Second Evolution of Ionic Liquids Smiglak et al.


VOL. 40, NO. 11, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1187







very promising group of compounds that should be
further studied.65,66


It is important to note that up until this point, ILs were
typically thought of as salts composed of organic cations
and inorganic anions, with perhaps a few exceptions in
the literature. In our studies, although we were looking
at azolate anions as designed strictly for energetic materi-
als, we were trying to introduce the concept of new,
flexible, and designable anions that could be used for the
formation of a variety of ILs. This was also the topic of
concurrent work by Ohno et al., who published the
synthesis of triazolate-based ILs.67


Our first studies concentrated on pairing the azolates
with common quaternary ammonium cations to allow us
to screen the influence of the anion structure on the
resulting salt’s physical properties. TGA analysis revealed
that the azolate anions allow for the formation of highly
stable salts with decomposition temperatures ranging
from 165 °C (for tetramethylammonium 4-nitroimida-
zolate) to 235 °C (for tetramethylammonium 3,5-dinitro-
1,2,4-triazolate). Additionally, the general trend in thermal
stability among azolate anions was determined to be


nitroimidazolate e tetrazolate e 4-nitro-1,2,3-triazolate <
dinitroimidazolate < dinitro-1,2,4-triazolate. These results
suggested that the more substituted the azolate anion is
with electron-withdrawing groups and the more nitrogen
atoms are present in the heterocycle, the better is its anion
charge delocalization and consequently its thermal stabil-
ity.66


As expected, the melting points of the symmetric
quaternary ammonium salts were insufficiently low, and
only in a few cases (e.g., tetraethylammonium and tet-
rabutylammonium azolates) were melting points recorded
below 100 °C. We thus shifted our focus to the modifica-
tion/tuning of the melting point and began introducing
common IL-forming cations such as [1-Bu-3-Me-im]+.67


As expected, pairing the dialkylimidazolium cations with
energetically substituted azolate anions, often resulted in
the formation of salts with very low melting points,
reaching -82 °C in the case of [1-Bu-3-Me-im][tetra-
zolate]. In fact, all combinations of the [1-Bu-3-Me-im]+


cation with the nine azolate anions our group has studied
resulted in the formation of room temperature ionic
liquids. Additionally, the thermal stabilities of the formed
salts remained in similar ranges as previously determined
for the analogous tetraalkylammonium salts providing
wide liquidus ranges. In parallel studies, Shreeve et al.68,69


and Klapötke et al.,70 have also reported a wide range of
energetic azolium azolate salts with melting points below
or approaching the definition of ILs.


Referring back to our design scheme and analyzing all
of the thermal behavior for the azolium azolate salts we
studied, we concluded that this platform is valuable for
the development of novel energetic materials. Addition-
ally, analysis of current research progress in this field
suggests a range of possible target ions (Figure 10) that
could be considered, after slight structural modifications
if necessary, as valuable precursors for the formation of
other energetic azolium azolate salts.


The IL Platform Is More than Component Ion
Design: New Synthetic Methodology for the
Formation and Delivery of ILs
Our early EIL research has primarily focused on the
investigation of the influence of cation and anion struc-
tures on the resulting physical and chemical properties
of novel EILs. However, realizing the growing need for
improved synthetic methodologies for the formation of
new ILs, we have initiated a research program aimed at
synthetic and delivery systems based on the IL platform.
For example, by considering the dual-component nature
of ILs and the ability to independently design and
introduce desired physical and chemical properties to
both cationic and anionic components of the salts, forma-
tion of the desired products can be achieved via separate
synthesis of innocuous components of the final product
(neutral or charged species) that can be later combined
on-site and on-demand, resulting in the formation of
targeted material and easy to remove byproducts.


FIGURE 7. Cocrystal of unreacted 1-methyl-2,4-dinitroimidazole and
picric acid; Yellow needles; C10H7N7O11; MW 401.23; Monoclinic; P21;
a ) 6.287(1)Å; b ) 11.646(2)Å; c ) 10.307(2)Å; � ) 93.367(3)°; V )
753.3(2)Å3; Dcalc ) 1.769 g cm-3; R1, wR2 [I > 2σ(I)] ) 0.0235, 0.0551;
R1, wR2 (all data) ) 0.0254, 0.0560.


FIGURE 8. Similarity in the structural platforms for cation and anion
tunability.
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Utilizing some of our previous work,71 we developed
synthetic methodology for halide- and metal-free, time-
and cost-efficient, environmentally-sound synthesis of
azolium salts, including azolium azolates, via reaction of
azolium-2-carboxylate zwitterions with virtually any
acid.72 This protocol allows for the formation of pure ILs
without the need for elaborate purification, since the only
byproduct present after complete reaction is CO2, which
can be removed under vacuum with moderate heating.


We have proven this concept with the reaction of 1,3-
dimethylimidazolium-2-carboxylate with both inorganic
and organic acids and found that this protocol generally
works for all strong acids (pKa < 1) without the need of a
catalyst and for weaker acids (pKa ≈ 1–10) with the
addition of the Krapcho reaction catalyst DMSO (Figure
11). Moreover, this protocol can also be easily adapted to
the synthesis of energetic azolium azolate salts.73 In
addition, our recent work on the synthesis of the first
imidazolium hydrogencarbonate salt, using carbonic acid
in the decarboxylation reaction of zwitterionic dialkylimi-
dazolium-2-carboxylates, opens additional avenues for the
halide-free formation of imidazolium salts.


Performance Enhancements Using the IL
Platform
We have considered that at times, it may be difficult to
implement all targeted physical and chemical properties
in one single salt. If the EILs fall short of one or more of
the target criteria (melting point, thermal stability, density,
heat of formation), while at the same time offering
superior performance in several others, two alternative
approaches may be implemented. First, the original design
can be reconsidered for further synthetic modification
with specific interest in the structure–property relation-
ships that did not meet expectations. Alternatively, rather
than modifying the structure of the designed target, a


FIGURE 9. Investigated energetically substituted azolate-based salts.


FIGURE 10. Examples of possible ions for use in formation of azolium azolate EILs.


FIGURE 11. New byproduct-free synthetic methodology toward
formation of ionic liquids.72
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multicomponent approach to enhance the IL performance
can be envisioned by utilizing the known solvent proper-
ties of the IL, for example, by formation of eutectic
mixtures with other ionic components or addition of other
(perhaps molecular) property modifiers.


A simplified example of this concept is presented in
the Figure 12. In our opinion, this approach, utilizing the
unique solvent properties of ILs, can be especially attrac-
tive for tuning properties of energetic materials, since from
the application perspective it is not crucial that these
products be composed of a single salt. The eutectic
approach appears to be particularly attractive since it does
not involve any chemical reactions. In many cases, it can
consist of simply introducing structural isomers or similar
cations or anions to the salt to suppress its melting point,
as illustrated in Table 5 with the mixed EIL system [1,3-
diMe-im][4,5-diNO2-im]/[1,3-diMe-im][4-NO2-tri].74 More-
over, formation of eutectic compositions can potentially
allow for the introduction of another degree of multifunc-
tionality to the final product by means of combination of
properties brought together by different ion components
in the mixture.


Progress and Prospects
Salts are in! The number of possible combinations of ions
that can form unique ILs, the rapidly expanding funda-
mental knowledge base about ILs, the growing number
of applications where flexibility of the IL concepts leads
to process optimization, and the growing number of new
IL patents, all indicate tremendous interest in the funda-
mental and applied chemistry of ILs. Understanding ILs
and the impact that modifications of the ions and ion
combinations have on IL properties is vital to the con-
tinued growth of this field. The evolution of ILs will
continue as the field changes to a materials approach
where target criteria (whether physical properties, chemi-
cal properties, or even biological75 properties) are con-
sidered first, and then the IL is designed by appropriate
choice of ions to deliver these exact properties. Progress


will also be realized by taking advantage of the unique
properties of ILs, in our view, primarily the inherent
modular nature of ILs, which gives greater level of control
over the physical, chemical, and biological properties of
salts than possible for molecular compounds. We antici-
pate that a natural outgrowth of the intense scrutiny of
ILs by many different disciplines will ultimately lead to a
much greater fundamental understanding of the interplay
of strong and weak interactions in heterogeneous media.
Let the fun continue!
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ABSTRACT
Understanding the physical properties of ionic liquids (ILs) via
computer simulation is important for their potential technological
applications. The goal of our IL research is to obtain a unified
understanding of the properties of ILs with respect to their
underlying molecular structure. From atomistic molecular dynam-
ics simulations, the many-body electronic polarization effect was
found to be important for modeling ILs, especially their dynamics.
The multiscale coarse-graining methodology has also been em-
ployed to increase the simulation speed by a factor of 100 or more,
thereby making it possible to study the mesoscopic behavior of
ILs by computer simulations. With these simulation techniques,
ILs with an amphiphilic cation were found to exhibit a spatial
heterogeneity due to the aggregation of their nonpolar alkyl tails.
This spatial heterogeneity is a key feature in interpreting many
physical phenomena of ILs, such as their heterogeneous self-
diffusion and surface layering, as well as their surfactant-like
micelles formed in IL/water mixtures.


Introduction
Room-temperature ionic liquids (ILs) are composed solely
of ions. However, their melting point is much lower than
organic molten salts,1 which is related to their bulky and
asymmetric cation or anion, preventing the system from
easy crystallization.2 Because of the dominant electrostatic
interactions between ions, ILs have no detectable vapor
pressure, which makes them a possible candidate to
replace environmentally unfriendly organic solvents.1–3


Additionally, there are potentially numerous species of ILs
that meet specific application requirements, such as those
that may be impossible with conventional solvents. Thus,
ILs are also promising candidates for “designer chemistry,”
compared with the current fairly narrow range of chemical
processes dictated by the relatively small number of
available molecular solvents.4


In addition to the effort to synthesize new species of
ILs, additional experimental effort has focused on studying
various properties of ILs, such as their toxicity,5 conduc-
tivity,6 thermodynamic and transport properties,7 orien-
tational dynamics,8 surface9–11 and bulk12–14 structures,
and liquid crystal phase.15–18 The effect of water and other
impurities,19,20 the recovery from water,21 electrowetting,22


response to magnetic field,23 self-assembly and aggrega-
tion in ILs,24–26 and change of physical properties by
varying the anion and cation structures,27–29 have also
been studied experimentally. At the same time, theoretical
studies, especially with the aid of computer simulations,
have also been carried out to help understand the details
of IL properties. Molecular dynamics (MD) simulations
have been utilized to study the diffusion and viscosity of
ILs,30–32 solubility of ILs,33–37 confined ILs,38 and thermo-
dynamic and transport properties,39 dynamics,40,41 and
surface42–45 and bulk46–52 structures of ILs. In order to
utilize the full power of computer simulations to obtain
different levels of detail of ILs, various molecular models
53–56 have also been developed. To refine the all-atom MD
simulations of ILs, a many-body polarizable model57 has
been developed in our group. The simulations57 with the
polarizable model demonstrated that the electronic po-
larization effect has a significant influence on certain IL
properties such as local ion structures, self-diffusion,
viscosity, and surface tension.


The large amount of experimental and theoretical effort
has led researchers to an era when general theories need
be developed to systematically explain and predict the
physical properties of various species of ILs, rather than
to just study individual ILs separately. A unified under-
standing will allow the systematic design of ILs, targeting
customized applications with designated requirements.
The IL research in our group has in the past been focused
in this direction with the aid of coarse-grained (CG) MD
computer simulations. Since the IL simulations are very
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computationally intensive, a multiscale coarse-grained
(MS-CG) IL model58 was therefore developed to speed up
by at least hundreds of times the MD simulations of ILs,
thus opening up the possibility to explore their mesos-
copic behavior. A statistical mechanical analysis50,52 was
also developed to quantify the structural changes of ILs.
With these advanced simulation and theoretical tools in
hand, we have discovered a number of interesting and
important phenomena of ILs. Due to tail aggregation,
spatial heterogeneity was discovered50–52 to exist in many
ILs by virtue of the MS-CG model, which is independent
of the specific types of ions. The dynamic heterogeneity
discovered earlier31 for ILs can be closely related to this
spatial heterogeneity. Detailed simulation studies of the
IL liquid–vacuum interface43,44 have further revealed an
interesting surface-layering phenomenon and indicated
that the surface behavior of ILs is consistent with their
spatial heterogeneity in the bulk. The behavior of IL/water
mixtures can also be understood by evaluating the influ-
ence of the water molecules on the spatial heterogeneity
of the pure ILs.37


The behavior and associated mechanisms that have
been revealed based on these simulation results may help
the researchers to better understand and predict the
general properties of ILs and help them to systematically
design ILs to meet specific application requirements. In
this Account, we briefly review the progress of our IL
simulation research.


Electronically Polarizable Model
It has been found both in simulations31,46,47,56 and in
experiments59,60 that the local environment around the
IL ions is highly anisotropic. For such systems, the ions
may not be well described as electronically nonpolarizable
bodies because their electron densities are distorted
during the interactions with each other, which is a many-
body polarization effect.61 An electronic polarizable model
is therefore developed for IL simulations.57 In this model,
in addition to the nonpolarizable force field based on the
AMBER62 potential, an isotropic polarizability is added to
each atom, with the induced dipole moment associated
with this polarizability interacting with the electric field
generated by the ions.


The all-atom MD simulations57 with this polarizable
model demonstrated that the electronic polarization effect
changes the local packing pattern around the anions. The
structural relaxation and ionic diffusion are also faster with
the polarizable model. In general, the ionic liquid simu-
lated with the polarizable model has more mobile ions
than that simulated with the nonpolarizable model. The
polarization effect also changes the surface behavior of
ILs,44 such as their surface tension and structural properties.


Multiscale Coarse-Graining Method
Recently the multiscale coarse-graining (MS-CG) ap-
proach63,64 has been developed in our group to systemati-
cally construct CG force fields from atomistic MD data.
The MS-CG approach determines the effective CG forces


between CG sites by finding the best fit of all total forces
on the underlying atomic groups, under the central force
pairwise assumption for the CG forces. The MS-CG
method has been successfully applied to liquid64 and
biomolecular systems.63,65,66


Since ILs are usually very viscous, long time simulations
are required to sample well equilibrated and uncorrelated
configurations. Furthermore, due to the bulky size of the
ions, large simulation boxes are generally preferred so that
the finite size effect is insignificant on the simulated IL
systems. The MS-CG simulations are highly efficient
computationally, due to the simplified interactions, larger
MD simulation time steps, and faster ion diffusion. For
example, by employing the MS-CG method, one ion pair
of the 1-ethyl-3-methylimidazolium nitrate (EMIM+/
NO3


-) including 23 atoms was coarse-grained to be five
CG sites,58 as shown in Figure 1. The force matching in
the MS-CG methodology then explicitly separates the
bonded and nonbonded forces. The bonded forces are
obtained from fitting the statistical configurational data
from the atomistic MD simulations. The net partial
charges of the underlying atomic groups are assigned to
be the effective partial charges of the CG sites, with the
electrostatic forces between these CG partial charges
computed with the Ewald sum subtracted from the total
all-atom forces on the underlying atomic groups before


FIGURE 1. Molecular structure and the coarse-graining scheme for
the EMIM+/NO3


- ionic liquid. Panel a shows atomistic molecular
structure of the cation and the anion. The blue spheres represent
nitrogen atoms, cyan is carbon, white is hydrogen, and red is oxygen.
Panel b shows the coarse-grained molecular structure.
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force matching. The remaining all-atom forces are broken
into effective pairwise short-range CG forces with the
force-matching approach. With the MS-CG approach, the
many-body electronic polarizability is also successfully
incorporated into effective pair interactions. MD simula-
tions with the MS-CG models are then seen to reproduce
satisfactory structural and thermodynamic properties.
Because the MS-CG models exhibit significant time inte-
gration efficiency, they were then used to study larger
systems, as described in the following sections.


Spatial Heterogeneity
With increasing cationic alkyl side-chain length, the
amphiphilic nature of the cations becomes more signifi-
cant. The MS-CG model for EMIM+/NO3


- was extended
to study the trend of the physical behavior of ILs with
respect to the amphiphilic character of the ions.51 More
CG sites C (corresponding to the CH2 group, as shown in
Figure 1) were inserted between CG sites C and E. The
force field parameters were transferred correspondingly.
The partial charges were assigned to be zero for the carbon
groups beyond the second one near the imidazole ring.
For convenience, the IL systems with different lengths of
alkyl side chains are denoted as Cn, where n is the number
of carbon atoms on the side chain. For example, C2 refers
to EMIM+/NO3


-, while C4 refers to BMIM+/NO3
-. With


these CG models, the tail groups of the cations were found
to aggregate into unique mesoscopic domain structures.51


Subsequent all-atom MD simulations50,67 verified and
refined the tail aggregation phenomenon. The nonpolar
tail groups were found to aggregate and form separated
tail domains, while the charged head groups of the cations
and the anions formed a continuous charged network by
retaining their local structures with various lengths of the
cationic side chain. One snapshot visualizing this phe-
nomenon is given in Figure 2.


A mechanism was suggested50 to explain the aggrega-
tion phenomenon. The electrostatic and van der Waals
(VDW) interactions are two competitive interactions in the
ILs. For the charged groups, the electrostatic interactions
dominate the local behavior of the charged groups, while
the short-range VDW interactions are only significant and
repulsive when these groups come very close. These
interactions are so strong that the charged groups roughly
retain their local structures and form continuous charged
domains in different IL systems with various side-chain
lengths. By contrast, the electrostatic interactions on the
nonpolar tail groups are negligible compared with their
collective VDW interactions, with the latter driving the tail
groups to aggregate. Because the head groups and the tail
groups of the cations are connected by chemical bonds,
the competition of these two groups leads to an inhomo-
geneous spatial distribution of ionic liquids, in which the
tail groups of the cations tend to aggregate to form isolated
tail domains, while the charged groups adjust their global
behavior to retain their local structures.


With the tail aggregation mechanism described above,
certain experimental results are possibly explained. For


example, the competition between the different distribu-
tions of tail groups and head groups results in a liquid-
crystal-like structure similar to those observed in exper-
iments.15–18 Nevertheless, simulations on a much larger
scale with longer side chains are necessary to perform
a more quantitative comparison with these experimen-
tal results, which involved IL systems with cations
ranging from C12 to C18.


The spatial heterogeneity can also be related to the
diffusive behavior of ILs. When the alkyl chain is short,
the amphiphilic character of the cations is not as apparent.
Consequently, the cations distribute almost uniformly in
space, with the diffusive behavior of the ions being close
to simple isotropic liquids. With a longer alkyl chain, the
heterogeneously distributed tail domains result in effec-
tive binding energies between cations, so that the ions
move in a more hopping-like fashion rather than the free
diffusion as in a simple liquid, resulting in a slower
diffusion. This explains the experimentally observed dif-
fusion decrease, or equivalently, viscosity increase, with
longer alkyl chains.14,28


One interesting experimental observation is that the
C2 to C9 IL systems have a very strong tendency to form
glasses. By contrast, the C10 and longer side-chain systems
are easier to crystallize. This might be interpreted by the
mechanism described as follows: When the side chain is
not very long, the collective long-range electrostatic
interactions dominating the charged groups and the
collective short-range VDW interactions dominating the
nonpolar groups are comparable. The competition be-
tween these two interactions having different length scales


FIGURE 2. One snapshot illustrating the spatial heterogeneous tail
aggregation phenomenon. The white spheres represent the cationic
terminal groups, the gold spheres represent the cationic head
groups, and the red spheres represent the anions. The ellipses in
blue illustrate the approximate positions of the isolated tail domains.
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leads to the self-generated glassy state independent of the
cooling rate.68 When the side chain is long enough, the
charged groups are greatly localized, so the global behav-
ior of the system is dominated by the collective short-
range VDW interactions. Therefore the tendency of self-
generation of glassy state is attenuated due to the weaker
competition between those two interactions having dif-
ferent length scales.


The spatial heterogeneity is expected to exist in most
IL systems with an amphiphilic cation and be independent
of the specific choice of the anion, as long as the anion is
small. It will be interesting to study IL systems with a long
anion side chain. The spatial heterogeneity was observed
with both the nonpolarizable and polarizable atomistic
force fields, indicating that the many-body polarization
effect has less influence on the global structural properties.
Meanwhile, the tail aggregation mechanism may not be
relevant to the ILs with nonamphiphilic ions. For example,
if the terminal CH3 group of the imidazolium-based cation
is replaced by an OH group, then the terminals of the
cations change from hydrophobic to hydrophilic. The
anions, especially the polar ones such as NO3


-, are then
expected to have more probability to be near the cationic
tail groups. The continuous charged network and the
isolated tail domains as described above may change
significantly for this type of IL system. The investigation
of the structural behavior of this type of IL is therefore of
future interest.


Dynamic Heterogeneity
Besides their structural properties, the dynamic features
of ionic liquids are also very important and of great
interest. One quantity that characterizes the dynamic
feature of liquids is the self-term of the van Hove correla-
tion function, given by


Gs(r,t) ) 1
N〈∑


i)1


N


δ(ri
c(t) - ri


c(0) - r)〉
The van Hove correlation function measures the prob-


ability that a certain point, for example, the center of mass,
of a molecule i moves from position ri


c(0) at time 0 to
position ri


c(t) at time t. At the limits of both very short
and long time scales, Gs(r,t) must have a Gaussian form.
For simple liquids under normal conditions, Gs(r,t) retains
the Gaussian form at all the times. For supercooled liquids,
however, it deviates from the Gaussian form at intermedi-
ate times.69–71


Our earlier MD simulations31 for the EMIM+/NO3
- IL


with a nonpolarizable force field found that the asym-
metry of the cations leads to long-range spatial correla-
tions between the ions; charge-ordering effects occur due
to the electrostatic interactions and the ions “rattle” in a
long-lived cage, while the orientational structure relaxes
on a very long time scale. As in a supercooled liquid, the
mean square displacement exhibits a subdiffusive dynam-
ics. Based on these results, significant dynamic hetero-
geneity in ILs was revealed by computing the self-term of
the van Hove correlation function for the IL, which


indicates that the decay of the ionic relaxation from the
non-Gaussian form to a Gaussian one is quite slow, in
analogy to that in supercooled liquids. Similar results were
later reported by Hu and Margulis41 for a different IL,
1-butyl-3-methylimidazolium hexafluorophosphate. Since
it has been shown70,71 for supercooled liquids that the
non-Gaussian dynamically heterogeneous effects are re-
lated to a spatially heterogeneous dynamics characterized
by domains of molecules with different mobility, it seems
reasonable to relate the dynamic heterogeneity of ILs to
their spatial heterogeneity due to the tail aggregation, as
described earlier. More simulation and analysis will be
required to quantitatively investigate the relationship
between the spatial and dynamic heterogeneities in ILs.


Domain Diffusion
The phase behavior of the aggregated tail domains in ILs
was also studied with MD simulations.52 Because the all-
atom simulations are very computationally intensive, the
MS-CG models were used instead to qualitatively study
the phase behavior of the tail domains with increasing
temperatures. Interestingly, it was found that, with an
intermediate length of the alkyl chain at a low enough
temperature, the tail domains remain relatively stable,
despite the diffusion of individual ions in the liquid phase.
With increasing temperatures, the average tail domains
begin to diffuse, while beyond a phase transition temper-
ature, their average density has an almost uniform dis-
tribution, although the tail groups still form instantaneous
domains. For a given type of IL, the phase behavior for
the system with a longer cationic side chain qualitatively
corresponds to that for the system with a shorter chain
at a lower temperature. This transition mechanism is
consistent with and explains the all-atom simulation
results.50 Recent experiments72 have provided support for
this theoretical prediction. However, further experiments
and simulations are needed to verify the existence of this
interesting behavior unambiguously.


Ionic Liquid/Water Mixtures
Because the ILs can absorb a significant amount of water
from the atmosphere,73,74 it is of considerable interest and
practical value to study how the presence of water
influences the spatial heterogeneity of ILs. Since the
electronic polarization effect does not significantly change
the global spatial heterogeneity, to avoid the complexity
of developing an accurate polarizable model for the IL/
water mixtures, the nonpolarizable model based on the
AMBER force fields was used to perform the MD simula-
tions for the IL/water mixtures.37 The OMIM+/NO3


- (C8)
IL, which is miscible with water, was mixed with water
molecules with different concentrations. It was found that
with increasing water content the spatial heterogeneity
of the IL first increases, then remains near its maximum
over a narrow range of water concentration, before it
decreases drastically.37 A “turnover” of the aggregation of
the nonpolar cationic tail groups and the spatial correla-
tion of the water molecules is associated with this spatial
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heterogeneity change. By contrast, the ion diffusion
monotonically grows with the aqueous concentration.


These IL/water mixture phenomena can be understood
to be the result of the continuous competition between
the enhanced hydrophobic interaction of the cationic tail
groups and the attenuation of the ion–ion interactions
with an increasing amount of water. When small amounts
of water molecules are present in the IL, they are embed-
ded in the continuous charged network. The electrostatic
attractions between the cationic head groups and the
anions are weakened and the ion diffusion increases only
by a very limited amount, while the presence of water
enhances the hydrophobicity of the nonpolar tail groups,
driving them to aggregate more tightly. With enough water
molecules, however, the electrostatic interactions between
the head groups and the anions become screened, so that
the ions diffuse without retaining the local structures
between the charged groups. Although the tail groups still
prefer to aggregate due to their hydrophobicity, the ion
diffusion is so strong that the weak collective VDW
interactions between the tail groups can not attract the
tail groups together to form the tail domains.


The above mechanism explains the experimentally
observed75–77 micelle formation of ionic liquids in aqueous
solutions and agrees with the general surfactant critical
micelle concentration theory (e.g., see ref 78). Neverthe-
less, since the nitrate anions used in our study are highly
hydrophilic and can form strong hydrogen bonds with
water molecules, it is still unclear whether this mechanism
can also be applied to the ILs with a more hydrophobic
anion. Further simulation work will be required to clarify
this point.


Surface Layering
The physical properties of IL surfaces are important for
many potential applications, such as two-phase homo-
geneous catalytic reactions. Since the surface simulations
are very computationally intensive,44 the MS-CG models
were developed for the BMIM+/NO3


- (C4) and HMIM+/
NO3


- (C6) ILs. The latter was extended to construct the
MS-CG models for the C8, C10, and C12 systems. By
employment of the above CG models, along with that for
C2, the CG MD simulations43 revealed that, for all systems
simulated, the side chains of the cations and the aromatic
ring tend to be perpendicular to the surface. With increas-
ing side-chain length, the surface tension decreases and
approaches a constant value. A multilayer ordering occurs
in the IL systems with a sufficiently long cationic side
chain. As illustrated in Figure 3, for the cations on the
surface, their head groups are buried in the bulk, with the
anions close to the head groups, while the tail groups
point outward.


The surface layering results from the strong long-range
electrostatic interactions among the charged cationic head
groups and the anions and the collective VDW interactions
among the nonpolar tail groups. This behavior may be
interpreted as a two-dimensional manifestation of the bulk
spatial heterogeneity in ionic liquids. Compared with


those in the bulk, the ions on the surface only feel the
interactions from other ions at one side. To minimize the
free energy on the surface, the surface molecules expose
the atomic groups with weaker interactions to the outer-
most layer. For the IL systems studied, the collective VDW
interactions between the cationic tail groups are weaker
than the collective electrostatic interactions between the
head groups and the anions. Therefore, the tail groups
are exposed to outside of the bulk. Since the tail groups
on the surface still aggregate due to the collective VDW
interactions, they tend to arrange perpendicular to the
surface and parallel to each other. This tendency is more
obvious for longer side-chain systems due to the stronger
collective VDW interactions between the tail groups.


FIGURE 3. One snapshot illustrating the surface layering phenom-
enon on the IL/vacuum interfaces. The white spheres represent the
cationic terminal groups, the gold spheres represent the cationic
head groups, the red spheres represent the anions, and the lines
represent the cationic side chains connecting the head and terminal
groups.
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Concluding Remarks
Understanding the physical properties of ionic liquids (ILs)
is essential for their ultimate applications. Our theoretical
and simulation studies of ILs have been more concen-
trated on the general principles and the “tunability” of IL
physical properties with respect to their molecular struc-
tures, rather than the details of specific ILs. For example,
the electronic polarization effect was shown to be gener-
ally important for IL systems. Correspondingly a polariz-
able all-atom model was developed for more quantitative
simulations of specific ILs. The multiscale coarse-graining
(MS-CG) approach in turn enabled computer simulations
to investigate these complex liquids at the mesoscopic
scale. By utilizing these advanced techniques, a unique
spatial heterogeneity due to the aggregation of the non-
polar tail groups was discovered and found to be essential
for understanding the physical properties and the tun-
ability of many IL systems. Moreover, a novel phase
transition behavior of the tail domains was found in
analogy to a solid-to-liquid melting transition. A surface
layering of certain long alkyl chain ionic liquids was found
that is directly analogous to the spatial heterogeneity seen
in the bulk. Dynamical heterogeneity was also found for
IL systems, which is likely to be related to the spatial
heterogeneity. The behavior of IL/water mixtures was
revealed as well and can be understood by evaluating the
influence of the water molecules on the spatial hetero-
geneity of the pure ILs. All of this work points to the need
for more simulation and experimental research in the
future to extend our understanding of ILs so that research-
ers will have additional key information to help them
systematically design IL systems to meet their specific
target applications.
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ABSTRACT
Atomistic simulations have emerged in recent years as an important
compliment to experiment for understanding how the properties
of ionic liquids are controlled by their underlying chemical
structure. The ability to obtain reliable thermodynamic and
transport properties from a simulation depends both on the quality
of the force field and on the use of a proper simulation method.
Properties such as densities and heat capacities may be obtained
readily using standard techniques. With more effort and advanced
simulation methods, solid–liquid and vapor–liquid phase equilibria
may also be determined. Transport properties can also be com-
puted, but the notoriously slow dynamics of many ionic liquid
systems means that great care must be taken to ensure that the
simulations are accurate.


1. Introduction
One of the things that makes ionic liquids so attractive is
the fact that their physical properties can be changed
dramatically by making relatively modest changes in
structure or chemical constitution. Melting points, solva-
tion power, and viscosity all can vary significantly when
subtle changes are made to the nature of the cation or
anion. These and other important physical properties
must be known before an ionic liquid can be used in an
application. Unfortunately, reliable methods for predicting
these properties are lacking, so the search for new ionic
liquids presently relies on chemical intuition or extrapola-
tion from related compounds. Quantitative approaches are
needed that can predict thermodyamic and transport
properties from knowledge of only the chemical structure.
Armed with such techniques, researchers could sift through
the unimaginably large number of potential ionic liquid
structures in a much more rational manner, thereby
discovering compounds with properties tuned for a given
application. This is the main motivation behind our work
on the development and application of atomistic simula-
tion techniques to the study of ionic liquids.


In a nutshell, an atomistic simulation involves the
construction of a model that faithfully reproduces the


geometric and energetic features of the real system. Given
such a model, a collection of molecules or ions is
maintained at a particular state point while an atomistic
trajectory is generated deterministically (with molecular
dynamics, MD) or stochastically (with Monte Carlo, MC).
The MD trajectory evolves as a function of time, while the
MC trajectory samples states from the appropriate en-
semble probability distribution. By subjecting the resulting
trajectory to statistical mechanical analysis, all the relevant
thermodyamic (and in the case of MD, transport) proper-
ties of the model system can be determined. The degree
to which the predictions agree with experiment is gov-
erned by how accurately the model matches reality and
how accurately the trajectories are generated. This means
that there are two key elements behind effective simula-
tions of ionic liquids: (1) a good model (or force field) and
(2) good sampling schemes. This Account describes some
of our past and ongoing work devoted to these two areas.
Due to restrictions on the length of this Account, we
cannot provide a comprehensive review of all the work
in this area but have necessarily focused mainly on the
work from our group.


2. Developing a Force Field
Although in theory quantum mechanics provides the most
accurate and reliable means for computing the structure
and energetics of a molecule, in practice it is difficult to
obtain highly accurate intermolecular energies, and it is
not yet possible to carry out a fully quantum mechanical
calculation of ionic liquids in the condensed phase and
extract the kind of thermodynamic and transport proper-
ties we are interested in. Instead, it is really only feasible
to perform quantum calculations on a small number of
“gas phase” ions. Given this limitation, the most common
approach is to represent the bonding and energetics with
simplified analytic potential functions that are inexpensive
to evaluate numerically, thus enabling thousands of atoms
to be simulated. This “force field” typically has the
following functional form1 for the configurational potential
energy, Utot:


Utot ) ∑
bonds


kb(r- r0)2 + ∑
angles


kθ(θ- θ0)2 +


∑
dihedrals


k�[1+ cos(n�- δ)] + ∑
impropers


kψ(ψ-ψ0)2 +


∑
i)1


N-1


∑
j>1


N { 4εij[(σij


rij
)12


- (σij


rij
)6] + qiqj


rij
} (1)


Once the functional form of the force field is settled upon,
the difficult task is to determine the various parameters
in eq 1 that yield accurate energetic and structural results
in a predictive manner.


Hanke et al.2 appear to have been the first to develop
a classical force field for an ionic liquid (although their
functional form was slightly different from that in eq 1).
Subsequently, our group3–7 and many others8–11 devel-
oped force fields for several different classes of cations
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and anions. Methods for determining force field param-
eters vary; the overall strategy used in our group has been
to conduct a fairly high-level quantum calculation for each
isolated cation or anion of interest. Nominal bond lengths
and angles are obtained from an energy minimized
structure of the ion, with harmonic force constants
determined from a normal-mode analysis. Alternatively,
small perturbations in a given degree of freedom are
made, and the resulting energy change is fit to the
appropriate expression. The latter approach is used to
obtain parameters for the dihedral angle potential. Elec-
trostatics are modeled by assigning partial charges to each
atom center, with values adjusted to fit the surface
electrostatic potential obtained from the quantum calcu-
lations. Figure 1 shows a calculated electrostatic potential
surface for a 1-n-butyl-3-methylimidazolium hexafluoro-
phosphate ([C4mim][PF6]) ion pair. Our approach requires
that a separate quantum calculation be performed for
each new ion under investigation. Such calculations are
now fairly routine and take much less time than the
subsequent condensed phase calculations. Other groups10


have focused on developing force fields that are transfer-
able across a class of ions and thus do not require separate
quantum calculations for each ion.


Parameters for the Lennard-Jones term are generally
more difficult to extract from a quantum calculation. Our
strategy has been to adopt Lennard-Jones parameters
previously developed for similar compounds. Extensive
libraries of such parameters are available in the literature.
When experimental data is available for the neat ionic
liquid, these parameters may be adjusted to fine-tune
agreement with experiment, although we have rarely
found this to be necessary.


Once a force field has been decided upon, a trajectory
of configurations must be generated to compute proper-
ties. Most groups use MD, in which the Newtonian (or
related) equations of motion are solved via finite differ-


ence, with forces computed from the gradient of the
potential energy. Alternatively, a MC sampling procedure
can be used in which conformations are generated along
a Markov chain, consistent with a set of thermodynamic
constraints. MC has the advantage that only energies are
required and, more importantly, clever sampling schemes
may be utilized to efficiently probe configuration space.
MD suffers from the fact that its deterministic trajectories
can only sample configurations over a short period of time
(i.e., nanoseconds), which poses problems for these
materials. On the other hand, only MD can yield dynami-
cal properties. We have used both MD and MC to
investigate these systems. Below we give examples of the
kinds of properties that can be computed and the level
of accuracy that may be expected.


3. Thermodynamic Properties
3.1. Density. One of the easiest properties to compute


is the liquid density as a function of temperature and
pressure. Density is also one of the most widely available
experimental properties, so it serves as a good initial test
of a force field. Note, however, that it is possible to
reproduce the density and still not obtain other properties
with high accuracy. Figure 2 shows the results of an
isothermal–isobaric MD simulation carried out in our
group on 1-n-butyl-3-methylimidazolium nitrate at vari-
ous temperatures. The computed density is compared
against two sets of experimental data from Seddon et al.12


and Blanchard et al.13 The simulations slightly underpre-
dict the density but obtain the temperature dependence
to a high degree. This is typical of the accuracy that can
be expected from these simulations; densities differ from
experiment by anywhere from 1% to 5%. Deviations larger
than 5% suggest a problem with the parametrization of
the force field.


3.2. Crystal Structure. A more stringent test of a force
field is whether it can reproduce the unit cell dimensions
of a crystal. Predicting the most stable crystal structure
of an ionic liquid (or any other compound) from an
atomistic simulation is still an unsolved problem. So what


FIGURE 1. Computed electrostatic potential for the ion pair 1-n-
butyl-3-methylimidazolium hexafluorophosphate ([C4mim][PF6]). Red
regions are more negatively charged, while blue regions are more
positively charged.


FIGURE 2. Density computed at atmospheric pressure and varying
temperature is compared against experimental data from Seddon
and co-workers (blue squares)12 and Blanchard and co-workers
(green triangles).13
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is done is to place the ions initially in the experimental
crystallographic positions. A simulation is then conducted
in which there are no costraints imposed on the structure.
The crystal is free to distort or even melt during the
simulation. By comparing how close the simulated and
experimental unit cell dimensions agree with each other,
one can assess the merits of the force field. Using the force
field developed by Lopes and co-workers,10 we carried out
isothermal–isobaric MD simulations on the orthorhombic
form of [C4mim][Cl]. Figure 3 shows a snapshot of a
supercell, and Table 1 shows a comparison between the
calculated14 and experimental15 unit cell dimensions.
Agreement is generally good. Again, such agreement is not
proof of a good force field, but a poorly parametrized force
field will generally not yield results of this level of quality.


3.3. Melting Point. The melting point is obviously one
of the most important thermodyamic properties of an
ionic liquid. Low melting points are what distinguish ionic
liquids from their molten salt cousins. Predicting the
melting point of a given crystal from an atomistic simula-
tion is extremely challenging. Direct simulation methods
(e.g., heating a crystal until there is evidence of a first-
order phase transition) do not work because of the high
free energy barrier for homogeneous nucleation; very large
superheats are required to observe melting on simulation
time scales. A rigorous way of calculating the melting point


from a simulation is to find the temperature at which both
the liquid and crystalline phases have the same free
energy. Standard methods1 for doing this are very de-
manding for ionic liquids and have not been attempted.
Recently, we developed a new free energy-based simula-
tion method that overcomes some of these difficulties16,17


and have used it to compute the melting point of the
orthorhombic phase of [C4mim][Cl].14 Using the force field
of Lopes et al.,10 we calculated the melting point as 365
( 6 K, which is in fairly good agreement with the
experimental value of 339 K.15 In carrying out these
simulations, we discovered that the force field predicts
that the orthorhombic phase (which contains a gauche
defect in the butyl chain) is more stable than the mono-
clinic form (which does not have a gauche defect). This
agrees with the experimental observations of the Rogers
group15 but appears to contradict the findings of Hamagu-
chi and co-workers.18


3.4. Heat Capacity. The constant pressure heat capac-
ity can be computed from either a fluctuation formula1


or its definition by finite difference according to


Cp(T, P)) (∂ 〈H〉


∂T )P
≈ (∆〈H〉


∆T )P
(2)


where 〈H〉 is the ensemble average enthalpy, a property
readily available from a simulation. In practice, we have
found that using eq 2 with the simple classical force fields
developed for ionic liquids does not yield accurate heat
capacities. This is because the intramolecular terms in eq
1 do not adequately model nonlinear couplings between
intramolecular degrees of freedom and thus do not
capture the ideal gas portion of the heat capacity. Since
we carry out a quantum calculation for each ion anyway,
we already have an accurate estimate of the ideal gas
portion of the heat capacity available. Thus, we use the
classical simulations to determine the “excess” or residual
part of the heat capacity that is due to intermolecular
interactions in the condensed phase. The full procedure
is described elsewhere.6 Table 2 shows an example of
calculations for a series of alkylpyridinium [Tf2N] ionic
liquids and [C4mim][NO3]. The results agree quite well
with experiment.19


3.5. Cohesive Energy Density and Enthalpy of Va-
porization. Recent experimental studies have shown that
ionic liquids have finite vapor pressures and can be
distilled to some extent. This has stimulated a great deal
of interest in understanding the nature of ionic liquid
vaporization. We have shown20,21 that neutral ion pairs
are most likely the dominant volatile species for aprotic
ionic liquids. Under this assumption, we used atomistic
simulations to compute the enthalpy of vaporization and


FIGURE 3. Snapshot from an MD simulation of the orthorhombic
phase of [C4mim][Cl] at 173 K.


Table 1. Comparison of Experimental and Simulation
Unit Cell Parameters at 173 K and 1 atm for the


Orthorhombic Phase of [C4mim][Cl]a


a b c R � γ


experimental 10.113 11.411 8.3285 90.0 90.0 90.0
simulation 9.7458 11.7309 8.5043 90.006 90.008 90.004


a Cell lengths a, b, and c are in Å, and cell angles R, �, and γ
are in degrees. Subscripted values depict statistical uncertainty
in the final digit. Simulation results are from the work of
Jayaraman and Maginn,14 while experimental data is from
Holbrey et al.15


Table 2. Computed6 and Experimental19 Heat
Capacities for Various Ionic Liquidsa


compound CP
sim (J/(g K)) CP


expt (J/(g K))


[C6mpy][Tf2N] 1.466 1.459
[C8mpy][Tf2N] 1.483 1.473
[C6mmpy][Tf2N] 1.474 1.433
[C4mim][NO3] 1.467


a [Cnmpy] refers to 1-n-alkyl-3-methylpyridinium cation.
[C6mmpy] is 1-n-hexyl-2,3-dimethylpyridinium. [Tf2N] is the bis-
(trifluoromethylsulfonyl)imide anion.
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cohesive energy density of a number of different ionic
liquids, including [C4mim][PF6],3,4 [C4mim][NO3],7 three
different alkylpyridinium ([Cnmpy]) cations paired with
the [Tf2N] anion,6 and seven different triazolium-based
compounds.7 For this broad range of ionic liquids, cal-
culated enthalpies of vaporization for ion pairs ranged
from 148 to 238 kJ/mol. Enthalpies of vaporization were
lowest for imidazolium cations with short alkyl chains,
increased as alkyl chain length increased, and decreased
as temperature increased. In general, imidazolium cations
had lower enthalpies of vaporization than pyridinium
cations, which had lower enthalpies of vaporization than
triazolium cations. The [Tf2N] anion served to lower the
enthalpy of vaporization relative to other anions studied.
Figure 4 shows the enthalpy of vaporization as a function
of alkyl chain length for [Cnmim][Tf2N] at 293 K and 1
bar. Calculations are from our group21 and that of Santos
et al.22 and are compared against two sets of experimental
data obtained using different techniques.22,23 The calcula-
tions utilized different force fields and, although they are
not in perfect agreement, capture the trends reasonably
well.


3.6. Gas Solubility. In addition to pure liquid proper-
ties, it is important to understand the phase equilibria of
mixtures of ionic liquids and other compounds, because
many of the practical applications envisioned for ionic
liquids exploit the favorable phase equilibria exhibited by
these systems. In collaboration with Prof. Joan Brennecke,
we have shown that ionic liquids can absorb relatively
large amounts of carbon dioxide, sulfur dioxide, and water,
while gases such as hydrogen, oxygen, and nitrogen are
sparingly soluble in many ionic liquids. Moreover, gas
solubility can be modulated by altering the structure and
composition of the anion and cation. Several other groups
have shown similarly intriguing results, suggesting that
ionic liquids can be used for a number of applications
including gas separation, CO2 capture, and absorptive
cooling. We are interested in using atomistic simulations
to understand how the structure and composition of ionic
liquids is related to gas solubility, with an eye toward


developing new materials with solubilities tailored for
these and other applications.


Vapor–liquid phase equilibria calculations are much
more difficult to carry out than pure component simula-
tions because they involve either the use of an open
ensemble or the direct calculation of the free energy at a
given state point. The free energy is a statistical rather than
mechanical quantity, so its calculation is nontrivial even
for simple systems. Ionic liquids exacerbate the problem
because they are highly charged and have many intramo-
lecular degrees of freedom and their dynamics are slug-
gish. Standard methods available in most of the widely
used simulation packages are generally not suitable for
carrying out these free energy calculations on ionic liquids.
As a result, there have been few phase equilibria calcula-
tions carried out to date on ionic liquids, with some
exceptions.


Lynden-Bell and co-workers24 used thermodynamic
integration methods to calculate the excess chemical
potential of water and several small organics in
[C1mim][Cl]. The excess chemical potential can be com-
pared with experimentally determined Henry’s Law con-
stants and infinite dilution activity coefficients, thereby
providing information on solvation behavior. It is also
possible to use particle insertion methods1 to compute
the excess chemical potential, which we did a few years
ago for a series of gases and water vapor in [C4mim][PF6].25,26


Figure 5 shows a comparison of the computed and
experimental27 Henry’s Law constants at 298 K. The
simulations adequately capture trends in solubility, with
water being by far the most soluble, followed by CO2.
Other gases are much less soluble. Due to the difficulty
of the calculations, the error bars were somewhat large
for the simulations. As such, it is hard to know whether
the differences between simulation and experiment for
some of the gases are due to inherent uncertainties or are
a sign of problems with the force field. As discussed below,
other simulation methods that yield greater accuracy are
needed to answer this question.


Maurer and co-workers were the first to compute an
isotherm for a gas in an ionic liquid.28,29 Using isother-
mal–isobaric Gibbs ensemble MC and a rigid united atom
model for the ionic liquid, they estimated the solubility
of O2, CO2, CO, and H2 in the ionic liquid [C4mim][PF6].


FIGURE 4. The enthalpy of vaporization for [Cnmim][Tf2N] at 293 K
and 1 bar. Calculations are from the work of Kelkar and Maginn21


and Santos et al.22 Experiments are from Santos et al.22 and Zaitsau
et al.23


FIGURE 5. Calculated25,26 and exprimental27 Henry’s Law constants
for several gases and water vapor in [C4mim][PF6] at 298 K.
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Trends were captured, and the results for H2 and O2


agreed well with experiment, although later some of the
results were reinterpreted and the agreement found to be
not as good.30 It is possible that some of the discrepancy
between simulation and experiment stems from the
approximate treatment of the ionic liquid as rigid ions,
or it may be that the uncertainties in the simulations are
large. The latter possibility is not unreasonable, since open
system simulations are callenging because the liquid
phase has few cavities large enough to accommodate even
small gas molecules.31


We recently developed a Monte Carlo sampling pro-
cedure specifically designed to overcome this problem.32


The method, which we call continuous fractional com-
ponent Monte Carlo (CFC MC), draws upon concepts from
expanded ensemble Monte Carlo but can be used to
generate complete isotherms using the grand canonical,
osmotic, and Gibbs ensembles. We have used CFC MC
within the osmotic ensemble to compute the isotherm of
CO2 in [C6mim][Tf2N] at 333 K. Figure 6 shows a com-
parison of the calculated isotherm and three separate
experimental measurements. Agreement is quantitative
from low pressure up through 75 bar. At the highest
pressures, the simulations predict that the liquid saturates
with CO2 at a mole fraction of about 0.69, whereas the
saturation point is not yet evident at the pressures reached
experimentally. The Henry’s Law constant obtained from
the simulations is 49.4 bar, which agrees very well with
the experimental values, which range from 42.8 to 52.3
bar.


The results of this study are encouraging. Although
more testing is needed, it appears that the relatively simple
classical force fields, which successfully capture pure ionic
liquid properties, can also yield quantitative mixture phase
equilibria results. This opens up the possibility of using
simulations to compute multicomponent phase equilibria
for ionic liquid systems, the measurement of which is
much more difficult than that for single components.
Moreover, simulations could be used as a surrogate for
experiments in efforts at developing predictive analytic
models for phase equilibria. It is crucial, however, to use


proper sampling procedures to ensure accuracy of the
calculations.


4. Transport Properties
The above results show that simulations using a classical
force field actually can be used to predict the thermody-
namic properties of ionic liquids. An open question is
whether these simple models can also capture the dy-
namic behavior of ionic liquids. Dynamic properties such
as self-diffusivity and viscosity oftentimes determine
whether a material can be used in a given application. As
shown below, early results suggest that dynamic properties
can also be predicted with atomistic simulations, although
obtaining highly accurate results is challenging and
requires great care.


4.1. Self-Diffusivity. The self-diffusivity is a single-
molecule property and is by far the easiest macroscopic
dynamical property to compute from a simulation. It is
determined by calculating the slope of the mean square
displacement of the molecules versus time over a suf-
ficiently long period of time. Unlike thermodynamic
properties, the self-diffusivity can only be computed from
a dynamical simulation such as MD. The challenge with
ionic liquids is that a “sufficiently long” time depends on
the dynamics of the system. For a system to exhibit
diffusive behavior, the molecules must exhibit random
walk statistics (i.e., show no residual correlation with their
initial positions or velocities). For ionic liquids, this is a
difficult criterion to meet, since they have such small self-
diffusivities. For example, a typical ionic liquid may have
a self-diffusivity of 1 × 10–11 m2/s at ambient tempera-
tures. The mean square displacement of the ions over 1
ns is only 1 Å2, which is much smaller than the size of the
ions themselves! A simulation would need to be run for
10 ns or more before anything close to diffusive behavior
could be observed. Alternatively, shorter simulations can
be carried out at higher temperatures where the dynamics
are faster, and the results can be extrapolated to lower
temperatures.


One way of checking whether a system is in the
diffusive regime is to compute �(t), defined as


�(t)) dlog(∆r2)
dlog(t)


(3)


where ∆r2 is the mean square displacement and t is time.
When �(t) ) 1, the system is in the diffusive regime, while
when �(t) < 1, the dynamics are subdiffusive. We per-
formed calculations6 on a series of alkylpyridinium [Tf2N]
ionic liquids at 298 and 423 K. After 5 ns, the system at
298 K had only reached a value of �(t) ≈ 0.6 and the 423
K system had �(t) ≈ 0.9. These results indicate that reliable
self-diffusivities could only be calculated if much longer
simulations were carried out. Interestingly, if “apparent”
self-diffusivities were computed from the results anyway,
the values were at least a factor of 10 lower than
experimental NMR values, which is consistent with sub-
diffusive motion. Most previous simulations have found
that computed self-diffusivities are significantly lower than
NMR results, and perhaps this is because they are only
probing subdiffusive motion. On the other hand, if ap-


FIGURE 6. Calculated and experimental isotherms for CO2 in
[C6mim][Tf2N] at 333 K. Experimental results are from Brennecke et
al.,36 Maurer et al.,37 and Scurto.38
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parent self-diffusivities were calculated by using only the
first 500 ps of a trajectory (where ballistic motion domi-
nates), the results fortuitously agree with the experimental
values. The bottom line is that one should be cautious
when attempting to compute the dynamics of ionic
liquids, and suspicion should be raised when claims are
made that self-diffusivities have been computed from
short MD simulations.


4.2. Viscosity. While normal organic solvents may have
viscosities ranging from 0.2 to 10 mPa s, ionic liquids can
have variations in room-temperature viscosities that span
several orders of magnitude. Deviations from classical
Arrhenius temperature dependence have also been ob-
served, and small amounts of impurities such as water
and halides can dramatically change the viscosity of ionic
liquds. This makes the viscosity a key property of ionic
liquids.


Unlike the self-diffusivity, viscosity is a collective
property and not an individual molecule property. This
makes it much more difficult to compute from a simula-
tion than the self-diffusivity. The standard method for
computing the viscosity from a simulation is to use a so-
called Green–Kubo formula of the following form


η) V
kBT∫0


∞
〈Pij(0)Pij(t)〉 dt (4)


where n is the shear viscosity, kB is Boltzmann’s constant,
and Pij is the ij component of the pressure tensor, i * j.
To use eq 4, an equilibrium MD simulation is run, and
the pressure tensor is computed for the entire system at
each time step. The integral in eq 4 is then evaluated
numerically to estimate the viscosity. There are several
problems with this method when it comes to ionic liquids.
First, the pressure tensor is typically a wildly varying
property in a simulation, so convergence of the ensemble
average is difficult. Second, the integral in eq 4 decays
fairly quickly and oscillates about zero for a long time.
However, the so-called “long time tail” of the integral
contributes a significant amount to the value, and this is
extremely hard to obtain accurately; random fluctuations
are of the same magnitude as the “signal” at long times.
Finally, the dynamical behavior of ionic liquids is so slow
that it is questionable whether evaluating an integral over
some short period of time (less than 500 ps) will give a
true reflection of the global momentum transport proper-
ties reflected in a bulk viscosity. Like the problems with
subdiffusive motion mentioned above, one might expect
viscosities calculated from too short a simulation would
be too high. Indeed, the previous attempts at computing
the viscosity of ionic liquids using eq 4 have all tended to
overestimate the viscosity by an order of magnitude or
more. Other equilibrium methods that utilize relatively
short simulations have been used,9 but they have also
been found to overestimate the viscosity when simple
fixed charge models were used. When more complex
polarizable force fields were utilized, the resulting viscosity
was lower than when the fixed partial charge model was
used.


There are other approaches for computing the viscosity
of a fluid that rely on averaging over much longer time
scales, including one that uses an integrated form of eq
4.33 Likewise, there are nonequilibrium techniques where
the system is driven away from equilibrium and the linear


response of the system monitored to obtain the viscosity.
These methods tend to give lower viscosities than the
short-time methods using nominally the same force fields.
They also tend to agree with experiment better. Does this
mean that these methods are more accurate than the
short-time equilibrium approaches? This question cannot
yet be answered, as there has not yet been a systematic
comparison study performed to assess these different
methods. In our view, nonequilibrium methods have
several computational advantages over equilibrium meth-
ods, chief among these being the ability to obtain acurate
“signals” over arbitrarily long times in the presence of a
perturbation. Therefore, we have utilized the so-called
reverse nonequilibrium MD method34 to compute the
viscosity of different ionic liquids.


Figure 7 shows the results of a series of calculations34


for [C2mim][Tf2N] compared against a Vogel–Fulcher-
–Tammann fit of the data from Noda et al.35 This fit
matches data from a variety of other sources. The root
mean squared deviation between simulation and experi-
ment is 15%.


We also systematically added from 460 to 13 811 ppm
of water to the system and examined how this changed
the viscosity. The simulations captured the trend of
decreasing viscosity with water content, although at the
highest water concentrations the experimental viscosities
were somewhat lower than what was predicted by the
simulations. Interestingly, when we applied standard
mixture viscosity models to the data, we found that the
viscosity of the water-containing ionic liquid drops less
than that predicted by the “ideal” models! Here “ideal”
refers to the fact that the mixture viscosity is given by
some mass-weighted combination of pure component
viscosities. What this means is that water does not lower
the viscosity of ionic liquids as much as might be expected
for an “ideal” system. This runs contrary to the common
perception that water has some special dramatic effect
on ionic liquid viscosity. The absolute magnitude of the
drop in viscosity is large simply because the viscosity of
pure water is so much lower than that of the pure ionic
liquid and because a lot of water dissolves in the ionic


FIGURE 7. Calculated34 viscosity for [C2mim][Tf2N] as a function of
temperature. Vogel–Fulcher–Tammann fit is to data of Noda et al.35


and matches results from a variety of sources.
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liquid. The simulations suggest a possible reason for this.
Water tends to form hydrogen-bonded clusters in the
liquid, resulting in a negative excess molar volume of the
mixture. The liquid is therefore more dense than what
would be anticipated from ideal mixing. This higher than
expected density may lead to a higher than expected
viscosity. It is also possible that hydrogen bonding be-
tween the water and the ionic liquid plays a role.


5. Outlook
In this Account, it has been shown that relatively simple
classical force fields, when carefuly developed from ac-
curate first principles calculations, can yield surprisingly
accurate predictions for both thermodynamic and trans-
port properties of ionic liquids and their mixtures. Volu-
metric properties such as density and compressibility are
readily obtained with high accuracy by using standard MD
simulations. Other thermodynamic properties such as
enthalpies of vaporization, crystal structures, and heat
capacities may also be obtained with numerical accuracy.
Thermodynamic quantities that require calculation of the
free energy, such as melting points and gas solubilities,
may also be obtained with good accuracy, although the
computational effort required is greater. We have had to
develop new simulation methods to enable the calculation
of these quantities. Transport properties such as self-
diffusivity and viscosity may also be obtained from the
simulations. It appears that the same force fields that yield
thermodynamic quantities can be used to obtain transport
properties, though questions of accuracy remain. It was
shown that great care must be taken when computing
transport quantities to ensure that the simulations have
been run long enough. Calculations of the viscosity of
water–ionic liquid mixtures has shown why the viscosity
of these mixtures drops much less than would be expected
on the basis of simple “ideal” transport models.


Where do we go from here? It is now clear that
simulations are becoming just as important as experiment
in helping to elucidate the underlying physics and chem-
istry of these fascinating substances. There is an extensive
and growing body of literature on the use of molecular
modeling to study ionic liquids, of which the nature of
this Account does not permit adequate review. Suffice it
to say, however, that most studies have focused on a few
of the most “popular” ionic liquids based on imidazolium
cations and a handful of anions. Of these, almost all focus
on making comparisons between calculated and experi-
mental properties. Such work is needed for validation and
testing of methods, but if all simulation is used for is
“postprediction” of properties it will not have much
impact. It is important that modelers start examining new
systems that have not even been synthesized yet. And
funding agencies and reviewers need to allow modelers
to do this. Are there new classes of anions or cations that
might have unique properties? Can we actually get to the
point where new ionic liquids are being “designed” on
the computer? Collaboration with experimentalists is key
to answering these questions. In support of this, methods


need to be developed that enable simulations of a wide
variety of ionic liquids. Force field development, currently
an arduous task requiring great expertise, needs to
become more automated. New software that includes
features beyond standard MD must be developed and
made accessible to a wide range of researchers.


The tools available to the molecular modeling research
community are becoming more and more powerful each
year, thanks to the tandem advancements being made in
methods and computing speed. It is important that these
advances be harnessed by researchers to help develop the
next generation of ionic liquids that can be used to solve
the pressing needs we face in the coming decades.
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and postdoctoral researchers who have worked with me over the
years on simulations of ionic liquids: Timothy Morrow, Jindal
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Nate Stober, Wei Shi, Sai Jayaraman, Manish Kelkar and Keith
Gutowski. Our work has been funded by the Air Force Office of
Scientific Research, the National Science Foundation, the U.S.
Department of Energy, and the Indiana 21st Century Technology
Fund.
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ABSTRACT
The solubilities of gases in ionic liquids are important in evaluating
ionic liquids as solvents for reactions involving permanent gases,
as gas storage media, and as solvents for gas separations. Gas
solubilities are also important in developing methods to separate
solutes from ionic liquid solutions. Here we describe our measure-
ments of the solubilities of CO2, CH4, C2H6, C2H4, O2, and N2 in
1-hexyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide and
compare these results to our previous investigations. In addition,
focus is placed on efforts to tailor ionic liquids to enhance the
solubilities of some gases, with particular emphasis on carbon
dioxide.


Introduction
Ionic liquids (ILs) are salts with low melting points,
frequently below room temperature. The most common
ILs are based on imidazolium, pyridinium, quaternary
ammonium, or quaternary phosphonium cations, but
there is growing interest in many other classes of salts.
Even with commonly available starting materials, a tre-
mendous diversity in chemical and physical properties,
as well as phase behavior with other compounds, can be
achieved. This tunability is one of the most attractive


features of ILs. The IL can be designed for a particular
application by judicious choice of cation, anion, and
functional groups. For instance, viscosities at room tem-
perature can be tuned from <50 cP to >10000 cP. They
can be designed to be completely miscible with water
(hydrophilic) or to form two phases with water (hydro-
phobic). Some react with other compounds (e.g., inclusion
of amine functionality allows reaction with CO2


1 and SO2,
while numerous groups could be used to complex metals)
or are relatively inert.


Despite this diversity, most ILs share some common
properties. Most ILs exhibit extremely low volatility (i.e.,
vapor pressure less than 10-9 bar2) over normal operating
temperatures. This can translate to a reduced fire hazard.
In addition, most ILs show good thermal stability (473–673
K before noticeable decomposition3) and, thus, exist as
liquids over a rather wide temperature range. This affords
the possibility of using liquids under many different
processing conditions without fear of vapor emissions.


The focus of this Account is the solubilities of gases in
ILs. There are four main reasons for growing interest in
gas solubilities in ILs: (1) use of ILs as solvents for
reactions involving permanent gases, (2) gas storage
applications, (3) gas separation applications, and (4) use
of gases to separate solutes from IL solutions.


(1) Use of ILs as solvents for reactions involving
permanent gases. A primary motivation for understanding
gas solubilities in ILs stems from the many successful
demonstrations of ILs as solvents for reactions.4 ILs are
particularly attractive for homogeneously catalyzed reac-
tions, since typical organometallic catalysts are effectively
“immobilized” in the IL, reducing loss of precious metals.
Hydrogenation, oxidation, and hydroformylation reac-
tions, among others, involve the reaction of substrates
with permanent gases. If the reactant gas is highly soluble
in the IL, this can reduce mass transfer resistances that
are frequently limiting in liquid phase reactions involving
gases.


(2) Gas storage applications. A second motivation for
understanding gas solubilities in ILs is the possibility of
using ILs as liquid absorbents for the storage of gases. Air
Products has developed ILs for the storage and delivery
of highly toxic gases such as AsH3, PH3, and BF3.5 ILs have
also been investigated for hydrogen storage applications.6


(3) Gas separation applications. The third reason for
understanding gas solubilities in ILs is the possibility of
using ILs to separate gases.7 Selectivities for various gases
of interest are greater in ILs than in many common
liquids. In addition, ILs would not contaminate the gas
stream in even small amounts because they are nonvola-
tile. High thermal stability means they could be used at
higher temperatures than is possible with conventional
absorption solvents. ILs could be used in a conventional
absorber/stripper configuration or in a supported liquid
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membrane configuration, without loss of liquid and
subsequent degradation of membrane performance with
time.


(4) Use of gases to separate solutes from IL solutions.
A fourth motivation is the potential of using compressed
gases or supercritical fluids to separate species from an
IL mixture. It is possible to recover a wide variety of solutes
from ILs using supercritical CO2 extraction without
cross-contamination.8,9 Alternatively, separation of ILs
from conventional organic liquids and water can be
achieved using lower pressure CO2, which induces liquid/
liquid phase separation.10 Clearly, the phase behavior of
the gases with the IL is important for these applications.


The organization of this Account is as follows. In the
Results and Discussion section, we present new data on
the solubilities of CO2, CH4, C2H6, C2H4, O2, and N2 in
1-hexyl-3-methylpyridinium bis(trifluoromethylsulfonyl)im-
ide ([hmpy][Tf2N]). Then we show how solubilities change
when the pyridinium cation is replaced with an imida-
zolium cation, as well as the influence of changing the
identity of the anion. This is followed by a discussion of
our extensive efforts to increase the solubility of CO2 in
ILs. We briefly discuss the work that has been done on
correlating, modeling, and simulating gas solubilities in
ILs, and we mention the importance of the solubilities of
mixtures of gases in ILs. The experimental and data
analysis details can be found in the Supporting Informa-
tion.


Results and Discussion
Solubilities of CO2, CH4, C2H6, C2H4, O2, and N2 in


[hmpy][Tf2N]. In order to demonstrate the wide range of
solubilities of different gases, 1-hexyl-3-methylpyridinium
bis(trifluoromethylsulfonyl)imide ([hmpy][Tf2N]) is se-
lected as an example. We will then compare the solubili-
ties of several of the gases in [hmpy][Tf2N] to their
solubilities in 1-hexyl-3-methylimidazolium bis(trifluo-
romethylsulfonyl)imide ([hmim][Tf2N]) and other ILs. A
list of all of the ILs described in this paper can be found
in Table 1, along with the abbreviations used and the
chemical structures. Although imidazolium-based ILs are
among the most widely used at present, we are interested
in pyridinium ILs because many of them are fully and
readily biodegradable, while imidazolium-based ILs are
not.11


The experimental results for the solubilities of various
gases in [hmpy][Tf2N] are listed in Table 2 as Henry’s law
constants (KH) at multiple temperatures. All Henry’s law
constants are calculated on a mole fraction basis. A large
value of the Henry’s law constant corresponds to low
solubility, while a small value of KH indicates high gas
solubility. Thus, the gases are listed from highest solubility
to lowest solubility. The uncertainty in the measurements
is greater for the low solubility gases, where the mass
uptake is smaller. The solubility data used to determine
these values of Henry’s law constants are shown in tabular
form in the Supporting Information.


Figure 1 presents the solubilities (mole fraction) of
gases in [hmpy][Tf2N] at 298.15 K. As expected, the gas
solubility increased with pressure. From this figure (and
from Table 2), it is clear that SO2 has the highest solubility
(notice the break in the y-axis), followed by CO2, which is
also quite soluble in this IL. The light hydrocarbons are
less soluble in [hmpy][Tf2N] than SO2 and CO2. Their
solubilities in [hmpy][Tf2N] decrease in the following
order: C2H4, C2H6, and CH4. The lowest solubility gases
able to be measured were O2 and N2. H2 has sufficiently
low solubility in the IL that we were not able to determine
its solubility with the gravimetric microbalance. The
absorption and desorption points shown on the graph are
virtually indistinguishable, indicating equilibrium and
reversibility.


Clearly, there are very large differences in the solubili-
ties of the various gases in [hmpy][Tf2N]. Neither oxygen
nor hydrogen exhibit significant solubility, so mass trans-
fer may be limiting for many oxidation and hydrogenation
reactions. The high solubility of CO2 relative to N2 and
CH4 means that this IL may be capable of separating CO2


from flue gas and natural gas. The high SO2 solubility
means that it could be removed, along with the CO2, from
postcombustion flue gas.


Comparison with Other Ionic Liquids. Also shown in
Table 2 are the solubilities of many of the same gases in
[hmim][Tf2N]. The values for the imidazolium- and pyri-
dinium-based ILs are virtually identical, suggesting that
gas solubility in these particular ILs is controlled primarily
by interactions with the anion, consistent with previous
investigations.12


The solubilities of SO2, CO2, C2H4, and C2H6 clearly
decrease with increasing temperature in [hmpy][Tf2N] and
[hmim][Tf2N]. The solubilities of CH4 and O2 show much
less temperature dependence. Where gas solubility was
measured at three or more temperatures, the partial molar
enthalpy (∆H) and entropy (∆S) of gas dissolution were
calculated. Decreasing solubility with increasing temper-
ature yields a negative value of the ∆H. All of the partial
molar enthalpies are relatively small, as shown in Table
3, indicating physical absorption. Chemical complexation
would yield much larger values. As expected, the values
for CH4 and O2 are small, indicating little temperature
dependence of the solubility. The ∆H for C2H6 in
[hmpy][Tf2N] is comparable to that of Costa Gomes for
C2H6 in [hmim][Tf2N]: ∆H ∼ -10 kJ/mol.13 The ∆S values
give an indication of the degree of ordering in the solution
associated with the gas dissolution. As expected, more
ordering occurs with SO2 and CO2 than with gases such
as CH4 and O2. The ∆S values of a particular gas (e.g.,
CO2) in different ILs are not sufficiently different to
warrant further analysis.


The interactions between CO2 and ILs include disper-
sion, dipole/induced dipole, and electrostatic forces. The
partial molar enthalpies of CO2 dissolution in
[hmpy][Tf2N] and [hmim][Tf2N] are similar to those of
polar solvents that physically absorb CO2, where the
interactions are dispersion and dipole/induced dipole but
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Table 1. Structures, Names, and Abbreviation of ILs
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not electrostatic, as shown in Figure 2. The ∆H values for
CO2 absorption into nonpolar solvents such as cyclohex-
ane and heptane tend to be smaller, since molecular
interactions are limited to dispersion forces. ∆H values


for compounds that afford the possibility of chemical
complexation, such as monoethanolamine (MEA) and
monodiethanolamine (MDEA), are much larger. Heat of
absorption plays an important role in determining the


Table 1. Continued
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total heat load and in deciding between pressure swing
and temperature swing in absorption/desorption separa-
tion processes.


A comparison can be made for the solubilities of
various gases in common solvents14 and in these ILs. As
shown in Figure 3 for 298.15 K and 1 bar gas pressure,
CO2 solubility in the ILs is higher than that in any of the


molecular solvents,14 including polar solvents such as
acetone. The nonpolar solvents tend to have higher
hydrocarbon solubilities than the CO2 solubility, while the
polar solvents, such as methanol and ethanol, have similar
CO2 and hydrocarbon solubilities. This suggests that, for
the separation of hydrocarbons from CO2 mixed gas
streams, ILs would have better selectivities than any of
the conventional molecular solvents. Notice all solvents,
including ILs, have relatively poor N2 and O2 solubilities.
Yet, higher CO2 solubility suggests better CO2/N2 or CO2/
O2 selectivity for the ILs. This graph emphasizes the
potential use of ILs for gas separations.


As shown above for [hmpy][Tf2N] and [hmim][Tf2N],
there is very little difference in the solubilities of various
gases in ILs with different cations and the same anion.


Table 2. Henry’s Law Constants for Various Gases in Several ILs


H (bar)


ionic liquid 283 K 298 K 313 K 323 K 333 K


Sulfur Dioxide
[hmim][Tf2N]16 1.64 ( 0.01 2.29 ( 0.02 4.09 ( 0.06
[hmpy][Tf2N]16 1.54 ( 0.01


Carbon Dioxide
[bmim][PF6]15 38.8 ( 0.2 53.4 ( 0.3 81.3 ( 0.8
[bmim][BF4]15 41.8 ( 2.3 59.0 ( 2.6 88.6 ( 1.9
[bmim][Tf2N]15 25.3 ( 0.3 33.0 ( 0.3 48.7 ( 0.9
[hmim][Tf2N]16,17 24.2 ( 0.1 31.6 ( 0.2 45.6 ( 0.3
[hmpy][Tf2N]16,17 25.4 ( 0.1 32.8 ( 0.2 46.2 ( 0.3
[hmim][eFAP]17 25.2 ( 0.1 42.0 ( 0.1
[hmim][pFAP]17 21.6 ( 0.1 36.0 ( 0.3
[p5mim][bFAP]17 20.2 ( 0.1 32.9 ( 0.2
[C6H4F9mim][Tf2N]17 28.4 ( 0.1 48.5 ( 0.4
[C8H4F13mim][Tf2N]17 27.3 ( 0.2 44.7 ( 0.5a


[hmim][SAC]17 132.2 ( 19.7
[hmim][ACE]17 113.1 ( 16.9
[Et3NBH2mim][T2N]17 33.1 ( 1.2


Ethylene
[bmim][PF6]15 125 ( 4 144 ( 2 191 ( 6
[bmim][Tf2N]15 61 ( 5 70 ( 4 97 ( 8
[hmpy][Tf2N] 58 ( 1 75 ( 1 96 ( 2


Ethane
[bmim][PF6]15 234 ( 36 336 ( 28 363 ( 29
[bmim][Tf2N]15 86 ( 10 97 ( 7 141 ( 15
[hmpy][Tf2N] 72 ( 2 91 ( 2 118 ( 3


Methane
[hmpy][Tf2N] 300 ( 30 442 ( 125 371 ( 63
[hmim][Tf2N] 329 ( 23 380 ( 31 359 ( 28


Oxygen
[bmim][PF6]15 7190 ( 4190 1200 ( 160
[bmim][Tf2N]15 3700 ( 1450 1730 ( 560 1110 ( 240


593 ( 350 459 ( 100c


[hmpy][Tf2N] 422 ( 220b 463 ( 104 715 ( 210 545 ( 123


Nitrogen
[hmpy][Tf2N] 3390 ( 2310


a Estimated density from 25 °C. b Data at 293 K. c Data at 303 K.


FIGURE 1. Solubility of various gases in [hmpy][Tf2N] at 298.15 K:
(b) SO2; (O) CO2; (9) C2H4; (0) C2H6; (2) CH4; (4) O2; (1) N2.


Table 3. Enthalpies and Entropies of Gas Dissolution


ionic liquid gas ∆H, kJ mol-1 ∆S, J mol-1 K-1


[hmpy][Tf2N] CO2
16 -11.5 ( 0.1 -38.1 ( 0.5


CH4 -5.6 ( 4.6 -17.7 ( 14.7
C2H6 -11.5 ( 0.8 -36.3 ( 2.5
C2H4 -12.1 ( 0.6 -38.5 ( 1.8
O2 -5.8 ( 8.3 -19.1 ( 27.0


[hmim][Tf2N] SO2
16 -20.0 ( 0.4 -64.0 ( 1.1


CO2
16 -11.8 ( 0.3 -48.2 ( 0.9


CH4 -2.1 ( 2.5 -6.4 ( 7.9
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This suggests that the primary interaction involving CO2


and the IL, for the ILs investigated here, occurs between
the anion and the gas. This is borne out by direct
comparison of the Henry’s Law constants of four gases
in [bmim][PF6] and [bmim][Tf2N] shown in Table 2.15 CO2,
C2H4, C2H6, and O2 all are significantly more soluble in
[bmim][Tf2N] at low pressures than in [bmim][PF6]. The
solubility is O2 < C2H6 < C2H4 < CO2 for both ILs, but
the absolute values are significantly higher in
[bmim][Tf2N] than in [bmim][PF6].


Enhancing the Solubility of CO2 in ILs. Since a
primary motivation for our work has been exploring ILs
for separation of CO2 from mixed gas streams, we have
investigated ways to further increase the solubility of CO2


in ILs. Below we concentrate on CO2 solubility and
compare different cation types, alkyl substitution on the
cation, fluorination of alkyl chains on the cation, different
anion types, degree of fluorination of the anion, and
various attempts to increase CO2 solubility without
fluorination.


Cation Type. The data in Table 2 have already been
used to show that the solubilities of CO2 in imidazolium
and pyridinium [Tf2N]- compounds at low pressure are
virtually identical.16 We have also considered tetraalkyl-


ammonium cations.17 The [choline]+ cation lowered CO2


solubility compared to the [hmim]+ cation, whereas the
solubility of CO2 in [N4111][Tf2N] is similar to that in
[hmim][Tf2N]. Strong hydrogen bonding of the [Tf2N]-


anion with the [choline]+ cation may make the anion less
available for interaction with CO2. In these ILs, the primary
interaction of the CO2 appears to be with the anion. This
is supported by molecular simulations18,19 and Fourier
transform infrared spectroscopy (FTIR).12 ILs can be
designed to have cations that can more strongly interact
with CO2, especially those developed to chemically com-
plex with the gas.1


Alkyl Substitution on the Cation. To study the influ-
ence of cation alkyl chain length, one can compare the
solubility of CO2 in [bmim][Tf2N], [hmim][Tf2N], and
[omim][Tf2N].20 The solubility increases slightly with
increasing chain length, with the effect becoming more
apparent as pressure increases. This trend is also observed
for ILs containing the [BF4]– and [PF6]– anions.8,21 The
slight increase in solubility with increasing alkyl chain
length is likely due to greater free volume in the IL.


In imidazolium ILs, the C2 hydrogen (the hydrogen
connected to the carbon atom between the two nitrogens
in the imidazolium ring) is known to be acidic and,
therefore, potentially interacts with the oxygen atoms on
the CO2. By adding a methyl group to the C2 position,
any contributions from the C2-H/oxygen interactions
would be eliminated. Replacement of the hydrogen with
a methyl has very little effect on the solubility of CO2 at
pressures below 80 bar.20 At higher pressures,
[hmim][Tf2N] shows a slightly higher solubility than
[hmmim][Tf2N]. These results are consistent with the
anion–CO2 interaction being dominant and are supported
by molecular simulations that show the secondary loca-
tion some CO2 molecules adopt at higher pressures is
actually closer to the partial positive on N3 (nitrogen with
the methyl substituent) instead of the acidic C2 hydro-
gen.18,19 Overall, though, the effect of alkyl chain length
and alkyl substitution has a very minor effect on CO2


solubility.
Fluorination of the Cation. Fluoroalkyl chains are


frequently added to substrates to increase their solubility
in supercritical CO2.22 Therefore, we have examined ILs
with partially fluorinated alkyl chains on the cation.
[hmim][Tf2N]16,20,23,24 can be directly compared to
[C6H4F9mim][Tf2N],17 and as seen in Figure 4, fluorinating
the last four carbons of the alkyl chain does increase the
CO2 solubility. The Henry’s law constant at 298.15 K (Table
2) for [C6H4F9mim][Tf2N] is 28.4 ( 0.1 bar compared to
31.6 ( 0.2 bar for [hmim][Tf2N]. However, this increase
in the solubility of CO2 was less than expected based on
a reported Henry’s law constant of 4.5 ( 1 bar at 298.15
K,25 later revised to 6 ( 1 bar,26 for the analogous IL,
[C8H4F13mim][Tf2N]. After graciously receiving a sample
of [C8H4F13mim][Tf2N] used by Prof. Baltus’ group, we
determined that the Henry’s law constant for
[C8H4F13mim][Tf2N] is 27.3 ( 0.2 bar at 298.15 K (Table
2). As expected, the CO2 solubility was higher in the IL
with the longer fluoroalkyl chain, [C8H4F13mim][Tf2N],


FIGURE 2. Comparison of the heat of absorption/reaction for CO2 in
various solvents.


FIGURE 3. Solubility of CO2 in various solvents at a partial pressure
of 1 atm and a temperature of 298.15 K.
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than in [C6H4F9mim][Tf2N]. However, the solubility was
significantly less than that reported by Baltus et al.26


Nonetheless, increasing the fluorination on the alkyl chain
on the cation does lead to increased CO2 solubility.


Effect of Anion. Above we showed that the solubilities
of all the gases studied were higher in [bmim][Tf2N] than
in [bmim][PF6]. In a more extensive study of the solubility
of CO2 in [bmim]+-based ILs, we found that the solubility
of CO2 did not correspond to the basicity of the anion
but instead showed increasing solubility in the following
order: [NO3]- < [DCA]- < [BF4]- ∼ [PF6]- < [TfO]- <
[TFA]- < [Tf2N]- < [methide]- < [C7F15CO2]-.17,20 These
results are shown at 333.15 K in Figure 5. We believe that
this may be due to a stronger interaction of CO2 with the
fluorous alkyl chains than acid/base interactions. Further
support of this hypothesis was provided by Pringle et al.,
who found greater CO2 solubility in [emim][Tf2N] than in
the nonfluorinated version of the anion, [emim][Nmes2].27


Effect of Fluorination of the Anion. As mentioned
above, fluorination is a proven method of increasing the
CO2-philicity of compounds. We have already presented
results for the following ILs with fluorinated anions:


[bmim][PF6], [bmim][BF4], [bmim][Tf2N], [hmim][Tf2N],
and [bmim][methide]. We have also tested three fluoro-
alkylphosphonates: [hmim][eFAP], [hmim][pFAP], and
[p5mim][bFAP].17 Although the cations differ, the effect
of cation alkyl chain length on CO2 solubility is minor and
not enough to mask the anion effect. Replacing three of
the fluorine atoms of [PF6]- with fluoroalkyl groups of
varying length increases the CO2 solubility significantly.
From Figure 4, we see that the solubility increases as the
fluorinated alkyl chain length increases. Also shown on
the graph is the solubility of CO2 in [hmim][Tf2N], which
is the IUPAC standard IL.16,17,20,23,24


The results confirm that an increase in the length of
the fluoroalkyl chain increases the CO2 solubility. The
Henry’s law constants for [hmim][eFAP], [hmim][pFAP],
and [p5mim][bFAP] are shown in Table 2. Of all the ILs
studied, the CO2 solubility is highest in [p5mim][bFAP],
with a Henry’s law constant at 298.15 K of 20.2 bar.
Continually increasing the amount of fluorination is
unlikely to lead to proportionate increases in CO2-philicity.
Computational results suggest an optimum number of
fluorine atoms for maximum CO2-philicity.28


Enhancing CO2 Solubility without Additional Fluori-
nation. In designing CO2-philic polymers, surfactants, and
ligands, researchers have used nonfluorinated functional
groups due to the cost and potential environmental
implications of their fluorinated counterparts.22,29 Carbo-
nyl, esters, and ether groups are known to enhance a
molecule’s CO2-phicity. We have examined a number of
ILs that include these functional groups and tested them
for CO2 solubility.


[b2-Nic][Tf2N] is a pyridinium-based IL with a butyl
ester group. Unfortunately, this functional group did not
dramatically improve the solubility of CO2 in the IL
compared to [hmim][Tf2N].17 The [Tf2N]- anion appears
to be the dominant factor. At higher pressures, [b2-
Nic][Tf2N] does have slightly higher CO2 solubility com-
pared to [hmim][Tf2N], which may be due to secondary
interactions between CO2 and the cation. This behavior
is similar to what we have reported earlier for
[hmim][Tf2N] and [hmmim][Tf2N] systems.18 The addition
of ether groups is believed to improve CO2-philicity by
increasing the flexibility of alkyl chains, leading to in-
creased free volume.22,29 The ether oxygen has also been
shown to interact with the carbon of CO2.30 We investi-
gated two commercially available ILs possessing ether
groups, Ecoeng 500 and Ecoeng 41M.17 The solubility of
CO2 in these ILs is as good, but not better than, that in
[hmim][Tf2N]. The addition of ether groups affects key
physical properties (i.e., Ecoeng 500 viscosity at 333.15 K
) 300 cP).31 However, Ecoeng 500 is composed of ions of
known toxicity32 and that are not likely to be as environ-
mentally persistent as fluorinated ILs, while maintaining
good capacity for CO2.


Additionally, we measured the solubility of CO2 in
another nonfluorous IL, [N4444][doc], containing ester
functional groups. [N4444][doc] also contains an anion of
known low toxicity33 and has good affinity for CO2, but it
is highly viscous (12100 cP at 298.15 K).31 Finally, the


FIGURE 4. Solubility of CO2 at 298.15 K: (O) [bmim][PF6]; (9)
[hmim][Tf2N]; (0) [C6H4F9mim][Tf2N]; (b) [C8H4F13mim][Tf2N]; (2)
[hmim][eFAP]; (4) [hmim][pFAP]; ([) [p5mim][bFAP].


FIGURE 5. Solubility of CO2 at 333.15 K in various [bmim]+-based
ILs: (3) [NO3]


-; (b) [DCA]-; (9) [BF4]
-; (0) [PF6]


-; (]) [TFA]-; (O)
[TfO]-; (2) [Tf2N]-; (4) [methide]-; ([) [C7F15CO2]


-.
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solubility of CO2 was measured with the low pressure
apparatus in three other ILs: [hmim][SAC],34 [hmi-
m][ACE],34 and [Et3NBH2mim][Tf2N].35 The [SAC]– and
[ACE]– anions contain sulfonyl groups, as does [Tf2N]–.
They also contain carbonyl groups adjacent to the nitro-
gen that may be particularly nucleophilic, providing the
opportunity to interact with the carbon in CO2. However,
they do not contain fluoroalkyl groups. From the Henry’s
law constants in Table 2, it is clear that the sulfonyl and
carbonyl functionality is not sufficient to enhance CO2


solubility, leading one to conclude that it is the fluoroalkyl
groups in [Tf2N]- that play a key role in dissolution of
CO2. [Et3NBH2mim][Tf2N] was tested to see if it may act
as a hydride, reacting with the CO2 to produce formate.17


Clearly, this did not occur, since the CO2 solubility in this
compound is virtually the same as that in [hmim][Tf2N].


Another way of increasing the solubility of CO2 in ILs
is to append functional groups to the IL with which the
CO2 can react. This idea was set forth by Davis and co-
workers,1 who showed that appending a free amine and
exposure to CO2 can result in the formation of a carbam-
ate, with subsequent high uptake of CO2. Zhang and co-
workers have shown that amino acid-based ILs can serve
the same purpose.36 There are a variety of issues that must
be considered in selecting a physically absorbing versus
a chemically complexing IL for CO2 capture. For instance,
there may be significant changes in physical properties
(e.g., viscosity) with chemical complexation. In addition,
one may expect higher heats of absorption and desorption
when the CO2 reacts with the IL.


Modeling and Simulation of Gas Solubility. There have
been a number of attempts to correlate or model the
solubilities of gases in liquids. For instance, using a
conventional Peng–Robinson equation of state and ef-
fectively fitting the critical properties and acentric factor
of the IL, Peters and co-workers37 were able to obtain a
reasonable representation of the 1-ethyl-3-methylimida-
zolium hexafluorophosphate/CF3H system. Economou
and co-workers38 have successfully fit the parameters in
the truncated perturbed chain polar statistical associating
fluid theory (tPC-PSAFT) to model 1-alkyl-3-methylimi-
dazolium hexafluorophosphate and tetrafluoroborate IL
phase behavior with CO2. Qin and Prausnitz39 correlated
the Henry’s law constants for a variety of gases in several
different ILs with a perturbed-hard-sphere theory. Noble
and co-workers have correlated some data with a Regular
Solution Theory model.40 All of these models have rather
limited applicability, due to either the large number of
parameters fit to the experimental data or the gross
simplicity of the model or correlation.


While molecular simulations of ILs and IL mixtures are
becoming more prevalent, very few of these studies
attempt to perform calculations of gas solubilities in ILs.
The first such study41 estimated the Henry’s law constants
of water, CO2, C2H6, C2H4, CH4, O2, and N2 in [bmim][PF6]
using the test particle insertion method, where they
determined that the statistics were not sufficiently robust
to obtain reliable estimates. Subsequently, the groups of
Liu,42 Padua,43 and Maurer44 presented molecular simula-


tions using particle insertion and Gibbs ensemble Monte
Carlo techniques. While correct trends can be captured,
we look forward to the publication of more accurate
estimates of gas solubilities in ILs.


Gas Mixtures. All of the discussion above has focused
on the solubility of individual gases. When ILs are used
in many of the applications listed in the Introduction,
especially for gas separations, gas mixtures will be present.
Thus, the solubility of gas mixtures in ILs is really the key
issue. While some gases may behave ideally, this is seldom
the case. In fact, there is evidence to suggest, for instance,
that the presence of CO2 in a mixture can enhance the
solubilities of less soluble gases in the IL.23,45 This could
have a detrimental effect, such as lowering selectivities
for gas separations, or could be beneficial, such as
enhancing the solubility of reactants. Whatever the case,
one should be aware that the solubilities of pure gases in
ILs are just a first indication of the potential of ILs for
reactions, separations, and storage.


Conclusions
Since the solubilities of gases in ionic liquids are important
in evaluating ILs for a variety of applications, including
as solvents for reactions involving permanent gases, as
gas storage media, and as solvents for gas separations,
understanding what controls the solubility is vitally im-
portant. To investigate this, we present the solubilities of
CO2, CH4, C2H6, C2H4, O2, and N2 in 1-hexyl-3-methylpy-
ridinium bis(trifluoromethylsulfonyl)imide and compare
the results to the solubility of these gases in other ionic
liquids. Gases, especially carbon dioxide, interact strongly
with the anion of many common ILs, with the cation and
substituents playing secondary roles. The use of fluoro-
alkyl chains, as well as some nonfluorinated substituents,
can increase carbon dioxide solubility several fold. In
general, the selectivity for carbon dioxide over nitrogen
and small hydrocarbons is better with ILs than with many
conventional polar and nonpolar solvents. Moreover, the
solubilities of gases in ILs can be tuned for specific
applications.
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ABSTRACT
Ionic liquids are liquids composed completely of ions. In the past
two decades, ionic liquids have been widely used as “green
solvents” replacing traditional organic solvents for organic synthesis
and catalysis. In addition, ionic liquids are playing an increasingly
important role in separation science. In this Account, the applica-
tion of ionic liquids in all areas of separation science including
extractions, gas chromatography, and supported liquid membrane
processes are highlighted.


1. Introduction
It has been the traditional view that the melting points of
salts are high. For example, sodium chloride melts at 801
°C. However, there is a class of salts or salt mixtures with
melting points below 100 °C, which are referred to as ionic
liquids (ILs). Room-temperature ionic liquids (RTILs) are
ILs with melting points at or below ambient temperature.
The cationic parts of most ionic liquids are organic-based
moieties such as imidazolium, N-alkylpyridinium, tet-
raalkylammonium, and tetraalkylphosphonium ions. The
anionic parts can be organic or inorganic and include such
entities as some halides, nitrate, acetate, hexafluorophos-
phate ([PF6]), tetrafluoroborate ([BF4]), trifluoromethyl-
sulfonate ([OTf]), and bis(trifluoromethanesulfonyl)imide
([NTf2]). The most common cations and anions are listed
in Figure 1. The first RTIL, ethylammonium nitrate (mp
13–14 °C), was reported in 1914.1 However, ILs did not
draw much attention from chemists till 1992, when Wilkes
and co-workers reported air- and water-stable RTILs based
on imidazolium salts.2 Subsequently, research on the
synthesis, properties, and applications of RTILs has in-
creased substantially.


Ionic liquids have unique physicochemical properties.
For example, RTILs can have a broad liquid range. Many
RTILs remain in a liquid state at temperatures between
∼0 and 300 or even 400 °C in the case of more recently


developed ILs.3,4 Ionic liquids have low to negligible vapor
pressures. However a recent report indicated that several
1-n-alkyl-3-methylimidazolium bis(trifluoromethanesulfo-
nyl)imides ([CnMIM][NTf2]) could be vacuum distilled at
a rate of 0.024–0.12 g/h (at 300 °C and 10-4 bar).5 Many,
but not all, ILs show high thermal stability. Some ILs with
imidazolium cations and weak nucleophilic anions were
stable at 250 °C,6 and some dicationic ionic liquids are stable
at temperature exceeding 400 °C.4 Most ILs are nonflam-
mable; however some with nitrate or perchlorate anions
are combustible.7 In fact, a special class of ILs referred to
as “energetic ionic liquids” are being developed as high
explosives.7 Ionic liquids may be the most complex of all
solvents because they are capable of virtually all possible
types of interactions with solutes.6 ILs can solubilize a
variety of organic and inorganic compounds. They can be
designed to be immiscible or miscible with water and a
number of organic solvents.


The physicochemical properties of RTILs are influenced
by both their cationic and their anionic moieties. For
example, both the densities and surface tensions of ILs
based on [CnMIM] cations with the same anion decrease
when the length of alkyl chain increases.8 In contrast, the
viscosities of the same group of ILs with the same anion
increase with an increase in alkyl chain length.8 The
solubility of ILs depends on both the cation and anion.
For example, 1-butyl-3-methylimidazolium chloride
([BMIM][Cl]) and [BMIM][BF4] are soluble in water,
while [BMIM][PF6] and [BMIM][NTf2] are immiscible with
water.6 Increasing the length of alkyl chain on the cation
lowers the solubility of ILs with [BF4] anions. 1-Octyl-3-
methylimidazolium tetrafluoroborate ([OMIM][BF4]) is
immiscible with water.9 Combinations of different possible
cations and anions result in a large number of ionic liquids
with different properties. Therefore, RTILs often are
referred to as “tailor-made or tunable materials”.10
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FIGURE 1. Common cations and anions of room-temperature ionic
liquids. Cations: 1, imidazolium ion; 2, N-alkylpyridinium ion; 3,
tetraalkylammonium ion; 4, tetraalkylphosphonium ion. R1, R2, R3, and
R4 are alkyl groups and can be the same or different. Anions: 5,
hexafluorophosphate ([PF6]); 6, tetrafluoroborate ([BF4]); 7, trifluo-
romethylsulfonate ([OTf]); 8, bis(trifluoromethanesulfonyl)imide ([NTf2]).
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One ionic liquid, N-methylimidazolium chloride (mp
75 °C), was employed in an industrial process for the
manufacture of alkoxyphenylphosphines on a multiton
scale.11 Application of ILs also was extended into areas of
analytical chemistry10,12–14 including electrochemistry,
separations, mass spectrometry, and spectroscopy. In this
Account, the application of RTILs in the area of chemical
separations is examined. This includes liquid–liquid ex-
traction, liquid microextraction, solid microextraction, gas
chromatography (GC), and supported liquid membranes.


2. Gas Chromatography
Early on, a series of papers reported using various
quaternary ammonium and phosphonium salts as the gas
chromatography (GC) stationary phase for packed and
open-tubular columns.15–18 However, the relatively narrow
liquid ranges and thermal instability of these salts limited
their practical application as GC stationary phases. Thus,
they were mainly of academic interest.


The unique properties of modern imidazolium-based
RTILs such as high viscosity, broad liquid range, high
thermostability, low volatility, good wetting ability for
fused silica capillary, and the possibility of multiple
interactions with a variety of solutes make these types of
ILs suitable candidates for GC stationary phases coated
on fused silica capillary columns. [BMIM][PF6] and
[BMIM][Cl] were evaluated as GC stationary phases on
fused silica capillary columns.19 The Rohrschneider–M-
cReynolds constants for these two IL stationary phases
were determined and compared with a traditional pol-
ysiloxane stationary phase. The ionic liquid stationary
phase showed a dual-nature property. That is, ILs can
retain and separate nonpolar compounds as well as polar
compounds.19 Using a solvation parameter model devel-
oped by Abraham (i.e., a more elaborate version of the
earlier Rohrschneider–McReynolds approach), 17 RTILs
were characterized with inverse GC.20 The results showed
that the most important interactions between RTILs and
solutes were dipolarity, hydrogen bond basicity, and
dispersion forces. By use of this solvation parameter
approach, each ionic liquid could be characterized ac-
cording to its own unique hydrogen bond acidity, hydro-
gen bond basicity, dipolar, n–π + π–π, and dispersion
interactions. This was not only useful in characterizing
and classifying ILs, but it also provided an explanation as
to their effect on both organic reactions and chromato-
graphic retention. The interaction constants further sup-
ported the previously proposed dual-nature property of
IL stationary phases.20 However, column bleed was ob-
served for these IL stationary phases below 200 °C due to
the decomposition or partial volatilization of the ILs.
Unsymmetrical peak shapes were also observed for some
classes of solutes that were proton donors (alcohols and
acids). To solve these problems, new GC stationary phases
based on two ILs with bulky monocations, 1-benzyl-3-
methylimidazolium trifluoromethanesulfonate ([BeMIM]
[OTf]) and 1-(4-methoxyphenyl)-3-methylimidazolium tri-
fluoromethanesulfonate ([MPMIM][OTf]), were prepared.


Symmetric peak shapes and high thermostabilities were
observed on these two GC stationary phases. No column
bleed was observed for the [MPMIM][OTf] stationary
phase up to 260 °C. The separation of isomeric sulfoxides
(Figure 2) and polychlorinated biphenyls on [MPMIM][O-
Tf] column was better than that found on a commercial
polysiloxane column.21 Subsequently, IL-GC stationary
phases were compared with polar and nonpolar com-
mercial stationary phases for the separation of volatile
components of herbal plants and essential oils.22 Station-
ary phase mixtures of ILs and polysiloxanes gave excep-
tionally high efficiencies and selectivities.22


Recently, we introduced unique types of ionic liquids
that provided tremendous thermal stability and ultralow
volatility. These were “multifunctional” ILs, including
germinal dicationic liquids, unsymmetrical dicationic
liquids, and tricationic liquids (see Figure 3).4,23,24 Many
of these had stable liquid range from less than or equal
to -8 to greater than 410 °C. It was found that some
unsymmetrical dicationic liquids had melting points over
150 °C, lower than their symmetrical analogues.23 From
the standpoint of GC stationary phase stability, it was
found that using functionalized ILs with vinyl groups
provided the ultimate in high thermal stability and low
column bleed.25 This was because they could be cross-
linked. A partially cross-linked IL stationary phase was
used in 2-D GC for rapid separation (5 min) of a 20-
component mixture and a 13-component mixture found
in the headspace above U.S. currency.26


A complete theoretical description of the association
of alkanes with ionic liquids in dilute solution was
formulated and tested using entropy and enthalpy values
measured by GC.27 The enthalpy can be described ac-
cording to Columb’s law and following the logic of a
classical Madelung-constant calculation.27 The entropy
can be calculated from W(n) ) n2[2n–1]W(n – 1) where W
is the number of possible rearrangements for n ion pair(s)
that are ordered around or solvating a dissolved hydro-


FIGURE 2. Separation of isomeric sulfoxides on (A) 10-m BeMIM–TfO
column and (B) 10-m DB-17 column: 1, CH2Cl2; 2, p-trifluoromethyl
methylphenyl sulfoxide; 3, p-fluoromethylphenyl sulfoxide; 4, o-
chloromethylphenyl sulfoxide; 5, m-chloromethylphenyl sulfoxide, 6,
p-chloromethylphenyl sulfoxide; 7, m-bromomethylphenyl sulfoxide.
Conditions were (A) 170 and (B) 145 °C. Reproduced with permission
from ref 21. Copyright 2003 American Chemical Society.
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carbon molecule. While more complex theoretical ap-
proaches/models can be used, as yet nothing has been
shown to produce more accurate or consistent results.27


ILs can be used as chiral GC stationary phases as well.
Traditional chiral selectors such as derivatives of cyclo-
dextrin were dissolved in [BMIM][Cl], and the mixture was
coated on a fused silica capillary. The enantiomeric
separation efficiencies of the IL columns were approxi-
mately ten times higher than comparable commercial
columns with the same chiral selectors. However, the new
chiral stationary phases separated fewer enantiomers. The
reason for this was that the IL cation tended to occupy
the cavity of the cyclodextrin and prevented the inclusion
complexation of some analytes.28 This was later confirmed
by Tran and co-workers who measured the binding of
[BMIM] to �-cyclodextrin.29 Chiral ILs based on N,N-
dimethylephedrinium bis(trifluoromethanesulfonyl)imide
were coated and investigated for enantiomeric separa-
tions.30 Three groups of chiral compounds including
sulfoxides, alcohols, and epoxides were separated. The
change of elution order was achieved by using the
diasteromeric chiral ILs as stationary phases.30 Develop-
ment of IL chiral stationary phases with broader enan-
tiomeric selectivity and greater thermal stability is the
main challenge in this area.


ILs can also be used as solvents for headspace GC.
Using imidazolium-based ILs as solvents, ethanol, ethyl
acetate, cyclohexane, and toluene were detected by head-
space GC.31 Three analytes with low vapor pressure and
boiling points over 200 °C (2-ethyl-hexanoic acid, forma-
mide, and tri-n-butylamine) were dissolved in ILs at the
ppm level and determined by headspace GC.32


3. Liquid–Liquid Extraction
3.1. Extraction of Metal Ions. Dicyclohexyl-18-


crown-6 crown ether was dissolved in imidazolium-based
ILs to extract Sr2+ from aqueous solution.33 Compared
with traditional organic solvents such as chloroform
(distribution coefficient, D ) 0.77) and toluene (D ) 0.76),
exceptionally large D values (D ) 104 in one case) were
obtained. In addition, the distribution coefficient of Sr2+


between the ionic liquid and water was always less than
1 without the crown ether extractant.33 Further research
showed that the distribution of alkali and alkaline earth
ions depends on the hydrophobicity of the crown ether,
hydrophobicity of cations and anions of ILs, and the
constituents of the aqueous solution such as concentra-
tions and characteristics of the dissolved electrolytes.34–36


Calix[4]arene crown ethers were used as extractants in
ILs for removal of Cs+ from water.37 Monoaza-substituted
crown ethers dissolved in ILs were used to extract Na+,
K+, Cs+, and Sr2+. The ILs and crown ethers can be
recycled through stripping the metal ions from the IL
phase with acidic aqueous solution.38 The mechanism for
the extraction of Sr2+ from aqueous solution to the RTIL
phase was investigated. When the cation of the Sr2+ crown
ether complex moved into the IL phase, the countercation
of the IL entered the aqueous phase to maintain charge
balance.39 There are a number of additional reports where
a combination of a chelating agent and an ionic liquid
are used to extract metal ions from aqueous solution.40–44


A special class of ionic liquids (named task-specific
ionic liquids (TSILs)) have functional groups that permit
the extraction of metal ions from aqueous solution. These
ionic liquids can act as both solvents and extractants. Ionic
liquids with thiourea, thioether, and urea functional
groups were used to extract Hg2+ and Cd2+ from aqueous


FIGURE 3. Examples of symmetric and unsymmetric dicationic ionic liquids and a tricationic ionic liquid developed in our laboratory.
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solution. Significant increases in the extraction efficiency
were observed for these two metal ions.45 Another kind
of TSIL used for the extraction of Hg2+ is an IL with a
polyether-linked bis-imidazolium cation. The introduction
of the ether linker in the IL increased the distribution
coefficient of Hg2+ dramatically.46 ILs with 2-hydroxyben-
zylamine fragments were employed to extract americium
ions.47


Wei and co-workers extracted gold nanoparticles and
nanorods quantitively from water to [BMIM][PF6].48 The
size and shape of nanoparticles and nanorods did not
change in the extraction process (Figure 4).48 Cationic
CdTe quantum dots were efficiently extracted into
[BMIM][NTf2] from aqueous solution and photolumines-
cence of these nanomaterials was enhanced in the IL.49


3.2. Extraction of Organic Molecules. The wide ap-
plication for RTILs in the extraction of organic compounds
began around 1998. Rogers and co-workers determined
the distribution ratio of 12 substituted benzene derivatives
between [BMIM][PF6] and water. The partitioning of these
compounds between the two phases depended on both
the charge and the hydrophobicity of the solutes.50 The
pH-dependent partitioning of an indicator dye, thymol
blue, between [CnMIM][PF6] and water was demonstrated
(Figure 5). Also it was shown that the distribution ratio of
thymol blue between [CnMIM][PF6] and water increases
with increasing alkyl chain length of the IL cation.51 We
measured the partition coefficients for 40 compounds
(including organic acids, bases, amino acids, antioxidants,
and neutral compounds) at pH ) 2, 5.1, and 10 between
[BMIM][PF6] and water.52 Distribution coefficients for the
molecular form of the solutes in the IL/water system and
in a 1-octanol/water system were compared. Neutral
forms of ionizable compounds showed greater partitioning
to the IL phase than did their ionized forms. Triphasic


systems of heptane/IL/chloroform and heptane/water/IL
also were demonstrated.52


In general, amino acids prefer to reside in aqueous
solutions as opposed to ILs. [BMIM][PF6] with dicyclo-
hexyl-18-crown-6 was used to extract amino acids from
acidic aqueous solution.53 A heme protein cytochrome


FIGURE 4. UV absorption spectra of the aqueous layer indicates the degree to which gold nanoparticals are extracted from water (curve a)
to (b) benzene, (c) hexane, (d) chloroform, (e) 10-undecen-1-ol, and (f) [BMIM][PF6]. The inset test tubes showed the gold nanoparticals
before (left) and after (right) phase transfer from aqueous phase into [BMIM][PF6]. Modified from ref 48.


FIGURE 5. When the pH of the aqueous solution is 1.5, thymol blue
is a neutral zwitterion (red color) and prefers the [BMIM][PF6] phase
(bottom layer). When the pH of the aqueous phase is 7, thymol blue
is in monoanionic form. Existence of the yellow monoanion dye in
aqueous phase was detectable (top layer). The blue dianion dye
prefers the aqueous phase when the pH of aqueous phase is 12.
Taken from ref 51 (http://dx.doi.org/10.1039/a908888a)—Reproduced
by permission of The Royal Society of Chemistry.
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(Cyt-c) was transferred from water to ILs bearing a
hydroxyl group on the cationic moiety when dicyclohexyl-
18-crown-6 (DCH18C6) was used as an additive (Figure
6). The protein showed different structure and function
in the IL phase.54 Double-stranded DNAs can be extracted
into [BMIM][PF6] directly without the interference of
proteins and metal species in aqueous solutions. The
extraction was due to interactions between the cation of
the IL and P–O bonds of phosphate groups in the DNA.55


The application of ILs for deep desulfurization of diesel
and gasoline fuels was assessed. Sulfur-containing aro-
matic compounds are difficult to remove from fuels with
traditional desulfurization methods.56 However, these
sulfur-containing compounds can be efficiently removed
by extracting fuels with RTILs.56 [BMIM][PF6] and [BMIM]
[BF4] with an oxidant (H2O2) were used to remove sulfur
compounds from light oils. Sulfur-containing compounds
were extracted into the IL phase and oxidized to sulfone.
With this method, the desulfurization yield increased by
one order of magnitude compared with a simple extrac-
tion with RTILs.57


3.3. Recovery of Solutes Extracted in ILs and Regen-
eration of ILs. Distillation can be used to recover ther-
mostable compounds with low boiling points from ionic
liquids. Compounds with ionizable groups can be back-
extracted into water at suitable pHs. Organic solvents that
form two-phase systems with ILs can be used for the back
extractions of neutral, thermally unstable compounds.58,60


Also the “green” solvent supercritical-CO2 is a good choice
for the recovery of solutes and the regeneration of ILs.
Supercritical-CO2 can dissolve in the ILs, while ILs cannot
dissolve in supercritical-CO2. This unique property means
that solutes can be isolated from ILs without IL contami-
nation. It also provides a means for recycling the ILs.58 A
methanol/[BMIM][PF6] mixture can be separated using
pressurized CO2.59 Aromatic and aliphatic compounds
were extracted into a CO2 phase from [BMIM][PF6].58,60


A two-step extraction system (water/RTIL/CO2) for triva-
lent lanthanum and europium was reported. The metal
ions were extracted from the aqueous phase into super-


critical-CO2 via a RTIL/fluorinated �-diketonate mixture
with high extraction efficiencies.61


4. Liquid-Phase Microextraction (LPME) and
Solid-Phase Microextraction (SPME)
The unique properties of ILs such as high viscosity,
minimal vapor pressure, and compatibility with HPLC
make them suitable for LPME. Polycyclic aromatic hydro-
carbons (PAHs) were enriched in a 3 µL [OMIM][PF6] drop
using both a direct-immersion and headspace method.
Compared with 1-octanol, the large drop size and longer
survival of IL drops resulted in higher enrichments of
analytes.62 In other work, degradation products from
surfactants were extracted into a drop of 1-hexyl-3-
methylimidazolium hexafluorophosphate ([HMIM][PF6]).
The results showed that the extraction efficiency is solute-
dependent.63 Chlorinated anilines in water64 and form-
aldehyde in shiitake mushroom65 were enriched by either
headspace or direct-immersion using ILs.


[OMIM][PF6] also was coated on a steel or fused-silica
fiber for headspace SPME. Benzene, toluene, ethylben-
zene, and xylenes in paints were enriched in the IL coated
fiber and determined by GC.66 Coating the fibers with a
Nafion membrane and then absorbing the [OMIM][OTf]
made a thick IL layer with higher capacity. This fiber can
extract 2–3 times more PAHs compared with the fiber
without the Nafion membrane.67 Most recently, several
monocationic and dicationic ILs were used to coat SPME
fibers.68 They were shown to absorb both polar and nonpolar
analytes and also were compatible when coupled to GC.


5. Supported Liquid Membranes
A supported liquid membrane system includes a feed
solution, a solvent or solvent/carrier immobilized in the
porous structure of a polymeric or ceramic membrane,
and a receiving solution. The analyte dissolved in the
feeding solution goes through the membrane and is
enriched in the receiving solution.69,70 The organic solvent
supported liquid membrane is not stable because of the
loss of immobilized solvent via evaporation and its dis-
solution in the feed or the receiving solution. The unique
properties of ILs such as negligible vapor pressure and
immiscibility with water and some organic solvents can
overcome these problems.69,70 Several ILs combined with
different membrane supports were investigated for the
separation of a seven-component organic mixture. Dif-
ferent combinations produced different selectivities for
specific analytes. The high selectivity of secondary amines
over tertiary amines was attributed to their hydrogen-
bonding interactions with the 2-position proton on the
imidazolium cation.69,70 Hydrophobic ILs were used as
membranes for the separation of aromatic and alkyl
compounds.71 Tetrapropylammonium tetracyanoborate
was immobilized in a ceramic nanofiltration support and
then coated with a dimethylpolysiloxane layer. High
selectivity of 1,3-propanediol from aqueous mixtures by
vacuum pervaporation was obtained with this stable
multiphase membrane.72


FIGURE 6. There are many NH3
+ groups on the surface of lysine-


rich proteins. The complexation of NH3
+ groups with DCH18C6


increases the solubility lysine-rich proteins and the compexation
adducts transfer from the aqueous phase to the IL phase. Repro-
duced with permission from ref 54. Copyright 2006 American
Chemical Society.
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Four different ILs were immobilized in porous hydro-
philic polyethersulfone supports and examined for the flux
and selectivity of CO2/N2 and CO2/CH4. The selectivities
for CO2/N2 (61) and CO2/CH4 (20) were achieved with the
1-ethyl-3-methylimidazolium dicyanamide supported mem-
brane.73 Another reseach group used an alumina mem-
brane filled with [BMIM][NTf2] to achieve a selectivity of
127 for CO2/N2.74 With nanofiltration membranes as
support, four ILs were immobilized. The permeability of
the gas molecules H2, O2, N2, and CO was examined. A
selectivity of 4.3 for H2/CO2 was achieved.75


[OMIM][PF6] was immobilized in a polypropylene
hollow fiber and used for the hollow fiber-protected LPME
of chlorophenols from natural water samples. Low HPLC
detection limits and good reproducibility were obtained
due to the high stability of the hollow fiber-protected IL
membrane.76


IL-supported liquid membranes also were used for the
separation of a racemate. (S)-Ibuprofen in the feed solu-
tion was converted to (S)-ibuprofen ester via catalysis by
a lipase, while (R)-ibuprofen did not react. Subsequently,
the (S)-ibuprofen ester was transported through a [BMIM]
[PF6] filled membrane, and the (R)-ibuprofen was rejected.
The (S)-ibuprofen ester was hydrolyzed with the aid of
another lipase in the receiving solution to recover the (S)-
ibuprofen with an ee value up to 75% (Figure 7).77


6. Conclusions
ILs have been widely employed in extractions, as GC
stationary phases, and as supported liquid membranes.
In some cases, they can be considered “green” solvents,
but they have many other benefits including unusual
selectivities, high extraction efficiencies, dual-nature GC
properties, durability, and resistance to thermal degrada-
tions. It should be noted that the environmental benefits
of ILs need be carefully considered. Recent work demon-
strated the toxicity of some ILs.78 More research is also
needed on their long-term stability and recyclability. New
ILs or novel applications of existing ILs can be developed
that will further improve their capabilities for chemical
separations. For example, the loss of ILs into aqueous
media in metal ion extractions needs be suppressed. New


ILs and coating methods are being developed for high
efficiency and high thermostability GC columns. Chiral
GC stationary phases with high thermostability and broad
enantiomeric selectivity are needed. One area that will
continue to grow in importance is the use of ILs as
absorbents in solid-phase extractions (SPE) and solid-
phase microextractions (SPME). It is likely that ILs will
fill the role of a polar absorbent for these techniques.


We gratefully acknowledge the support of this work by the
National Institutes of Health, Grant NIH RO1 GM53825-11.
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ABSTRACT
Ionic liquids can simultaneously assume multiple solvent roles,
because they are strongly polar and polarizable solvents and binary
solutions and frequently contain very hydrophobic components.
When the cation and anion functional groups are tuned ap-
propriately, ionic liquids can be used as designer solvents for a
broad range of applications. In this Account, we discuss our
spectroscopic studies on the intermolecular interactions, dynamics,
solvation, transport, and friction in ionic liquids, as compared with
information obtained from macroscopic experiments including
viscometry and calorimetry.


Introduction
A substantial new level of understanding of the physical
chemistry of ionic liquids has been obtained in the past
few years.1 Experiments and theory have been successfully
employed to characterize the unique properties of these
binary (and higher-order) solutions. Our own contribu-
tions to this growing literature on the physical chemistry
of ionic liquids have focused on detailed spectroscopic
investigations of solvation, intermolecular interactions,
and vibrational dynamics.2–7 We are attempting to connect


the dynamics and interactions that we probe on the
molecular scale with both the electronic structures of the
component ions, together with the more macroscopic
properties such as the viscosity, glass transition temper-
atures, fragility, and translation diffusion coefficients. This
Account will provide an overview of our work on the
physical chemistry of ionic liquids to date.


Recent work on the physical chemistry of ionic liquids
has included ab initio electronic structure calculations and
molecular dynamics simulations, which are both are used
to calculate the properties of these highly polarizable as
well as highly polar liquids. Various insights into the local
order on the nanometer scale have been provided from a
number of spectroscopy and scattering experiments.8–14


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.15–17 The recent X-ray scattering paper
by Triolo and co-workers has demonstrated rather un-
ambiguously that structures having length scales ranging
from 14 to 26 Å must exist in imidazolium ionic liquids
having alkyl chains with 4–10 carbons.18 Many researchers
have investigated the glass-forming nature of these liquids,
showing that they span the range from fragile to medium-
strength glass formers, with glass transition temperatures
typically in the range from 180 to 220 K.19–21


Spectroscopic methods have been widely applied to
ionic liquids, to probe their dynamics, structure, interac-
tions, solvation, and transport. Results from inelastic
neutron scattering,12 NMR,22 terahertz and dielectric,23–25


optical Kerr effect,26 and interfacial nonlinear optical
spectroscopy have provided some of the intricate details
of dynamics and interactions in neat ionic liquids. In order
to investigate solvation dynamics and local friction that
is most directly relevant to charge-transfer processes,
time-resolved fluorescence spectroscopy of a suitable
solvatochromic probe molecule has been widely ap-
plied.1,27,28
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Spectroscopic Methods
To investigate the interactions and dynamics in ionic
liquids, we use a combination of time-resolved nonlinear
optical and fluorescence spectroscopy methods. The fem-
tosecond optical heterodyne-detected Raman-induced
Kerr effect spectroscopy (OHD-RIKES) method is a power-
ful tool for characterizing the intermolecular dynamics
occurring in complex fluids, including both the inter- and
intramolecular vibrational dynamics as well as the longer
time scale orientational relaxation.26,29 Several groups
have used the method to characterize the dynamics in
ionic liquids.2–5,13,14,30–34


In our laboratory, we use OHD-RIKES to measure the
depolarized Raman signals for ionic liquids in the spectral
range from less than 0.1 to greater than 750 cm-1.2–5 The
OHD-RIKES method is a means to observe the depolarized
Raman spectra of the intramolecular normal modes of the
cation and anion species. More significantly, we can
measure the lower frequency part of the spectrum that
includes the intermolecular vibrational dynamics resulting
from both single-particle and collective motions in the
liquid. As with other polar organic solvents, librational
dynamics of the ions make substantial contributions to
the intermolecular spectral density. Because of the binary
nature of the ionic liquids and the asymmetric character
of the component ions, OHD-RIKES can also detect those
translational dynamics that are coupled to orientational
motions. At the lowest frequencies (or longest time scales),
we observe the nonexponential relaxation of the liquid.
The slowest time scale dynamics, analogous to the R-re-
laxation observed in glass-formers, extend to several
nanoseconds for room temperature ionic liquids.31,34 The
time constants obtained from the longer time delay
portion of these Kerr transients show a linear correlation
with viscosity, showing relaxational behavior similar to
that predicted by the Stokes–Einstein–Debye hydrody-
namic law. We note that translational self-diffusion coef-
ficients obtained from pulse-gradient spin–echo NMR
experiments did not display hydrodynamic behavior for
some of the samples we measured.6


The dynamics of the local environment relevant for
understanding solvation and elementary chemical pro-
cesses can be studied using time-resolved fluorescence
spectroscopy of a solvatochromic fluorescence probe
molecule, such as coumarin 153 (C153, Figure 1).35 The
fluorescence anisotropy experiment36,37 provides the sec-
ond-rank orientational time correlation function for the
probe molecule, and thus samples the local friction. The
time-dependent spectral shift of the emission spectrum
to lower frequencies has been correlated with the reor-
ganization dynamics of the ionic liquid in response to the
substantial increase in interaction strength of the probe
electronic excited state relative to its ground state. The
fluorescence response thus is a measure of the solvation
dynamics.35 The femtosecond time resolution needed to
fully resolve the frequency shift of the emission can be
obtained by recording the time-gated emission spectral
dynamics using fluorescence upconversion, stimulated


emission, or an optical Kerr shutter with sub-100 fs optical
pulses.28,38–41 Greater sensitivity and dynamic range of
fluorescence intensity is obtained by using the time-
correlated single photon counting (TCSPC) methods,
though this comes at the cost of a nearly 2 orders of
magnitude decrease in time resolution. Because most of
the observed spectral shift of the C153 probe molecule
occurs on the picosecond to nanosecond scales for the
four ionic liquids we investigated, TCSPC was better suited
for resolving the greatest breadth of time delay after the
photoexcitation pulse.7 Ito and Richert have shown that
triplet emission from quinoxaline can be used to probe
much slower relaxation phenomena in supercooled ionic
liquids.42,43


Ionic Liquids with Aliphatic Cations
Interest in reducing the viscosities of ionic liquids led us, as
well as other groups, to substitute ether functionalities44,45


in place of alkyl chains in ionic liquid cations or anions.
The cations considered were N-butyl-N-methyl-pyrrolidin-
ium (Pyrr14


+ ), N-methoxyethyl-N-methyl-pyrrolidinium
(Pyrr1(2O1)


+ ) and N-ethoxyethyl-N-methyl-pyrrolidinium
(Pyrr1(2O2)


+ ). In the case of alkyl-methyl-pyrrolidin-
ium bis(trifluoromethylsulfonyl)imide (NTf2


-) salts, the sub-
stitution of methoxyethyl (Pyrr1(2O1)


+ ) and ethoxyethyl
(Pyrr1(2O2)


+ ) groups (Figure 1) reduced the room-temperature
viscosities by approximately one-third as compared with the
corresponding butyl (Pyrr14


+ ) and pentyl (Pyrr15
+ ) derivatives.46


Whereas Pyrr14
+ /NTf2


- and Pyrr15
+ /NTf2


- melt at 255 and 281
K, respectively, Pyrr1(2O1)


+ /NTf2
- and Pyrr1(2O2)


+ /NTf2
- show


no melting point above their glass transition temperatures,
as shown in Figure 2.


Preparation of the N-ethoxyethyl-N-methyl-pyrroli-
dinium salt from N-methylpyrrolidine and bromo-ethyl-
ethyl ether led to the fortuitous discovery that the ionic
product Pyrr1(2O2)


+ /Br- is liquid at room temperature.
Indeed, no melting point is observed above the glass
transition temperature of 220 K. This rare liquid bromide
salt is extremely viscous (estimated to be 14 900 cP at 293
K). The bromide, dicyanoamide (DCA-), and NTf2


- salts
of the Pyrr1(2O2)


+ cation formed a convenient series for


FIGURE 1. Components of ionic liquids with aliphatic cations and
anions, together with the solvatochromic fluorescence probe C153.
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detailed spectroscopic studies of ionic liquid dynamics as
described below.


Differential scanning calorimetry (DSC) characteriza-
tion of the tetraalkylammonium NTf2


- salts used in our
earlier radiolysis studies47,48 and solvation dynamics work7


(see below) provided one additional surprise: methyl-
(tributyl)ammonium NTf2


- (N1444
+ /NTf2


-), first reported
by Bard and co-workers,49 melts at 300 K (Figure 2). Thus,
this salt and hexyl(tributyl)ammonium NTf2


- (N6444
+ /


NTf2
-, mp 298 K)50 are both persistently supercooled


liquids at room temperature.
The temperature dependence of ionic liquid viscosities


typically shows a non-Arrhenius behavior where the
proportional rate of viscosity decrease (or conversely,
fluidity increase) varies sharply with temperature. Data
of this sort are empirically described using a three-
parameter Vogel–Fulcher–Tammann (VFT) expression,
shown here for the fluidity, � ) 1/η, where η is the shear
viscosity.20


�)�0 exp( B
T-T0


))�0 exp( DT0


T-T0
) (1)


The curvature of the Arrhenius plot for viscosity or
fluidity is associated with the parameter D, which is
inversely related to the fragility of the liquid, or the rate
of change in the viscosity with temperature near the glass
transition point. Fragile liquids decrease in viscosity very
quickly near the glass transition and change less at higher
temperatures, whereas strong glass-forming liquids show
Arrhenius behavior over the whole temperature range. In
general, ionic liquids having NTf2


- anions fall into the
category of fragile glass formers.


We have made detailed spectroscopic studies of several
groups of ionic liquids, each based on non-aromatic
organic cations.2 The molecular structures of the compo-
nent cations and anions for these liquids are shown in
Figure 1, together with the structure for the solvatochro-
mic fluorescence probe coumarin 153 (C153). Our first
spectroscopic study of five ionic liquids was made from
the two intersecting series of liquids. The first was a trio


of liquids having the NTf2
- anion paired with Pyrr14


+ ,
Pyrr1(2O1)


+ , and Pyrr1(2O2)
+ . The intersecting series was


comprised of the Pyrr1(2O2)
+ cation paired with three


anions: bromide, dicyanoamide (DCA-), and NTf2
-. The


intermolecular interactions for the ambient temperature
ionic liquids were characterized using the femtosecond
OHD-RIKES method.2


The second series of four ionic liquids was comprised
of Pyrr14


+ , Pyrr1(2O2)
+ , N1444


+ , and N
6444


+ cations paired with
the NTf2


- anion. The structures for N1444
+ and N6444


+ are
also given in Figure 1. Solvation dynamics and reorien-
tational dynamics were studied for these liquids using
picosecond time-resolved fluorescence from the C153
solvatochromic fluorescence probe.7


Intermolecular Interactions and Dynamics in
Aliphatic Cation Liquids: Kerr Spectroscopy
A series of typical OHD-RIKES spectra for the pyrroli-
dinium cation ionic liquids in shown in Figure 3 for the
spectral range from 0 to 200 cm-1. It is important to clarify
that the longer time scale orientational relaxation dynam-
ics have been fit to nonexponential decay functions and
subtracted from the OHD-RIKES transients prior to the
Fourier-transform deconvolution procedure that provides
the spectrum.2


The spectra shown in Figure 3 have been fit to a
combination of asymmetric multimode Brownian oscil-
lator functions plus a number of Lorentzian functions.2


This line shape analysis is necessary to separate the
contributions from the Lorentzian normal modes so that
the underlying intermolecular dynamics can be analyzed
in more detail. For the three NTf2


- ionic liquids having
the Pyrr14


+ , Pyrr1(2O2)
+ , and Pyrr1(2O1)


+ cations, there is a band
at 121 cm-1 that is assigned to a torsional mode of the
NTf2


- anion. For the Pyrr1(2O2)
+ /DCA- ionic liquid spec-


trum, the band at 180 cm-1 is assigned to the bending
mode of the DCA- anion. Because the bromide anion has
no internal modes and is of spherical symmetry, it makes
no single-particle contributions to the depolarized Raman
spectrum. Thus, the intermolecular spectrum for Pyrr1(2O2)


+ /
Br- arises overwhelmingly from the librational dynamics
of the Pyrr1(2O2)


+ cation.2 We note that these spectra are
similar to the intermolecular spectra of imidazolium-based
ionic liquids with the same anions, which have been
observed by several research groups.2–5,13,14,30,32,33


A unique feature of the intermolecular spectra for the
pyrrolidinium NTf2


- ionic liquids is that the band centers
of the overall intermolecular bands are of lower frequency
than the spectra for the ionic liquids having the smaller,
lighter anions, DCA- and bromide. In the original paper,
we speculated that the NTf2


- anion will have intermo-
lecular motions that are strongly coupled to the predomi-
nantly torsional low-frequency modes of this ion, while
the DCA- and bromide anions may actually contribute a
projection from a unique intermolecular stretching coor-
dinate between the cation and anion.2 This speculation
is consistent with the frequencies predicted by AM1
semiempirical calculations for such intermolecular stretch-


FIGURE 2. DSC plots for the ionic liquids pairing NTf2
- with N6444


+ ,
N1444
+ , Pyrr14


+, and Pyrr1(2O2)
+ . The traces are displaced vertically for


clarity.
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ing coordinates in cation–anion dimers and anion–cation–
anion trimers.2


Solvation Dynamics in Aliphatic Cation Liquids
Probed by C153
Solvation dynamics in neutral organic solvents has been
investigated with a high level of detail by time resolving
the emission red shift of a solvatochromic probe molecule
such as C153.35 The total emission shift that is typically
resolved while using femtosecond laser pulses is often in
excess of 10% of the total excitation energy. A normalized


solvation response is obtained from the time-dependent
shift of the emission. Horng et al. showed that the
solvation response required three or four exponential
terms to adequately fit the response.35 The fastest subpi-
cosecond time constants are normally assigned to under-
damped librational motions of the dipolar solvent mol-
ecules, while the longer time constants are assigned to
diffusive reorientational motions of the solvent.35 These
diffusive dynamics are shown to strongly correlate with
the time constants obtained from dielectric spectroscopy,
and to correlate (albeit less strongly) with the time
constants for diffusive reorientation obtained from fem-
tosecond Kerr spectroscopy methods.51


Recently, a substantial amount of research has been
done using fluorescence dynamics to investigate ionic
liquids.7,27,28,38,41,42,52–60 Because the individual ions of an
ionic liquid frequently have large effective dipole mo-
ments, the same types of orientational motions of the ions
will make substantial contributions to the solvation
energy. At the same time, translational reorganization of
the ions can add substantially to the solvation energy.61


Though femtosecond fluorescence is widely used to
understand solvation dynamics, the experiments com-
monly require that the sample be rapidly flowed to avoid
heating. Because the viscosities of ionic liquids are typi-
cally 2 orders of magnitude or more higher than for most
organic solvents, a more limited number of subpicosecond
fluorescence (or stimulated emission) experiments have
been done on ionic liquids.28,38–41 These results show that
ionic liquids having imidazolium cations do have a
component of the fluorescence shift that has a subpico-
second time constant. Curiously, the emission shift data
for the tetraalkyl-ammonium and -phosphonium and
dialkylpyrrolidinium ionic liquids show that only a very
small fraction of the emission shift occurs with subpico-
second dynamics at room temperature.54,62 A general
consensus seems to be that the ionic liquids have solva-
tion dynamics that are nonexponential, with the time
correlation functions being best fit to either Kohlrausch
(stretched-exponentials) or two-exponential functions.
Maroncelli and co-workers have shown that the average
solvation time constants obtained from fluorescence
dynamics scale with the ionic liquid viscosity.54,63


Using the C153 fluroescence probe and a time-cor-
related single-photon counting (TCSPC) instrument (with
a 70 ps instrument response, fwhm), we have investigated
the temperature-dependent solvation response of the four
ionic liquids shown in Figure 1.7 Log–log plots of the C153
emission frequency vs time are shown in Figure 4. The
plots of log frequency vs log time clearly show more than
one inflection point for N1444


+ /NTf2
- at 293.2 K and for


N6444
+ /NTf2


- at 278.2, 293.2, 308.2, and 353.2 K, indicating
that a stretched exponential function is not an appropriate
model function for these temperatures. Best fits to the
solvation response functions are obtained using sums of
three- and typically four-exponential functions for all four
of the ionic liquids studied, at each of the six tempera-
tures. For the lowest experimental temperature of 278.2
K, the time constants span a range from less than 25 ps


FIGURE 3. OHD-RIKES spectra for ionic liquids with pyrrolidinium
cations.


Dynamics, Interactions, and Solvation in Ionic Liquids Castner et al.


1220 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 11, 2007







to 22 ns. At the highest experiment temperature of 353.2
K, the time constants span a range from 10 ps to 1 ns.
Graphs of these time constants vs temperature show
behavior that is close to Arrhenius; however, slightly better
fits are obtained using the VFT model.20


Orientational Friction of Coumarin 153
The solution-phase reorientational dynamics of C153 have
been characterized in detail for neutral solvents.64 We
carried out time-dependent fluorescence anisotropy ex-
periments on C153 solutions of the NTf2


- ionic liquids
with N6444


+ , N1444
+ , Pyrr14


+ , and Pyrr1(2O2)
+ cations (Figure 4).


The same sample temperatures were used. Each anisot-
ropy data set was analyzed using a convolute-and-
compare algorithm with the Levenberg–Marquardt mini-
mizer with a simultaneous analysis of the Ivv, Ivm, and Ivh


36


emission transients. In general, three-exponential decay
functions were required to obtain adequate fits to our
data. Kohlrausch functions never provided an adequate
fit to the TCSPC fluorescence anisotropy data for C153 in
these four liquids.7


Generally, the amplitude-averaged fluorescence ani-
sotropy was in rough accord with hydrodynamics laws,
as there was reasonable agreement with a graph of this
averaged time constant for reorientation with the ratio of
measured viscosity to absolute temperature. Significant
deviations from normal hydrodynamic behavior were
observed when the three individual time constants ob-
tained from the fits to the time-dependent anisotropy
were graphed versus viscosity over temperature.


Fluorescence anisotropy fits to the C153 data taken in
the tetraalkylammonium ionic liquids N1444


+ /NTf2
- and


N6444
+ /NTf2


- show a dominant longest time constant that
does show the appropriate scaling with viscosity. However,
as with aqueous polymer solutions,65,66 faster time con-
stants are also obtained in the fitting procedure. In
polymer solutions, these time constants are assigned to
reduced local friction or microviscosity effects. We specu-
late that in certain locations within the local structure of
the ionic liquid, the approximately planar C153 probe can
undergo reorientation in the plane that samples a sub-
stantially lower friction.7


The two dialkylpyrrolidinium ionic liquids Pyrr14
+ /NTf2


-


and Pyrr1(2O2)
+ /NTf2


- display rather different behavior. For
the C153 fluorescence anisotropy in these two liquids, very
long time constants ranging from 110 to 860 ns are
recovered from the analysis. Since the probe average
fluorescence lifetime is 5 ns, the values for these long
reorientation time constants have a large degree of
uncertainty. However, the quality of the fits is much
poorer when these longer time scale exponential decay
functions are not included in the fit. We have speculated
that these longer reorientational time constants might
result from either the C153 becoming part of long-lived
structures in the ionic liquid or some of the C153
experiencing a higher friction if they are sampling some
of the nanostructure in the liquids predicted by a number
of groups.8–14,67


The temperature dependence of the C153 fluorescence
anisotropy time constants is in accord with an Arrhenius
model for the Pyrr14


+ /NTf2
- and Pyrr1(2O2)


+ /NTf2
- liquids.


For the N6444
+ /NTf2


- and N1444
+ /NTf2


- liquids, the Arrhe-
nius model does not fit the time constants well; instead a
VFT model provides a reasonable fit.7


Ionic Liquids and Neutral Binary Organic
Solution Homologues
One of the important questions for understanding room
temperature ionic liquids is: what is the difference be-
tween ionic liquids and neutral organic molecular liquids?
More specifically, what elements from the set of the
unique properties of ionic liquids result from the fact that
an ionic liquid is a solution with a very high concentration
of charges and what parts result from the complexities
inherent in any binary solution of polar, polarizable,
flexible, and asymmetric components? To address these
questions, we have compared an ionic liquid, N-meth-
oxyethylpyridinium dicyanoamide (MOEPy+/DCA-) with


FIGURE 4. Temperature-dependent C153 time-dependent fluores-
cence shifts in four ionic liquids N1444


+ /NTf2
-, N6444


+ /NTf2
-, Pyrr14


+/
NTf2


-, and Pyrr1(2O2)
+ /NTf2


-.
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the homologous neutral binary solution, an equimolar
mixture of methoxy-ethylbenzene and dicyanomethane
(MOEBz/DCM), shown below in Figure 5.3 The MOEPy+


cation and MOEBz are isoelectronic and isomorphic. The
DCA- anion and dicyanomethane are isoelectronic and
nearly isomorphic. The shear viscosity at room temper-
ature of MOEPy+/DCA- is about 30 times larger than that
of MOEBz/DCM, and the room temperature density of the
ionic liquid is about 20% larger than that of the neutral
binary solution.3


The data from a femtosecond OHD-RIKES study of
these liquids is shown in Figure 6. Figure 6a shows the
picosecond overdamped transients, Figure 6b shows the
femtosecond dynamics, and Figure 6c shows the spectra
obtained by Fourier-transform deconvolution of the tran-
sients in Figure 6b. In the slowest relaxation observed in
this study, the ratio of the relaxation time constants
between MOEPy+/DCA- and MOEBz/DCM is relatively
similar to the ratio of the shear viscosities. This result
implies that the longest time scale reorientation time
constants for ionic liquids are similar to those for neutral
binary solutions and that this behavior is consistent with
the predictions of Stokes–Einstein–Debye hydrodynam-
ics.3


However, the intermolecular vibrational dynamics of
the ionic liquid are somewhat different from that of the
neutral binary solution. As shown in Figure 6c, the peak
and the first moment of the intermolecular vibrational
spectrum of MOEPy+/DCA- are higher frequency than
that of MOEBz/DCM. Although there are many possible
origins for this spectral difference between the two liquids,
it is likely that the primary difference arises from the
differences in intermolecular interactions for the ionic
liquid relative to the homologous neutral binary solution.
Thus, the intermolecular interaction strength in ionic
liquid is stronger than that for the neutral binary solution.
The macroscopic properties such as liquid density and
shear viscosity are consistent with stronger intermolecular
interactions.3


Electronic Properties of the Ionic Liquid
and Homologous Neutral Pair
To further understand the ionic liquid and its isoelec-
tronic, isostructural neutral binary homologue, we carried


out geometry optimizations and harmonic normal-mode
analyses for the individual molecular components.3 Ge-
ometry optimizations were made using the B3LYP density
functional theory with the 6-311+G(d,p) basis set. Effective
atom-centered charges were obtained by fitting the result-
ing electrostatic potential.


The harmonic normal mode predictions enable us to
assign all of the observed low-frequency vibrations from
the Kerr spectrum shown in Figure 6 to either the cation
or anion species. The charge distributions of the ground-
state molecular species are shown in Figure 7, with green
colors indicating positive charge and red negative charge.
It is clear from inspecting the charge distributions of
MOEBz and MOEPy+ that the geometries and charge
distributions are quite similar, as would be expected for
an isoelectronic pair. The DCA- anion and its isoelectronic
homologue DCM display the same trend, but the effective
charges on the C and N atoms of the nitrile groups are


FIGURE 5. Ionic liquid (MOEPy+/DCA-) and homologous neutral pair
(MOEBz/DCM).


FIGURE 6. OHD-RIKES transients (a, b) and spectra (c) for the ionic
liquid MOEPy+/DCA- (red) and the homologous neutral binary liquid
MOEBz/DCM (blue).


Dynamics, Interactions, and Solvation in Ionic Liquids Castner et al.


1222 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 11, 2007







approximately double for the DCA- anion relative to the
DCM neutral.3


Novel Ionic Liquids with Silicon-Substituted
Cations
Because of the observed reduction in viscosity upon
changing one methylene group to an ether oxygen (viz.,
Pyrr14


+ /NTf2
- and Pyrr1(2O1)


+ /NTf2
-),2 we began to consider


whether other chemical substitutions to the cation or
anion side chains might offer even better means of tuning
the viscosity. Our early discussions included the fact that
the ether side chain is more flexible than the alkyl chain.
Other concepts discussed included ideas about increased
charge asymmetry for the alkylsilyl chains relative to alkyls
and conformational heterogeneity.67 Our ideas turned to
the question, “What would make for a more flexible side
chain than an ether?” The answer was that alkylsilyl side
chains would be more flexible and that alkylsiloxy chains
would be even more so. Our hope was that more side-
chain flexibility might lead to a broader range of cation
conformations and that this would lead to a reduction in
Tg and hence viscosity.


Synthesis of Novel Silicon-Substituted Ionic
Liquids
Standard synthetic methods are used to convert N-
methylimidazole to 1-alkyl-3-methylimidazolium halides,
where the alkyl group may be replaced by an alkylsilyl or
alkylsiloxy group, and the halides are either chloride or
bromide. Anion substitution of the halide for a bulkier
anion is accomplished using lithium bis(trifluoromethyl-
sulfonyl)imide (Li+ NTf2


-) or sodium tetrafluoroborate.4,5


Structures of the silyl- and siloxy-substituted imidazolium
cations are shown in Figure 8.


We prepared a series of novel ionic liquids with the
N-methylimidazolium cation decorated on the other N′
nitrogen with an alkylsilyl or alkylsiloxy functional group.4,5


The first studies involved comparing the trimethylsilyl-
methyl-substituted imidazolium with the analogous neo-
pentyl-substituted imidazolium.4 Both Si-mim+ and C-
mim+ were prepared as ionic liquids paired with the NTf2


-


and the BF4
- anions.6


Physical Properties: Low Viscosities and
Fragile Glass Formation
Though the room temperature shear viscosities of these
novel ionic liquids were not spectacularly low, the intrigu-
ing finding was that the Si-mim+/NTf2


- liquid viscosity
was 100 cP at ambient temperatures, while the C-mim+/
NTf2


- liquid had a viscosity of about 160 cP.4 On mea-
surement of the BF4


- ionic liquids with Si-mim+ and
C-mim+, the former had an ambient viscosity of 631 cP
while the latter had a viscosity of 4640 cP, a factor of 7.4-
fold larger.4


Semilog plots of the viscosities versus temperature for
the ionic liquids with silicon-substituted cations are shown
in Figure 9. In Figure 9a, the viscosities for Si-mim+/BF4


-


(blue) are compared with C-mim+/BF4
-. Figure 9b shows


that the viscosities for Si-mim+/NTf2
- and C-mim+/NTf2


-


are both substantially lower than the corresponding BF4
-


liquids. Figure 9c shows the log of the viscosities plotted
vs temperature for the second generation Si-substituted
ionic liquid cation series.


The initial hypothesis as we began this work was that
alkylsilyl and alkylsiloxy side groups would permit a
greater flexibility of the side chain on the imidazolium,
thus leading to a greater degree of conformational het-
erogeneity of the cation, and hence a lower glass transition
temperature. When the glass transition temperatures were
measured using differential scanning calorimetry,5,6 this
was shown to be the case. The Tg values for Si-mim+/
NTf2


- and C-mim+/NTf2
- were 201 and 203 K, while the


Si-mim+/BF4
- and C-mim+/BF4


- ionic liquids had mea-
sured Tg values of 216 vs 221 K.6


The next investigation of silicon-substituted ionic
liquids involved comparing the Si-mim+/NTf2


- liquid with
two new cations, PhSi-mim+ and SiOSi-mim+, each paired
with the NTf2


- anion.5 The SiOSi-mim+ cation has a
branched yet highly flexible side chain with nine heavy
atoms. The PhSi-mim+/NTf2


- liquid had a Tg value of 216
K and a viscosity at 295 K of 312 cP.5 The SiOSi-mim+/
NTf2


- liquid had the lowest Tg of the series at 197 K and
also had the lowest measured viscosity of 89 cP at 295 K.5


FIGURE 7. Effective atom-centered charges obtained from fits to
the electrostatic potential for B3LYP/6-311+G(d,p) optimized geometries.


FIGURE 8. Si-substituted cations for low viscosity ionic liquids.
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Intermolecular Interactions, Dynamics, and
Structure
The depolarized Raman spectrum from the OHD-RIKES
experiment provides a detailed look at the forces deter-
mining both inter- and intramolecular vibrational dynam-
ics.26 The intramolecular Raman spectrum has been used
to unambiguously demonstrate the presence of both trans
and gauche conformers of the n-butyl group in several
bmim+ ionic liquids.67


In a similar fashion, our OHD-RIKES spectra demon-
strate that the NTf2


- anion shows similar intensities of
both the trans and cis conformers. Figure 10 shows the
spectra for Si-mim+/NTf2


-, C-mim+/NTf2
-, SiOSi-mim+/


NTf2
-, and PhSi-mim+/NTf2


-.5 The spectral region from
250 to 410 cm-1 is a fingerprint region for the NTf2


- anion.
The trans and cis conformers of NTf2


- both are known to
have eight unique bands in this region, with two of the
eight bands having a shift between the two conform-
ers. 68,69 The observation of the 10 bands assigned to the
NTf2


- anion in this region of the spectrum demonstrates
that the anion, as well as the cation, can introduce static
conformational heterogeneity in the ionic liquid.2–5


Electronic Structure and Harmonic Vibrational
Analysis of the Cations and Anions
As with the ionic liquid vs neutral binary pair comparisons
above, we also carried out electronic structure calculations
for the ions shown in Figure 8 plus the NTf2


- anion, all
using the B3LYP method for ground-state geometry
optimization of the isolated molecular species.4,5 Because
the number of electrons is much greater for these systems,
the 6-31+G(d,p) basis set was used for the calculations.


FIGURE 9. Temperature-dependent viscosity plots for the novel ionic
liquids with Si-substituted cations.


FIGURE 10. OHD-RIKES spectra for NTf2
- ionic liquids with silicon-


substituted cations.
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Again, the harmonic normal-mode analyses enabled full
assignment of the observed depolarized Raman modes in
the range from 0 to 750 cm-1.5 It is interesting to note
that the effective charges obtained from application of the
CHelpG algorithm show that the net charges on the
imidazolium ring system remain the same to better than
5% for this series of four cations, as shown in Figure 11.
It is also clear that the presence of the methylene bridging
unit between the imidazolium ring and the Si atom in
PhSi-mim+ is likely part of the reason that there is no
apparent delocalization of the positive charge from the
imidazolium ring toward the phenyl ring. The striking
difference between the Si-mim+ and the C-mim+ cations
is that though the net charge of the Si atom on Si-mim+


is +0.76 while the central C atom of the neopentyl
functional group on C-mim+ is +0.60, this excess charge
is compensated by a 20% increase in the Si–C bond
lengths relative to the C–C bond lengths.5 We note that
the same trends for effective charges are also observed in
the simpler Mulliken population analysis.


Summary
We learned several significant things from our studies of
ionic liquids with non-aromatic cations. The phase be-
havior is highly sensitive to small changes in the structure.
For example, N1444


+ /NTf2
- and N6444


+ /NTf2
- are persistently


supercooled liquids with the melting temperature Tm


observed at about 300 K. Dialkyl-pyrrolidiniums paired
with the same NTf2


- anion either have lower Tm values,
as in the case of Pyrr14


+ /NTf2
- and Pyrr15


+ /NTf2
-, or


crystalline melting transitions may not be observed at all,
as for the DSC scans for Pyrr1(2O1)


+ /NTf2
- and Pyrr1(2O2)


+ /
NTf2


-.7


Our OHD-RIKES transients and spectra for five ionic
liquids at room temperature presented several interesting
features.2 We were able to study just one component of


the binary fluid by making use of a monatomic bromide
anion, since the spherical anion has no intramolecular
vibrations and contributes nothing to the depolarized
Raman spectrum from reorientation. Thus we isolated the
spectrum for the intermolecular dynamics arising from
motions of the Pyrr1(2O2)


+ cation. Similarly, we were able
to isolate the orientational relaxation dynamics of solely
the cation in Si-mim+/BF4


- and C-mim+/BF4
-, since the


tetrahedral symmetry of the anion eliminates any contri-
bution to the spectrum from reorientation.3


Just as Hamaguchi and co-workers have shown that
substantial conformational heterogeneity exists between
the trans and gauche conformers of the butyl chain on
the cation of bmim+/Cl-,67 we have shown that both cis
and trans conformers of NTf2


- are present in each NTf2
-


ionic liquid that we have studied by the OHD-RIKES
method.2,3,5


Our fluorescence dynamics studies provided overall
agreement with the growing body of literature in this area.
Subtle differences were observed in some areas. While
solvation dynamics of the ions surrounding the C153
probe showed very nearly Arrhenius character, the tem-
perature dependence of the polarization anisotropy dy-
namics was better fit to a VFT profile.7 Each of the time
correlation functions for solvation dynamics derived from
the time-dependent fluorescence shift of C153 required
three- or four-exponential models in the numerical analy-
sis; in no case did Kohlrausch functions provide an
adequate fit. Somewhat different behavior was observed
for the C153 orientational relaxation in tetraalkylammo-
nium NTf2


- liquids relative to those with dialkylpyrroli-
dinium cations. The former liquids are more viscous by
about an order of magnitude at room temperature and
show faster time constants consistent with microviscosity
effects. The dialkylpyrrolidinium liquids show smaller
microviscosity effects, but the simultaneous nonlinear
least-squares fitting analysis shows the presence of very
long time constants. We speculated that these long time
constants may result from embedding of C153 in some
locally structured region or in some kind of ion cluster.7


In another project, we compared the interactions and
dynamics of an ionic liquid with its isoelectronic, iso-
structural homologue. The first moment of the intermo-
lecular spectrum is about 20% larger for the ionic liquid
than the neutral binary homologous solution. The longest
time constants obtained by fitting the orientational re-
laxation decay are consistent with hydrodynamic scaling.
This is because the ratio of the longest orientational
relaxation time constant for the ionic liquid vs the neutral
is similar to the ratio of the viscosities.


The novel cations with alkylsilyl and alkylsiloxy sub-
stituents have branched rather than straight chains. The
Si-mim+ ionic liquids (with NTf2


- and BF4
- anions) are


1.6- and 7.4-fold lower in ambient temperature shear
viscosity than are the analogous ionic liquids having the
same anions paired with the C-mim+ cation. The Tg values
for the Si-mim+ ionic liquids are 2–5 K lower than those
for the C-mim+ liquids. A notable feature of the self-
diffusion coefficients obtained from the PG-SE NMR


FIGURE 11. Effective atom-centered charges for Si-mim+, C-mim+,
PhSi-mim+, and SiOSi-mim+ obtained from fits to the electrostatic
potential for B3LYP/6-31+G(d,p) optimized geometries.
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experiments is that these coefficients showed sub-linear
scaling of the ratio of absolute temperature to viscosity,
indicating that their transport behavior is more complex
than would be predicted from a hydrodynamics perspec-
tive.6


Future research directions for understanding the physi-
cal chemistry of ionic liquids will span a vast range of
ideas. From our perspective, these will include under-
standing the solvation dynamics and local friction in
different regions of these complex and nanostructured
liquids, especially with an eye toward predicting chemical
reactivity and transport mechanisms. It will be quite
interesting to observe the various structural and dynamical
features of ionic liquids having both very small and large
concentrations of water or organic solvents. As with all
solvents, the continued investigation of the coupling
between fast and slow dynamics will be of interest in ionic
liquids, particularly when there is the possibility for
observation of non-Markovian effects. Finally, it will be
interesting to do longer time scale emission anisotropy
experiments using probes with triplet emissive states. 42,43


By doing so, we can investigate further the tantalizing
hints of slow relaxation suggested by our C153 fluores-
cence anisotropy studies of Pyrr14


+ /NTf2
- and Pyrr1(2O2)


+ /
NTf2


-.
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ABSTRACT
Ionic liquids (ILs) have recently attracted significant attention from
academic and industrial sources. This is because, while their vapor
pressures are negligible, many of them are liquids at room
temperature and can dissolve a wide range of polar and nonpolar
organic and inorganic molecules. In this Account, we discuss the
progress of our laboratory in understanding the dynamics, spec-
troscopy, and fluid dynamics of selected imidazolium-based ILs
using computational and analytical tools that we have recently
developed. Our results indicate that the red edge effect, the non-
Newtonian behavior, and the existence of locally heterogeneous
environments on a time scale relevant to chemical and photo-
chemical reactivity are closely linked to the viscosity and highly
structured character of these liquids.


Introduction
The reason why room-temperature ionic liquids (RTILs)
are liquid at room temperature is still not fully understood.
From recent X-ray crystal structure studies, we know that
some tend to crystallize into disordered solids1 and,
depending upon the rate of cooling, crystal polymor-
phism2 can be observed. On the basis of these observa-
tions, it has been speculated that the gain in energy upon
formation of the crystal is not as large as in traditional
inorganic salts and is not enough to compensate for the
loss in entropy that accompanies the formation of the
crystal at room temperature.1 Experiments show that
several of these systems have a tendency toward glassy
behavior3,4 and, depending upon the length of alkyl
substituents in the cations, their properties range from
those of normal liquids to glassy or even liquid crystals.5


As recently discussed in an interesting review article by
MacFarlane and co-workers,6 the possible number of
compounds expected to form RTILs is extremely large.
Only a very small fraction of these have been synthesized.
Their selectivity as media for chemical and photochemical
reactions remains terra incognita and invites for a thor-


ough theoretical understanding of the trends to be an-
ticipated as molecular modifications are applied.


Structural and Dynamical Heterogeneity
To understand the underlying physics behind recent
experimental findings in which the slow dynamics of
RTILs manifests,7–17 it is fundamentally important to
address the problem of heterogeneity on a time scale
relevant to chemical and photochemical reactivity. Dy-
namical heterogeneity (defined in this Account as non-
Gaussian translational and rotational diffusion) can be
present in systems that are either structurally homo- or
heterogeneous. As an example, supercooled water is
structurally homogeneous but clearly shows dynamical
heterogeneity.18–21 On the contrary, colloidal gels are
structurally heterogeneous but can also display dynamical
heterogeneity.22–26


Signs of structural heterogeneity (in this case, the
existence of polar and nonpolar environments in certain
ILs) have recently been reported in the literature.27,28 In
2004, we studied29 a family of imidazolium-based ILs and
found that in those with larger alkyl tails, structures
reminiscent of reverse micelles, such as that shown in
Figure 1, could be detected.


This structural heterogeneity may be important when
trying to rationalize why these liquids are able to dissolve
a wide range of molecules, ranging from water to
cellulose.30–32 Furthermore, the concept of liquid polarity
should also be used carefully because it is possible that
polar and nonpolar local environments coexist in the
liquid.


It is important to emphasize that a liquid may only
show signs of dynamical heterogeneity on a certain time
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FIGURE 1. Structural heterogeneity. Typical structure found in our
simulations of ILs that is reminiscent of a reverse micelle. A spherical
[PF6-] anion is in the center (space-filled representation); cationic
polar heads surround the anion; and cationic long aliphatic tails point
outward. Cation ) 1-dodecyl-3-methylimidazolium.
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scale. All liquids display ballistic motion at short time and
approach a Gaussian diffusive behavior when time goes
to infinity. Therefore, the relevant issue is the time scale
on which ILs display non-Gaussian diffusivity. This is
important because, as we will show, this time scale often
coincides with that for chemical and photochemical
reactivity. A direct way to answer this question is to
compute the self part of the van Hove correlation function
defined as33


Gs(r, t)) 1
N


〈∑
i)1


N


δ(r- |ri(t)- ri(0)|)〉 (1)


The self part of the van Have correlation function de-
scribes the diffusion of a particle, which for a normal
liquid satisfies Fick’s equation with an initial condition
of the delta function. For an isotropic system, 4πr2Gs(r,t)
dr is the probability of finding at time t an ion in the
vicinity dr of points at the distance r given that initially
the ion was located at the origin.


One can easily prove that the solution of Fick’s diffu-
sion equation is the standard Gaussian function


Gs0(r, t)) [ 3


2π〈r2(t)〉 ]
3


2e-
3r2


2〈 r2(t)〉2 (2)


This solution is what one usually obtains for normal
liquids, in which, after a short inertial response, Brownian
dynamics is established. Supercooled or glassy systems
display much longer tails in the distribution.


It is possible to compute the different moments of
Gs(r,t). In particular, for a Gaussian distribution, only even
moments are different from 0. To compare the deviation
of Gs(r,t) from Gs0(r,t), it is customary to analyze the
behavior of the non-Gaussian parameter,34,35 R2(t) )
3/5(〈r4(t)〉/〈r2(t)〉2) – 1. Only when diffusion is Gaussian is
R2(t) identically equal to 0.


Figure 2 shows the non-Gaussian parameter as a
function of time at three different temperatures. At
300 K, R2 displays its maximum on a time scale (t*) of
nanoseconds. This maximum dramatically decreases and
shifts to shorter times when the temperature is in-
creased.36


We computed the self van Hove correlation function
and the standard Gaussian function at the time of maxima
deviation t* for 1-butyl-3-methylimidazolium hexafluoro-
phosphate [BMIM+][PF6-] at 300 K. Figure 3 clearly
indicates that most ions diffuse slower than expected from
Fick’s law; however, a group of ions exist that diffuse much
faster. This can be appreciated from the fact that in Figure
3 Gs(r,t*) and Gs0(r,t*) cross at a distance of approximately
2.9 Å after which Gs(r,t*) has a much longer tail than the
corresponding Gaussian function Gs0(r,t*).


Furthermore, as it is usually the case for glassy or
supercooled liquids,37 it is possible to discriminate be-
tween ensembles of ions that are diffusing at slower and
faster rates. We found that subensembles of particles that
diffuse at slow rates and subensembles of particles that
move at fast rates are correlated in space. Radial distribu-
tion functions within the fast subensemble or within the
slow subensemble display maxima at contact distances,
while the cross-distribution functions show a depletion
in density at a contact distance. An interesting result is
that within the diffusively fast subensemble Gs(r,t) shows
multiple peaks. These multiple peaks shown in parts a and
c of Figure 4 are usually indicative of diffusion through
hopping mechanisms.38


The slow dynamics of the solvent gives rise to a very
interesting phenomenon: The existence of locally hetero-
geneous environments on a time scale relevant to chemi-
cal reactivity and optical spectroscopy. These local envi-
ronments are not necessarily related to polar/nonpolar
regions of the liquid but, instead, may correspond to
generic environments that do not significantly change on
a time scale relevant to chemical reactivity. In other words,
chemical or photochemical processes that take place on
a several nanosecond time scale most likely occur in
environments in which local solvent averaging does not
significantly take place.


The manifestation of this local solvent heterogeneity
is most obvious in the experiments of Samanta and co-
workers,17 where an absorption wavelength-dependent


FIGURE 2. Non-Gaussian parameter R2 for the [BMIM+] cation in
[BMIM+][PF6-] at three different temperatures. At 300 K, the
maximum of R2 is at t* ) 2.48 ns, whereas at 400 K, it shifts to 109
ps.


FIGURE 3. Self part of the van Hove correlation function for the
cations and its standard Gaussian form at the time t* ) 2.48 ns
when R2 reaches its maximum deviation from the Gaussian behavior
for ([BMIM+][PF6-]) at 300 K. Because this system is isotropic, we
only consider the radial part 4πr2Gs(r,t*). Reproduced with permission
from ref 36. Copyright 2006, The National Academy of Sciences of
the U.S.A.
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emission spectrum is observed upon electronic photo-
excitation of 2-amino-7-nitrofluorene (ANF) in different
solvents.


Red Edge Effects: Local Heterogeneity on Time
Scales Relevant to Photochemical Reactivity
Red edge effects are commonly observed for systems in
which the excited state of the probe is not fully equili-
brated with the solvent on the time scale of emission39–50


(see for example the excellent review article by Dem-
chenko).40


It is clear that this phenomenon can arise because of
two different causes. Environments that display “quasi-
permanent” structural heterogeneity (colloidal gels or
micelles for example) or environments that are hetero-
geneous because solvent averaging is slow and occurs on
a time scale longer than that required for the relevant
chemical or photochemical process in question.


An extreme example of this slow dynamics can be
observed for example upon excitation of tryptophan45,51


residues in denatured proteins. In this case, local environ-
ments provided by nearby amino acids are different for
each tryptophan and do not get averaged. One therefore
observes a red edge effect upon electronic photo-excita-
tion. In other words, the structure of the surrounding
environment is different for each fluorescent probe, and
these environments do not exchange on a time scale
relevant to spectroscopy or chemical reactivity. Each
tryptophan absorbs and emits at a slightly different
wavelength, giving rise to a large broadening of the
spectrum and to an absorption wavelength-dependent
emission spectrum.


In the case of RTILs, we find that because of hindrance
caused by the slow solvent dynamics the fluorescent probe
can only freely rotate on a time scale that is much longer
than its fluorescence lifetime. In a liquid composed of
bulky organic cations and anions, the fluorescent probe
molecule will experience significantly different local elec-
tric fields depending upon its relative orientation with
respect to a fixed spatial set of axes. Furthermore, for an


ensemble of reactive molecules in different solvent loca-
tions, these local electric fields will not average out to a
common value on a time scale consistent with the excited
state lifetime of the probes. In our recent study of ANF in
a RTIL,36 we followed the solvent electric field and the
projection of this vector onto the ground to excited dipole
moment change ∆µf as a function of time. We found from
these studies that, as shown in Figure 5, both the electric
field at the center of mass of the probe and the projection
onto ∆µf are nearly constant throughout individual simu-
lations but vary greatly across runs.


This clearly implies that solvent averaging of local
environments does not fully occur on a nanosecond time
scale. In our simulations, the ground to excited state gap
was assumed to be solely determined by electrostatics.
Consistent with Figure 5, we found that the values of the
solute–solvent electrostatic energy were trajectory-de-
pendent but almost time-independent.


After photo-excitation of the probe, an initial transient
behavior was observed after which neither the electric field
generated by the solvent nor its projection onto the dipole
moment of the excited state probe significantly changed.
We ascribe this behavior to the slow dynamics of the
solvent and the hindered nature of the solute rotations.


On the basis of these studies, we conclude that because
of the lack of adiabaticity in the response of the solvent
upon photo-excitation of a solute probe (i.e., the inability
of the solvent to promptly respond to a change in charge
distribution of the probe on a time scale consistent with
photo-emission), each molecule responds to a site-specific
perturbation and absorbs and emits at a different
wavelength.


The absorption wavelength-dependent behavior ob-
served17 for ANF in an ionic solvent can be satisfactorily
described by performing an average over an ensemble of


FIGURE 4. Self part of the van Hove correlation function Gs(r,t) for
anions (a and b) and cations (c and d) in the mobile ensemble (a
and c) and the immobile ensemble (b and d) at four different times.
Reproduced with permission from ref 36. Copyright 2006, The National
Academy of Sciences of the U.S.A.


FIGURE 5. Absolute value of the electric field generated by the
solvent at the location of one of the carbon atoms close to the center
of mass of ANF and the projection of this electric field onto the
direction of the ground to excited state dipole moment change ∆µf
as a function of time for two different trajectories. As can be
appreciated, the projection of the electric field onto ∆µf is different
in each trajectory but nearly constant with respect to time. This
phenomenon of constancy with respect to time and variation with
respect to space is the cause for the experimentally observed REE.
Reproduced with permission from ref 36. Copyright 2006, The National
Academy of Sciences of the U.S.A.
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molecular dynamics simulations. In this case, each trajec-
tory is first equilibrated in the ground electronic state and
then photo-excited into the first excited electronic state.
Each trajectory therefore contributes an absorption and
an emission spectrum, and the overall absorption wave-
length-dependent emission of the system can be com-
puted as the joint probability of ANF absorbing at λabs and
emitting at λemis.36,52


We have computed absorption and emission spectra
of ANF for trajectories with different initial conditions in
[BMIM+][PF6-]. For the purpose of comparison, we have
also performed identical simulations using methanol as
a solvent. It is clear from Figure 6 that all spectra
corresponding to different simulation systems superim-
pose in the case of methanol, while they are different in
the case of the IL. This unique local behavior in the case
of each trajectory is the underlying origin of the red edge
effect observed by Samanta and co-workers.


If we analyze absorption and emission spectra for
selected trajectories, we commonly find that those ab-
sorbing on the red edge also emit on the red edge. This
result, which is shown in parts a and b of Figure 7, is a
consequence of the slow dynamics of the solvent.


If solvent averaging around the exited-state molecule
was fast compared to its fluorescence lifetime, then the
Stokes shift for each trajectory would converge on the time
scale of emission and the gap between excited and ground
states would be independent of the initial local environ-
ment. In other words, the emission spectrum would be
absoption wavelength-independent. Instead, because the
Stokes shift is not converged and ANF emits from local
environments that have a memory of the initial excitation
solvent surrounding, it appears that molecules excited at
high frequencies emit at higher energies, while those
excited at lower frequencies emit at lower energies. Figure
7c shows the ensemble averaged absoption wavelength-


dependent emission spectrum of ANF in the IL. Figure 7c
closely coincides with the experimental results of Samanta
and co-workers.


Figure 8 shows the maximum of emission as a function
of the absorption wavelength derived from our simulations
in the case of the IL and in methanol. It is clear that the
absorption wavelength-dependent behavior is only present
in the ionic system and is absent in the case of methanol.


The issue of whether permanent structural heterogene-
ity (such as in micelles and colloidal gels) is the underlying
cause for the observed red edge effect (REE) or if the effect
arises as a simple consequence of the high viscosity and
slow dynamics of the liquid can start to be addressed if
we look at the time-dependent version of Figure 8.


Figure 9 shows the time-dependent behavior of the
absorption wavelength-dependent emission spectrum
maximum as a function of the excitation wavelength. It
is clear that for all curves independent of the absorption
wavelength the maximum of emission shifts to smaller
energies as time evolves, indicating that the Stokes shift
is evolving toward equilibrium. It is also clear from Figure
9 that the absorption wavelength-dependent behavior is
much more pronounced at short times than at long times,
indicating that solvent averaging does occur on a longer
time scale.


From these results, we conclude that the locally het-
erogeneous environments responsible for the REE are a
consequence of the loss of ergodicity on a time scale
similar or longer than the lifetime of the probe. This result
does not negate the existence of permanent polar and
nonpolar regions in these complex solvents, but it is clear
that, because the absorption wavelength-dependent phe-
nomena disappears on a longer time scale, these can not
be responsible for the red edge effect. It is possible
however that the lifetime of recently reported polar and
nonpolar regions in these solvents may be similar to the
time upon which we observe the absorption wavelength-
dependent phenomena disappear. If this was the case,
then the nature of these structures must be quite different
from that of micelles, which are very long lived. As far as
we know, the lifetime of these regions have not yet been
reported either experimentally or computationally, and
consequently, the role of them in the time-dependent
spectroscopic phenomena is still unclear.


The Problem of Computing the Viscosity of
RTILs
The high viscosity of RTILs is intrinsically related to the
red edge effect and the loss of ergodicity on certain time
scales.7,8,53 In fact, viscosity is one of the most important
properties to consider in practical applications involving
RTILs. Viscosity coefficients have been measured for
different ILs,15,54–59 and solvents can be found with a wide
range of viscosity values. The most common room-
temperature ionic solvents have viscosities reported to be
between 2 and 4 orders of magnitude larger than that of
room-temperature water.


FIGURE 6. Overlayed are different curves that correspond to the
spectrum of ANF in [BMIM+][PF6-] computed from each of our 12
molecular dynamics trajectories [absorption (a) and emission (c)]
as well as in methanol [absorption (b) and emission (d)]. In the case
of the IL, we observe site-specific spectra, whereas in methanol,
all spectra are superimposable. Each of these individual spectra
contributes to the total signal. Reproduced with permission from ref.36


Copyright 2006, The National Academy of Sciences of the U.S.A.
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Both experiments and theory encounter significant
difficulties upon establishing accurate values for viscosity
coefficients of RTILs. In the case of experiments, this is
because small amounts of halogen or water contaminants
can significantly change the values measured. In the case
of atomistic simulations, it is very challenging to compute
viscosity coefficients for systems that are highly viscous.


This is because the hydrodynamic limit where the experi-
mental data are measured is extremely difficult to reach.
Convergence requires simulation box sizes that are many
times beyond current computational capabilities. Several
theoretical studies have partially addressed the problem
of viscosity in ILs.60–62 However, a complete microscopic
description of viscosity in ILs is still missing. In a recent
paper,63 we have attempted to address this problem in
detail, making contact between macroscopic hydrody-
namic predictions and the linear response theory.63


Common computational approaches to calculate vis-
cosities are usually based on the evaluation of the
transverse current autocorrelation function (an equilib-
rium property of the system) or nonequilibrium schemes,
where a velocity or acceleration profile is introduced to
the system (see ref 63 and citations therein). The problem
with the equilibrium approach to compute the viscosity
η(k) is that it requires a highly accurate integral with
respect to time of the transverse current autocorrelation
function63


η(k)) F
k2


C(k, t) 0)
C(k, ω) 0)


(3)


where


C(k, ω) 0))∫
0


∞


C(k, τ)dτ (4)


and


C(k, t)) 〈∑
q


mqνqxe-ikz∑
p


mpvpxeikz〉 (5)


is the transverse current autocorrelation function. Here,
q and p are particle indexes, while m, ν, and F are the
corresponding particle masses, velocities, and system
density, respectively. For simpler solvents (such as room-
temperature water), this is not a problem because normal
computer simulations are not far from the hydrodynamic
limit. We found that this is not the case for RTILs. We
have performed extensive simulations of 1-hexyl-3-me-
thylimidazolium chloride ([HMIM+][Cl-]) using a system
size of more than 260 000 atoms, corresponding to a box
size of more than 30 nm in length. To the best of our
knowledge, these are the largest atomistic simulations of


FIGURE 7. (a) Absorption spectra of ANF in [BMIM+][PF6-] computed from three independent molecular dynamics trajectories. (b) Emission
spectra from the same three trajectories. (c) Ensemble averaged steady-state fluorescence spectra of ANF as a function of the excitation
energy at room temperature in [BMIM+][PF6-]. Reproduced with permission from ref 52. Copyright 2006, American Chemical Society.


FIGURE 8. Maximum of emission ∆Eem as a function of the excitation
wavelength for ANF in [BMIM+][PF6-] (×) and methanol (O) from
our computer simulations in ref 36. The excited-state lifetime of ANF
is 100 ps. Reproduced with permission from ref 36. Copyright 2006,
The National Academy of Sciences of the U.S.A.


FIGURE 9. Same as Figure 8, except that emission maxima are
computed at five different times. The steady-state result shown in
Figure 8 is also shown here as ×. Adapted with permission from
ref 52. Copyright 2006, American Chemical Society.
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ILs currently available in the literature.63 Figure 10 shows
a comparison between C(k,t) for water and [HMIM+][Cl-].


To estimate the viscosity coefficient, two limits must
be reached: k ) 0 (infinite system), and ω ) 0 (infinite
time). As we can see from Figure 10, our very large IL
system shows a deep minimum at around 17 ps, which is
indicative of strong non-hydrodynamic behavior33 (i.e.,
k * 0). Therefore, the infinite system limit has not been
reached. Furthermore, Figure 10 shows that at this value
of k temporal correlations last for significantly long times.
The zero frequency value of C(k,ω ) 0) is therefore also
unavailable because the computation of C(k,t) for long t
values is prohibitive. Instead, the result for water does not
show these complications, and the corresponding time
correlation function can be easily integrated to obtain a
reasonable value for the viscosity coefficient.64 Clearly, this
equilibrium method is not viable for these types of IL
systems at room temperature.


Several nonequilibrium schemes can be devised to
study the viscosity of liquids (see ref 63 and citations
therein). In one of these schemes, one establishes a
periodic acceleration drag and studies the resulting veloc-
ity profile as a function of the acceleration wavenum-
bers.63


When an acceleration profile of the form


ax(z, t)) a0cos(kz) (6)


is imposed on the system, the Navier-Stokes equation
predicts a velocity profile of the form


ux(z, t)) a0τ(1- e-t⁄τ)cos(kz) (7)


In our recently developed linear response approach, (1 –
e–t/τ) is replaced by an integral over the tranverse current
autocorrelation function.63 The long time behavior of this
function is ux(z,t ) ∞) ) a0τ cos(kz) ) u0 cos(kz), where
the relaxation time τ is defined as τ ) F/ηk2. In the linear
response approach, this result is still valid but η is a
function η(k). Therefore, when the steady-state velocity
profile is fitted to a cos(kz) form, from the amplitude u0,
one can obtain the viscosity coefficient η(k). A Newtonian
liquid is such that η(k) is independent of a0. The wave-
numbers that can be studied by computer simulations are


bounded by the size of the simulation box. The larger the
simulation box, the smaller the wavenumbers and the
closer to the actual hydrodynamic limit. For most com-
monly studied liquids, the weak perturbation limit in
which the viscosity (obtained from the amplitude of the
velocity profile) is independent of the perturbation strength
is easy to reach. Figure 11 shows how this is the case for
room-temperature water.


Parts a and b of Figure 11 correspond to two
simulations with imposed drag acceleration values a0


) 0.04 and 0.08 nm/ps2. The corresponding amplitudes
of the velocity profiles after a transient initial period
are 0.062 and 0.126 nm/ps. Clearly, a0 and u0 are
proportional, and a value of the viscosity coefficient can
be established. Therefore, these simulations confirm
that for the perturbation wavenumbers used water
behaves in a Newtonian fashion.


A very different result is obtained in the case of the IL
at 400 K, as can be appreciated in Figure 12.


Even though the box size is much larger in the case of
the IL and the corresponding wavenumber is much
smaller, this system behaves in a non-Newtonian fashion.
For drag accelerations of a0 ) 0.01 and 0.02 nm/ps2, which
are much smaller than those imposed in the case of water,
we have observed that not only a0 and u0 are not
proportional but also the velocity profile at the higher drag
rate does not have a cos(kz) form. The velocity profile at
a0 ) 0.02 nm/ps2 is very similar to that found in polymer
melts. Imposing an acceleration perturbation of a single
given wavenumber results in a velocity profile that is flat!
This corresponds to the breakdown of the linear response
theory. This result with wide potential implications in the
analytical separation field implies a behavior that is highly
nonlinear because a given acceleration frequency results
in an infinite linear combination of velocity frequencies.
We conclude that for wavenumbers consistent with a
length scale of several tens of nanometers the flow of some
ILs is non-Newtonian, and we expect this behavior to be
present if these liquids are forced to flow in micro/
nanofluidic devices.


It is interesting to emphasize that usual simulations in
which only a few hundred cations and anions are used
may pose an important problem in the calculation of
viscosities using drag accelerations. This is because the
allowed acceleration wavenumbers compatible with the
box size are similar to the frequencies relevant in the radial
distribution functions of the liquid. This implies that
forcing flow on such small systems will cause liquid
structure deformation. We have observed this distortion
in our simulations of small systems.


By analyzing the long time steady-state response of the
IL, we have established that the linear response theory
breaks down for perturbations such as in Figure 12. It is
interesting to investigate the transient response of these
systems as compared to linear response predictions.


This can be achieved by analyzing the transient be-
havior of the function 〈V(t)〉 defined as


V(t))∑
q


2mqνqx(t)cos(kzq(t)) ⁄ M


FIGURE 10. Transverse current autocorrelation function for water
at 300 K and [HMIM+][Cl-] at 400 K. The correlation function shows
a large negative minimum in the case of IL but not in the case of
water. The z direction length was 5 nm in the case of water and
30.2 nm in the case of the IL.
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where M ) ∑qmq. We have recently shown that if the
linear response theory is valid then


〈V(t)〉
a0


)∫
0


t
C(k, τ)


C(k, t) 0)
dτ (8)


The left hand side of eq 8 is a nonequilibrium time average,
while the right hand side is an integral over an equilibrium
time correlation function. These two quantities can be
separately computed from nonequilibrium and equilibrium
simulations. Figure 13 shows a comparison between 〈V(t)〉/
a0 (red and green correspond to different values of a0) and
the integral on the right hand side of eq 8 (black). The left
hand side of the equation corresponds to the transient
velocity profile obtained upon applying a periodic drag
perturbation. It is obviously clear that at times beyond 10
ps 〈V(t)〉/a0 is not a constant function independent of a0.
Therefore, for longer times, linear response theory breaks
and the fluctuation dissipation theorem does not apply. Even
for small accelerations, such as the ones imposed in this
study, the system behaves in a nonlinear fashion. It is clear
now why one is not able to obtain an acceleration drag-
independent viscosity coefficient from the periodic pertur-
bation method because this method relies on the validity of
linear response theory at long times when the velocity profile
is time-independent.


Even though we have shown that different computa-
tional approaches cannot reach the macroscopic limit in
which the viscosity coefficient is measured, it is interesting
to know what the best viscosity predictions are based on
our largest simulation system and our smallest applied


drag perturbation. To match the temperatures at which
our simulations were carried out, we fitted the data in ref
59 to the Vogel–Fulcher–Tammann equation


η) η0e
B


T-T0


The viscosity obtained by extrapolating the experimental
data to 400 K is 26.7 × 10–3 kg m–1 s–1, while the prediction
obtained from the periodic perturbation method is


FIGURE 11. Velocity profiles for simulations with different externally imposed drag accelerations in the case of room-temperature water. (a)
a0 ) 0.04 nm/ps2, and (b) a0 ) 0.08 nm/ps2. The length of our simulation box is 5 nm. The thermal speed of water at T ) 300 K is approximately
0.6 nm/ps in each Cartesian coordinate. The weak perturbation imposed here induces a response that is linear.


FIGURE 12. Same as Figure 11 but in the case of [HMIM+][Cl-] at 400 K. (a) a0 ) 0.01 nm/ps2, and (b) a0 ) 0.02 nm/ps2. The box length here
is 30.2 nm. The thermal speed of IL at T ) 400 K is close to 0.7 nm/ps in each Cartesian direction. Although the relative perturbation is much
weaker than in the case of water, the system responds nonlinearly. Adapted with permission from ref 63. Copyright 2007, American Chemical
Society.


FIGURE 13. Transient response of the IL under external perturbations
at 400 K. The solid black line corresponds to the integral as a function
of time t of the equilibrium autocorrelation function, while the other
curves correspond to the normalized instantaneous velocity ampli-
tudes established upon application of different external accelerations,
a0. k ) 0.208 nm-1. Adapted with permission from ref 63. Copyright
2007, American Chemical Society.
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51.0 × 10–3 kg m–1 s–1. These values are only a factor of 2
apart. Therefore, computer simulations appear to be able
to deliver reasonable predictions of viscosity factors. The
variability in force-field parameters, the use or lack of use
of polarization, and the need to perform extremely large
computer simulations are still important issues to be
considered when attempting to carry out such calculations
for RTILs.


Conclusions
Here, we have described some of the reasons why RTILs
are exciting new solvents and the challenges that we and
other groups face as we try to unravel their complex
structure, fluid dynamics, and response upon perturba-
tions. We find that the red edge effect, the non-Newtonian
behavior on a nano- or sub-micrometer scale, and the
existence of locally heterogeneous environments on a time
scale relevant to chemical and photochemical reactivity
are intimately married to the viscous and highly structured
nature of these compounds. These properties make ILs
different from most conventional solvents. We have made
good progress in understanding these phenomena and
hope to develop in the future means to harness the
potential of these properties as effective tools to control
the outcome of chemical and photochemical reactions.
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ABSTRACT
This Account covers research dating from the early 1960s in the
field of low-melting molten salts and hydrates,which has recently
become popular under the rubric of “ionic liquids”. It covers
understanding gained in the principal author’s laboratories (initially
in Australia, but mostly in the U.S.A.) from spectroscopic, dynamic,
and thermodynamic studies and includes recent applications of
this understanding in the fields of energy conversion and bio-
preservation. Both protic and aprotic varieties of ionic liquids are
included, but recent studies have focused on the protic class
because of the special applications made possible by the highly
variable proton activities available in these liquids.


In this Account, we take a broad view of ionic liquids
(using the term in its current sense of liquids comprised
of ions and melting below 100 °C). We include, along with
the general cases of organic cation systems, liquids in
which common inorganic cations (like Mg2+and Ca2+)
strongly bind a hydration or solvation shell and then
behave like large cation systems and melt below 100 °C.


We will try to organize a wide variety of measurements
on low-melting ionic liquid systems into a coherent body
of knowledge that is relevant to the ionic liquid field as it
is currently developing.


Under the expanded concept of the field, ionic liquid
studies commenced in the Angell laboratory in 1962 with
a study of the transport properties of the hydrates of
Mg(NO3)2 and Ca(NO3)2. These were described as melts
of “large weak-field cations”1 and their properties cor-
related with those of normal anhydrous molten salts via
their effective cation radii, the sum of the normal radius
plus one water molecule diameter. This notion was
followed in 1966 with a full study under the title “A new
class of molten salt mixtures” in which the hydrated
cations were treated as independent cation species. The
large cations mixed ideally with ordinary inorganic cations
such as Na+ and K+, to give solutions in which such
cohesion indicators as the glass transition temperature,
Tg, changed linearly with composition. The concept
proved quite fruitful, and a field (“hydrate melts” or
“solvate melts”) developed in its wake in which asym-
metric anions like SCN- and NO2


- were used with
solvated cations to create a very wide range of systems
that were liquid at room temperature, while remaining
ionic in their general properties.


The validity of the molten salt analogy was given
additional conviction by the observation that transition
metal ions such as Ni(II) and Co(II) could be found in the
complex anion states NiCl4


2- and CoCl4
2- when added


to the “hydrate melt” chlorides.2


Of special interest here was the observation3 of extreme
downfield NMR proton chemical shifts of hydrate protons
when the hydrated cation was Al3+. These lay much
further downfield than did the protons in strong mineral
acids at the same concentration, leading to the design of
solutions of highly acidic character from salts that would
usually be considered neutral. Indeed it was shown in ref
3 that platinum can be dissolved much more rapidly in a
hot ionic liquid formed from AlCl3·(H2O)6 + Al(NO3)3·
(H2O)12 than in boiling aqua regia. This scenario of
variable proton activity in solvent-free, nominally neutral
ionic liquids will be revisited in the context of protic ionic
liquids at the end of this Account.


Most of the interest in the field lies with room tem-
perature liquids in which the cations are indeed of organic
origin, and the story takes up naturally with these because
of the manner in which the organic cation ionic liquids
can be put to use in providing excellent complex anions
for spectroscopic study. A good example is that shown in
Figure 1 from the work of Gruen and McBeth4 in whose
laboratory one of us first encountered melts such as
pyridinium chloride, PyHCl, and first used them in the
(unpublished) study of Ni(II) complexes in low-melting
systems such as PyHCl–ZnCl2. We were impressed by the
sharp changes in electronic spectra of Ni(II), reflecting
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distinct and different structures, which were produced by
small changes in solution composition.


The knowledge that these liquids could be used for
molten salt studies at low temperatures quickly became
useful when the new science of high-pressure physical
chemistry using the diamond anvil high-pressure cell
(DAC) burst on the scene. Little was known at that time
of the effect of pressure on ion coordination.


The DAC was then only available for room-temperature
studies, and a room-temperature molten chloride for the
application of this newly invented high-pressure technique
was needed. Even these days, ambient-temperature ionic
liquid chlorides are not common, but Angell and Abke-
meier5 found that ethanolaminium chloride could serve
as the ambient-temperature noncrystallizing component
that induced ambient-temperature stability on mixtures
with ethylammonium chloride. This chloride ion melt
proved ideally suited for the study of transition metal ion
spectra up to 3.5 GPa, pressure being calibrated in the
range to 0.3 GPa by observing the glass transition spec-
troscopically and relating it to independently determined
Tg values from high-pressure differential thermal analysis
(DTA) studies.


Ni(II) electronic spectra of good quality, shown in
Figure 2, were obtained, and the conversion from NiCl4


2-


at ambient pressure to NiCl6
4- at higher pressures was


observed. Impressively simple, the change with pressure
of the equilibrium constant


dlnKeq/dP )-∆V/RT (1)


for the process NiCl4
2- + 2Cl- f NiCl6


4-, yielded a ∆V
within 10% of the volume of 2 mol of chloride ion.5


Role of Complex Anions in the Development of
Ambient Temperature Air- and Water-Stable
Ionic Liquids
While the latter study of transition metal spectra used
organic cation ionic liquids as a tool for the study of
complex ions, Hodge and co-workers6 used complex
anions in organic cation salts for the study of ionic liquid
properties, indeed properties that have found recent
applications.


The dramatically different effects of complexation on
the liquid viscosity are well illustrated by a 1976 study6


that used the lower-melting R-methyl derivative of pyri-
dinium chloride as the source of the Lewis base chloride.
Data seen in Figure 3 show that the cohesive energy of
an ionic liquid is lowered most strongly when chloride
ions are complexed by FeCl3 to produce the large singly
charged FeCl4 anion. This observation leads to the predic-
tion that, among ionic liquids of a given cation, the
tetrachloroferrate salt should be the most fluid and also
most conductive, even more so than the well-studied ionic
liquids containing AlCl4


- anions.7 The veracity of this
expectation is demonstrated in Figure 4 for salts of the
butylmethylimidazolium cation taken from a very recent
study by Xu et al.8 For the 25 °C conductivity, the
tetrachloroferrate is half an order of magnitude above any
others in the group. The increase of ionic mobility by
complexation seen here is no different in principle from
the use of BeF2 additions to alkali fluoride melts utilized
in the molten salt reactor technology that had provided
much of the driving force, and also funding, for molten
salt studies in the 1950–1970 period. There, the addition
of 1 mol of BeF2 replaced two high charge intensity
fluoride anions with a doubly charged anion of much
larger dimensions, for a net decrease in cohesion.


The fluorinated anion salts (containing BF4
- and PF6


-)
that are most frequently cited in connection to practical
applications of the ambient-temperature ionic liquids, are
to be understood in the same terms (unfortunately, the
tetrachloroferrate anion is slowly hydrolyzed by water, and
the applications of ambient temperature ionic liquids
generally require the presence of water-stable anions).
Fluorinated species in addition to being water-stable have
the advantage of being unpolarizable and so minimize the
effect of van der Waals contributions to the liquid cohe-
sion. The importance of this characteristic of fluorinated
anions to ionic liquid properties was first emphasized in
a 1983 study of binary solutions of ionic liquid halides with
lithium halides by Cooper.9 There it was predicted that
the replacement of iodide anions by the equivalent
number of BF4


- anions would lead to an increase of
ambient temperature conductivity, which was then proven
true (unfortunately only in a “note added in proof” in ref
9) by some 2 orders of magnitude.9,10 Cooper’s further
extensive syntheses and measurements on viscosity and
conductivity of a family of tetraalkylammonium tetrafluo-
roborate salts remained unpublished (for over 2 decades)
until 2003.8


In the meantime, Cooper and O’Sullivan11 reported, in
1992, the first systematic study of ambient-temperature
water-stable ionic liquids, using triflate and related anions
combined with imidazolium type cations. This announce-
ment, presented at one of the Electrochemical Society’s
International Molten Salt Conferences and eventually
published in its proceedings,11 was immediately followed
by a communication by Wilkes and co-workers12 who had
been working on similar salts, and the field of high-
fluidity, water-stable ionic liquids was launched.


FIGURE 1. Electronic (visible) spectrum of Ni2+ dissolved at
10-4mol/L in pyridinium chloride. Reprinted with permission from ref
4.
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Ionicity of Ionic Liquids: Relation to Vapor
Pressure and Conductivity
The “ionicity” of aprotic ionic liquids is the property that
is responsible for their characteristic low vapor pressures.
Low vapor pressure is the single most important property
of this class of liquid, the property that, more than any
other, is responsible for high level of interest in the field.
However there is very little written about what exactly is
involved in achieving high ionicity.13 If the ions created
in forming the ionic liquid were to remain locked together
in pairs, the liquids would not be found to be of very low
vapor pressure, and their conductivities would also be
poor. They would just represent an unusual group of polar
liquids. Indeed there are cases of aprotic ionic liquids in
which for one reason or another the ions are largely paired
up, and these are characterized by a high vapor pressure
and a poor conductivity (see below). To obtain the low
vapor pressures for which ionic liquids are generally
reputed, the ions must distribute themselves in a uniform
manner each ion surrounded by a symmetrical shell of


the opposite charge. This is the distribution that mini-
mizes the electrostatic potential energy, developing the
liquid equivalent of the ionic crystal Madelung energy.14


It is the difficulty of overcoming this electrostatic free
energy to produce individual ion pairs that is responsible
for the low vapor pressures of “good” ionic liquids.


An example of an ion-paired aprotic salt (unsym-
metrical charge shell) is shown in Figure 5, which is a plot
based on the classical concept, due to Walden, that ionic
mobility is determined by the viscous friction of the liquid
dragging on the ion as it attempts to move under the
electrochemical force exerted by the DC electric field. This


FIGURE 2. Electronic spectra (d–d transitions) of Ni(II) in a chloride environment both at 1 atm pressure and variable temperature down into
the glass state (panel a) as a function of pressure up to 0.3 GPa at 24.5 °C and as a function of both up to 0.91 GPa, showing conversion from
tetrahedral to octahedral coordination at high pressures and low temperatures. Reprinted with permission from ref 5. Copyright 1973 American
Chemical Society.


FIGURE 3. Variation of Tg of the simple chloride glass former
R-methylpyridinium chloride on chloride complexation with various
Lewis acids. Adapted from ref 6 by permission.


FIGURE 4. Fluidity data for a number of salts of the butylmethylim-
idzolium cation, showing that the tetrachloroferrate is more fluid than
any of the fluorinated anion salts, in accord with its lowest Tg seen
here (log η-1 ) 10-13) and in the Figure 6 legend. Reproduced with
permission from ref 8. Copyright 2003 American Chemical Society.
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salt, methoxymethyl-dimethyl-ethyl-ammonium tetrafluo-
roborate (MOMNM2E-BF4 or [N1-O-1,211][BF4]) is seen,
among the aprotic cases, to be that most clearly belonging
to the “poor ionic liquids” domain15 in Figure 5. It would
have a high vapor pressure relative to others because it
never developed the full Madelung potential. The precise
reason why the cation and anion like to associate in this
salt is not fully established, but it is probably due to the
electron depletion of the methylene group between O and
N+ yielding acid protons that H-bond to BF4fluorines in
some lock-and-key manner.


The only “poorer” ionic liquid than [N1-O-1,211][BF4] in
Figure 5 is a “protic” ionic liquid in which the drive to
transfer the proton and create two ions is very weak. Protic
ionic liquids as a class are given extensive discussion in a
later section as they are among the most interesting and
versatile of ionic liquids.


Figure 5 can be used to classify liquids between the
groups “ionic” (whose members lie near the diagonal line),
“subionic” (whose members lie below the line in the
region labeled as “poor” ionic liquids), and superionic
(whose members lie above the line by virtue of having
some ionic species, usually small and low-charged, that
can “slip through the cracks” in a nanoscopic sense and
thus escape the full viscous drag of the surrounding
medium).


Cohesive Energy of Ionic Liquids
The salts that develop the full Madelung potential are, by
the above understanding, those that will have the largest
cohesive energy (for given ionic sizes). Generally they will
be the cases that have ions of comparable size and
uniform shape so that they pack well and occupy a small
volume. However salts that conform to this description
will in general find it easy to crystallize into some high
lattice energy structure and will have high melting points.
They will therefore not be among the group known as
“ionic liquids”. To qualify as ionic liquids there must be
some factor that lowers the lattice energy and thereby
lowers the melting point. The “good” ionic liquids then
must be those with some optimum departure from high
symmetry, achieved by judicious (or serendipitous) choice
of ion shape and interaction factors.


Those that achieve a sufficiently low melting point will
then fail to crystallize and, on further cooling, will
terminate in the glassy state. The temperature at which
the liquid vitrifies, Tg, provides a second measure of the
liquid cohesion. The plot is expected to have a minimum
where decreasing Coulomb attractions balance increasing
van der Waals attractions. Such a minimum is indeed
found8 in the vicinity of a volume that corresponds to a
charge concentration of ∼4 M (Figure 6).


The case of the “poor” ionic liquid [N1-O-1,211][BF4], in
which the cations and anions are largely paired, is of
interest in this connection. This aprotic ionic liquid was
seen, in Figure 10 of ref 8 to have the lowest cohesion, by
the Tg criterion, of any aprotic IL. This is fully consistent
with its poorly developed Madelung potential. It is only
underlain by the protic cases, I–IV, discussed below.


Aprotic Ionic Liquid Applications: Lithium
Battery Electrolytes
Despite the interest widely expressed in ionic liquid-based
lithium battery electrolytes, we omit reference to our
recent studies in this area. This application is limited by
a fundamental problem, discussed in ref 9 and illustrated
in Figure 3, where it is seen that all small cations, including
Li+, get trapped as anionic complexes (by outcompeting
the large solvent cations) and hence must lose mobility.
This problem is reduced by use of fluorinated anions9 but
not overcome.


FIGURE 5. Walden Plot for ionic liquids and other molten salt and
hydrate systems. Position of ideal line is fixed by data for KCl in 1
M aqueous solution. “Good” ionic liquids cluster on the ideal line.
For exceptions, see text. Reprinted with permission from ref 15.


FIGURE 6. Glass transition temperatures of protic ILs in relation to
the plot for aprotic salts of weakly polarizable anions from ref 8.
Protic ILs are large shaded symbols (see ref 8 for details). Adapted
from ref 8.
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Protic Ionic Liquids: Properties and
Applications
In contrast to the systems on which most of the work in
the ionic liquid field has been performed (represented
here by data in Figure 4), the protic ionic liquids are
formed very simply by proton transfer from an inorganic
acid to a Bronsted base. The base is usually organic in
character, but there are also inorganic examples. The salt
hydrazinium nitrate was reported in 1971 to have a
melting point of only 70 °C,16 and hydrazinium formate
and hydrazinium acetate are both molten below 100 °C
and can easily be studied through room temperature
down to their glass transition temperatures.16 The electri-
cal conductance of hydrazinium formate at room tem-
perature (measured in 1970 but only reported in the open
literature in 200317) is higher than that of any aprotic ionic
liquid and is among the highest known. Many eutectic
mixtures of ammonium salts are liquid below 100 °C, and
these have recently been shown to be very interesting in
application as fuel cell electrolytes,18 as will be discussed
further below. And of course there are the hydronium
compounds such as hydronium triflate, which is congru-
ently melting, Tm)35 °C, and has a very high electrical
conductivity. Triflic acid and other superacids will pre-
sumably protonate many inorganic molecules that would
not normally be considered as having cationic forms, so
there are likely to be many additional inorganic protic
ionic liquids recognized in the future. However the organic
bases are far more versatile for protic ionic liquid formation.


There are organic bases not only from the primary,
secondary or tertiary amines, but also with nitrogen atoms
in heterocyclic rings (which may or may not be resonance
stabilized).19 There are also protonatable phosphorus
analogs available, and sulfur-, selenium-, and iodine-based
examples also exist.


An important aspect of protic ionic liquids is that the
properties of the ionic liquid formed on proton transfer
depend very strongly on the relative strengths of the acid
and base between which the proton is transferred.20 While
the concentration of protonated species is always very
high, of order 5–10 M in most cases, the properties may
vary from strongly acidic to strongly basic in character,
as is readily seen by simple tests with proton sensitive
probes, such as the common indicator ions. For instance,
a wide pH range litmus paper registers bright pink in
contact with triethylammmonium triflate but dark blue
in contact with triethylammonium acetate. The systematic
and quantitative measurement of basicity in these solvent-
free liquids is a recent achievement.


In order to assist the prediction of protic ionic liquid
properties, the authors20,21 have generalized the Gurney
proton energy level diagram22 not just to deal with proton
transfers between acid and base species in an aqueous
environment but, rather, to describe the energy changes
when a proton moves between any proton donor and
proton acceptor pair in the absence of any solvent at all.
So far, for lack of alternatives, levels in the diagram relative
to that of the H3O+/H2O level have been based on the


known aqueous pKa values, but this is of course only
approximate because of the different dehydration energies
of acid and base species in passing from aqueous to
anhydrous systems. The approximate values will in time
be replaced by energy levels based on NMR chemical shift
studies23 and other direct protic ionic liquids measure-
ments, for instance, vapor pressure changes,20 and par-
ticularly on voltages obtained from appropriate electro-
chemical measurements. The latter are just beginning.24,25


An example of the energy level diagram is provided in
Figure 7.21 It is constructed, following Gurney, by grouping
acid and conjugate base forms of each molecule or ion
together at a free energy level (in electronvolts) based on
the arbitrary assignment of 0 eV to the couple H3O+/H2O.
The right-hand member of the couple is described as
possessing an unoccupied quantized proton energy level,
while the left-hand member has this level “occupied”. The
proton in the occupied level of any couple can “fall into”
the vacant level of any couple lower on the diagram. When
the occupied level of a couple lies on a neutral molecule,
the fall of its proton to the unoccupied level of a couple
at a lower level leaves behind a negatively charged species
and creates a new positive species from the neutral


FIGURE 7. The proton energy level diagram for predicting the
ionicities of ionic liquids resulting from the falling of a proton from
an occupied level (on an acid molecule) to a vacant level (on a
basic molecule or on a divalent anion, in the latter case the
countercation(s) must remain to balance the new anion charge).
Reprinted with permission from ref 21. Copyright 2007 American
Chemical Society.
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molecule into whose unoccupied proton level it fell, and
an ionic liquid is created if the melting point of the
product is below 100 °C, as is frequently the case. The
relation between the level values is based on E ) –∆G/F
) 2.303RT∆pKa/F.


We can now group the products of such proton
transfers together into three protic electrolyte categories,
acid, neutral, and basic. Acid protic electrolytes result
when the proton falls from an occupied level on a
superacid to a vacant level on a weak base, for example
from triflic acid to fluoroaniline or to water, as in common
aqueous acids. Neutral electrolytes arise when the proton
falls from a moderately strong acid like nitric or meth-
anesulfonic acid to a strong base like ethylamine or
cyclopentylamine. Provided the proton falls across a gap
of 0.7 eV or more, the electrolyte is a “good” ionic liquid,
meaning the proton resides on the base for at least 99%
of the time. Finally, basic electrolytes, for example, the
product of proton transfer from a weak acid such as acetic
acid to a base such as ethylamine, will give a poor ionic
liquid. To obtain a truly basic ionic liquid, the cation of
an initial proton transfer process yielding a product like
Ethylammonium nitrate (EAN) must be combined with
the product of second proton transfer process that yields
a basic anion like OH- or NH2


- by some metathetical
reaction, for example, [CH3CH2NH3


+][Cl-] + NaOH f
[CH3CH2NH3


+][OH-] + NaCl. Such compounds tend to
be high melting and have been little explored to date. The
properties of low melting liquids produced by reducing
the charge density of the anion by complexation, for
example, with a weak Lewis acid, such as Al(OH)3, have
yet to be explored.


The ionic conductances of some protic ionic liquids
are shown in Figure 8 along with those of aqueous LiCl


to show that for some salts like dimethylammonium
nitrate17 the conductivities at ambient temperature can
be as high as those found in aqueous solutions. The
conductivity of an aprotic ionic liquid with low glass
temperature, [N1-O-2,211][BF4], is included for comparison.


Inorganic Protic Ionic Liquids
The smallest organic cation that can be obtained in an
ionic liquid of the organic cation type is the methylam-
monium cation, CH3NH3


+. It is of interest to know
whether, by passing to protic salts of the inorganic type,
in which the cations are, for instance, ammonium or
hydrazinium, even higher conductivities can be obtained.
Hydrazinium nitrate and hydrazinium formate (having
melting points below 100 °C)16 were earlier cited as
examples of inorganic ionic liquids, and the conductivity
of hydrazinium formate was found to be extremely high,18


though the finding remained unpublished until very
recently. The conductivity of ammonium bifluoride, al-
though not strictly an IL (having a melting point of 125
°C), is even higher.17 Now we can add the conductivities
of a number of ammonium salt mixtures, whose eutectic
temperatures fall well in the IL range, to the collection of
inorganic ionic liquids. The conductivity data for these
systems18 are shown in Figure 9.


In Figure 9, the conductivities, while indeed very high,
do not reach the values of the best organic cation ILs
except in the case of the hydrazinium formate. The case
of ammonium bifluoride is exceptional, and it is possible
that this unusual liquid, extensively used as a cleaning and
a fluorinating agent in inorganic fluoride chemistry26 may
be a “dry” proton conductor.


FIGURE 8. Conductivities of various protic ionic liquids (and one
aprotic case, [N1-O-2,211][BF4]) compared with those of aqueous LiCl
solutions to show how the aqueous solutions are no longer unique
with respect to high ionic conductivity. II is dimethylammonium
nitrate; V is methoxypropylammonium nitrate. Reprinted from ref 17
with permission of AAAS.


FIGURE 9. Arrhenius plot of the ionic conductivities of a collection
of inorganic protic salts and salt mixtures (hydrazinium formate,
ammonium bifluoride, and various ammonium salt mixtures). Com-
parison is made with ethylammonium nitrate and two phosphoric
acids of different water content. Except for hydrazinium salts, the
inorganic PILs are less highly conducting. High conductivity in solid
state is shown for two cases.
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Protic Ionic Liquids As Fuel Cell Electrolytes
It is astonishing that protic ionic liquids had been known
for nearly a century before it was realized27,28 that they
could serve as the proton carriers in fuel cell electrolytes.
In fact, they can serve very well in this role and can
provide electrolytes of a type that are simply not available
in systems in which water acts as acid or base in the
proton transfer process.


It is even more astonishing that until 2006 it had not
been realized that mixtures of inorganic salts (namely, the
ammonium salts) can be used as protic electrolytes for
fuel cells running above 80 °C (hydrazinium salts could
be used to much lower temperatures). Applied as fuel cell
electrolytes, the ammonium salts give more stable per-
formance than electrolytes containing organic cations. The
IR-corrected polarization curves for some inorganic elec-
trolyte fuel cells are shown in Figure 10, using the
logarithmic current (“Tafel plot”) form. The plateau cur-
rent at the theoretical voltage can now be extended out
to 50 mA·cm-2 in some inorganic systems to be described
in future articles, beyond the previously recognized limits.
The increase in efficiency relative to the phosphoric acid
cell is about 20%, and the implied reduction in generated
heat may be very important in some applications, which
do not require high power.


While the ionic liquids offer the possibility of higher
efficiency cells, the phosphoric acid (PA) cell has a
significant advantage in kinetics. The kinetic advantage
lies in the higher conductivity of the phosphoric acid,
which is a molecular liquid that exhibits not only consid-
erable autoionization but also “dry” proton mobility. This
superprotonic component, which is illustrated in Figure
11, is unfortunately not present in the protic ionic liquids,
which mostly lie on or below the “ideal” Walden line.8 It
may be necessary to compromise on power output for the
sake of energy efficiency, though the NH4HF2 data in
Figure 9 suggest that breakthroughs may eventuate.


In an initial report on the relation of fuel cell voltage
output to other properties of the PILs,18 we noted a


relation between the output voltage and the difference in
pKa values for the acid and base components of the
electrolyte. The voltage increased strongly with increasing
∆pKa and reached the theoretical value when the ∆pKa


value for the electrolyte reached about 14. There is now
an urgent need to develop direct measures of the free
energy of proton transfer for the anhydrous case.


In Situ Measures of Proton Transfer
Energetics and Relative Proton Activities in
Ionic Liquids
Two steps have now been taken toward direct proton
transfer energy characterization. The first23 has been to
study the NMR proton chemical shift for the proton that
has been transferred to the base nitrogen but is still being
counterattracted by the conjugate base of the acid from
which it came. The stronger the “pull” from the conjugate
base (which means the smaller the free energy of transfer),
the more deshielded will be the N–H proton. The more
deshielded the proton, the further downfield its resonance
frequency will lie relative to a standard reference, for
example, C(CH3)4. Thus the N–H chemical shift (δN–H)
can serve as an in situ probe of the proton transfer energy.
We find immediately that it does not enjoy a linear
relation with the value of ∆pKa but rather gives a relation-
ship similar to that between the fuel cell open circuit
voltage (OCV) and the ∆pKa value.18 The second step has
been to develop a method of measuring directly the
voltage necessary to displace a proton from its normal site
on a nitrogen onto the anion from which it originally
came. This will be described elsewhere.29 A preliminary
correlation of voltage output from a modified glass
electrode with the N–H proton chemical shift discussed
in the next section, has been given in an abstract for the
Ionic Liquids meeting (COIL 2, Yokohoma, July 2007).
These direct measures have already found application in
another recently developing application of ionic liquids,
namely, the stabilization of biomolecules discussed in the
next section.


FIGURE 10. IR-corrected polarization curves for hydrogen/oxygen
fuel cells utilizing inorganic and organic cation ionic liquid electro-
lytes. Reproduced from ref 18 by permission.


FIGURE 11. Walden plot showing the behavior of equivalent
conductivity expected from precise correlation with liquid viscosity
solid line, with examples of subionic behavior in some protic salt
cases and superprotonic behavior in some acid + water systems.
Reprinted with permission from ref 21. Copyright 2007 American
Chemical Society.
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Proton Activity and Protein Stabilization in
PILs
An exciting new role for ionic liquids may lie in the storage
and manipulation of sensitive biomolecules. Fujita et al.30


have recently reported that the protein cytochrome c is
remarkably stablilized in solution in a nontoxic dihydro-
gen phosphate IL, and we have found31 that lysozyme in
200 mg/mL concentration is still folded after 3 years in
ambient solutions with large ethylammonium nitrate
concentrations. The source and full extent of this stability
is not yet properly understood.


It is well-known from standard biological concentration
solution studies that each protein has pH range in which
its native state is most preferred and that deviations from
that pH range can affect its folding energy and its stability
against such undesirable behavior as aggregation, and
recently, fibrillization. It might be expected that the proton
activity of the solvent will exert a strong effect on the
stability of proteins in the ionic liquid protective solution,
and this is verified by our findings,32 which are shown in
Figure 12. In Figure 12, the proton activity is represented
by the δ(N–H) while, for stability on the vertical axis, we
use a refoldability index pending the necessary long-term
assessments.


The refoldability index is the percentage of the initial
enthalpy of unfolding obtained after lowering the tem-
perature to allow thermally denatured molecules to refold
and then remeasuring the unfolding enthalpy. The dif-
ference between the two is a measure of the fraction of
the protein lost to the aggregation process and is found
to be 3%. The stability index is then given by the ratio
(second unfolding enthalpy)/(first unfolding enthalpy) and
is 0.97, or 97%, under favorable circumstances. The “%
refoldability” for hen egg lysozyme is shown as a function
of the proton activity measured electrochemically with a
modified glass electrode to be described elsewhere. The


ouput voltage of this device is used to define an “ILPA”
index which correlates linearly with the N–H chemical
shift (δ(N–H)) determined for the solution in which the
lysozyme was dissolved, in Figure 12. The presence of an
ILPA range equivalent to about 2 pH units, in which the
same high refoldability index is obtained is quite striking.
The refoldability index varies as a function of water
content at constant ionic liquid content. But when the
δ(N–H) of the solution is measured, it is found that the
δ(N–H) has also changed with water content, and it is
evidently only the proton activity that is important. The
solution in which the 3 years stability was recorded31


happened to have been formulated near the center of the
maximum stability zone of Figure 12 for lysozyme.


Different proteins have different favorable proton
activity stability ranges. We hope to establish these
optimum conditions for many normally fragile biomol-
ecules so that they can be preserved indefinitely at
ambient temperatures, thereby opening the door to un-
refrigerated shipping and storage of drugs and other
biologically important materials.


C.A.A. expresses deep appreciation for the support over the years
of his efforts in ionic liquid studies (formerly “low-melting salts”)
and in liquid and glassy state studies in general by the NSF-DMR
Solid State Chemistry program, as well as by other agencies, most
recently the DOD Army Research Office.
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ABSTRACT
Due to their wide thermal windows, ionic liquids can be regarded
as the missing link between aqueous/organic solutions and high-
temperature molten salts. They can be employed efficiently for the
coating of other metals with thin layers of tantalum, aluminum,
and presumably many others at reasonable temperatures by
electrochemical means. The development of ionic liquids, especially
air and water stable ones, has opened the door for the electrodepo-
sition of reactive elements such as, for example, Al, Ta, and Si,
which in the past were only accessible using high-temperature
molten salts or, in part, organic solvents.


1. Introduction
Ionic liquids are in a wider sense molten salts with melting
points below 100 °C, and they consist solely of cations
and anions. In contrast to simple metal halides, both
cations and anions are relatively complicated ions where
in most cases the charge is delocalized or shielded by side
groups. This is one reason why the melting points of ionic
liquids are remarkably low. A fascinating aspect of ionic
liquids is their variety: 1012–1018 different liquids, binary
and ternary mixtures with versatile properties, have been
predicted. Most of the liquids known hitherto have at or
near room temperature vapor pressures of 10-11–10-10


mbar which enables experiments at temperatures at up
to 300 °C on a longer time scale and up to 400 °C on a
short time scale. In this context, ionic liquids are the
missing link between aqueous/organic solvents, which can


be handled up to 100 °C, and classical molten salts with
melting points of g400 °C. The extremely low vapor
pressures allow experiments under vacuum conditions;
thus, the surface of the liquid can be investigated, for
example, by XPS, UPS, AES, and other surface sensitive
techniques. Nevertheless, some liquids can be distilled
even at elevated temperatures under vacuum.1 Another
important advantage of ionic liquids is their large elec-
trochemical windows (>5 V), and hence, they give access
to elements which cannot be electrodeposited from aque-
ous or organic solutions such as, for example, Al, Mg, Ti,
and Ta, at moderate temperatures, although Mg and Ti
in particular have not yet been electrodeposited as ele-
ments in the bulk phase. Moreover, the high thermal
stability of ionic liquids (see refs 2 and 3) allows the direct
electrodeposition of crystalline metals and semiconduc-
tors at elevated temperatures, and in this context, ionic
liquids can be regarded as the link to molten salts. To
obtain more information about the ionic liquids in general
and their use as solvents for electrodeposition of metals
and semiconductors, we refer to recently published review
articles.4–8


In this Account, we summarize and discuss some
results of the electrodeposition of aluminum, tantalum,
and silicon in ionic liquids and discuss the prospects of
ionic liquids for variable-temperature electrochemistry. It
is demonstrated that adherent layers of Ta can be ob-
tained in the ionic liquid 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl) amide ([BMP]Tf2N) containing
TaF5 at 200 °C, under the right conditions. Nano- and
microcrystalline aluminum are made in the ionic liquids
[BMP]Tf2N and [EMIm]Tf2N [1-ethyl-3-methylimidazo-
lium bis(trifluoromethanesulfonyl) amide], respectively.
Moreover, well-adhering aluminum layers can be made
on mild steel in chloroaluminate and [EMIm]Tf2N ionic
liquids after in situ electrochemical etching. Elemental
semiconducting silicon is obtained in the ionic liquid
[BMP]Tf2N.


2. Experimental Section
The ionic liquids 1-butyl-1-methylpyrrolidinium bis(tri-
fluoromethanesulfonyl) amide ([BMP]Tf2N), 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl) amide
([EMIm]Tf2N), and 1-ethyl-3-methylimidazolium chloride
([EMIm]Cl) were purchased via Merck KGaA (EMD) in
ultrapure quality. The liquids were dried under vacuum
for 12 h at 100 °C to water contents below 3 ppm (by Karl-
Fischer titration) and stored in an argon-filled glovebox
with water and oxygen levels below 1 ppm (OMNI-LAB
from Vacuum-Atmospheres). Anhydrous AlCl3 grains
(Fluka, 99%), TaF5 (Alfa, 99.99%), and SiCl4 (Alfa, 99.999%)
were used without further purification.
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All electrochemical measurements were performed in
the glovebox using a Parstat 2263 potentiostat/galvanostat
(Princeton Applied Research) controlled by PowerCV and
PowerStep software. Au(111) on mica (Molecular Imaging),
platinum sheets (Alfa, 99.99%), and highly oriented py-
rolytic graphite (HOPG) were used as working electrodes.
In case of Al electrodeposition, Al wires (Alfa, 99.999%)
were used as quasi-reference and counter electrodes.
However, in Ta and Si electrodeposition, Pt wires (Alfa,
99.99%) were used as quasi-reference and counter elec-
trodes. A quartz round flask was used as an electrochemi-
cal cell. Prior to use, all parts in contact with the solution
were thoroughly cleaned in a 50/50 volume mixture of
H2SO4 and H2O2 followed by refluxing in bi-distilled water.
A high-resolution field emission scanning electron mi-
croscope (Carl Zeiss DSM 982 Gemini) was utilized to
investigate the surface morphology of the deposited films,
and energy dispersive X-ray analysis (EDX) was used to
determine the film composition. The X-ray diffractograms
of the deposited samples were recorded using a Siemens
D-500 diffractometer with Co KR radiation.


In situ STM experiments were performed with in-
house-built STM heads and scanners under inert gas
conditions (H2O and O2 at <1 ppm) with a Molecular
Imaging Pico Scan 2500 STM controller in feedback mode.
STM tips were prepared by electrochemical etching of
tungsten wires (0.25 mm diameter) and electrophoretically
coated with an electropaint (BASF ZQ 84-3225 0201).
During the STM experiments, the electrode potential was
controlled by the PicoStat from Molecular Imaging. For
the current–voltage tunneling spectroscopy, the tip was
positioned on the site of interest and the tip voltage was
scanned between an upper and lower limit. During this
procedure, the feedback is switched off.


3. Results and Discussion
3.1. Electrodeposition of Aluminum. The electrolysis


of molten cryolite (Na3AlF6) in which aluminum oxide is
dissolved at 1000 °C9 is still the main industrial method
for primary aluminum production. However, it is not
suitable for coating other metals with a layer of aluminum,
since the electrolysis is performed at a temperature where
Al is liquid. At present, there are various methods for
aluminum coating such as hot dipping, thermal spraying,
sputter deposition, vapor deposition, and electroplating
in, for example, organic solvents. The electroplating
process offers some advantages. The deposits are usually
adherent and do not affect the structural and mechanical
properties of the substrate. Furthermore, the thickness and
the quality of the deposits can be adjusted by controlling
the experimental parameters. Moreover, the electroplating
process is rather cost-efficient, since it can be performed
at moderate temperatures.


Because of its high reactivity (-1.67 V vs NHE), the
electrodeposition of aluminum from aqueous solutions is
not possible. Therefore, electrolytes for Al deposition must
be aprotic such as ionic liquids or organic solvents. The
electrodeposition of aluminum in organic solutions is


commercially available [SIGAL process (Siemens-Galvano-
Aluminium)10,11], but due to volatility and flammability,
there are some safety issues. Therefore, the development
of room-temperature ionic liquids in recent years resulted
in another potential approach for aluminum electrodepo-
sition. Many papers have been published on the elec-
trodeposition of aluminum from chloroaluminate (first-
generation) ionic liquids.12–20 It was shown that mild steel
can be coated by electrodeposition with adhering alumi-
num at room temperature in a first-generation [EMIm]Cl/
AlCl3 (40 mol %/60 mol %) ionic liquid.20 The cyclic
voltammogram of aluminum deposition/stripping on
conventionally pretreated mild steel shows only a rising
cathodic current due to Al plating and an oxidation peak
due to stripping of aluminum (Figure 1a). An Al deposit
made on such mild steel is high in quality, but it does
not adhere well to the mild steel surface. It is quite easy
to remove the deposit, resulting in nice free-standing
aluminum sheets. Iron oxide layers that are not chemically


FIGURE 1. (a) Cyclic voltammogram of Al deposition on mild steel
substrate in a Lewis acidic ionic [EMIm]Cl/AlCl3 liquid (40 mol %/60
mol %) at room temperature with a scan rate of 10 mV/s. (b) Cyclic
voltammogram recorded on mild steel substrate in a Lewis acidic
ionic [EMIm]Cl/AlCl3 liquid commenced from an anodic scan and
terminated at 1100 mV instead of open circuit potential. The scan
rate was 10 mV/s.
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dissolved in the ionic liquid seem to prevent an adhesion
of aluminum to steel. However, an anodic electrochemical
pretreatment of mild steel leads reproducibly to well-
adhering Al coatings on steel which resist even mechanical
scratching. This pretreatment removes the iron oxide
layers. Cyclic voltammetry measurements reveal that iron
is oxidized during anodic polarization, removing the iron
oxide layers (Figure 1b). Subsequent electrodeposition of
Al might lead to a codeposition of iron or alloy formation.
With the electrochemical pretreatment in the ionic liquid,
not only steel sheets but also complex shapes like, for
example, screws can be coated with well-adhering alu-
minum. Figure 2 shows optical photos of a mild steel sheet
with hole and a screw, coated by Al layers prepared by
galvanostatic electrodeposition at -10 mA/cm2 for 2 h.
The Al layers on those mild steel components all display
attractive brightness and adhere well to the surface due
to the application of the in situ electrochemical etching
prior to electrodeposition. The aluminum adheres so well
that it can be polished mechanically to mirror brightness.
An immersion test of semicoated mild steel in an aqueous
NaCl solution shows that the mild steel surface is sub-
jected to strong corrosion whereas the Al layer is unaf-
fected. Therefore, we believe that an Al electrodeposition
process in ionic liquids has the potential to replace the
industrial procedure based on the SIGAL process. Ionic
liquids based on AlCl3 have no significant vapor pressure
up to 150 °C; they are nonflammable, and they deliver
high-quality Al deposits. Furthermore, Al can be employed
as a sacrificial anode so that such a bath would require
an only small amount of maintenance, provided it is held
under at least dry air. For corrosion protection, Al-coated
steel would be highly interesting as Al forms, in contrast
to zinc layers, self-passivating oxide layers.


Recently, we employed for the first time air and water
stable ionic liquids for the electrodeposition of aluminum.
We could show that nano- and microcrystalline aluminum
can be electrodeposited in three different air and water
stable ionic liquids, namely, 1-butyl-1-methylpyrrolidin-
ium bis(trifluoromethanesulfonyl) amide ([BMP]Tf2N),


1-ethyl-3-methylimidazolium bis(trifluoromethanesulfo-
nyl) amide ([EMIm]Tf2N), and trihexyltetradecylphospho-
nium bis(trifluoromethanesulfonyl) amide (P14,6,6,6Tf2N).21


It was found that the ionic liquids [BMP]Tf2N and
[EMIm]Tf2N form biphasic mixtures in the concentration
range of AlCl3 from 1.6 to 2.5 mol/L and from 2.5 to
6 mol/L, respectively.21 Moreover, the electrodeposition
of aluminum at room temperature occurs only from the
upper phase at AlCl3 concentrations ofg1.6 andg5 mol/L
in ionic liquids [BMP]Tf2N and [EMIm]Tf2N, respectively.
The biphasic behavior of such liquids was first reported
by Wasserscheid,22 but a complete understanding of the
aluminum species in the phases is still lacking. Interest-
ingly, we have found that Al can be electrodeposited only
from the upper phase of the biphasic mixture. This means
that the reducible aluminum-containing species exists
only in the upper phase of the biphasic mixtures, and
hence, the electrodeposition of Al occurs only from the
upper phase.


In the case of the ionic liquid [BMP]Tf2N, shiny, dense,
and adherent deposits with very fine crystallites in the
nanometer regime can be obtained without any addition
of organic brighteners or using pulse plating techniques
(Figure 3a). In contrast, coarse cubic-shaped aluminum
particles in the micrometer regime are obtained in the
ionic liquid [EMIm]Tf2N (Figure 3b). As the temperature
and electrochemical parameters were varied, it is unlikely
that this observation is due to viscosity effects alone. As
one explanation, the [BMP]+ cation acts as a grain refiner
and it might play its role by adsorption on the substrates


FIGURE 2. Optical photos of Al deposits manufactured from the
employed ionic liquid with uneven surface and screw geometry.


FIGURE 3. (a) SEM micrograph of an electrodeposited Al film on
gold formed in the upper phase of the AlCl3/[BMP]Tf2N mixture after
potentiostatic polarization at -0.45 V (vs Al) for 2 h at 100 °C. (b)
SEM micrograph of an electrodeposited Al film on gold made in the
upper phase of the AlCl3/[EMIm]Tf2N mixture after potentiostatic
polarization at -0.05 V (vs Al) for 2 h at 100 °C.
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and on growing nuclei, thus hindering the further growth
of crystallites. A detailed study on the electrodeposition
of nano- and microcrystalline aluminum in different air
and water stable ionic liquids was recently published.21


We reported in a recent paper that dense, adherent
aluminum layers can be electrodeposited on mild steel
in the water and air stable ionic liquid [EMIm]Tf2N
containing AlCl3 as a source of aluminum.23 Figure 4
shows the cyclic voltammogram of the upper phase of the
biphasic [EMIm]Tf2N/6 M AlCl3 mixture on a mild steel
electrode, first and second cycles. The potential was
scanned from the open circuit potential (0.56 V vs Al) in
the negative direction down to a potential of –0.3 V. It is
clearly seen that the bulk deposition of aluminum occurs
at a potential of approximately –0.07 V. In the reverse scan,
the cathodic branch of the cyclic voltammogram crosses
the anodic one at a potential of –0.05 V, producing a
current loop which is attributable to nucleation. The
recorded anodic peak at a potential of 0.2 V is correlated
with the stripping of electrodeposited aluminum. The
increase in the anodic current at a potential of 0.9 V is
due to the anodic oxidation of the substrate. Well-adhering
aluminum layers can be obtained after anodic oxidation
of the substrate in the employed electrolyte prior to bulk
deposition of aluminum. This is attributed to the dissolu-
tion of the air-formed iron oxide layer on anodic polariza-
tion producing an oxide-free surface. Figure 5 shows a
SEM micrograph of the cross section of a deposited
aluminum layer on mild steel substrate obtained galvano-
statically at a current density of –5 mA/cm2 for 2 h. Prior
to Al electrodeposition, the electrode was anodically
polarized at a potential of 1 V (vs Al) for 2 min. As shown
in the SEM micrograph, the deposited Al layer adheres
well to the mild steel substrate and the layer is homoge-
neous with a thickness of 10 µm. The corrosion behavior
of mild steel without and with coating by an aluminum
layer with a thickness of 10 µm in 3.5% NaCl solutions
was reported in ref 23. Compared to the uncoated sample,


the Al-coated mild steel exhibited a lower corrosion
current and a higher polarization resistance, indicating
the improvement of the corrosion resistance by Al coat-
ing.23


In our opinion, the electrodeposition of Al is a good
example of the prospects of ionic liquids in the elec-
trodeposition of reactive elements. In contrast to the
SIGAL (Siemens-Galvano-Aluminium) and REAL (room-
temperature electroplated aluminum) processes for Al
deposition, there are no flammable organic solvents and
the electrodeposition can be performed at elevated tem-
peratures up to 180 °C. An advantage over the NaCl/AlCl3


system with a melting point of 150 °C is the wider thermal
window between 0 and 180 °C. Furthermore, via cation
and anion effects, the structure of the deposit can be
influenced, a field which is practically unknown with
classical molten salts. Thus, these liquids behave like
molten salts, but there is more chemistry behind it with
many prospects for future developments.


3.2. Electrodeposition of Tantalum. Many efforts have
been made to develop a process for the electrodeposition
of Ta. High-temperature molten salts were found to be
efficient baths for the electrodeposition of tantalum.24–29


Senderoff and Mellors reported the first results on the
electrodeposition of Ta using the ternary LiF/NaF/KF
eutectic mixture as a solvent and K2TaF7 as a source of
Ta between 650 and 850 °C.24,25 Despite enormous
importance, these baths have many technical and eco-
nomic problems such as the loss in current efficiency of
the electrolysis process, due to the dissolution of metal
after its deposition,30 and severe corrosion problems at
high temperatures. Furthermore, from a practical point
of view, molten salts are hardly suited for the coating of
sensitive materials like NiTi shape memory alloy with
tantalum since the electrolysis process is performed at
overly high temperatures. With ionic liquids, a technical
electroplating process might be performed at moderate
temperatures, but we have to point out clearly that the
electrodeposition of metals with several oxidation states
of the precursors can lead to nonstoichiometric subvalent
deposits, i.e., with an oxidation state of >0, which are
easily misinterpreted as metallic deposits.


Recently, we reported for the first time that tantalum
can be electrodeposited as thin layers in the water and


FIGURE 4. Cyclic voltammogram recorded at mild steel substrate
in the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl) amide containing 6 M AlCl3 (from the upper phase of the
mixture) at room temperature. The scan rate was 10 mV/s.


FIGURE 5. SEM micrograph of the polished cross section of an 10
µm Al layer electrodeposited galvanostaticllay on mild steel substrate
at –5 mA/cm2 in [EMIm]Tf2N/6 M AICI3.
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air stable ionic liquid [BMP]Tf2N at 200 °C using TaF5 as
a source of tantalum.31 The quality of the deposit was
found to be improved upon addition of LiF to the
deposition bath. The SEM micrograph of the Ta electrode-
posit (Figure 6a) made potentiostatically at –1.8 V in
[BMP]Tf2N containing 0.25 M TaF5 and 0.25 M LiF on a
Pt electrode at 200 °C for 1 h shows a smooth, coherent,
and dense layer. The deposit was analyzed as tantalum
as revealed in the corresponding EDX profile of Figure 6b.
XRD patterns of the electrodeposit clearly show the
characteristic patterns of crystalline tantalum (Figure 6c).
However, tantalum deposition is not straightforward in
ionic liquids. Under the wrong conditions (high current
density), mainly subvalent XRD-amorphous tantalum
species with an oxidation state of >0 are obtained. There
seems to be a limiting current density: above, one obtains
only subvalent deposits, and below, thin crystalline tan-


talum layers are obtained. At present, we are able to
deposit 1 µm thick tantalum layers at 200 °C. At room
temperature, only ultrathin tantalum layers can be de-
posited as an element at the moment.


How can we understand that nonstoichiometric sub-
valent tantalum species form? It is well known that in
molten salts like LiCl and NaCl tantalum can be obtained
in crystalline layers at temperatures around 600–700 °C.
Thermodynamically, Ta should be deposited at electrode
potentials below –400 mV versus NHE. On the other hand,
a look in textbooks of inorganic chemistry shows a rich
cluster chemistry for Ta, Nb, W, Mo, and many other
transition and refractory metals. One example is
[Ta6Cl12]2+ where in a Ta6 cluster the metal atoms are
bound to Cl- and bridged via Cl-. In the case of this
cluster, Ta has an average oxidation state of 14/6 (≈2.33).
Such cluster compounds can be made by means of solid
state chemistry. Indeed, with TaCl5 as a precursor, we
never succeeded in depositing elemental tantalum. These
complexes seem to be that stable that at low temperatures
they are not reduced to the element. In high-temperature
molten salts, however, elemental tantalum can be ob-
tained, and the results are better with TaF5 in fluoride
melts. Metal fluorides exhibit a less rich cluster chemistry
than the chlorides or bromides. It is known in molten salts
(in part also in aqueous electrochemistry, e.g., in Cr
deposition) that the addition of Li+ ions enhances the
metal deposition. One explanation is that the Li+ desta-
bilizes the metal–halide bonds, thus facilitating deposition.
This is maybe also the role of LiF in our ionic liquid, as
without LiF the deposition of crystalline Ta seems to be
fairly difficult. Nevertheless, the deposition of Ta is
possible in ionic liquids at 200 °C, far from the limits of
water or organic solvents.


We showed furthermore that adhering, dense, and
uniform layers of Ta can be electrodeposited on NiTi alloy
in the ionic liquid [BMP]Tf2N containing 0.25 M TaF5 and
0.25 M LiF at a moderate temperature of 200 °C.32 NiTi
alloys are widely used as orthodontic wires, self-expanding
cardiovascular and urological stents, and bone fracture
fixation plates and nails.33–35 The biocompatibility of NiTi
implants depends on their corrosion resistance. The major
risk associated with NiTi implants is the breakdown of the
passive film which occurs because of the aggressiveness
of human body fluids, leading to a release of Ni ions that
may cause allergic, toxic, and carcinogenic effects.36–38 We
found that the electrodeposition of an only 500 nm thick
film of Ta on NiTi alloy improves its corrosion resistance
considerably, leading to a decreased amount of Ni ions
released into the solutions which, in turn, enhances its
biocompatibility.32 Avoiding the release of Ni ions into the
human body fluid is greatly important when NiTi alloy is
used in medical implantation because of the allergic and
carcinogenic effects of Ni ions.


In this context, ionic liquids are again the link between
water/organic solvents and molten salts. One can inves-
tigate the tantalum chemistry at low temperatures and
draw conclusions about the chemistry of tantalum species;
on the other hand, it is possible to deposit tantalum in


FIGURE 6. (a) SEM micrograph of the Ta electrodeposit formed
potentiostatically on Pt in [BMP]Tf2N containing 0.25 M TaF5 and
0.25 M LiF at a potential of –1.8 V for 1 h at 200 °C. (b) EDAX profile
of the area shown in the SEM micrograph. (c) XRD patterns of the
deposited layer.
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thin layers at 200 °C. We are convinced that there will be
liquids available in the future which allow the deposition
at temperatures of up to 300 oC. The Tf2N, unfortunately,
starts to be decomposed in the presence of LiF and TaF5


at 250 °C.
3.3. Electrodeposition of Silicon. Silicon cannot be


electrodeposited from aqueous solutions because of its
very negative reduction potential which favors hydrogen
evolution instead of element deposition. As a conse-
quence, most of the work on the electrodeposition of
silicon was done in aprotic solvents or in molten salts.
Silicon can be obtained in high-temperature molten salts
using K2SiF6, Na2SiF6, or SiO2 as sources of silicon.39–41


Furthermore, there were several attempts in the past to
electrodeposit silicon from organic solvents,42–44 and
smooth and uniform silicon deposits up to 0.25 µm thick
could be obtained. The electrodeposition of silicon from
its halides in nonaqueous solutions was also reported
quite recently.45 However, the authors also report a strong
oxidation of the electrochemically made silicon. It was
stated that silicon can also be electrodeposited in a low-
temperature molten salt.46 In this study, the authors
employed 1-ethyl-3-methylimidazolium hexafluorosilicate,
and at 90 °C, they could deposit a thin layer of silicon.
However, upon being exposed to air, the deposit reacted
completely to SiO2. Thus, it is an open question whether
the obtained silicon was semiconducting. Recently, we
showed that silicon can be well electrodeposited on the
nanoscale in the room-temperature ionic liquid
[BMP]Tf2N saturated with SiCl4.47,48 Figure 7a shows a
high-resolution SEM picture of an electrodeposited silicon


layer on gold substrate. As seen, the deposit contains small
crystallites with sizes of approximately e50 nm. Quantum
size effects have to expected at grain sizes below 5 nm in
the case of silicon. The deposit can keep its dark appear-
ance even under air, but sometimes, it is rapidly trans-
formed into white powder, i.e., SiO2. The EDX analysis
gave as a result only gold from the substrate and silicon,
but no detectable chlorine (Figure 7b). This proves that
obviously elemental silicon was electrodeposited which
can be subject to some oxidation under environmental
conditions. In an experimentally challenging combined
XPS/electrochemistry experiment under inert gas and
ultrahigh vacuum, we could show that indeed elemental
silicon is obtained which under the conditions of an inert
gas glovebox is oxidized at the surface. These results will
be published elsewhere.


The three-dimensional STM picture of Figure 8a shows
the topography of a rough silicon layer with a thickness
of 100 nm. The layer was electrodeposited at –1600 mV
versus Fc/Fc+ on HOPG, probed under potential control
with the in situ STM. The thickness of the deposit was
determined in situ from the z-position of piezo, which is
a standard procedure in our laboratories. To show the
semiconducting behavior of the deposited film, current–
voltage tunneling spectroscopy was performed. It has
already been shown by us that the I–V tunneling spec-
troscopy is a valuable technique for in situ characteriza-
tion of electrodeposited semiconductors49,50 and metals.


FIGURE 7. (a) SEM micrograph of electrodeposited silicon obtained
potentiostatically on gold in [BMP]Tf2N saturated with SiCl4 at a
potential of –2.7 V vs Fc/Fc+ for 2 h at room temperature. (b) EDAX
profile of the area shown in the SEM micrograph. FIGURE 8. (a) In situ three-dimensional STM picture of an 100 nm


thick silicon film formed on HOPG in [BMP]Tf2N saturated with SiCl4
at a potential of –1.7 V vs Fc/Fc+. (b) In situ current–voltage tunneling
spectrum of the silicon electrodeposit on HOPG.
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We could show via in situ I–V tunneling spectroscopy that
germanium with layer thicknesses of g20 nm is semicon-
ducting with a symmetric band gap of 0.7 ( 0.1 eV. On
the other hand, we have found that very thin layers of
germanium with thicknesses of several monolayers exhibit
clearly metallic behavior.49,50 Figure 8b shows an in situ
current–voltage tunneling spectrum of the 100 nm thick
silicon layer. The spectra are all over the surface of the
same quality. As seen in the spectrum, a typical band gap
of 1.0 ( 0.2 eV is observed. This value is quite similar to
the value that we observed for hydrogen-terminated
n-doped Si(111) in an ionic liquid.51 The value of micro-
crystalline silicon in the bulk phase at room temperature
is 1.1 eV. In light of these results, it can be concluded that
elemental, intrinsic semiconducting silicon was electrode-
posited from the employed ionic liquid as a thin layer.
Our results on the deposition of silicon as an example for
a semiconductor show that ionic liquids have the potential
to deposit, due to wide electrochemical windows, ele-
ments which formerly were only accessible from organic
solvents or molten salts. Variation of temperature and
cation or anion effects in ionic liquids give more potential
to tune deposit morphology than organic solvents or
molten salts would give alone.


4. Conclusions
In this paper, we have presented and discussed some
results of the electrodeposition of aluminum, tantalum,
and silicon in ionic liquids. Our results show that uniform,
adherent layers of Ta can be obtained in the ionic liquid
[BMP]Tf2N containing TaF5 at 200 °C, under the right
conditions. Nano- and microcrystalline aluminum are
made in the ionic liquids [BMP]Tf2N and [EMIm]Tf2N,
respectively. Moreover, well-adhering aluminum layers
can be made on mild steel in chloroaluminate and
[EMIm]Tf2N ionic liquids after in situ electrochemical
etching. Elemental semiconducting silicon is obtained in
the ionic liquid [BMP]Tf2N. It was also shown that a silicon
layer with a thickness of 100 nm, electrodepoited in the
ionic liquid [BMP]Tf2N, exhibits a band gap of 1.0 (
0.2 eV, indicating that semiconducting silicon was elec-
trodeposited.


In this context, ionic liquids can be regarded as the
missing link between aqueous/organic solvents and mol-
ten salts: they have the wide electrochemical windows of
organic solvents like acetonitrile, but they are nonflam-
mable and easy to dry. They consist of only ions like
molten salts, but they are liquid at lower temperatures.
Due to their wide thermal window of up to 400 °C, they
are the thermal link between aqueous/organic solvents
and molten salts. A benefit of ionic liquids, which is
recognized only slowly, is the fact that there are not yet
completely understood cation/anion effects which allow
influencing deposit morphology and structure in electro-
chemically made materials. Such effects are practically
unknown in aqueous/organic solvents and classic high-
temperature molten salts.
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GUEST EDITORIAL
Ionic Liquids


It has been almost 10 years since Michael Freemantle
wrote an article for Chemical & Engineering News entitled
“Designer Solvents - Ionic Liquids May Boost Clean
Technology Development”1 and effectively launched a
renaissance in scientific and engineering interest in both
“salts” and “liquids”. There are now in excess of 8000
papers (including over 900 patents or applications) that
use the term “ionic liquid”, over 97% of which have been
published since Freemantle’s article. With ever increasing
academic and industrial interest, the field shows no signs
of slowing down.


Ionic liquids are now being defined as salts composed
solely of ions with melting points below 100 °C, although
this strict definition is often given some latitude as more and
more applications and insight arise from the increased
scrutiny of heterogeneous liquids. While salts fitting this
definition have been known for well over a century, the
“ionic liquid phenomenon” appears to be sustained by the
firm connection between fascinating fundamental science
and increasingly diverse applications. Scientists and engi-
neers from around the world have raced to prepare and
characterize new combinations of ions that could meet the
definition of an “ionic liquid” to try to predict physical
properties from structure, and to use the more attractive
accessible physical properties (e.g., non or low volatility; large
liquidus ranges, etc.) in new applications.


The initial focus in the field has been on making use of
the unique, tunable physical property set offered by ILs and
their use as designer “green” solvents. This has led to early
gross overgeneralizations both for and against the use of ILs.
ILs have been declared everything from nontoxic, nonflam-
mable, and nonvolatile to toxic, flammable, and volatile,
statements that clearly can not be true for the entire range
of possible compounds that meet the definition of an IL! It
is the almost infinite variability of ion combinations that
might lead to IL behavior that has been both a blessing and
a curse. It has not yet proven possible to predict which ion


combinations will lead to a given set of properties nor even
whether they will lead to an IL.


With the increased attention from disciplines well
outside chemistry and engineering, ILs are finding useful
application in sensors, solar cells, solid-state photocells
and batteries and as thermal fluids, lubricants, hydraulic
fluids, and ionogels, to name only a few. Despite the fact
that ILs today are defined by one physical property
(melting point), many of the potential applications are
now making use of combinations of chemical or biological
properties, such as in the study of energetic or pharma-
ceutical ILs. ILs are indeed tunable, multipurpose materi-
als for a variety of applications, rather than just solvents.


It is becoming increasingly clear that it is possible to
form any specific IL composition depending on the user’s
needs and that the desired physical, chemical, and
biological properties can be realized in a single salt by
proper selection of the component ions or in mixtures of
component ions. However, ILs, their interfaces, and their
mixtures with other molecular species, such as water and
carbon dioxide, are exceptionally complex systems. From
a theoretical and molecular simulation perspective, these
systems represent one of the greatest current challenges
for accurate molecular modeling and, especially, for the
capability to make a priori predictions of IL properties
via computational methods.


In this special issue of Accounts of Chemical Research,
18 articles have been collected from a sampling of some
of the leading IL research groups. The articles highlight
the growing diversity within the field and the increasing
level of fundamental knowledge being developed. On the
experimental side, the solvent roots of the field are clearly
evident with contributions discussing the characterization
and use of ILs as solvents including detailed spectroscopic
studies of solvent roles, dynamics, and local ordering. On
the computational side, the articles highlight a growing,
rapidly evolving, and increasingly predictive molecular
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simulation capability for ILs, ranging from ab initio
electronic structure to atomistic molecular dynamics to
coarse-grained modeling. These articles describe not only
technical advances in our ability to accurately model these
liquids but also a growing range of IL environments and
behaviors beyond the “simple” bulk phase, such as
interfaces, mixtures, unique self-assembly phenomena,
spectroscopic properties, and spatial and dynamical het-
erogeneity. Notably absent, however, are contributions
describing new theoretical developments in liquid state
theory and statistical mechanics to help better character-
ize these complex systems. This surely represents an
opportunity for the future, in addition to the need for
continued development in predictive atomistic and coarse-
grained molecular simulation capabilities.


The true power of the IL field will ultimately come from
how we exploit our understanding of these modularly
tunable liquid salts, and new knowledge and industrial


technologies are already appearing. ILs have catalyzed
interdisciplinary exploration of both properties and po-
tential uses of ILs, new technologies, and quite a few new
IL product lines from large and small chemical companies.
The scope of liquid salts combined with the simplicity of
design but complexity of understanding will continue to
foster new research and the “ionic liquid phenomenon”
should continue for quite some time.


Robin D. Rogers and Gregory A. Voth
Guest Editors


The Queen’s University of Belfast/The University of Alabama
and University of Utah
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ABSTRACT
Understanding physicochemical properties of ionic liquids is
important for their rational use in extractions, reactions, and other
applications. Ionic liquids are not simple fluids: their ions are
generally asymetric, flexible, with delocalized electrostatic charges,
and available in a wide variety. It is difficult to capture their subtle
properties with models that are too simplistic. Molecular simulation
using atomistic force fields, which describe structures and interac-
tions in detail, is an excellent tool to gain insights into their liquid-
state organization, how they solvate different compounds, and what
molecular factors determine their properties. The identification of
certain ionic liquids as self-organized phases, with aggregated
nonpolar and charged domains, provides a new way to interpret
the solvation and structure of their mixtures. Many advances are
the result of a successful interplay between experiment and
modeling, possible in this field where none of the two methodolo-
gies had a previous advance.


Introduction
Applications of ionic liquids can be numerous,1,2 from
catalysis,3 synthesis,4 separations, and electrochemistry5


to polymers6 and magnetic or nanostructured materials.
Chemists very rapidly explored their potential to improve
or create processes and materials. Physical chemistry is
an underlying aspect of much research in ionic liquids,
providing the insights into the molecular factors that
determine their properties. The results range from quan-
titative physicochemical data that are essencial for engi-
neering processes to qualitative trends that guide when
searching the best ionic liquids for a particular purpose.


However, the most important contribution is to under-
stand how ionic liquids actually work at the molecular
level: chemistry shows us what can be done using ionic
liquids; physical chemistry can tell us why ionic liquids
work the way that they do.


From the molecular modeling and simulation stand-
points, ionic liquids came about at just the right time.
Today, the resources in computer hardware and in
theoretical methods necessary to tackle systems with this
kind of complexity are accessible to most research groups
in the field. Ionic liquids are suited to be studied using
quantum, molecular, or statistical mechanics, because (i)
unlike macromolecules, they are constituted by smaller
molecular units and their description does not require a
broad range of time scales (glassy states excluded); (ii)
unlike organometallic compounds, they are composed of
organic residues that can fit into different families, and
avoiding difficulties of quantum chemical methods to
describe heavy atoms and transition metals.


However, ionic liquids are nontrivial. Composed of
asymetric, often flexible ions that are medium-sized
molecular objects (10–100 atoms), they are more complex
than the inorganic, high-temperature molten salts. A
multitude of ionic liquids can be prepared through
different combinations of cations and anions. In most
applications, they are used in multicomponent mixtures,
including molecular or other ionic compounds, and
sometimes nanoparticles or surfaces. Only a minute
sample of this universe can be studied experimentally to
obtain physicochemical data and for some properties only.
Understanding the key factors at the molecular level that
determine the various properties and being able to predict
them at least semiquantitatively are important research
objectives. The sophisticated nature of the interactions
present in ionic liquids (coulombic and van der Waals
forces, polarization and charge delocalization, flexibility,
and conformational richness) makes their study using
molecular dynamics a fascinating subject both from the
theoretical and applied points of view.


This Account describes the strategy adopted in devel-
oping a model for molecular simulation of ionic liquids.
It was initially used in free-energy calculations to predict
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and explain the solubility of small molecules, mostly gases.
Then, unexpected structural features of some common
ionic liquids were observed using simulation, in the form
of seggregated charged and nonpolar domains. This
provides a new view into ionic liquids as nanostructured
solvents, capable of offering diverse environments to
solutes, according to the polarity or associating character
of the latter. At present, we investigate mixtures of ionic
and molecular liquids from structural and thermodynamic
perspectives.


Molecular Interaction Model
Some characteristics of ionic liquids, such as the inter-
changeability of cations and anions and the existence of
families by the addition of homologous organic residues,
were incorporated in the rationale behind our force
field.7–9 The result is a systematic model that at this stage
comprises six of the widely used cation families and eight
different anions (Figure 1). Work is underway to include
other ions.


The functional form and parameterization method
chosen for the molecular force field were based on the
optimized potential for liquid simulations all-atom (OPLS-
AA)10 with specific terms, mainly those related with
electrostatic charge distributions and torsion energy pro-
files, calculated individually for new cation or anion
families (Figure 2). Our purpose is to calculate thermo-
dynamic or transport properties of condensed phases in
the bulk or at surfaces. The emphasis is on the parameters
that affect geometry, conformations, and interactions.
Stretching of covalent bonds and bending of valence
angles are important for some properties but are not the
central problem in developing a molecular simulation


force field. Our efforts were concentrated on the high-
level quantum calculation of three kinds of term: molec-
ular geometries, electrostatic charge distributions (that
affect intermolecular energies), and torsion energy profiles
(that determine conformations). All are illustrated in
Figure 3. The vibration force constants were taken, when
available, from the assisted model building and energy
refinement (AMBER) force field.11 Repulsion–dispersion
interactions of the Lennard–Jones type were taken from
OPLS-AA10 that is specifically oriented toward liquid-state
simulations. Concerning the Lennard–Jones parameters,
in the ionic liquids described thus far by our model,7–9


FIGURE 1. Ions parameterized in the all-atom force field for ionic liquids.


FIGURE 2. Functional form of the force field. Two atoms connected
by a covalent bond interact through a harmonic stretching potential.
Three atoms connected by two bonds interact through an harmonic
bending term around the central atom. Four atoms connected by
three bonds have a torsion energy term as a function of their dihedral
angle. Atoms separated by four or more bonds interact through
nonbonded terms (Lennard–Jones plus charges).
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no improvement upon OPLS-AA parameters was neces-
sary to reproduce experimental properties: liquid densi-
ties, crystal structures, enthalpies of vaporization, and
conformer distributions obtained by spectroscopy or
neutron diffraction (Figure 4).


Internal consistency was maintained by always retriev-
ing parameters from the same primary sources (OPLS-
AA or AMBER) or, in the absence of such data, by always
using the same estimation procedure involving quantum
mechanics and molecular dynamics calculations. Results
were checked against X-ray diffraction, IR and Raman
spectroscopic, and thermodynamic data. Compatibility
with the OPLS-AA was also built into our model by
allowing a smooth transition between the parameteriza-
tion of new parts of the ions (e.g., the imidazolium ring)
and the organic residues already parameterized in OPLS-
AA (e.g., alkyl chains). This is important to simulate
systems containing ionic liquids and other species de-
scribed by OPLS-AA, which includes many families of
organic and biochemical compounds. Each ion was
parametrized separately, by adding organic residues in a
stepwise manner and by taking representative, average
values for the electrostatic charges in ions of the same
family, allowing for the transferability of the force field.
These procedures entail some degree of approximation
and heuristic choices, but we accepted the tradeoff of
extreme accuracy in a few specific cases against a sys-
tematic, transferable, and more versatile force field.


Back in 2004 when our force field was first published,7,8


the only experimental data available to validate the force
field in a systematic manner were density and volumetric-
related data, both in the liquid and crystal. We concluded
that the model could predict within 3% accuracy the
density of a given ionic liquid both in the liquid and


crystalline phases and, in the latter case, the parameters
of the unit cell were also correctly evaluated (Figure 4a).
No systematic trends were devised in the 3% level of
accuracy, and fine-tuning parameters for specific ions
would certainly improve calculations for some cation–an-
ion combinations but worsen the situation for others. This
level of accuracy was accepted to guarantee the generality
of the model.


A proviso was made at the time stating that energy-
related data were necessary to fully validate the force field.
These became available when the cohesive energy of ionic
liquids was measured by calorimetry.13 This measurement
was undertaken when the vaporization of ionic liquids had
been observed below their decomposition temperature.14


The force field was able to predict the calorimetric results
within 15% accuracy and also the trend of increasing
values of vaporization enthalpy with an increasing alkyl
side chain of the cation (Figure 4b).


Another, more subtle, validation of the force field had
been obtained15 when different conformational analyses
using Raman spectroscopical data and density functional
theory (DFT) quantum-mechanical calculations16,17 were
confronted with molecular dynamics simulations using
our force field. The conformer distribution of different
1-alkyl-3-methylimidazolium cations included in different
ionic liquids was similar irrespective if the result was
obtained by simulation (MD), experiment (Raman), or
theoretical calculation (DFT) (Figure 4c). Work is under-
way to validate the force field for other cation families,
particularly pyrrolidinium,8 including the potential energy
associated with the pseudorotation of the ring.18 A com-
parison with neutron diffraction results19 on conformer
distributions also validated the force field for tf2N- (Figure
3).


FIGURE 3. (Left) Electrostatic charge distributions on a 1-butyl-3-methylimidazolium cation, C4C1im
+, and on a bis(trifluoromethanesulfonyl)amide


anion, tf2N
-: blue corresponds to a positive charge, and red corresponds to a negative charge. The electron density on isolated ions was


calculated ab initio at the level MP2/cc-pVTZ(-f), with geometries optimized at HF/6-31G(d). Partial charges were assigned to atomic sites by an
electrostatic surface potentiel fit (ChelpG)12 to reproduce the field around an ion. (Right) Torsion energy profile corresponding to the internal
rotation of the dihedral angle S–N–S–C in tf2N


-. Ab initio energies are plotted in red, and those obtained using the force field are plotted in
blue, illustrating the agreement between the force field and the quantum calculations in this rather irregular torsion energy profile. The curve
in green gives the contribution of intramolecular nonbonded interactions between Lennard–Jones sites and electrostatic charges.
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Self-Organization and Liquid Structure
Molecular simulations of ionic liquids show that the main
features of the liquid structure are defined by charge
ordering, as in molten salts composed of small, rigid ions.
This is the overall picture obtained from the distributions
of centers-of-mass distances between ions (Figure 5):
cation–cation and anion–anion radial distribution func-
tions (RDFs) have a succession of peaks in phase, and
cation–anion RDFs have peaks in opposition of phase with
the previous ones.20 In Figure 5, the cation–cation


RDF has peaks that are less marked than those of
anion–anion pairs. This is because the cation is flexible
and, according to the conformations adopted, the location
of its center of mass is spread over a region of space. This
does not happen to the rigid, octahedrical PF6


-.


A more detailed analysis, using groups of atoms instead
of centers of mass, provides a new structural insight:21


when the end carbons of the alkyl side chains are taken
in [CnC1im][PF6], it is observed that a strong first peak is
present when the side chain is longer than butyl (Figure


FIGURE 4. Validation of the force field using (a) density, (b) enthalpy of vaporization, and (c) conformer distribution data. In a and b, green
and red correspond to experimental and simulation results, respectively. In c, planar/nonplanar refers to the position of the ethyl group of the
1-ethyl-1-methylimidazolium cation in relation to the imidazolium ring plane, whereas trans/gauche refers to conformations of the alkyl side
chain in 1-butyl- and 1-hexyl-3-methylimidazolium around the two carbon atoms closest to the imidazolium ring.


FIGURE 5. (Left) Ion–ion centers-of-mass radial distribution functions in liquid [C6C1im][PF6], giving the probability of finding an ion pair at a
certain distance compared to the average. (Right) Site–site RDFs between the end carbons of the alkyl side chains in [CnC1im][PF6], showing
aggregation of the side chains for n g 4.
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5). This is evidence of the aggregation of the side chains
in nonpolar domains. The same kind of segregation in
Figure 6 was observed using simulations with other
anions, namely, the larger and flexible tf2N-. Adopting a
color scheme to distinguish atoms belonging to the
“nonpolar” parts of the ions from those belonging to the
“charged” parts provides an excellent visual aid to perceive
these structural heterogeneities21 (Figure 6).


Earlier molecular simulation studies had identified
similar structural features, using models different from the
present one: Urahata and Ribeiro22 reported prepeaks in
static structure factors, intepreted as evidence of inter-
mediate-range order, using an united-atom model (not
every atom is explicitly represented). Wang and Voth23


reported domain segregation using an even coarser model
in which an imidazolium cation is represented by just four
sites. Therefore, domain formation is not an artifact of the
present force field. Authors studying dynamics in ionic
liquids have systematically reported the slow, even glassy,
dynamics of these systems and connected this to the
persistence of local structures.24


Many experimental observations may be related to the
structural heterogeneities. Unfortunately, most neutron
diffraction studies have been performed on ionic liquids
with short side chains25 that do not form domains. Before
the simulation works that suggested the existence of such
structures,21,23 experimentalists were not looking for them
and the samples were neither chosen for that purpose nor
isotopically labeled in the appropriate way. Nevertheless,
less direct evidence exists.


Watanabe and collaborators studied dynamic proper-
ties of imidazolium ionic liquids as a function of the alkyl
side-chain length.26 As it becomes longer, the strong
electrostatic interactions between charged groups are
progressively diluted and replaced by weaker van der
Waals forces. Viscosity should decrease, and conductivity


and diffusion should increase. This is indeed observed for
the shortest side chains, but from [C4C1im][PF6] onward,
the trends are reversed. The formation of microdomains
that, according to simulation happens exactly at this pont,
is a plausible explanation for a decreased ionic mobility.


When using ionic liquids as stationary phases for gas
chromatography,27 it was observed, as expected, that the
ionic liquids can separate polar molecules. However,
surprisingly, it was shown that they have an excellent
resolving power for the homologous series of n-alkanes.
This dual nature as stationary phases can be related to
the simultaneous polar and nonopolar character of the
ionic liquids.


Fluorescence of probe molecules28 shows a red shift
that is a sign of a glassy state or the presence of organized
assemblies, such as micelles. The fluorescence of the ionic
liquids themselves29 leads to the same conclusions. Direct
spectroscopic evidence of the existence of specific local
structures whose size depends upon the length of the alkyl
side chains has been recently obtained.30


Recent calorimetric information further supports the
simulation results. The enthalpy of vaporization of ionic
liquids13 shows that the increment per -CH2- group in
the side chain along a series of alkylimidazolium salts
coincides with the trend observed for solid n-alkanes.
Another study31 showed very similar progressions in heat
capacity and entropy between the series of liquid
[CnC1im][tf2N] and the liquid n-alkanes. These results
imply that, in the ionic liquid, the side chains reside in
alkane-like environments.


Also, the pronounced self-organization of the ionic
liquids (“supramolecular” solvents)32 has been suggested
as the cause for the quality of nanostructured materials
and nanoparticles synthesized therein. This self-organiza-
tion has often been explained by a network of hydrogen
bonds (notably in the presence of water).33 We have seen


FIGURE 6. Color scheme to distinguish the “charged” zone, in red, corresponding in this case to the imidazolium ring of the cation (plus some
atoms attached to it) and the entire PF6


- anion, from the “nonpolar” side chain, in green. A segregation in domains is visible in liquid-phase
simulations (250 ion pairs of [C6C1im][PF6] by molecular dynamics).
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hydrogen bonds between appropriate cations and anions
and also in the presence of water or alcohols. However,
our picture of the structured nature of ionic liquids is less
restrictive. These media appear as dominated by the
cohesive force between the ionic charges, forming a
network of associated ions. When one (or both) of the ions
contains a nonpolar group, this group tends to be
excluded from the charged network by energetic reasons.
If the side chains are small, the ionic liquids will have a
fluid structure quite similar to that of a molten salt.
However, if the nonpolar groups consitute an important
and accessible part of the ions, these groups will eventu-
ally aggregate in nonpolar domains,21 paying an entropic
price in exchange for an energetic reward. If the nonpolar
side chains become too long, then liquid-crystalline
phases appear.34 It is the intermediate situation that seems
most interesting from our point of view, because the
corresponding ionic liquids have been mostly considered
as being associated but homogeneous phases.


An interesting extension of the nonpolar tail aggrega-
tion discussed above to provide a solvation environment
is the use of ionic liquids with fluorinated side chains35


acting as surfactants to establish a dispersion of a fluorous
phase36 in a conventional ionic liquid. In this case, the
aggregation behavior of fluorinated side chains is evident.


Solvation of Different Compounds
The notion that, in some ionic liquids, two kinds of spatial
domains exist completely modifies the way that solvation
can be understood in these media. Different solutes,
according to their polarity or tendency to form associative
interactions, will not only interact preferably with certain
parts of the individual ions but may also be solvated in
distinct local environments.37 Examples are shown in
Figure 7.


Nonpolar molecules will be solvated and tend to reside
in the nonpolar domains. In the same manner as the
nonpolar side chains of the ions, these solutes will be
excluded from the ionic network because of the cohesive
energy of the charged groups. In Figure 8, a strong peak
appears in the RDF between the methyl groups of n-
hexane and the end carbon of the alkyl side chain of the
cation, whereas only very weak correlation exists between
the alkane and both the cation head group and the anion.
Dipolar solutes, for example, acetonitrile, will interact
closely with the charged head groups but also with the
nonpolar domains. This balanced behavior is evident from
the comparable heights of the first peaks of three RDFs
of acetonitrile, in Figure 8. This makes acetonitrile an
excellent solvent for many ionic liquids. Associating
solutes, such as alcohols or water, will form powerful
hydrogen bonds with the charged parts of the ions and
will be solvated in the ionic domain. In the examples
shown by the red curves in Figure 8, the stronger hydrogen
bond will be between the H of the hydroxy group or water
and the anion.37–39 Weaker hydrogen bonds exist between
the H connected to the C2 carbon of the imidazolium ring
and the oxygen in the alcohol or water.37 Besides different


positioning with respect to the ions, the polarity of the
molecular compounds also induces marked orientational
effects, as illustrated in Figure 8.


The solvation of gaseous alkanes in the ionic liquids
can also be understood in terms of the spatial domains.
The solubility of methane and ethane was studied in ionic
liquids based on C4C1im+.40,41 Solubility increases with
the size of the alkane, something that cannot be explained
by free volume or electrostatic solute–solvent inter-
actions.42,43 One possible explanation is that the solubility
of these solutes is determined by the size of the micro-
domains in the ionic liquid. It is expected that the
solubility of an alkane, such as butane, should increase
with the size of the nonpolar domains in the ionic liquid
and even exhibit a discontinuity when the nonpolar
domain in the solvent becomes large enough to accom-
modate the solute.


Mixtures of Ionic and Molecular Liquids
When the entire composition range of a mixture between
an ionic and a molecular liquid is spanned, several
different regimes will be found. Starting from the neat
ionic liquid, a medium composed entirely of ions, initially,
the molecular compound will be a diluted solute, interact-
ing with the domains of the ionic liquid as described
above. As the concentration in the molecular compound
increases, it will tend to aggregate on the domain toward
which it has a greater affinity. At a point, the presence of


FIGURE 7. Interaction of n-hexane, acetonitrile, and methanol with
the nonpolar and charged domains of the ionic liquid [C4C1im][PF6].
The alkane is located in the nonpolar domains. Acetonitrile, a dipolar
molecule, has balanced affinities for both kinds of domain. Methanol
establishes strong hydrogen bonds with the anion and weak hydro-
gen bonds with the hydrogen in C2 of the imidazolium cation. The
ionic liquid in the box containing methanol was not color-coded to
highlight the red color of the oxygen atoms of the alcohol and em-
phasize the interaction between the hydroxy group and the PF6


-.
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the molecular compound will cause a disruption of the
ionic network. From then on, the ionic liquid becomes
the minority component and its ions will form different
sorts of aggregates (micelles or ion clusters) in the
molecular liquid, depending upon the solvent properties
of the latter. Finally, once low concentrations in the ionic
liquid are reached, it will behave as an electrolyte in
solution.44 Snapshots of simulation boxes with mixtures
of ionic and molecular liquids that are miscible in all
proportions at room temperature are shown in Figure 9,
at a series of compositions.


These different regimes have consequences for the
properties of the mixtures, an understanding of which can
provide valuable guidelines for the use of ionic liquids in
many applications. Pitzer and collaborators had already
studied the entire composition range of a mixture between
an ionic and a molecular liquid,44 illustrating for example
the nonmonotonic behavior of the conductivity of the
mixture as a function of composition: in the diluted
electrolyte regime, conductivity initially falls from the
infinite-dilution value because of ion pairing. It then goes
up as the number of ion pairs increases. Further on, it


FIGURE 8. RDFs illustrating the placement of the solutes, n-hexane, acetonitrile, methanol, and water, in terms of the domains of the ionic
liquids (four plots on top). RDFs in black denote the location of given atoms of the solute with respect to the end carbon of the nonpolar tail;
blue lines are RDFs between solute atoms and hydrogen bonded to the C2 carbon of the imidazolium ring (a site of positive charge); and RDFs
in red are between solute atoms and the anion. The solute orientations with respect to the ions are also shown (four lower plots), by providing
site–site RDFs between different atoms of the solutes and a given site on the ionic liquid. The sequence of the first peaks of the RDFs
indicates the orientation of the solutes.
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will decrease again once the high viscosity of a concen-
trated salt mixture becomes the dominant factor.


The addition of a molecular compound to the ionic
liquid also changes its solvation properties of the liquid.
For example, the solubility of different gases can be
enhanced by the presence of dissolved carbon dioxide.45


Water46 or acetonitrile,47 on the contrary, cause a decrease
on the solubility of CO2. No evidence for disruption of
the ionic liquid structure could be found,47 and the


decrease in CO2 solubility can be explained by the
competition of the two molecular species for the solvation
sites of the ionic liquid (Figure 10). Concurrently, interac-
tions between acetonitrile and CO2 are also significant and
important to explain the solvation of the gas in the
mixture.


Aggregation of ionic liquids in water has been exten-
sively studied.33,48 For example, in [C4C1im][BF4] with
water, a totally miscible system, the presence of an


FIGURE 9. Mixture of [C4C1im][PF6] with acetonitrile at different compositions, identified by the volume fraction, �, and the mole fraction, x,
of ionic liquid. Because the ionic liquid and the molecular compound have very different molecular sizes and weights, the volume fraction is
for many purposes a conveninent quantity to express composition.


FIGURE 10. RDFs illustrating the solvation of carbon dioxide in the mixture of [C2C1im][tf2N] and acetonitrile. The curves in the upper plots
denote the location of carbon dioxide (upper left) and acetonitrile (upper right) with respect to the solvation sites in the ionic liquid. The lower
plots illustrate the competition of carbon dioxide for the acetonitrile solvation sites in the ionic liquid (lower left) and the location of carbon
dioxide with respect to acetonitrile.
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aggregation transition has been reported49 at a mole
fraction of ionic liquids around 0.01. Although micelle
formation is to be expected for longer chain ionic liquids,
it seemed unusual for short to intermediate chain cations.


Conclusion and Outlook
Ionic liquids have many remarkable properties. Indepen-
dent of their eventual success in technological applica-
tions, they provide a challenging terrain of study for
physical chemists. The level of complexity of their mo-
lecular structures and interactions makes them truly
adapted to the present tools of physical chemistry, ex-
perimental or theoretical.


One important goal of research into the physicochem-
ical properties of ionic liquids is the interpretation of the
effect of the molecular structure on their properties
(thermal, solubility, miscibility, viscosity, diffusion, and
electrical conductivity) and those of their mixtures with
molecular liquids. These mixtures are generally highly
asymetric, with components having large differences in
molecular size, shape, and kinds of dominant interaction.
As such, their theoretical treatment is complicated, and
reductions to models that are too simplified may fail to
capture the most unique aspects.


No large base of experimental information exists for
these systems; therefore, measurements and theoretical
interpretation advance at equivalent paces, in a very
interesting interplay: sometimes, molecular models are
used to interpret some experimental observation, and
other times, some kind of behavior is found using simula-
tion that prompts experimentalists to devise methods to
validate the results of the model. The nanoscale domain
formation in ionic liquids is an example of the latter.


Within the specific topic of this Account, studies
progress toward relating the structured nature of ionic
liquids and their mixtures with other species to their
applications in catalysis,50,51 in synthesis, and also in the
formation of nanostructures.32,52


References
(1) Ionic Liquids IIIA: Fundamentals, Progress, Challenges, and


Opportunities—Properties and Structure; Rogers, R. D., Seddon,
K. R., Eds.; Oxford University Press: New York, 2005; Vol. 901 of
ACS Symposium Series.


(2) Ionic Liquids IIIB: Fundamentals, Progress, Challenges, and
Opportunities—Transformations and Processes; Rogers, R. D.,
Seddon, K. R., Eds.; Oxford University Press: New York, 2005; Vol.
902 of ACS Symposium Series.


(3) Dyson, P. J.; Geldbach, T. J. Metal Catalysed Reactions in Ionic
Liquids; Springer: New York, 2006.


(4) Ionic Liquids in Synthesis; Welton, T., Wasserscheid, P., Eds.; Wiley
VCH: Weinheim, Germany, 2002.


(5) Ohno, H. Electrochemical Aspects of Ionic Liquids; Wiley-Inter-
science: New York, 2005.


(6) Ionic Liquids in Polymer Systems; Brazel, C. S., Rogers, R. D., Eds.;
Oxford University Press: New York, 2005; Vol. 913 of ACS Sym-
posium Series.


(7) Canongia Lopes, J. N.; Deschamps, J.; Pádua, A. A. H. Modeling
ionic liquids using a systematic all-atom force field. J. Phys. Chem.
B 2004, 108, 2038–2047.


(8) Canongia Lopes, J. N.; Pádua, A. A. H. Molecular force field for
ionic liquids composed of the triflate or bistriflylimide anions. J.
Phys. Chem. B 2004, 108, 16893–16898.


(9) Canongia Lopes, J. N.; Pádua, A. A. H. Molecular force field for
ionic liquids. III: Imidazolium, pyridinium and phosphonium cat-
ions; bromide and dicyanamide anions. J. Phys. Chem. B 2006,
110, 19586–19592.


(10) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. Development
and testing of the OPLS all-atom force field on conformational
energetics and properties of organic liquids. J. Am. Chem. Soc.
1996, 118, 11225–11236.


(11) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
Fergusin, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
P. A. A second generation firce field for the simulation of proteins,
nucleic acids, and organic molecules. J. Am. Chem. Soc. 1995, 117,
5179–5197.


(12) Breneman, C. M.; Wiberg, K. B. Determining atom-centered
monopoles from molecular electrostatic potentials—The need for
high sampling density in formamide conformational analysis.
J. Comput. Chem. 1990, 11, 361–373.


(13) Santos, L. M. N. B. F.; Canongia Lopes, J. N.; Coutinho, J. A. P.;
Esperança, J. M. S. S.; Gomes, L. R.; Marrucho, I. M.; Rebelo,
L. P. N. Ionic liquids: First direct determination of their cohesive
energy. J. Am. Chem. Soc. 2007, 129, 284–285.


(14) Earle, M. J.; Esperança, J. M. S. S.; Gilea, M. A.; Lopes, J. N. C.;
Rebelo, L. P. N.; Magee, J. W.; Seddon, K. R.; Widegren, J. A. The
distillation and volatility of ionic liquids. Nature 2006, 429, 831–
834.


(15) Canongia Lopes, J. N.; Pádua, A. A. H. Using spectroscopic data
on imidazolium cation conformations to verify a molecular force
field for ionic liquids. J. Phys. Chem. B 2006, 110, 7485–7489.


(16) Umebayashi, Y.; Fujimori, T.; Sukizaki, T.; Asada, M.; Fujii, K.;
Kanzaki, R.; Ishiguro, S.-i. Evidence of conformational equilibrium
of 1-ethyl-3-methylimidazolium in its ionic liquid salts: Raman
spectroscopic study and quantum chemical calculations. J. Phys.
Chem. A 2005, 109, 8976–8982.


(17) Berg, R.; Deetlefs, M.; Seddon, K.; Shim, I.; Thompson, J. Raman
and ab initio studies of simple and binary 1-alkyl-3-methylimida-
zolium ionic liquids. J. Phys. Chem. B 2005, 109, 19018–19025.


(18) Fujimori, T.; Fujii, K.; Kanzani, R.; Chiba, K.; Yamamoto, H.;
Umebayashi, Y.; Ishiguro, S.-i. Conformational structure of room
temperature ionic liquid N-butyl-N-methyl-pyrrolidinium bis(tri-
fluoromethanesulfonyl)imide—Raman spectroscopic study and
DFT calculations. J. Mol. Liq. 2007, 131–132, 216–224.


(19) Deetlefs, M.; Hardacre, C.; Nieuwenhuyzen, M.; Pádua, A. A. H.;
Sheppard, O.; Soper, A. K. Liquid structure of the ionic liquid 1,3-
dimethylimidazolium bis((trifluoromethyl)sulfonyl)amide. J. Phys.
Chem. B 2006, 110, 12055–12061.


(20) Hansen, J. P.; McDonald, I. R. Theory of Simple Liquids, 2nd ed.;
Academic Press: London, U.K., 1986.


(21) Canongia Lopes, J. N.; Price, S. L.; Pádua, A. A. H. Nanostructural
organization in ionic liquids. J. Phys. Chem. B 2006, 110, 3330–
3335.


(22) Urahata, S. M.; Ribeiro, M. C. C. Structure of ionic liquids of 1-alkyl-
3-methylimidazolium cations: A systematic computer simulation
study. J. Chem. Phys. 2004, 120, 1855–1863.


(23) Wang, Y.; Voth, G. A. Unique spacial heterogeneity in ionic liquids.
J. Am. Chem. Soc. 2005, 127, 12192–12193.


(24) Hu, Z.; Margulis, C. J. Heterogeneity in a room-temperature ionic
liquids: Persistent local environments and the red-edge effect. Proc.
Natl. Acad. Sci. U.S.A. 2006, 103, 831–836.


(25) Hardacre, C.; Holbrey, J. D.; McMath, S. E. J.; Bowron, D. T.; Soper,
A. K. Structure of molten 1,3-dimethylimidazolium chloride using
neutron diffraction. J. Chem. Phys. 2003, 118, 273–278.


(26) Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, M. A. B. H.; Watanabe,
M. Physicochemical properties and structures of room temperature
ionic liquids. 2. Variation of alkyl chain length in imidazolium
cation. J. Phys. Chem. B 2005, 109, 6103–6110.


(27) Anderson, J. L.; Armstrong, D. W. High-stability ionic liquids. A
new class of stationary phases for gas chromatography. Anal.
Chem. 2003, 75, 4851–4858.


(28) Mandal, P. K.; Sarkar, M.; Samanta, A. Excitation-wavelength-
dependent fluorescence behavior of some dipolar molecules in
room-temperature ionic liquids. J. Phys. Chem. A 2004, 108, 9048–
9053.


(29) Paul, A.; Mandal, P. K.; Samanta, A. On the optical properties of
the imidazolium ionic liquids. J. Phys. Chem. B 2005, 109, 9148–
9153.


(30) Shigeto, S.; Hamaguchi, H. Evidence for mesoscopic local struc-
tures in ionic liquids: CARS signal spacial distribution of
[Cnmim][PF6] (n ) 4, 6, 8). Chem. Phys. Lett 2006, 427, 329–332.


(31) Paulechka, Y.; Blokhin, A.; Kabo, G.; Strechan, A. Thermodynamic
properties and polymorphism of 1-alkyl-3-methylimidazoium bis-
(triflamides). J. Chem. Thermodyn. 2007, 39, in press.


Molecular Solutes in Ionic Liquids Pádua et al.
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ABSTRACT
The preparation of ionic liquids derived from amino acids, and
their properties, are outlined. Since amino acids have both a
carboxylic acid residue and an amino group in a single molecule,
they can be used as either anions or cations. These groups are also
useful in their ability to introduce functional group(s). Twenty
different natural amino acids were used as anions, to couple with
the 1-ethyl-3-methylimidazolium cation. The salts obtained were
all liquid at room temperature. The properties of the resulting ionic
liquids (AAILs) depend on the side groups of the amino acids
involved. These AAILs, composed of an amino acid with some
functional groups such as a hydrogen bonding group, a charged
group, or an aromatic ring, had an increased glass transition (or
melting) temperature and/or higher viscosity as a result of ad-
ditional interactions among the ions. Viscosity is reduced and the
decomposition temperature of imidazolium-type salts is improved
by using the tetrabutylphosphonium cation. The chirality of AAILs
was maintained even upon heating to 150 °C after acetylation of
the free amino group. The amino group was also modified to
introduce a strong acid group so as to form hydrophobic and chiral
ionic liquids. Unique phase behavior of the resulting hydrophobic
ionic liquids and water mixture is found; the mixture is clearly
phase separated at room temperature, but the solubility of water
in this IL increases upon cooling, to give a homogeneous solution.
This phase change is reversible, and separation occurs again by
raising the temperature a few degrees. It is extraordinary for an
IL/water mixture to display such behavior with a lower critical
solution temperature. Some likely applications are proposed for
these amino acid derived ionic liquids.


1. Introduction
Molten salts at ambient temperature containing only ions
and no solvent are referred to as “ionic liquids”.1 Ionic
liquids have very different properties from molecular
liquids, making them promising substances for use in a
variety of fields. Variation of the ion species is a great
advantage in organic salts. However, in spite of the
enormous number of combinations of cation and anion,
based on the diversity of organic ions, there are limited
types of effective ions for ionic liquids (ILs), having


physicochemical properties suitable for applications. It is
almost impossible to synthesize perfect ILs, which com-
bine all desirable properties, such as nonvolatility,2 ther-
mal stability, low melting temperature, high decomposi-
tion temperature, low viscosity,3 and zero toxicity.4 It is
therefore necessary to prepare “object-oriented” or “task-
specific” ionic liquids.5 This involves the design of ions
to minimum specifications which depend on the purpose
or field of application.


A relatively straightforward way to prepare functional
IL systems is to mix functional molecules with ILs. This
is a convenient and effective method of preparing ILs for
certain applications.6 However, these additives will bring
their own properties. For example, ILs containing volatile
organic compounds would have considerable vapor pres-
sure, which can be a serious drawback in spite of their
otherwise excellent properties. It is important to find a
general method for the design of various functional or
task-specific ILs, and to this end, we have been studying
amino acid-based ILs. We first reported ILs composed of
imidazolium cations and amino acid (AA) anions.7 Since
the AA contains both an amino group and a carboxylic
acid residue in a single molecule, with various side groups
and a chiral carbon atom, AAs are candidates to act as a
platform for functional ILs (Figure 1).8 One great merit of
the AAs is their low cost. It is easy to obtain pure AAs in
large quantities at low cost. There are further advantages
of AAs, including biodegradability9 and biological acti-
vity.10 The availability of AAs as both anions and cations
is another advantage. Below, a summary is presented of
the preparation and properties of ionic liquids composed
of amino acids (AAILs). Chemical modifications of the
carboxylic acid residue or amino group, for functional
design of the ILs, is included.


2. Amino Acid-Based Ionic Liquids: A
Prototype


2.1. Imidazolium Cation-Based AAILs. There are fewer
papers on the structural design of anions for forming
useful ILs than for cations. We expect there to be a limited
number of anion species for ILs with low melting tem-
perature (Tm) or easier modification of a series of onium
cations. A series of AAs are, however, expected to provide
liquid salts with the potential for chemical modification.
Since AAs are zwitterionic and are stabilized by electro-
static interaction between the carboxylate anion and the
protonated amino group, there have been no challenges
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FIGURE 1. Design of amino acids for functional ionic liquids.
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to prepare ILs from these AAs. There exist many amino
acid salts in biological systems. These natural examples
inspired us to prepare ILs with amino acids.


Preparation of AAILs was first undertaken with 1-ethyl-
3-methylimidazolium cation, [emim], which is a cation
commonly used in preparing many ILs. In the initial stage,
we aimed to prepare [emim][AA] salts by anion exchange.
Anion exchange reactions should be effective when the
target salts are water insoluble whereas the byproducts
(generally inorganic salts) are water soluble. Hydrophobic
target salts could then be obtained by simple washing with
water. In the case of water soluble products, purification
cannot be carried out by simple washing. Also, while this
is in principle a good method of preparing silver salts such
as AgBr or AgCl, there is some concern over these silver
salts dissolving into the ILs formed.11 Since halogen anion
content is a major issue in the preparation of ILs, these
methods are not recommended for the preparation of
halogen-free ILs.


We then prepared AAILs by a neutralization method.
This method is also simple, involving the mixing of onium
hydroxide and free acid. For this neutralization, [emim]OH
was mixed with acid (HY) to prepare salts and water as a
byproduct.


To prepare [emim]OH (2) aqueous solution, we used
anion exchange resin (Scheme 1). An aqueous solution
of 2 prepared in this way was added to a slight excess of
an equimolar amino acid aqueous solution so as to
prepare 3. The product 3 was dried in vacuo for 24 h at
80 °C. These AAILs did not exhibit a melting point but
did have a definite glass transition temperature (Tg). This
means that the AAILs (3) are in the supercooled state or
are glassy materials (Figure 2).


Although the negative charge is located on a carboxy-
late anion, AAILs had widely differing Tg values, from -65
to 6 °C, reflecting their side chain structures. Figure 3
shows the relation between the ionic conductivity at 25
°C of various ILs (including 3) and Tg. The ionic conduc-
tivity is given by the product of the number of carrier ions
and their mobility.12 Since ion mobility is influenced by
the viscosity of the ion conduction path, a matrix having
lower Tg should provide for faster ion migration at a given
temperature. Figure 3 clearly shows this relation: ILs with
lower Tg have higher ionic conductivity at 25 °C.13 For AAs
with no functional side group, such as glycine, alanine,
leucine, and valine, there was a clear relationship between
ionic conductivity and Tg.


In contrast, deviation from the relationship (dotted line
in Figure 3) was found for fewer AAILs having some
functional groups. This implies that some intra- (and
inter-) molecular interactions influence the ionic conduc-
tivity. In other words, introduction of a functional group
such as a hydrogen bond donor or acceptor lowers the


ionic conductivity through intra/intermolecular interac-
tions. These data strongly suggest that it is not easy to
introduce functionalities into an IL without degrading the
physicochemical properties.14


2.2. Phosphonium Cation-Based AAILs. The thermal
stability of these [emim][AA]s was less satisfactory. They
began to decompose at approximately 200 °C. We worked
with the phosphonium cation and also the ammonium,
pyrrolidinium, and pyridinium cations. These cations were


Scheme 1. Preparation of Amino Acid Ionic Liquids by the Neutralization Method


FIGURE 2. Amino acid ionic liquids prepared by coupling [emim]
with AAs. Upper row (left to right): [emim][Leu] (R ) CH2CH(CH3)2,
R is the side chain amino acid shown in Scheme 1), [emim][Lys] (R
) (CH2)4NH2), [emim][Met] (R ) (CH2)2SCH3), [emim][Phe] (R )
CH2C6H5), [emim][Pro] ((2-pyrrolidine)COO–), [emim][Ser] (R) CH2OH),
[emim][Thr] (R ) CH(OH)CH3), [emim][Trp] (R ) CH2(3-indolyl)),
[emim][Tyr] (R) CH2C6H4OH), and [emim][Val] (R) CH(CH3)2). Lower
row (left to right): [emim][Ala] (R ) CH3), [emim][Arg] (R )
(CH2)3NHC()NH)NH2), [emim][Asn] (R ) CH2CONH2),
[emim][Asp] (R ) CH2COOH), [emim][Cys] (R ) CH2SH), [emim][Gln]
(R ) (CH2)2CONH2), [emim][Glu] (R ) (CH2)2COOH), [emim][Gly] (R
) H), [emim][His] (R ) CH2(4-imidazolyl)), and [emim][Ile] (R )
CH(CH3)CH2CH3).


FIGURE 3. Relation between the ionic conductivity of amino acid
ionic liquids and their glass transition temperature Tg.
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used to prepare ILs, with alanine (Ala) as a typical amino
acid. Salts 5 and 7 prepared from symmetric ammonium
and pyrrolidinium cations are solid, with a melting point
above 70 °C. On the other hand, the asymmetric am-
monium salt 6 has only a glass transition temperature, at
-40 °C, and is a highly viscous liquid (Table 1). Though
some quaternary ammonium salts become liquid at room
temperature, their thermal decomposition temperatures
of 150–170 °C were about 50 °C lower than that of the
imidazolium cation-based AAIL, 4. These results indicate
that adequate thermal stability and lowered melting point
were scarcely attained with ammonium cations. On the
other hand, the tetrabutylphosphonium cation-based AAIL
8 exhibited higher thermal stability and lower glass
transition temperature than those of the imidazolium-
based AAIL, 4.


Taking these preliminary results into account, all 20
distinct amino acids were neutralized by [P4444][OH].
These [P4444][AA] salts were obtained as liquids at room
temperature, except for [P4444][Glu] (Tm ) 101.7 °C),
[P4444][His] (Tm ) 85.9 °C), and [P4444][Asn] (Tm ) 83.0
°C).15 A total of 16 salts out of the 20 had a lower Tg than
that of the corresponding [emim] salt. Viscosity follows a
similar pattern. For example, [emim][Gly] had the lowest
viscosity (486 cP at 25 °C) of the [emim][AA] salts. In fact,
five amino acids (Ala, Met, Leu, Gly, and Val) formed less
viscous ILs by coupling with the [P4444] cation than
[emim][Gly]. These [P4444] salts were even less viscous than
the [P66614][Tf2N] salt (450 cP at 25 °C). These data show
that the amino acids combine with the phosphonium
cation to give compounds with desirable properties. This
was not predicted from any previous database.


2.3. Polarity of Amino Acid Ionic Liquids. Polarity is
a further important property of ILs, because the solubility
of the solute, the reaction efficiency as solvent, and the
miscibility with other solvents are influenced by the IL
properties.16 To determine the polarity of the ILs, several


suitable probes, mainly solvatochromic dyes, have been
reported.17 The Kamlet–Taft parameters, determined with
the three probes N,N-diethyl-4-nitroaniline, 4-nitroaniline,
and Reichardt’s dye, are useful parameters in considering
the hydrogen bond acidity, hydrogen bond basicity, and
dipolarity/polarizability, respectively.18 From the maxi-
mum absorption wavelength of these dyes in ILs, the
hydrogen bond acidity (R), hydrogen bond basicity (�),
and dipolarity/polarizability (π*) were calculated.


AAILs exhibited strong hydrogen bond basicity (�
between 0.88 and 1.38). These � values are larger than
those of ILs reported previously (Table 2). ILs exhibiting
strong hydrogen bond basicity were expected to dissolve
cellulose and other biopolymers effectively.19 Since hy-
drogen bond basicity is due mainly to the anion of ILs,
[bmim][Cl] is frequently used as the IL, since it has the
greatest hydrogen bond basicity (� ) 0.95). However,
almost all ILs containing Cl– have melting points above
room temperature, because the strong hydrogen bond
basicity induced an increase of hydrogen bonding with
the cation, as well as a strong electrostatic interaction force
involving the relatively small anion. These chloride salts
required heating for use as solvents for target compounds.
As well as exhibiting stronger hydrogen bond basicity than
chloride salts, these AAILs are liquid at room temperature.
They are expected to be polar solvents for scarcely soluble
compounds (due mainly to intermolecular hydrogen
bonding).


AAILs composed of AAs having hydrogen donating
properties, such as the carboxylic acid residue and the
hydroxyl group, displayed relatively low hydrogen bond
basicity. This can be explained by the weakened interac-
tion between the dye and the carboxylic acid residue,
through the interaction of these hydrogen bonding groups
with the anion. The cation species also influences the �
value. The value of � for [emim][Ala] was 1.036, but that
for [P4444][Ala] it is 1.308.


The cation species is known to affect the hydrogen
bond acidity (R). The hydrogen bond acidity (R value) was
around 0.5 for imidazolium salts, as a result of the
extensive contribution of a proton at the 2 position of the
imidazolium ring. On the other hand, the R value of
phosphonium salts was influenced by the anion species
because there was no specific interaction between this
cation and the dye molecule. From analysis of the phos-
phonium salts, the hydrogen bond acidity of AAILs was


Table 1. Thermal Properties of Various Alanine
Saltsa


a ND: not detected.


Table 2. Kamlet–Taft Parameters for a Series of
Amino Acid Ionic Liquids


[emim] [P4444]


π* R � π* R �


[Ala] 1.10 0.479 1.036 1.029 0.914 1.308
[Asp] 1.137 0.523 0.882 1.052 0.103 1.077
[Gln] 1.135 0.57 1.031 solid solid solid
[Glu] 1.132 0.563 0.957 solid solid solid
[Gly] 1.201 * 1.199 1.039 0.183 1.302
[His] 1.239 0.462 0.917 solid solid solid
[Lys] 1.056 * 1.212 1.011 0.295 1.317
[Met] 1.071 0.408 1.14 0.997 0.925 1.34
[Ser] 1.10 0.514 1.032 1.106 0.042 1.099
[Val] 1.044 0.519 1.069 0.926 0.919 1.381
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determined. The AAILs containing AAs having a hydrogen
bonding group have greater hydrogen bond acidity than
those without such groups.


The dipolarity/polarizability (π* value) is attributed to
the interaction between π electrons and the charge. There
has been no detailed discussion of this point, because
most ILs have almost identical π* values. ILs are known
to homogeneously disperse carbon nanotubes through
π–π interactions. Some ILs having larger π* values are
expected to solubilize many π conjugated organic materi-
als. The side chain structure of the AA did not affect the
π* value of the AAILs, but some influence of cation species
was found: the imidazolium salts had larger π* values than
the phosphonium ones, suggesting a stronger π–π interac-
tion between the imidazolium cation ring and the dye
molecule. Compared to general ILs, AAILs were found to
have stronger hydrogen bond basicity, equivalent hydro-
gen bond acidity, and equivalent dipolarity/polarizability.
Since the AAILs are liquid at room temperature and are
more polar than ordinary ILs, these AAILs are expected
to be suitable as polar solvents. The solubilizing ability of
these AAILs will be analyzed for a variety of materials,
including polymers.


2.4. Chiral Stability of Amino Acid Ionic Liquids.
AAILs are chiral.20 To prevent the racemization of AAILs
by heating during synthesis, AAILs were prepared without
heating but were treated by freeze-drying, followed by the
ordinary purification. The degree of optical rotation (the
[R] value) of AAILs was influenced by the side chain
structure. The ratio of the optical rotation value for the
heated sample to that for a sample with no heat treatment
(t ) 0), ([R]D,t/[R]D,0) was used as a measure of chiral
stability. As seen in Figure 4, the ratio ([R]D,t/[R]D,0) for
[P4444][Val] showed a small decrease even after heating at
100 °C for 10 h. Against this, the ratio gradually decreased
with heat treatment at 120 °C.21 Furthermore, 50% samples
were racemized within 2 h at 150 °C. To improve the
thermal stability, we acetylated the amino groups as
shown in Figure 5. The AA salt (9), composed of acetylated
AA and [P4444], exhibited excellent thermal stability, and
no racemization was found after maintaining it at 150 °C
for 10 h.


3. Functionalization of Amino Acid Ionic
Liquids


3.1. Hydrophobic and Chiral Ionic Liquids. As men-
tioned above, all amino acids have two functional groups,
such as a carboxylic acid residue and an amino group,
available for a wide variety of chemical modifications. The
AAILs mentioned above are all water soluble. Hydropho-
bicity is also important for functional ILs.5(a) Incorpora-
tion of water insolubility in AAILs makes them suitable
as reaction media, extraction media, and separation
media, as well as having an airproof and waterproof liquid
phase. Preparation of hydrophobic ILs is generally easy
by using hydrophobic anions such as bis(trifluoromethane-
sulfonyl)imide [Tf2N] anion or hexafluorophosphate an-
ion. However, there are limited numbers of hydrophobic
anions for ILs, and their functional design is quite difficult.
We therefore sought to prepare hydrophobic AAILs by
introducing a trifluoromethyl group.22


Trifluoromethanesulfonyl anhydride was added to the
corresponding amino acid methyl ester to obtain 10, as
shown in Scheme 2. We chose 1-butyl-3-methylimidazo-
lium ([bmim]) and n-tetrabutyl phosphonium ([P4444]) as
cations to form salts with 10. The corresponding salts
(11–16) were prepared by neutralization with [bmim]OH
or [P4444]OH, since [P4444] is already known to be an
excellent partner for AAs, and it sometimes generates less
viscous and thermally stable ILs with AAs (Figure 6). The
salts (11–14) had a glass transition temperature but no
melting point. Salt 16 has a melting point Tm ) 13.8 °C.
Except for 15 (Tm ) 61.2 °C), all salts were liquid at room
temperature. In view of the Tm value of [P4444][Tf2N] of
86 °C,23 the [P4444] cation is an excellent partner of
chemically modified AAs. The Tg value increased gradually
with elongation of the alkyl chain of AA.


The same tendency was also found for AAILs prepared
with imidazolium cations. The viscosity was clearly af-
fected by the Tg, so that their viscosity also depends on
the alkyl chain length.


3.2. Phase Separation of an AAILs/Water Mixture. To
study the phase behavior, the prepared hydrophobic AAILs
were mixed with water. The hydrophobic AAILs were
mixed with an equal volume of pure water and stirred.
The [bmim] salts (11–13) were all miscible with water.
However, all the [P4444] salts (14–16) were immiscible with
water. The water content of 14 and 16 was found to be
5.1 and 2.9 wt %, respectively. By comparing 14 to 16, it


FIGURE 4. Temperature and time dependence of the chiral stability
of [P4444][Val].


FIGURE 5. Acetylated amino acid exhibits excellent chiral stability
after salt formation.


Scheme 2. Preparation of Hydrophobic Amino Acid Anions by
Introducing a Trifluoromethanesulfonyl Group
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is clear that the alkyl chain length corresponds to the
hydrophobicity. The choice of AA may control the hydro-
phobicity and accordingly the water content after vigorous
mixing with water. As references, the amount of water for
[bmim][Tf2N] is 1.98 wt % and that for [emim][Tf2N] is
1.99 wt %.24 These data clearly show that hydrophobic ILs,
comparable to the typical [Tf2N] salts, are readily prepared
using modified AAs.


Interestingly, some organic solvents were also partly
soluble in these AAILs. The density of the IL phase varied
upon dissolving molecular liquids. Since the density of
hydrophobic AAIL (16) is around 1.15 g cm-3, the density
change relates directly to the layer position after phase
separation with molecular liquids. The IL phase was dyed
with Nile Red25 to distinguish it. Even after mixing with
water, 16 was located as the lower phase (Figure 7A).


Three liquid layers were obtained by mixing water,
hexane, and 16 (Figure 7B). Water and hexane were both
partly soluble in 16, but its density reached 0.98 g cm-3


after vigorous mixing. A change of layer sequence occurred
with mixing (Figure 7C). This was due to the 35 wt %
hexane content in 16. Although there are many examples
of solubilization of organic solvents in hydrophobic ILs,
most hydrophobic ILs are heavy (around 1.4 g cm-3) and
the density never fell below 1.0 g cm-3. This change in
layer sequence is unique for relatively “light” but chiral
ILs. Such changes might be applied in novel reactions or
in separation processes or devices.


3.3. LCST Behavior of AAILs with Water. We prepared
less hydrophobic AA anions by making the methyl ester
of the carboxylic acid group unprotected, as in Scheme


3. Of the natural amino acids, valine, leucine, iso-leucine,
and phenylalanine were chosen as starting materials, since
they have no reactive functional group on the side chain.
The hydrophobic AA derivative 10 was hydrolyzed to 17
as shown in Scheme 3. Then, as with AAILs (Scheme 1),
salts 18–22 were prepared by neutralization of 17 with
the corresponding tetraalkylphosphonium hydroxide. The
thermal properties and optical rotation values of the
resulting salts (18–22) are shown in Figure 8.


These salts have melting points around 51–64 °C
(Figure 8). The [P4444] cation gives organic salts with
relatively high melting points. The melting point of the
salt was high even after coupling with [Tf2N] anion
(approximately 86 °C), so that Tm in Figure 8 is quite low
for tetrabutylphosphonium salts.23 The asymmetric cation
is effective in lowering the Tm of the salt. However, 20
(with cation [P4448]) had no melting point but did have a
glass transition temperature and, therefore, a stable
supercooled phase. We determined the chirality of the
resulting ILs by optical rotation measurements, as shown
in Figure 8. Chirality was also maintained at a temperature
of 150 °C.


Figure 9 shows photographs of the temperature de-
pendence of the phase separated system (upper phase,
water; lower phase, IL (19)). In Figure 9, the metal rod
going into the vessel was a thermosensor, and the IL phase
was colored by Nile Red, which was insoluble in the
aqueous phase. Upon cooling the two-phase system, the
volume of the IL phase increased gradually (as seen in
Figure 9a–d); then a completely miscible state was reached
at 22 °C (Figure 9e). This should be due to the increased
solubility of water in 19 with cooling. These salts were
mixed homogeneously with water at lower temperatures,
while separate phases resulted at higher temperatures.26


Such a reversible phase transition is classified as “lower
critical separation temperature (LCST)” behavior. LCST
behavior has been found in polymer blends27 but is rare
for low molecular weight liquid mixtures. The triethy-
lamine/water mixture shows LCST behavior.28 There is no
previous report on the LCST behavior of IL/water mix-
tures. The solubility of most materials increases with


FIGURE 6. Hydrophobic ionic liquids (11–16) derived from amino
acids.


FIGURE 7. Three-phase liquid system composed of hexane/IL/water:
(A) 16 mixed with water; (B and C) before and after stirring the
mixture of hexane/16/water. The IL phase was colored with Nile
Red.


Scheme 3. Hydrolysis of Methoxycarbonyl Groups on Amino Acid
Derivatives


FIGURE 8. Structure and properties of amino acid-derived ILs used
in the experiments.


Amino Acid Ionic Liquids Ohno and Fukumoto


1126 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 11, 2007







heating. In the case of liquid/liquid mixtures, an inverse
phase transition is seen. A homogeneous phase was
obtained by heating, and cooling of the homogeneous
liquid mixture produced a phase separation due to the
decreased solubility. This was called “upper critical sepa-
ration temperature (UCST)” behavior; there are many
examples of it. Accordingly, the LCST behavior of the
AAILs/water mixture observed here is very rare.


No phase separation occurred when the mixed solution
was kept still at 22 °C or below. Upon gentle heating,
phase separation occurred, and a cloudy suspension
(Figure 9f) was seen when the solution temperature was
heated to 25 °C. The suspension separated into phases
after 1 min (Figure 9g) and reached a stable phase
separated state (Figure 9h) within 10 min. This phase
transition is thermally reversible. A major reversible
phase change inducible by a small temperature change,
as seen in Figure 9, should be useful in many processes.


The phase separation temperature (Tc) is specified as
the clouding point. All AAILs synthesized in this study
(18–22) exhibited LCST-type phase behavior with water.
This clearly implies that the LCST-type phenomenon does
not depend on the specific structure of the side chain on
the AA anions. Furthermore, AAILs containing anions in
which the carboxylic acid residue was protected with a
methyl ester (14–16) did not exhibit LCST-type phase
separation after mixing with water at any mixing ratio.
These results imply that free carboxyl groups on the
hydrophobic amino acid anions play a key role in LCST-
type phase separation. The phase separation temperature
of the mixture depends on the water content for all AAILs
analyzed here (18–22). The Tc values of the series 18, 19,
21, and 22 of IL/water mixtures (50/50 by wt %) were
respectively 40, 25, 25, and 15 °C. The increasing water
content in the mixture always lowered the Tc, as seen in
Figure 10. This trend is consistent with the observation
that water dissolves more in ILs with cooling. At very high
water content, most of these ILs were not fully miscible
because the solubility limit was exceeded.


An increasing number of papers has been published
on chemical reactions in ILs. Hydrophobic ILs are useful
as solvent in allowing for the separation and isolation of
reaction products, which is often otherwise difficult. The
negligible vapor pressure of ILs is one of their advantages,
but it is also a serious problem. Extraction is sometimes
used to separate products from ILs. From this point of
view, hydrophobic ILs are a better reaction matrix than
hydrophilic ILs that mix freely with water. The extraction
efficiency may be related to the extent of contact of the


IL phase and the extractant; it is usually improved by
vigorous mixing. Extraction should be greatly improved
by exploiting the reversible phase change of the IL/water
mixture with a small temperature change. There have
been several previous attempts to control the phase
change of IL/solvent mixtures.29 Many partner liquids
are possible for ILs, including supercritical carbon dioxide,
organic solvents, water, and salt-containing water. Phase
changes in IL/IL mixtures have also been reported re-
cently.30 There is no report of IL/water mixtures showing
LCST-type behavior. The present system appears to be
unique.


This phase change can also be used for feeding starting
materials, catalysts, enzymes, and cofactors. In particular,
it should be helpful for enzymes or other catalysts that
display high activity within very narrow ranges of physi-
cochemical conditions, such as temperature or pH. Heat-
ing the medium usually damages the catalytic activity of
enzymes. The UCST-type phase change, with less sensitiv-
ity to temperature, is not suitable for biological use. Most
biological macromolecules denature irreversibly upon
heating. The temperature sensitive LCST-type phase
change should be best for such biological materials. The
Tc value can be adjusted to room temperature or a nearby
optimum temperature by exploiting the above-mentioned
parameters. The reversible phase change between a
homogeneous mixture and separated phases can be
implemented simply by changing the temperature of the
solution by a few degrees. Enzymes can be introduced into
the IL phase after poly(ethylene oxide) (PEO) modifica-
tion.31 Further modification of alkyl chains onto these
PEO-modified enzymes makes them water insoluble and


FIGURE 9. Phase separated state of a 19/water mixture as a function of temperature.


FIGURE 10. Phase separation temperature of IL/water mixtures.
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IL soluble. With these modified enzymes and LCST-type
phase separation, a unique reaction process can be
proposed, as shown in Figure 11. Wide applications await
this phase change of IL/water mixtures.


4. Concluding Remarks and Outlook
The design of component ions is important to the
development of functional ionic liquids. Functional design
of the ILs at the molecular level is not yet systematic, so
that it is important to develop new ion species and
investigate the ILs that include them. Other strategies for
preparing new ILs include the mixing of two, three, or
more different ILs. It is still necessary to analyze the basic
properties of ILs prepared by the coupling of new ion
species. Here, we have introduced several new ILs derived
from amino acids. We emphasize the wide variety of
amino acids and consequently of ILs that can be prepared.
These AAILs may open a door to new applications of ILs.


The introduction of functional groups onto component
ions clearly influences the properties of the corresponding
ILs. In general, these chemical modifications lessened the
advantageous properties such as low viscosity, low melting
point, and high decomposition temperature. The resulting
ILs should nevertheless be useful in specific applications.


The future of AAILs is highly promising. ILs derived
from natural ions herald a new research field, of “natural
ILs” or “bio-ILs”. AAILs can be expected to find application
in all of the biological, medical, and pharmaceutical
sciences.
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ABSTRACT
The fascinating, complex behavior of ionic liquids is analyzed using
a molecular perspective that emphasizes the doubly dual nature
of ionic liquids underlying the existence of cations and anions
forming high- and low-charge-density regions. Our work bridges
the liquid, gas, and solid phases spanning 5 years of research on
themes as diverse as the vaporization, liquid–liquid demixing,
solidification, and thermophysical behavior of ionic liquids and
their mixtures and solutions.


Introduction
Ionic liquids are in. It all (re-)started some 10 years ago
and has gained momentum since 2001, when it was
realized that room-temperature molten salts could be used
to replace traditional volatile organic solvents.1 This
potential substitution was publicized both as “green” and
“designer” because of four claimed characteristics of ionic
liquids as a class: their almost null volatility,2,3 generally


null flammability,4 thermal stability,5 and the interchange-
ability between thousands of possible cations and anions
that can be used to program these salts in a tunable
fashion.6 During those early days, it was soon realized that
the thermophysical properties of ionic liquids, ionic liquid
mixtures, and ionic liquid solutions had to be quantita-
tively investigated to take full advantage of their use as
new media in chemical processes. Nowadays, it is obvious
that these studies also impact a wealth of other fields
ranging from physics, materials, environment, to life
sciences.7 Currently, it is also obvious how the burgeoning
number of distinct ionic liquids that have been examined
has revealed how much they vary and that simplistic
generalizations and behavior extrapolation should be
avoided.8


In this Account, we review our laboratory’s most
exciting findings on the thermophysical behavior of ionic
liquid-containing systems and how they have advanced
our understanding of their unique characteristics.


Early Days. Our first investigations focused on their
mixtures with common molecular fluids9–11 and their
thermophysical behavior in broad ranges of temperatures
and pressures.12–14 Surprising discoveries include, for
instance, (a) the quasi-ideality of binary mixtures of ionic
liquids, although low-temperature liquid–liquid phase
splitting is sometimes found,15,16 (b) demixing phenomena
of ionic liquid solutions upon a temperature increase,17–19


(c) the formation of liquid clathrates and inclusion crystals
in their mixtures with aromatic compounds,20,21 and (d)
the existence of a plethora of phase changes, which are
triggered by the interplay between the water/alcohol
cosolvent effect9,11,12,22 and the CO2 antisolvent out-
come.10,23,24


From the point of view of their structure, recent
simulation studies25 supported by indirect experimental
data26,27 indicate that ionic liquids are nanostructured, i.e.,
composed of microsegregated polar and nonpolar do-
mains. Furthermore, with regard to their interactions,
neutral molecules interact preferentially with either the
anion or the cation (or parts of the latter) or even with
both at the same time but in spatially distinct ways. This
doubly dual nature of ionic liquids can help explain at a


Luís Paulo Rebelo was born in 1960 in Lisbon, Portugal. In 1989, he received his
Ph.D. degree in physical chemistry from the Universidade Nova de Lisboa (UNL).
He has been a Visiting Scientist at Cornell University (1985), University of
Tennessee (1990–1991 and 1996), and Princeton University (1997). He joined the
Instituto de Tecnologia Química e Biológica (ITQB) in 2000, where he is currently
an Associate Professor and Head of the Technology Division. He was Member
of the Board of Directors of the Portuguese Chemical Society (1987–1989), Editor
of the Bulletin of the Portuguese Chemical Society (1995–1996), and Member of
the Board of Directors of the Instituto de Biologia Experimental e Tecnológica
(2005–present). Rebelo’s research interests are centered on molecular thermo-
dynamics of liquids and liquid solutions, in particular, isotope effects, ionic liquids,
polymer solutions, and metastable liquids.


José Canongia Lopes was born in 1965 in Lisbon, Portugal. He obtained his Ph.D.
degree in chemical thermodynamics from the Instituto Superior Técnico (IST),
Lisbon, in 1993. He has been a Visiting Scientist at the Imperial College, London,
U.K. (1996) and at the Université Blaise-Pascal, Clermont-Ferrand, France (2006).
He is currently an Assistant Professor at IST and also (since 2005) at ITQB, where
he holds a post of Invited Assistant Professor. His main research interests lie in
the areas of molecular modeling of complex fluids and materials.


José Esperança received his Ph.D. degree (2004) from the New University of
Lisbon. He is currently a postdoctoral fellow in Rebelo’s group at ITQB, with
expertise in high-pressure speed-of-sound and density measurements.


* To whom correspondence should be addressed. Telephone: +351-
21-4469-441. Fax: +351-21-4411-277. E-mail: luis.rebelo@itqb.unl.pt.


Henrique Guedes is an Assistant Professor at the New University of Lisbon and
has spent several periods of sabbatical leave at the ITQB. His main research
interests focus on experimental thermodynamics.


Joanna Łachwa received her Ph.D. degree (2003) from the Warsaw University
of Technology. She was a postdoctoral fellow at ITQB, with expertise in
solid–liquid and liquid–liquid equilibria.


Vesna Najdanovic-Visak obtained her Ph.D. degree (2004) from ITQB (Rebelo
and Nunes da Ponte’s groups), with expertise in fluid-phase diagrams involving
supercritical CO2.


Zoran Visak received his Ph.D. degree (2004) from ITQB. He is a postdoctoral
fellow in Rebelo’s group at ITQB, with expertise in fluid-phase equilibria and
liquid metastability.


Acc. Chem. Res. 2007, 40, 1114–1121


1114 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 11, 2007 10.1021/ar7000556 CCC: $37.00  2007 American Chemical Society
Published on Web 07/11/2007







fundamental level many of the extraordinary properties
of these liquid salts, a class of “distinctively complex”
solvents. Ironically, the doubly dual nature of the ionic
liquids was confirmed in our laboratories by two inde-
pendent lines of research: one concerned with ionic
liquids in the gas phase and the other concerned with
ionic liquid crystals.


Ionic Liquids in the Gas Phase
Although many of the molecular dynamics (MD) studies
were useful for predicting structural properties of ionic
liquids,28 they lacked validation when it came to energy-
related properties. Vapor pressure (and its temperature
dependence) and, concomitantly, the enthalpy of subli-
mation or vaporization of a condensed phase are among
those fundamental properties needed to contribute to the
development and testing of accurate molecular models.
In the case of ionic liquids, the preformed opinion that
they were involatile impaired any development in this
area. Critical parameters are also obviously essential for
the implementation of p–V–T equations of state. This state
of affairs led to the development of a new line of inquiry
into the properties of ionic liquids that eventually led to
their distillation,3 the measurement of their enthalpy of
vaporization,26 and the characterization of their vapor-
phase structure.29


A Window of Opportunity. The prediction of the
critical temperature of a pure substance based on the
temperature dependence of its surface tension and liquid
density can be accomplished through the use of empirical
equations based on the corresponding states principle and
dimensional analysis arguments.2 The normal boiling
temperature is ca. 60–70% of the critical temperature;
therefore, hypothetical normal boiling point temperatures
were estimated. Although the results must be seen as
crude estimations, they allowed us to identify the 1-alkyl-
3-methylimidazolium bistriflamide family as the most
promising candidate for a successful distillation, i.e., ionic


liquids that combined relatively low estimated normal
boiling point temperatures with relatively high tempera-
tures marking the onset of degradation.


Distilling the Undistillable. Preliminary distillation
tests2 confirmed the possibility of distilling 1-decyl- and
1-dodecyl-3-methylimidazolium bistriflamide at a reduced
pressure of about 1 Pa and temperatures around 450 K
(see Figure 1). These observations encouraged us to
embark on a systematic study of the distillation of different
families of ionic liquids in collaboration with two other
laboratories [Queen’s University Ionic Liquid Laboratories
(QUILL), Belfast, U.K., and National Institute of Standards
and Technology (NIST), Boulder, CO].3


The study corroborated our preliminary predictions
and showed that distillations are possible for a rather large
number of commonly used ionic liquids. These observa-
tions laid to rest a paralyzing and invalid assumption that
had dominated and restricted the field of ionic liquids
since its origins and opened up new ways of taking
advantage of their properties. It was even possible to
perform fractional distillation in mixtures of two ionic
liquids with different combinations of anions and cations.
These studies allowed us to establish the most probable
mechanism of transfer to the vapor phase at reduced
pressure and moderate temperature: most aprotic ionic
liquids pass into the vapor phase with their constituent
anions and cations, keeping their integrity (no proton- or
alkyl-transfer reactions). This has been very recently
corroborated by several spectroscopic investigations of the
gas phase of neat ionic liquids29,30 aiming at establishing
the nature of this rarefied phase. The other point to be
addressed concerned the direct measurement of the
enthalpy of vaporization of an ionic liquid.26


It Takes Two To Tango. From an experimental stand-
point, the main challenge when trying to determine the
nature of the gas phase of an ionic liquid undergoing a
process of thermal distillation is the low-vapor pressure.31


The problem was solved in a collaborative project with


FIGURE 1. (a) First successful thermal vaporization and recondensation of a pure aprotic ionic liquid, [C10mim][NTf2], in vacuo. Insets show
the similar ESI–MS spectra of the recondensed liquid and residue, which denotes the absence of decomposition. (b) Snapshot showing a
distillation of [C4mim][NTf2]. Note the color-free distillate.
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the University of Lisbon and ITN, Portugal, by using
Fourier transform ion cyclotron resonance mass spec-
trometry (FTICR–MS).29 The high-resolution apparatus
used in this work has the possibility of thermally distilling
the sample from a container adjacent to the trap inside
the vacuum chamber and is particularly advantageous for
the study of vapors evolving from low-vapor-pressure
materials.


These results demonstrated that, for a wide range of
ionic liquids under conditions similar to those encoun-
tered in their reduced-pressure distillations, the gas phase
above an aprotic ionic liquid, A+X–, consists of tight
neutral ion pairs, [AX], with no free ions or higher
aggregates (either charged or neutral). Figure 2 shows the
profile obtained from the reaction between the naturally
occurring (by thermal vaporization) neutral ion pairs and
the cations produced by electron impact. Conversely, the
gas phase above a protic ionic liquid, [BH]+X-, consists
of isolated neutral molecules, B and HX.


Therefore, these two classes of ionic liquids are con-
ceptually and empirically distinct (see Figure 3).


Heat of the Moment. The underlying belief that it
would be impossible to vaporize an aprotic ionic liquid
avoiding its decomposition impaired the study of enthal-
pies of vaporization for a long time. Very recently, several
samples of 1-alkyl-3-methylimidazolium bistriflamide,
[Cnmim][NTf2], in which “mim” stands for methylimida-
zolium and “Cn” refers to the alkyl side chain with “n”
carbons, with alkyl side chains ranging from ethyl to octyl,
were subjected to high-precision, vacuum-vaporization
drop microcalorimetry,26 a study emerging from a col-
laboration with the Universities of Oporto and Aveiro,
Portugal.


The enthalpy of vaporization results, ranging from 136
to 192 kJ/mol (ethyl to octyl) at 298 K, were compared
with MD simulations assuming that the ionic liquids in
the gas phase are present as neutral ion pairs (see Figure
4). The predictive power of the model is very good because
no data related to the energetics of these particular


systems were introduced during the force-field param-
eterization. The force field is indeed validated by the
experimental data, thus closing a rather long cycle that
led us to an extremely important breakthrough in the field
of ionic liquids: the recognition that they can be effectively
distilled.


Unexpectedly, the first facet of the dual nature of ionic
liquids (the existence of polar and nonpolar micro-
domains) is also corroborated by the gas-phase data
described above. As stated, the enthalpies of vaporization
increase with an increasing side-chain length. It should
be noted that, if the charged parts of the cation and anion
had come further apart because of the presence of longer
alkyl side chains, the electrostatic forces would have
decreased their intensity and the experimental trend
would not have been observed. However, if ionic liquids
are seen as three-dimensional polar networks permeated
by nonpolar territories, the trend exhibited by the enthalpy
of vaporization data perfectly fits the following reasoning:
as the alkyl side chains become longer, the nonpolar
domains increase in size but the ionic network (because
it is segregated from the nonpolar regions) remains intact;
a swelling process occurs. Thus, while the van der Waals
interactions are enhanced, the intensity of the Coulomb
forces is kept invariable, a fact that is confirmed by
calculating the two contributions to the total vaporization
enthalpy estimated by MD simulation.26


Ionic Liquids and Inclusion Crystals
The second aspect of the dual nature of ionic liquids,
different interactions between molecular solutes and the
cationic and anionic components of the salt, is already
implicit in the fact that there are segregated polar and
nonpolar domains: if the latter are composed of the alkyl
side chains of the cations (such as in the case of imidazolia
and pyrrolidinia) and/or anions (viz. in the case of
alkylsulfates and alkylsulfonates) and the polar region
constitutes the remainder of the anion and the remainder
of the cation, it seems intuitive that a nonpolar solute (e.g.,
n-hexane) will interact preferentially with the noncharged
region of the cation and/or anion; the converse will be
true for dipolar or associative solutes (e.g., water) (see
Figure 5).


In the other extreme of dilution regimes, for instance,
an ionic liquid that is initially infinitely diluted in water,
one can easily find surfactant-like behavior provided that
the low-charge density domains are sufficiently massive
and that macroscopic phase separation does not preclude
micelle formation. This is not surprising because one of
the most popular surfactants, sodium dodecyl sulfate
(SDS), is an ionic salt composed of a compact (cat)ion,
Na+, and a long-alkyl-chain-containing anion, [C12SO4]-,
whose melting point is close to 200 °C. A possible
corresponding family of ionic liquids, one with a compact
(an)ion, Cl-, is that of the 1-alkyl-3-methylimidazolium
cations, [Cnmim]+. Unequivocally, for n greater than or
equal to 8, critical micelle concentrations (cmc’s) are easily
determined using a variety of techniques.32


FIGURE 2. Positive-mode ion–molecule reaction (from FTICR mass
spectra) showing the kinetics of the reaction between the cations
A+ produced by electronic impact with the naturally occurring
neutral ion pairs (NIPs, AX) present in the vapor phase of an ionic
liquid (AX ) [C4mpyrr][NTf2]). The reaction A+ + AX / A2X


+ is
shown both in the direct (green) and reverse (red) directions: filled
symbols, A+ cations; empty symbols, A2X


+ aggregates.
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However, even in the case where segregation into two
different domains does not occur and the polar network
is ubiquitous (for instance, in dimethylimidazolium- or
1-ethyl-3-methylimidazolium-based ionic liquids, the alkyl
side chains are so short that the nonpolar region is
absent), there are solutes that exhibit different ways of
interacting with the cations and anions. Benzene and
other (small) aromatic molecules provide us with good
examples of such behavior.


Liquid Cages. The issue of the formation of cage-like
(liquid clathrate) structures in mixtures of ionic liquids
with aromatic compounds was already addressed.21 In
those studies, a range of ionic liquids was shown to
interact with benzene, toluene, and xylenes forming
clathrate-type structures in the liquid phase. In the specific
case of mixtures containing benzene and the ionic liquid
dimethylimidazolium hexafluorophosphate, [dmim][PF6],
the structures in the crystalline and liquid phases were
inferred from X-ray and neutron diffraction results,
respectively.


In our first work in this area,18 we showed that benzene
and other arenes are quite soluble in but not completely
miscible with [Cnmim][NTf2] for alkyl chain lengths, n,
lower than 10 but become completely soluble at room
temperature for n > 10. In the cases of short alkyl chains
in the imidazolium ring (n < 6), the resulting immiscibility
limits correspond to certain quasi-temperature-indepen-
dent composition ratios of ionic liquid/arene (see Figure
6). From the existence of these almost fixed composition
ratios, one was able to infer the existence of liquid
clathrates in the mixtures: one could add aromatic com-
pounds to an ionic liquid solution until the former
surrounded the ions of the latter in cage-like structures.
However, at that point, further addition of the aromatic
compound compromised the integrity of the polar net-
work and liquid–liquid demixing occurred: i.e., one phase
was composed of the pure aromatic compound, and the
other phase was composed of the “saturated” ionic liquid.


Congruent Melting. Solid–liquid equilibrium measure-
ments were added to the fluid-phase diagrams described
above. In this new line of research, the melting temper-
atures of solutions of benzene in [C2mim][NTf2] were
measured as a function of composition.20 The most
conspicuous and original feature of the corresponding
phase diagram, apart from the liquid–liquid immiscibility
window ending at the previously reported18 mole ratio of
3:1 (benzene/ionic liquid), is the existence of a congruently
melting compound at the equimolar composition,
[C2mim][NTf2]·C6H6, whose melting temperature of +15
°C is well above those of both benzene (+5.5 °C) and
[C2mim][NTf2] (-15 °C). This type of behavior had never
been reported for ionic-liquid-containing mixtures. The
compound is an inclusion crystal with a 1:1 molar ratio
of benzene/ionic liquid, whose structure was then deter-
mined by X-ray diffraction (Figure 7).


Several interesting conclusions can be drawn from the
analysis of the X-ray structure20 and its comparison with
the previously published structure21 of the ([C1mim]-


FIGURE 3. Thermal vaporization of two distinct classes of ionic liquids. Cations, gray; anions, yellow. (a) Aprotic (1-methyl-3-ethylimidazolium
bistriflamide, [C2mim][NTf2]) versus (b) protic (methylimidazolium acetate, [Hmim][CH3COO]). In b, the ionic species in the liquid phase are in
equilibrium with the neutral molecules of methylimidazole (green) and acetic acid (orange).


FIGURE 4. Experimental (red) versus simulation (green) values for
the enthalpy of vaporization of [Cnmim][NTf2]. The simulation bars
show the increasing contribution of the van der Waals interactions
(dark green) in comparison with an invariant Coulomb contribution
(light green).
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[PF6])2·C6H6 inclusion compound: (i) The interactions
between the [NTf2]- anion and the benzene molecule
occur mainly between the hydrogen atoms of the latter
and the oxygen atoms of the sulfonate groups of the


former. The anions cluster around the benzene molecule
mainly in the plane of the aromatic ring, and the interac-
tions occur in that same plane. (ii) The interactions
between the imidazolium cations and benzene are mainly
between aromatic rings or interactions between the acidic
hydrogens in the cation and the π electrons of benzene;
i.e., the cations occupy positions above and below the
plane of the benzene aromatic ring. (iii) Although the
general pattern of interactions is similar in the 1:2 benzene/
[C1mim][PF6] and 1:1 benzene/[C2mim][NTf2] crystals, the
overall structure is quite distinct and reflects the difference
in the molar ratios of benzene/ionic liquid. In the
([C1mim][PF6])2·C6H6 crystal, the benzene molecules oc-
cupy channels within the structure of the ionic liquid. In
[C2mim][NTf2]·C6H6, the structure has to allow for a higher
proportion of benzene molecules, forming a tube-like
structure with a rectangular cross-section around the ionic
liquid cations. As one moves from the 1:2 to the 1:1 type
of inclusion compound, the observed trend suggests how
cage-like structures of liquid clathrates can assemble at
higher proportions of benzene (e.g., 1.5:1 or 2:1 of
benzene/ionic liquid). In other words, from the perspec-
tive of the structure of the benzene molecules, the ionic
liquid plus aromatic system evolves from one-dimensional
stacks, to tube-like orientations, and finally, to cage-like
arrangements.


The dual nature of the benzene interactions (equatorial
with the anions and polar with the cations) allows for the
benzene molecules to permeate the ionic structure with-
out disrupting it and justifies the increased stability of the
inclusion crystal. These facts illustrate the second facet
of the dual behavior of ionic liquids in their relation with
neutral solute molecules: the latter can (and do) interact
differently with the cation and anions.


From a Doubly Dual Nature to a Complex
Fluid-Phase Behavior
The two aspects of the dual character of ionic liquids can
be combined to shed some light on how the behavior of
these novel fluids can be understood: a polar network that,
because of the high asymmetry and charge delocalization


FIGURE 5. Low-charge (green) and high-charge (orange) density domains in [C8mim][NTf2], showing schematically its preferential spatial
interactions with (a) an apolar solute (n-hexane) and (b) a dipolar and/or associative solute (water).


FIGURE 6. Fluid T–composition phase diagram of [Cnmim][NTf2] plus
benzene. The progressively darker shaded areas (from n ) 2 to 10,
labeled as C2, C4, . . ., C10) identify immiscibility, two-phase regions.
Symbols represent experimental data, and borderlines [between one-
phase (1) and two-phase (2) regions] are guides to the eye.


FIGURE 7. Interactions between one benzene molecule and
[C2mim][NTf2]. The image shows equatorial interactions of the
aromatic plane with the anions and axial interactions with the
cations.
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of its constituent ions, is flexible enough to be permeated
by nonpolar domains (generally attached to its cationic
component) or molecules of quadrupolar, dipolar, or even
associative nature. Whenever present, the nonpolar do-
mains will also be able to dissolve nonpolar solutes. The
richness of the solvation properties exhibited by ionic
liquids (see Figure 8 and its caption) is a reflection of their
doubly dual nature, and the intricacy of some of the phase
diagrams studied by our group mirrors the preference or
competition of different solutes for those dual character-
istics.


Mapping Islands. One striking example of a complex
phase diagram depicting what is usually termed as closed-
loop immiscibility was obtained using mixtures containing
ionic liquids of the 1-alkyl-3-methylimidazolium bistri-
flamide family and tri- or tetra-chloromethane.17,19 In fact,
not only closed-loop behavior (an immiscibility island)
was detected but also demixing at even higher tempera-
tures (i.e., an immiscibility dome) was found (see Figure
9). This kind of very rich fluid-phase behavior can be
classified as type VII according to the extension of the
Scott and van Konynenburg classification33 (S&vK) and
has hardly ever been observed for real systems.


When the size of the alkyl side chains of the ionic liquid
are allowed to vary in quasi-binary mixtures of
([C4mim][NTf2] plus [C5mim][NTf2]) plus CHCl3, changing
and fine-tuning the relative sizes of the nonpolar region
and polar network, the subtle balance between the en-
tropic and enthalpic contributions to the Gibbs energy of
the mixture is tipped over in one direction or the other,
thus creating a series of mixing and demixing phenomena.
This richness underlies several changes in the sign of the
enthalpy of mixing upon the temperature change as well
as distinct temperature dependences of the entropy of
mixing.17


In quasi-binary mixtures of [C5mim][NTf2] plus (CHCl3


plus CCl4) the closed-loop immiscibility behavior is re-
placed by a miscibility gap (S&vK, type IV). In (CHCl3 plus
CCl4) mixtures, different proportions of the two chloro-
alkanes permit us to manipulate the number of available
hydrogens available for specific interactions with both the
cation (π electrons of the ring) and the anion (oxygens).
In this case, the two solutes, CHCl3 and CCl4, show
different affinities for the ionic liquid, with the latter
probably showing a preference for the nonpolar domains
and the former exhibiting a differentiated proclivity for
the anion or the cation.


Cooperation and Defection. The previous example
illustrates how the complex nature of an ionic liquid can be
used to produce very intricate fluid-phase behavior, at a scale
quite uncommon for the majority of molecular liquid
mixtures. It can also be used to produce changes in the
relations (interactions) between two molecular components
of a mixture. Here, we are not just talking about subtle, well-
balanced effects (that produce the intricate behavior) but
also about quite dramatic ones that fall generally into the
categories of co- or antisolvency effects.


Our first studies demonstrated that, although some
ionic liquids present immiscible domains with both wa-
ter34 and alcohols,35 surprisingly, the addition of water to
mixtures of ionic liquids with alcohols markedly increases
mutual solubility (cosolvent effect).9,11,12,22 The ratio of
water to alcohol content can be profitably used as a tool
for fine-tuning desired situations of total miscibility,
partial miscibility, or almost complete phase separation.
In contrast, pressurized carbon dioxide (CO2) acts as an
antisolvent10,23,24 for ternary ionic liquid–ethanol–water
mixtures. Thus, several switches in the number of phases
are possible, allowing for reactions to be carried out in a
single phase, leading to increased rates as well as catalyst
immobilization, and, at a later stage, easy product separa-
tion produced by biphasic conditions. Generally, pres-
surized CO2 can be used as a strategy to trigger the
precipitation of many solutes.36


FIGURE 8. Photograph of three liquid phases produced by mixing
phosphonium chloride, [P6,6,6,14]Cl, with n-hexane and water, using
CuSO4 as a dye. The intermediate-density ionic-liquid-rich phase
contains significant amounts of n-hexane and water (and CuSO4,
with its distinctive yellow color in [P6,6,6,14]Cl), whereas the upper
phase is almost pure n-hexane and the bottom phase contains water
and copper sulfate.


FIGURE 9. Fluid T–composition phase diagrams of quasi-binary
mixtures of (a) ([C4mim][NTf2] plus [C5mim][NTf2]) plus CHCl3 and (b)
[C5mim][NTf2] plus (CHCl3 plus CCl4), in which the two-phase regions
correspond to the shaded areas. The two pseudocomponents have
a composition ratio corresponding to [C4.33mim][NTf2] in a and
CH0.94Cl3.06 in b.
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Similarly, aqueous biphasic systems (ABSs) in ionic
liquid solutions provoked by salting-out effects37,38 upon
the addition of increased amounts of commonly used
inorganic salts have also been witnessed. Two cases have
been observed: (i) the significant broadening of a pre-
existing two-phase region37 and (ii) phase splitting in
previously completely homogeneous mixtures (work in
progress).


Cosolvent solubility is not unique to ionic liquid
aqueous solutions in alcohols. Very recently, we found39


for the first time that some nonaqueous ionic solutions
in alcohols also exhibit cooperation solubility effects.


Complex yet Ideal. The inherent structured, complex
nature of both liquid salts and water as well as alcohols
would not a priori underlie quasi-ideal behavior for the
binaries ionic liquid plus ionic liquid, ionic liquid plus
water, and ionic liquid plus alcohol systems. Nonethe-
less, this is, in fact, the case. Although some binary
combinations of ionic liquids present phase splitting,15,16


the enthalpy and volume changes of mixing of two ionic
liquids are generally quite small.15 Considering that the
mixture of two ionic liquids comprise an additional
strategy for obtaining novel liquid salt media with
unique properties, then, under the assumption of
ideality, these same properties are easily and accurately
estimated by mere weighed average of the values of the
properties of the pure, constituent salts. This ideality
was at the foundation of an extremely simple and
precise methodology for the prediction of the molar
volume of any ionic liquid as the combination (sum)
of the effective volumes occupied by the constituent
cations and anions (Vm ) V*c + V*a) (see Table 1 and
refs 12 and 14 for details).


A master slope, (∂Vm/∂(2n)), for the variation of the
molar volume per the addition of two carbon atoms, (∂Vm/
∂(2n)) ) (34.4 ( 0.5) cm3 mol-1, is obtained for the 1-Cn-
3-methylimidazolium-based ionic liquids, [Cnmim]+, ir-
respective of the anion considered (Cl-, Br-, [NO3]-,
[BF4]-, [PF6]-, and [NTf2]-). The typical predictive power
of this algorithm is better than 0.5%.


Similarly, homogeneous solutions of ionic liquid plus
water34 and ionic liquid plus alcohols35 also exhibit quasi-
ideality. For instance, the excess heat capacities and excess
volumes upon mixing are so small in comparison with the
property of the mixture that a reliable prediction for the
property of the solution consists of averaging the pure
component values.


Concluding Remarks
Ionic liquids can be regarded as nanoscaled, heteroge-
neous media composed of high- and low-charge-density
domains. This distinctive characteristic is responsible for
a wide variety of regimes in their interactions with distinct
solutes, and in particular, it can explain their surfactant-
like behavior, and their extraordinary solvent power for
polar and nonpolar solutes, in short, the richness of their
behavior. The relative importance of the nonpolar region
is commonly manipulated by the length of alkyl side
chains, which can be incorporated either in the cation or
the anion.


Furthermore, the distinctive character of the interac-
tions of a given solute toward the anionic or cationic
moieties of an ionic liquid (the second facet of the dual
behavior) also plays a central role in the definition of the
fluid-phase behavior of ionic liquid solutions. An example
is ionic liquids based on the [C1mim]+ cation, which are
completely soluble in water when associated with the
chloride anion but, however, present liquid–liquid im-
miscibility domains when combined with the bistriflamide
anion.


In general, the coarse tuning of their properties can
be tailored by the choice of the chemical nature of the
combined cation and anion, in which, as a consequence,
the obtained weighed proportion of electrically charged
territories versus apolar-like regions are paramount. The
recognition of the doubly dual nature of ionic liquids
constitutes a powerful tool for the development of future
strategies aiming at a systematic interpretation and pre-
diction of their properties.
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ABSTRACT
A brief account of recent simulation and theoretical model studies
of various solution-phase processes in room-temperature ionic
liquids is given. These include structure and dynamics of equilib-
rium and nonequilibrium solvation, solute rotation and vibrational
energy relaxation, and free energetics and dynamics of unimo-
lecular electron-transfer reactions. Special attention is paid to both
the aspects shared by and the contrasts with polar solvents under
normal conditions. A brief comparison with available experiments
is also made.


1. Introduction
Recently, ionic liquids based on bulky and asymmetric
cations, e.g., N,N′-dialkylimidazolium and N-alkylpyri-
dinium, paired with a variety of different anions have been
the subject of intensive study because of their exciting
potential as a “green” alternative to toxic organic solvents
and a wide range of materials and device applications.1


This class of systems exists as a liquid at or near room
temperature; hence, they are often referred to as room-


temperature ionic liquids (RTILs). RTILs are usually
nonvolatile, nonflammable, and thermally stable. There-
fore, volatile products of chemical synthesis can be
separated completely through distillation, and RTILs can
be recycled. This helps to reduce toxic wastes significantly.
Because of their high intrinsic conductivity and wide
electrochemical window as well as nonvolatility, RTILs
also provide an excellent candidate for an electrolyte in
electrochemical devices, such as batteries and solar cells.


The last few years have seen significant progress in
unraveling important details of physicochemical proper-
ties of RTILs, thanks to extensive experimental and
theoretical studies. For differing aspects of these efforts,
the reader is referred to many excellent Accounts in this
issue of Accounts of Chemical Research. Our own efforts
have been focussed mainly on gaining a fundamental
understanding of solvation and related processes in RTILs
at the microscopic level via molecular dynamics (MD)
computer simulations and theoretical modeling. These
include structure and dynamics of equilibrium and non-
equilibrium solvation,2–5 rotational6 and vibrational en-
ergy7 relaxation, and chemical reactions involving charge
shift and transfer.8 In this Account, we present a brief
overview of these studies and elucidate similarities and
differences between polar solvents and RTILs. We give
only certain highlights of our results. For details, the reader
is referred to the original works.2–8


The outline of this Account is as follows: In section 2,
a brief explanation of models and methods employed in
our study of 1-ethyl-3-methylimidazolium hexafluoro-
phosphate (EMI+PF6


-) is given. Solvation structure and
dynamics in EMI+PF6


- are analyzed in section 3. Effective
polarity is also considered there. We examine solute
rotational dynamics and related dynamic heterogeneity
in EMI+PF6


- in section 4 and vibrational energy relaxation
in section 5. Free energetics and dynamics of unimolecular
electron transfer are considered in section 6. Section 7
concludes this Account.


2. Models and Methods
We begin with a brief description of models employed in
our MD simulations. We use a simple diatomic solute as
a probe for solvation and related processes in EMI+PF6


-.
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Two constituent solute atoms, separated by 3.5 Å, are
identical except for their charge assignments q. Three
different charge distributions are considered: a neutral
pair (NP) with no charges, an ion pair (IP) with q ) (e,
and their intermediate state (HIP) with q ) (0.5e, where
e is the elementary charge.


We describe solute electronic structure variations needed
in the analysis of solvation and electron transfer using two
nonpolarizable electronic states a and b that are degener-
ate in energy (a,b ) NP,IP). For a given solvent configu-
ration Q and a solute electronic state i ()a,b), the total
energy of the solute–solvent system is denoted as Ei(Q).
The Franck–Condon (FC) energy ∆Eafb(Q) associated with
the a f b transition


∆Eafb(Q)) Eb(Q)- Ea(Q) (1)


measures the difference in the solvent-induced stabiliza-
tion of states a and b, which varies with Q. Thus, ∆Eafb


is widely employed to describe the collective influence of
the solvent on the solute. The average FC energy


〈∆Eafb〉 )∫dQf a
eq(Q)∆Eafb(Q) (2)


determined with equilibrium ensemble distribution f a
eq(Q)


in the presence of the a-state solute describes the solva-
tion-stabilization difference between a and b associated
with the steady-state a f b transition.


All simulations in EMI+PF6
- were conducted in the


canonical ensemble at temperature T ) 400 K using the
DL_POLY program.9 A united-atom representation was
employed for CH2 and CH3 moieties of EMI+ (Figure 1)
as well as for PF6


-. For a comparison, we also simulated
acetonitrile and water systems at room temperature using
the model descriptions of refs 10 and 11, respectively. For
details of the simulations and potential models, the reader
is referred to refs .2–8


3. Solvation Structure and Dynamics
Solute–solvent electrostatic interactions play a central role
in solvation in polar solvents. These interactions induce
the reorientation of solvent dipoles (“polarization”) and
enhance local solvent density (“electrostriction”) around
a polar solute, compared to a nonpolar solute (see Figure
2 below). This reorganization of solvent molecules is
fundamental to, e.g., charge-transfer reactions and related
spectroscopies in solution. RTILs are another solvent class
where the solute–solvent electrostatic interactions can be


of primary importance. To obtain a molecular-level un-
derstanding of the roles played by these interactions in
RTILs, we first investigate the structure and dynamics of
solvation in EMI+PF6


- and their variations with solute
electronic structure.


Structure and Effective Polarity. Radial distribution
functions g(r) of anions and cations around, respectively,
the positively and negatively charged sites of diatomic
solutes in EMI+PF6


- are exhibited in Figure 2. For a
comparison, g(r) of the nitrogen atom with a partial
negative charge and g(r) of the central carbon atom with
a partial positive charge of solvent molecules in acetoni-
trile are also shown. There is pronounced structure-
making in both solvents as the solute charge separation
increases. Solvent anions (cations) in EMI+PF6


- are
brought in closer to the positive (negative) site of the
solute, and their local density grows as the solute dipole
moment increases (“electrostriction”).2,3,8,12 Similar trends
are obtained in acetonitrile. Although not presented here,
anisotropy in the angular distributions of solvent ions
around the solute increases markedly as its charge dis-
tribution changes from NP to IP in RTILs.3 We thus expect
that charge shift and transfer processes in RTILs will be
accompanied by significant reorganization of solvent ions,
analogous to polar solvents. It is worthwhile to note that
the overall extent of solvation structure variations is more
pronounced in EMI+PF6


- than in acetonitrile. For in-
stance, g(r) for the central carbon of acetonitrile (Figure
2d), located close to the molecular center of mass, does
not vary much with the solute charge distribution despite
its partial positive charge, while g(r) for centers of anions


FIGURE 1. EMI+ ion.


FIGURE 2. Solvent radial distribution functions around the solute.
Distributions of anions and centers of cations in EMI+PF6


- around,
respectively, the (a) positively and (b) negatively charged sites of IP
(—), HIP (- · -), and a neutral site of NP (- - -) are shown. g(r) of N
and central C of acetonitrile around the solute (+) and (-) sites are
presented in c and d, respectively. In b, the cation center is defined
as the midpoint of two N atoms of the imidazole ring of EMI+ (Figure
1).
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(Figure 2a) and cations (Figure 2b) in EMI+PF6
- show


marked structural enhancement as the solute dipole
grows.8 A likely reason is that EMI+ and PF6


- can be
displaced independent of each other as long as the overall
electroneutrality condition is met, whereas the positively
and negatively charged sites of an acetonitrile molecule
cannot.


Figure 3a shows the local charge densities Q(r) around
the solute in EMI+PF6


-. While Q(r) ) 0 nearly everywhere
around NP, the cation-rich/anion-deficient and anion-
rich/cation-deficient regions alternate around IP. Thus,
in addition to electrostriction, solute–solvent electrostatic
interactions result in the (smeared-out) separation of
cations and anions in RTILs, while they lead to the
reorientation of solvent dipoles in polar solvents. The
overall amplitudes of Q(r) diminish as the distance r from
IP increases. The peak positions of Q(r) generally agree
with those of corresponding g(r) in Figure 2. To gain
further insight, we analyze our results via


Q(r)) A
r


e-r⁄λsin(2πr
d


+ φ) (3)


originally developed for strongly coupled simple ionic
systems.13 Here, λ is the screening length, and d and �
are the period and phase associated with charge oscilla-
tions, respectively. We estimate λ ∼ 10 and d ∼ 6 Å for
Q(r) around IP. For charge densities around solvent ions
(Figure 3b), eq 3 yields λ ≈ 10 Å for various sites of EMI+


and ∼20 Å for PF6
-. Similar results were obtained for other


RTILs.3,14 Because of the large size of solvent ions, the
screening length in RTILs is rather long.


We turn to effective polarity, which gauges the power
of solvents of solvating polar solutes. Experimentally, the
effective polarity is often measured as solvent-induced
shifts of absorption spectra of polar chromophores, e.g.,
ET(30) and Kosower Z factors.15 Empirical polarity scales
thus obtained are very similar to 〈∆EIPfNP〉 in eq 2. The
results in Table 1 indicate that, insofar as their solvating
capabilities are concerned, RTILs behave as a more polar


solvent than acetonitrile, consonant with solvatochromic
measurements.16 Although their dielectric constants are
not high (ε ≈ 10),17,18 the monopolar charge character of
constituent ions of RTILs allows strong electrostatic
interactions with and thus leads to substantial solvation
stabilization of solute charge distributions. Nonetheless,
they are not as polar as water.


Dynamics. The normalized dynamic Stokes shift


Safb(t))
∆Eafb(t)-∆Eafb(∞)


∆Eafb(0)-∆Eafb(∞)
(4)


is widely used to describe solvation dynamics. In eq 4,
∆Eafb(t) is the average FC energy associated with a f b
at time t after an instantaneous change in the solute
electronic structure from the charge distribution of b to
that of a and the average is over the initial distribution of
solvent configurations in equilibrium with the b-state
solute. MD results in Figure 4a show that Safb(t) is
characterized by at least two vastly different dynamics,
ultrafast subpicosecond relaxation and extremely slow
nonexponential decay.4,5 The former is attributed mainly
to small-amplitude inertial translations of ions (see below),
and the latter is attributed to ion transport via diffusion.2,4


Perhaps, the most notable aspect of Figure 4a is the
prominent role of the ultrafast dynamics. Despite its
relatively high viscosity, more than 60% of the entire
Safb(t) relaxation in EMI+PF6


- occurs via ultrafast dy-
namics in the first ∼0.5 ps! Other related RTILs show
similar behavior.4,19 This state of affairs is generally in
good agreement with time-resolved spectroscopy
measurements.20–26


To understand molecular motions responsible for
Safb(t), we consider respective contributions of solvent
translations and rotations to ∆Eafb(t). Figure 4b shows
that translation dynamics account for almost 90% of the
overall solvent relaxation.4 Thus, ion translations play a
dominant role in solvation dynamics in RTILs in contrast
to molecular rotations in polar solvents under normal
conditions.


We proceed to solvent structural relaxation4 in Figure 5,
where time evolution of anion radial distributions around
the solute (+) site subsequent to solute FC transitions is
shown. In Figure 5a, the solvent, initially equilibrated to the
IP solute, relaxes to a new state in equilibrium with NP. In
the first ∼0.2 ps, there are hardly any changes in the


FIGURE 3. Local charge density Q(r) around various sites of the (a)
solute and (b) solvent in EMI+PF6


-.


Table 1. Simulation Resultsa


solvent T (K) density 〈∆ENPfIP〉
EMI+Cl- 400 1.1 100.6
EMI+PF6


- 400 1.31 83.8
EMI+PF6


- 400 1.375 94.1
CH3CN 300 0.73 76.5
water 298 0.998 121.2


a Units: g/cm3 (density) and kcal/mol (energy).


FIGURE 4. (a) Dynamic Stokes shift Safb(t) and (b) contributions
from solvent rotational and translational motions to ∆ENPfIP(t) in
EMI+PF6


- (∆∆Eafb(t) ≡ ∆Eafb(t) – ∆Eafb(0)). ∆EIPfNP(t) (not
presented here) shows a very similar behavior.
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solvation structure. The only noticeable change is in the first
solvation shell, the peak of which shifts from r ≈ 4.4 to 4.6
Å. According to Figure 4a, however, this very minor structural
change accounts for ∼50% of SNPfIP(t) relaxation. The
corresponding change in energy is ∼30 kcal/mol (Figure 4b).
To understand this, we consider the anion coordination
number nA, defined as the number of PF6


- located within 6
Å from the solute (+) site. At t ) 0, the anion coordination
number is nA ) 4.3. If we assume that the average separation
between the solute (+) site and PF6


- in its first solvation
shell increases from 4.4 to 4.6 Å during the first 0.2 ps, then
the magnitude of their electrostatic interaction energy
decreases by ∼14 kcal/mol. Thus, the anions in the first
solvation shell alone can account for nearly 50% of the
energy relaxation during ∼0.2 ps. This indicates that short-
time relaxation of SNPfIP(t) arises predominantly from
motions of a few ions close to the solute and thus does not
provide an accurate measure for solvation structure
changes.4


The overall trend in Figure 5b is similar to that in Figure
5a. Structural changes in the first ∼0.2 ps are nearly
insignificant, while corresponding relxation in SIPfNP(t)
is very substantial. This again shows that the ultrafast
component of dynamic Stokes shifts is not a proper
indicator of accompanying solvation structure changes.
Despite their similarities, however, there is one important
difference between the two cases of Figure 5. Because
initial ion coordination numbers are low, e.g., nA ) 2.8,
in Figure 5b (cf. nA ) 4.3 in Figure 5a), the ions close to
the solute alone are not sufficient to account for the
ultrafast energy relaxation of a large magnitude associated
with SIPfNP(t). Thus, ions in regions located farther from
the solute than its first solvation shell play a more
significant role in the subpicosecond relaxation of
SIPfNP(t) than the SNPfIP(t) case.4


We turn to equilibrium solvation dynamics.2,3,5,19,27–29


MD results for the normalized time correlation function
(TCF)


Cafb(t) ≡
〈δ∆Eafb(0)δ∆Eafb(t)〉


〈 (δ∆Eafb)2〉
δ∆Eafb(t))∆Eafb(t)- 〈∆Eafb〉(5)


in Figure 6a show that characteristics of Cafb(t) are very
close to those of Safb(t), including two distinct dynamic
regimes, the importance of ultrafast relaxation and the


nonexponential behavior of long-time decay. Also note-
worthy is that the long-time relaxation of Cafb(t) is
reasonably described as a stretched exponential function.2,4


Its implications will be considered in section 4 below.
Finally, we consider the effect of solute polarizability


on solvation dynamics.5 According to MD results in Figure
6b, qualitative aspects of Safb(t) remain unaffected with
the inclusion of the a-state polarizability. Quantitatively,
increasing the a-state polarizability tends to reduce the
contribution of ultrafast solvation dynamics to Safb(t).
Similar results are obtained for Cafb(t). This generally
yields a better agreement with experiments.26 This trend
of solvation dynamics with solute polarizability was first
found in the MD study of water.30


4. Rotational Dynamics
In this section, we examine solute rotational dynamics in
EMI+PF6


- via TCFs Cl(t) and correlation time τR
(l)


Cl(t)) 〈 Pl[cosθ(t)] 〉 τR
(l) )∫ 0


∞dtCl(t) (6)


where Pl is the lth order Legendre polynomial and θ(t) is
the angle between the solute molecular axis at time t and
its initial direction.


Figure 7a displays MD results on Cl(t) for NP.6 Its
reorientational TCFs show a bimodal character, viz.,
relatively fast relaxation for t j 1 ps, followed by slow
decay. The long-time relaxation shows a stretched expo-
nential behavior exp[-(t/τl)


�l] for 2 ps j t j 1 ns (�1 )
0.54, τ1 ) 32 ps, and �2 ) 0.27, τ2 ) 12 ps). This is in line
with polarization anisotropy decay measurements.23,31


The stretched exponential behavior, also observed in
Cafb(t) above, is suggestive of dynamic heterogeneity (see
below).32 Perhaps most striking is that the long-time decay
of C2(t) is slower than that of C1(t), whereas the opposite


FIGURE 5. Relaxation of radial distributions of PF6
- subsequent to


instantaneous changes in the solute charge distribution in EMI+PF6
-.


Distributions in a and b represent structural relaxation accompanying
SNPfIP(t) and SIPfNP(t), respectively.


FIGURE 6. (a) Cafb(t) in EMI+PF6
-. (b) Solute polarizability effect


on SIPfNP(t) (R ) solute polarizability along its molecular axis).


FIGURE 7. (a) Cl(t) for NP and NP5.5 in EMI+PF6
-. (b) G(θ;t*) (t* ≡


t/τR
(2)) for NP in EMI+PF6


- and in acetonitrile.
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trend results at short times. As a consequence, C1(t) and
C2(t) intersect at t ≈ 60 ps. Their correlation times are
τR


(1) ≈ 50 and τR
(2) ≈ 100 ps, i.e., τR


(1) < τR
(2). This reveals that


NP rotations in EMI+PF6
- do not fall in the regular


diffusion regime (see below).
To investigate the solute size effect on rotational


dynamics, we studied another nonpolar diatomic solute
(NP5.5) with a bond length of 5.5 Å. Its mass is adjusted,
so that its moment of inertia is the same as that of NP
with a bond length of 3.5 Å. Cl(t) of the bigger NP5.5 in
the inset of Figure 7 shows more diffusion-like character
than those of the smaller NP. For example, Cl(t) of NP5.5
relaxes faster as l increases; thus, no crossing is observed.
Reorientations of NP5.5, although nonexponential, are
closer to a single exponential than those of NP. This is
another indirect evidence for dynamic heterogeneity in
RTILs. Because of different length scales associated with
locally heterogeneous environments, the range of hetero-
geneity accessible via a probe solute and its influence on
rotational dynamics diminish as the solute size grows.32


A similar dependence of Cl(t) on the probe size was
observed experimentally in RTILs.23


For a better understanding of Cl(t), we consider con-
ditional probability


G(θ; t)) 〈 δ(θ(t)- θ) 〉 )∑
l


2l+ 1
2


Pl(cosθ)sinθCl(t)


(7)


associated with solute reorientation. We notice in Figure
7b that the main peak of G(θ; t) near θ ) 20° hardly moves,
while its amplitude decreases with t. Thus, on average,
solute molecules are trapped in this orientation for a long
time. Another pronounced feature is that G(θ; t) develops
a shoulder structure around θ ) 160°. (A similar structure
was observed in reorientations of solvent ions in RTILs.)33,34


In contrast, solute rotations in acetonitrile (inset) do not
show this structure. Because the shoulder structure be-
comes stronger with t, the probability of finding NP at
large θ becomes enhanced in EMI+PF6


- compared with
the normal solvents, especially at long times. The en-
hanced probability for θ > 90° tends to decrease Cl(t) for
odd l and thus accelerate its relaxation at later times
because cos θ < 0. Cl(t) with even l on the other hand is
insensitive to the sign of cos θ, so that the probability
enhancement at large θ does not accelerate their long-
time relaxation. This differing influence of probability
enhancement at large θ is responsible for the crossing of
C1(t) and C2(t) in Figure 7a.


For further insight, four different 1 ns segments of the
60 ns equilibrium trajectory for NP rotations are presented
in Figure 8. Subtrajectories 1 and 2 represent, respectively,
fast and slow dynamics close to rotational diffusion.


Subtrajectory 3 depicts extremely slow rotation; the solute
is nearly frozen at θ ≈ 40° for more that 600 ps. In contrast,
the solute in 4 undergoes frequent rotations of large
amplitude. The marked diversity in characteristics of these
long subtrajectories indicates that NP rotations in RTILs
are hardly homogeneous. It suggests heterogeneous dy-
namics,32 some evidence of which was also observed in
other simulations14,33–35 and experiments.25,36,37 Never-
theless, in view of the crossing of C1(t) and C2(t), the
prevalent notion that single-exponential relaxation results
in a given local environment and superposition of many
different exponentials leads to a stretched exponential
behavior does not apply to solute rotational dynamics in
RTILs.6


5. Vibrational Energy Relaxation
As another illustration of importance of solvent influence
on solute dynamics, we consider vibrational energy re-
laxation (VER). We employ flexible diatomic solutes with
a Morse potential


V(r))D[e-γ(r-r0) - 1]2 µω0
2 ) 2Dγ2


Eυ ) pω0(υ+ 1
2) [1-


pω0


4D (υ+ 1
2)](8)


to compute the normalized VER function Svib(t) and
average relaxation time T1


Svib(t))
Evib(t)-Evib(∞)


Evib(0)-Evib(∞)
T1 )∫0


∞
dtSvib(t) (9)


where Evib(t) is the average vibrational energy at time t
after the initial exciation of the solute from its ground to
excited vibrational state with quantum number υ. In eq
8, µ and r are the solute-reduced mass and bond length,
ω0 is the frequency at the minimum of V(r) and Eυ is the
vibrational energy eigenvalue. In the simulations, the zero-
point energy was neglected and µ ) 7.5 amu, D )100 kcal/
mol, and γ ) 1.0735 Å–1 were employed, so that
ω0 ) 600 cm-1.


Results for Svib(t) in EMI+PF6
- are presented in Figure


9a. One of the salient features is that VER of IP is much
faster than that of NP. For the υ ) 16 initial state, T1 is
∼51 ps for NP, while it is much shorter (3.2 ps) for IP. For
υ ) 61, T1 ≈ 14 and 1.0 ps, respectively. Similar trends
were found previously in normal polar solvents.38 The
acceleration of VER with an increasing solute charge


FIGURE 8. θ(t) for NP in EMI+PF6
- for different 1 ns segments of


the MD trajectory.6


FIGURE 9. (a) Svib(t) of NP and IP in EMI+PF6
-. (b) Comparison of


VER of IP in EMI+PF6
- at 400 K and in acetonitrile and water at 298


K (υ ) 16).
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separation is usually attributed to electrostriction.7,39,40


The solvent density enhancement near the solute with an
increasing solute dipole (cf. Figure 2) strengthens the
short-range solute–solvent interactions and, as a conse-
quence, enhances spatial variations of the force and thus
friction on the solute vibrations exerted by the solvent.
Another noteworthy feature is that T1 varies with the initial
excitation energy; VER from the υ ) 61 state is faster than
that from υ ) 16, by a factor of ∼3 for both the IP and NP
solutes. This mainly arises from the increase in vibrational
amplitudes with growing υ, which in turn enhances the
variations of the solvent force on the solute bond and thus
accelerates VER.7


In Figure 9b, VER in EMI+PF6
- is compared with that


in water and acetonitrile.7 Basic qualitative aspects of VER
are similar among three solvents, including the accelera-
tion of VER (results not shown here) with an increasing
solute dipole and growing initial υ. Quantitatively, T1 in
EMI+PF6


- is close to that in acetonitrile, while water
shows much faster VER. This is in good accordance with
recent measurements with small anionic solutes.41


6. Electron-Transfer Reaction
We now turn to electron-transfer (ET) reactions42–46 in
EMI+PF6


-, in particular, unimolecular charge separation
and recombination (CS/CR) processes NP h IP.


ET Free Energetics. The diabatic free-energy curves for
the NP and IP states in EMI+PF6


- and acetonitrile
determined with the free-energy perturbation method47


along ∆ENPfIP are compared in Figure 10a.8 Overall
characteristics of the NP and IP curves are similar between
the two solvents. While both curves are anharmonic, their
anharmonicity is not that strong for -40 j ∆ENPfIP j 40
kcal/mol. We also observe that the NP curve is wider than
IP, especially in EMI+PF6


-. In ref 3, this curvature differ-
ence was ascribed to electrostriction-induced enhance-
ment in the rigidity of the solvent structure near the solute
as the solute dipole increases. As a result, the solvent
reorganization free energy λ varies with the solute elec-
tronic state. In EMI+PF6


-, the reorganization free energies
defined on the NP and IP curves are, respectively, λNP )
38 kcal/mol and λIP ) 44 kcal/mol. The corresponding
values in acetonitrile are λNP ) 36 kcal/mol and λIP ) 38
kcal/mol. The λIP–λNP difference in EMI+PF6


- is consider-


ably larger than that in acetonitrile. This is probably
closely related to huge electrostrictive effects in the former
observed in Figure 2 above.


Figure 10b displays variations of the ET barrier height
∆Fq with the free energy of the reaction ∆Frxn in
EMI+PF6


-. For a comparison, the Marcus theory48 predic-
tions


∆Fq)
(∆Frxn + λav)2


4λav
(10)


are also presented, where λav ) (λNP + λIP)/2 is employed
as the solvent reorganization free energy. Overall, the
Marcus theory describes free energetics of CS/CR in
EMI+PF6


- reasonably well. Considering dramatic elec-
trostrictive effects in RTILs, this level of agreement is quite
remarkable. Nevertheless, the discrepancy between the
MD and Marcus theory becomes substantial when ET
becomes strongly exo- or endothermic. For instance, the
onset of the inverted regime for CS is ∆Frxn ) -44 kcal/
mol, whereas it starts at ∆Frxn ) -38 kcal/mol for CR.
Thus, the difference in free energetics between CS and
CR in the inverted regime is not negligible, and the Marcus
theory with λav fails to capture this. For acetonitrile, we
note that eq 10 holds very well, except for highly endo-
or exothermic cases because its λIP-λNP difference is small.


ET Dynamics. We proceed to ET barrier-crossing
dynamics. If the magnitude of electronic coupling between
the diabatic states is larger than kBT (kB ) Boltzmann’s
constant), ET is well-described as activated barrier cross-
ing on a single electronic curve. If solvent relaxation in
the reactant and product wells is fast, the barrier crossing
is rate-limiting. In this case, the ET rate kET becomes


kET ≈ kb ) κkTST kTST )
ωs,R


2π
exp[-∆Fq ⁄ kBT] (11)


where kb is the barrier crossing rate and ωs,R is the solvent
frequency in the reactant well. The transmission coef-
ficient κ measures the deviation of kb induced by solvent
dynamics in the barrier region from the transition-state
theory (TST) prediction kTST.


In the Grote–Hynes (GH) theory,49 where the reactive
mode is described via the generalized Langevin equation,
the transmission coefficient is given by the self-consistent
equation


κGH ) [κGH +
�̃(ωbκGH)


ωb
]-1


(12)


where ωb is the barrier frequency, �(t) is the time-
dependent solvent friction in the barrier region, and �̃(ω)
is its Laplace transform


�̃(ω))∫ 0
∞dt�(t)e-ωt �̃(0))∫ 0


∞dt�(t) (13)


Thus, barrier-crossing dynamics in the GH theory are
governed by the friction at the reactive frequency κGHωb.
In the limit of slow barrier crossing, eq 12 reduces to the
Kramers (KR) theory,50 i.e., κKR ) -(�̃(0)/2ωb) +
[(�̃(0)/2ωb)2 + 1]1/2, where barrier crossing is determined
by the total friction �̃(0).


Because the determination of �(t) in the unstable
barrier region is not amenable, we instead use the friction
defined in a stable solvent well.51 Results for �(t) thus


FIGURE 10. (a) Diabatic free-energy curves for CS/CR in EMI+PF6
-


at 400 K and CH3CN at 298 K. The IP curve is shifted, so that the
reaction is thermoneutral. (b) ∆Fq versus ∆Frxn in EMI+PF6


-.
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obtained are exhibited in Figure 11a.4 Similar to solvation
dynamics in section 3 above, �(t) shows bimodal relax-
ation. The long-time decay of �(t) in EMI+PF6


- is ex-
tremely slow, while its relaxation in acetonitrile is com-
pleted in 1–2 ps. Because of a huge memory effect in
EMI+PF6


-, its total friction is about 50 times higher than
that of acetonitrile. Their respective �̃(0) values are 1300
and 27 ps-1. Despite this startling difference in overall
friction, �̃(ω) values of the two solvents become similar
for ω J 10 cm-1. This means that for solvent-collective
motions faster than ∼10 cm-1, the properties of dissipative
dynamics will be more or less the same between the two
solvents!


Results for κGH and κKR are compared in Figure 11b.8


We notice that the GH and KR predictions for the ET rate
are comparable in acetonitrile. A similar agreement
between the two was observed previously in CH3Cl.51 In
contrast, the GH and KR results in EMI+PF6


- are totally
different; κGH is larger than κKR by nearly 2 orders of
magnitude! The main reason for this discrepancy is that
the friction relevant to barrier crossing, i.e., �̃(ω) at the
reactive frequency κGHωb, is smaller than the total friction
by 2 decades. To be specific, �̃(κGHωb) ≈ 9 ps-1


(κGHωb ≈ 50–100 cm-1), while �̃(0) ) 1300 ps-1. Because
of erroneous inclusion of the large contribution from the
long-time friction, the KR description based on �̃(0)
drastically underestimates κ and kET in EMI+PF6


-. Thus,
it would be totally incorrect to assume that the Kramers
theory would apply to RTILs simply because it works well
for polar solvents of similar effective polarity.


Another important feature is that TST provides a
reasonable framework for ET kinetics not only in aceto-
nitrile but also in EMI+PF6


-. The kET results with account
of barrier-crossing dynamics agree with the TST predic-
tions within a factor of ∼2. Although we do not discuss it
here, the inclusion of activation/deactivation dynamics
does not affect this state of affairs significantly.8 This could
have an important bearing on other systems, e.g., isomer-
ization reactions,52,53 whose kinetics in RTILs were found
to be considerably faster than estimated on the basis of
viscosity.


7. Concluding Remarks
In this Account, we have presented a brief review of our
recent efforts to gain a theoretical understanding of
solvation and related processes in RTILs. Despite a
number of apparent similarities to normal polar solvents,
we have found that RTILs are quite unique in many
respects in both structure and dynamics. Specifically, the
imidazolium-based RTILs studied here show high effective
polarity and large electrostriction. Their solvation dynam-
ics span a wide range of differing time scales. Despite their
high viscosity, short-time solvation dynamics are in the
subpicosecond regime and make a major contribution to
the overall relaxation. Their long-time dynamics, on the
other hand, are close to a stretched exponential decay. A
similar nonexponential behavior is also found in rotational
dynamics of small nonpolar solutes. This indicates that
RTILs are dynamically heterogeneous. Another interesting
finding is that the TST provides a good framework to
describe activated ET in RTILs, even though they are much
more viscous than normal polar solvents. Thus, continued
efforts of both theory and experiments will be definitely
worthwhile and desirable to unveil molecular details of a
wide range of differing solution-phase processes in RTILs
and to elucidate their sometimes intriguing and anoma-
lous behaviors.


Many works presented here were supported in part by KOSEF
through the National Core Research Center for Systems Bio-
Dynamics and by NSF Grant CHE-0098062.
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ABSTRACT
We have been using atomistic simulation for the last 10 years to
study properties of imidazolium-based ionic liquids. Studies of
dissolved molecules show the importance of electrostatic interac-
tions in both aromatic and hydrogen-bonding solutes. However,
the local structure strongly depends upon ion–ion and solute–sol-
vent interactions. We find interesting local alignments of cations
at the gas–liquid and solid–liquid interfaces, which give a potential
drop through the surface. If the solid interface is charged, this
charge is strongly screened over distances of a few nanometres and
this screening decays on a fast time scale. We have studied the
sensitivity of the liquid structure to force-field parameters and show
that results from ab initio simulations can be used in the develop-
ment of force fields.


1. Introduction
Liquids are difficult to model because the molecules are
both in contact with each other (as in solids) and in
perpetual motion (as in the gas phase). A proper descrip-
tion of a liquid must include the role of temperature and
the consequent molecular motion. Thus, to model a liquid
on a computer, one needs to follow the motion of the
molecules over a time period; unlike a crystal, a single
structure does not provide a sufficient description. The
methods developed to do this are known as atomistic or


molecular simulation, and two principal techniques, mo-
lecular dynamics and Monte Carlo, have been used for
many years to study liquids and solutions.1 These com-
putational methods provide a succession of configurations
of a liquid at some specified temperature and density or
pressure from which one can find the average local
structure as well as thermodynamic and dynamical prop-
erties. Because the modeling is molecular, one can
determine the molecular basis of microscopic behavior
and help to interpret experimental results. The Atomistic
Simulation Centre at Queen’s University Belfast pioneered
the simulation of ionic liquids. The first empirical inter-
molecular potentials were developed by Sally Price in
association with us and were used to study the structure
and properties of neat dimethylimidazolium chloride,
[dmim][Cl], in 2001.2 This was shortly followed by other
groups,3–7 and now there is an increasing number of
papers published using such simulation methods to
investigate the behavior of room temperature ionic liquids.


Most of these simulations are classical as opposed to
quantum mechanical. The interactions between molecules
are modeled by empirical force fields rather than by
solving the quantum mechanical problem of the electron
energy. There is much experience in developing force
fields for molecular liquids and solutions, which need to
be a satisfactory compromise between accuracy and
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efficiency. Similar methods have been used to develop
force fields for ionic liquids, and it has been proven
possible to find force fields that are sufficiently accurate
to describe the basic physics of the processes involved.


2. Finding and Improving Intermolecular
Potentials
In a traditional simulation, the user supplies an intermo-
lecular potential. Any such potential is bound to be an
approximation to the interactions in a real liquid, and
there is a trade-off between the accuracy of the potential
and the computational cost of the calculation. In our
group, we have used both our original potential2 and
various potentials proposed by other groups.3,8 These
potentials have mostly been developed from a combina-
tion of quantum chemical calculations on the isolated ions
to find the charge distributions and standard intersite
parameters describing the short-range repulsion and
intermediate-range dispersion interactions. One expects
that any potential that describes the essential physics of
the interacting molecules should give a reasonable de-
scription of the liquid structure. However, to obtain the
right dynamics requires a more accurate description of
the intermolecular forces. Voth et al.9,10 have investigated
the effects of including polarizability in the potentials,
which one imagines could be important in an ionic liquid.
They find that the diffusion constant increases by a factor
of 3 upon going from a nonpolarizable model to a
polarizable one.


However, many years of experience with simulations
of water have shown that reasonable descriptions of the
liquid state can be obtained using nonpolarizable models
but only if the dipole moment of the model molecule is
increased over that calculated in the gas phase by a
considerable amount. This takes into account the average
polarization of the molecule in the liquid environment.
We wondered whether there was a similar effect in the
liquid phase of imidazolium ionic liquids and analysed
the results of liquid state ab initio calculations to see
whether there was a change in the dipole moment (or,
equivalently, a shift in the center of the cation charge) in
the liquid when compared to the gas phase. Figure 1
shows that there is an enhancement of both the average
dipole moment and its fluctuations in the liquid. The
change in the average dipole moment corresponds to a
shift of the center of the charge by about 0.2 Å from the
gas phase to the liquid and shows that even the average
electrostatic properties of the ions are changed by the
liquid environment.11


One way that we have explored the effects of the liquid
environment and the construction of intermolecular
potentials is to take the results from a quantum calculation
and to find the best fit between the forces in an ab initio
simulation26 and those in a classical simulation when the
intermolecular potential parameters are varied.12 As well
as allowing us to improve potentials for the simulation of
these types of liquids, in some ways, this also provides a
means to validate existing potentials derived by rather


different methods. From the results of the fit, we observe
a charge distribution similar to those calculated by mo-
lecular-electrostatic-potential-based methods applied to
ions in the gas phase. In fact, if the charges of hydrogen
atoms are summed into those of their respective heavy
atoms, “coarse graining” the charge potential, the values
are very similar to those of Canongia Lopes’ model.8


However, the three-dimensional distributions of ions in
the liquid, which are shown in Figure 2, are quite different
when calculated with these two models, with the fitted
model more closely reproducing the ab initio calculated
surfaces. Of course, this is also related to the different set
of Lennard–Jones parameters used for the ions, for which
the most significant changes occur for the hydrogen
atoms, both on the imidazolium ring and in the attached
methyl groups. Typically, both aliphatic and aromatic
hydrogen atoms are assigned Lennard–Jones radii of
around 2.5 Å in popular force fields, but the results of the
fitting suggest that these may be rather generous for
similar hydrogens in molten salt-like environments, of-
fering radii approximately half this value. It can clearly
be seen in radial distribution functions that all models in
the literature reproduce, more or less, the general distri-
bution of anions about cations, as seen in ab initio and
neutron diffraction studies. However, the fine details of
the interactions are often not adequately predicted.


FIGURE 1. Distribution of instantaneous dipole moments for cations
and anions in an ab initio calculation of [dmim][Cl]. This figure was
reproduced from ref 11, copyright 2006, with permission from Taylor
and Francis.


FIGURE 2. Probability distributions of chloride ions around a [dmim]
cation calculated with Canongia Lopes’ classical force field8 (left),
ab initio simulation26 (middle), and Youngs classical force-matched
potential12 (right). The main differences are in the region of the unique
CH, which points upwards. In Canongia Lopes’ force field, the
chloride ions tend to lie in bands on either side of this group, while
in the ab initio simulation and the new force field, the chloride ions
lie directly along the CH bond.
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Comparing ab initio calculated site–site radial distribution
functions (RDFs) from hydrogen atoms of the cation to
the anion, we observe that the classical peaks are at a
noticeably longer distance and can display a simpler peak
structure than the ab initio results. As a consequence of
the smaller radii of the hydrogen atoms on the cation,
these peak positions are shifted, so that they coincide with
those observed in the ab initio curves. An unwanted side
effect of the fitting is manifest as increased peak heights,
but in general, the fitted model shows many improved
features. Another problem is that the parameters in ref
12 do not give the correct density at 1 atm. One of the
shortcomings of the density functional method used for
the ab initio calculations is that long-range dispersion
forces are not correctly described, and it is probably this
shortcoming that is partly affecting the derived force field.
Currently, Youngs is working on an improved model, but
the current model does provide a good description of the
local liquid structure at the experimental density.


From this optimized model, we have studied system-
atically the effect of modifying features of the force field
and their effects on the properties of the liquid.13 For
instance, the local dipoles on the C–H bonds of the
imidazolium ring were gradually reversed to study the
structural consequences of removing the preferred inter-
action sites of the anion on the cation. This change is, of
course, unphysical but shows how sensitive or otherwise
the liquid properties are to the charge distribution. Once
the direction of the imidazolium C–H dipoles has been
reversed, the anion interaction with the cation proceeds
primarily through the poorly coordinating methyl groups
because these now provide the only accessible positively
charged regions on the cation. Additionally, where cations
once occupied the space directly above and below the
plane of the imidazolium ring, once the imidazolium C–H
dipoles have been reversed, these regions are populated
by anions instead. Although anions in these positions
above and below the rings have not previously been
observed in simulations, they have been reported from
the analysis of neutron diffraction experiments, raising
interesting questions on one or both of these areas of
study.


3. Dissolved Molecules
In view of the widespread use of ionic liquids as solvents,
one of our particular interests was in the interactions with
dissolved molecules and the local structure around them.
Our experimental colleagues told us that, in general, protic
solutes were more soluble than aprotic solutes, that
aromatic solutes were more soluble than aliphatic solutes,
and that they wondered why. Further, they hoped that
an understanding of solvation might be used to under-
stand the unusual reactivity of organic compounds in
these solvents. Simulation is useful for investigating the
reasons for general properties such as these, and in both
cases, the answer turned out to be that it was electrostatic
interactions that mattered.


If we consider benzene as an example of an aromatic
molecule, we note that, although it has no dipole moment,
it does have a significant quadrupole moment. The latter
gives an electrostatic field, which attracts positive charges
above and below the ring and negative charges around
it. We found that the ions of the ionic liquid responded
to these fields and formed a ring of anions around the
equator of the molecule and that there was a high
probability of finding cations above and below the ben-
zene rings.14,15 This is shown in Figure 3, which shows a
cylindrical average of the difference between cation and
anion probability densities around the ring of a benzene
molecule dissolved in dimethylimidazolium hexaphos-
phate, [dmim][PF6]. These distributions are in agreement
with what would be expected from the electrostatic field.
However, further analysis of the energetics of the interac-
tion yielded a surprising result, namely, that the cations
above and below the rings were not in the most favorable
position relative to the rings but that their distribution
was determined as much by the ion–ion interaction with


FIGURE 3. Difference of probability densities of cations and anions
around a benzene molecule in [dmim][PF6]. This is a sideways view
of the cylindrically averaged distributions, with the benzene ring in
the center. In the red regions above and below the plane of the
benzene, there is a high probability of finding cations, while the
anions favor the blue regions around the plane. This figure was
reproduced from ref 14, copyright 2003, with permission from Elsevier.


FIGURE 4. Distribution of chloride ions (green) and sites on the
[dmim] (blue and black) ions around a water molecule in [dmim][Cl].
Two chloride ions are hydrogen-bonded to the water OH groups
and hold a cation between them. This figure was reproduced from
ref 17, copyright 2002, with permission from The Royal Society of
Chemistry.
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the anions forming the ring around the benzene ring as
by the direct interaction with the electrostatic field of the
benzene molecule itself. Similar studies with fluorinated
benzene derivatives showed equivalent results, with inver-
sion of the orientation in the case of hexafluorobenzene
(which has a quadrupole moment of approximately the
same magnitude but of opposite sign) and limited order
in the case of 1,3,5-trifluorobenzene (which has a quad-
rupole moment of approximately zero).


Because aliphatic compounds have much smaller
electrostatic fields than aromatic compounds, an un-
charged version of benzene can be considered as a generic
aliphatic compound. It is straightforward to calculate the
change in free energy or chemical potential when a
benzene molecule is transformed into an uncharged
benzene molecule. This was found to be 22 kJ/mol in
[dmim][Cl] and 12 kJ/mol in [dmim][PF6], in both cases,
a significant destabilization, which explains the observa-
tion that aliphatic compounds in general are less soluble
than aromatic compounds.


The explanation of the greater solubility of protic than
aprotic solutes also lies with the electrostatic interactions,
in this case, the degree of hydrogen bonding of the solute
with the anion. Simulation measurements16 of the series
of similar sized molecules found that the excess chemical
potentials in [dmim][Cl] of the series water, methanol, and
dimethyl ether are -29, -14, and +7 kJ/mol, respectively.
This suggests that the addition of a hydrogen bond adds
a stabilization of 15–20 kJ/mol. The additional stabilization
is associated with changes in the local structure,17 which
are shown in Figure 4. This figure shows that the regions
of high probability of finding chloride ions are along the
OH bonds of the water molecule. Although one might have
expected the region with the highest probability density
of cations to be behind the water molecule, in fact, it is
determined by ion–ion interactions rather than ion–water
interactions and is in front of the water molecule between
the chloride ions.


4. Gas–Liquid Interfaces
When an interface is formed, molecules near the interface
feel fewer interactions and the free energy of a surface
can often be reduced by local changes in the molecular
orientation, density, or composition. Familiar examples
include surface adsorption in solutions and the alignment
of water molecules near the gas–liquid surface, so that the
dipole moments lie in the surface.


The surfaces of ionic liquids show dramatic changes
in the local structure, which can be demonstrated by
simulation and probed by a number of experimental
techniques. We have used simulation to investigate the
surface structure in models of dimethylimidazolium
[dmim]18,19 and butylmethyl imidazolium [C4mim] ionic
liquids with a number of inorganic anions.20,21


In the top layer of the surface, the cations are
preferentially aligned with their rings perpendicular to
the plane of the surface and their NN axes parallel to
the surface normal. The dimethylimidazolium cation,


[dmim], is symmetric, but the [C4mim] cation shows a
strong preference for the butyl group to point away from
the bulk of the liquid. There is, of course, a considerable
spread in the angular probability distributions, but there
is strong preference for the alignment described. Figure
5 shows some of the evidence for the ring alignment
for two different ionic liquids. In this figure, the z axis
is centered at the midpoint of the surface with the vapor
phase to the right (positive z). The rings in the top layer
of the liquid just below the surface (from z ) –2 to 0)
show positive values of the P2 function, demonstrating
the NN axis in the ring tends to align parallel to the
surface normal in this region. In contrast, the rather
few molecules on the outside of the surface (positive z)
lie flat on the surface and have negative values of P2.
Figure 6 shows how the butyl groups in [C4mim][PF6]
stretch out into the vacuum. One can see from this
figure how the densities of successive carbon atoms in
the butyl side chain have maxima further and further
toward the vacuum, while the most probable position


FIGURE 5. Cation orientational correlations near the interface. The
averages 〈P2(cos(θ))〉 for the angle between the NN direction in the
ring and the surface normal are shown for [dmim][Cl] (red) and
[C4mim][Cl] (blue). These graphs demonstrate that the cations just
below the surface are preferentially oriented with the NN axis
vertical and the plane of the ring perpendicular to the plane of the
surface.


FIGURE 6. Density distributions for the carbon atoms in the butyl
side chain, the methyl group, and the ring center. This shows that
the butyl side chains extend into the vacuum and the methyl group
points into the liquid. This figure was reproduced from ref 20,
copyright 2006, with permission from the PCCP Owner Societies.
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of the methyl carbon is, on average, nearer the liquid
than the ring center. However, the butyl groups do not
cover the surface, as can be seen from Figure 7, which
shows a snapshot of the surfaces of [C4mim][Cl]. The
yellow chloride ions, which lie in the plane of the rings,
can clearly be seen between the red butyl groups. The
region of preferred cation alignment is also a region
where the density of rings is a maximum and, indeed,
the overall number density is higher than in bulk. This
can be seen in Figure 8 and has been verified by X-ray
reflection experiments.21


The anions are found to lie in the same plane as the
rings of the cation, so that there is no segregation of
cations and anions at the surface in this model. Any such
segregation would give rise to a large surface dipole and
a change in the electrostatic potential through the surface
analogous to a liquid junction potential or to the work
function of a metal. Although the liquid–gas surface
potential is very difficult to measure experimentally, it is


readily accessible in a simulation. Integrating Poisson’s
equation along the direction of the surface normal, one
obtains


�(z0)-�(-∞)) (ε0)-1∫-∞


z0 (z- z0)F(z)dz (1)


where F(z) is the average charge density at position z along
the surface normal. Figure 9 shows the variation of
potential through the surfaces of a number of [C4mim]
ionic liquids. The electrostatic potential is lower in the
liquid than in the gas phase and the potential drop
decreases as the size of the anion increases.


5. Confined Liquids
One of the applications of ionic liquids is in the construc-
tion of dye-sensitized solar cells.22,23 These are photovol-
taic devices consisting of a layer of nanoporous TiO2,
coated with a light-sensitive dye, clamped between two
metallic electrodes. The interstices left between the TiO2


grains are filled with a liquid electrolyte that dissolves a
redox couple (usually I–/I3


–). A surprising feature of the
cells is that, despite the high viscosity of the molten salt,
the screening of the charge injected into the TiO2 nano-
particles is achieved in less than 1 ps. We undertook
simulations of a simple ionic liquid in nanoscale pores to
elucidate this apparent anomaly. Our model consisted of
[dmim][Cl] confined to slits about 2.5–4.5 nm wide, and
we studied the liquid both in the absence of an applied
field24 and with an applied field.25


Even in the absence of an applied field, the structure
of the liquid is affected by the presence of the solid–liquid
interface. Figure 10 shows that there is a high density of
ions next to the surface and that this induces density
oscillations within the liquid. These density oscillations
extend to a considerable depth, and even in the widest
slit studied (4.5 nm), the liquid at the center of the slit is
affected by the walls. Figure 11 shows that, just as at the
gas–liquid interface, the cations are aligned near the
interface. The cations that are nearest the wall lie flat
against the wall, as is shown by the positive values of


FIGURE 7. View looking down on the surface of [C4mim][Cl]. The
red butyl groups point toward the viewer, and the yellow chloride
ions and some blue rings can be seen between them.


FIGURE 8. Densities of rings through surfaces of [C4mim][Cl] (blue)
and [dmim][Cl] (red). Note the region of enhanced ring density below
the surface.


FIGURE 9. Variation of the electrostatic potential across liquid slabs
of three ionic liquids. Note that in this and subsequent figures the z
coordinate is centered at the center of the liquid slab. This figure
was reproduced from ref 20, copyright 2006, with permission from
the PCCP Owner Societies.
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P2(cos θ⊥ ) and negative values of P2(cos θNN) next to the
wall. However, the number of flat molecules is very small,
and the bulk of the cations in the region of maximum
density near the wall are tilted, with their rings and NN
axes tending to be perpendicular to the wall. This is shown
by a reversal of sign of the orientational order parameters
as one goes away from the wall into the region of
maximum density.


When the field is applied and the ions are allowed to
equilibrate, one finds small changes in the ion distribu-
tion, which are shown in Figure 12. The most obvious
change is a displacement of chloride ions toward the
positively charged wall. Although there are only small
changes in the positions of the ions and even less change


in the cation orientation, the ion displacements are
sufficient to screen most of the applied electric field. If
the total potential drop across an empty 4 nm cell is 10
V, when filled with [dmim][Cl], it drops to 0.35 V. This is
shown in Figure 13, where on the left are plotted minus
the external potential and the liquid potential. It can be
seen that they nearly cancel. The difference of these two
curves gives the total potential, which is shown by the red
line in the righthand part of the figure. The black line
shows the corresponding potential in the absence of the
applied field, which shows that there is a potential drop
at the interface with an uncharged wall. This is similar to


FIGURE 10. Lines with error bars represent the cation density
calculated from the position of the center of the rings. Lines without
error bars correspond to the sum of cation and anion densities. F(z)
is in angstroms. The interwall distances are (a) 44.9, (b) 36.5, (c)
33.0, (d) 28.0, (e) 26.4, and (f) 24.9 Å. The dashed vertical lines show
the position of the walls. This figure was reproduced from ref 24,
copyright 2005, with permission from the American Chemical Society.


FIGURE 11. Orientational order parameter P2(cos(θ)) along the
confinement axis (continuous lines). The dashed lines are scaled
cation density profiles. Plots a1, a2, and a3 show the orientation of
an axis perpendicular to the cation plane as a function of the
interwall distance: (a1) 44.9, (a2) 28.0, and (a3) 24.9 Å. Plots b1, b2,
and b3 give the orientation of the NN vector connecting the two
nitrogen atoms at the corresponding gap widths. This figure was
reproduced from ref 24, copyright 2005, with permission from the
American Chemical Society.


FIGURE 12. Ion number density profiles for [dmim] cations (black
line) and chloride anions (red line) confined between two parallel
walls, separated by 44.9 Å. Plots a and b correspond to the system
without and with an external electric field generated by a uniform
surface charge density, σ, of 2.0 µC/cm2, respectively. The left wall
has a positive charge. This figure was reproduced from ref 25,
copyright 2007, with permission from the American Chemical Society.


FIGURE 13. Electrostatic potential profiles (in volts) along the
confinement axis (z). In a, the orange dashed line is minus the
external electrostatic potential, while the bold line is the potential
as a result of the liquid. In b, the red line depicts the resulting
potential across the liquid slab. The black line corresponds to the
electrostatic potential for a system without an external field. The
inset of b shows the charge densities for the system with (red line)
and without (black line) an external field. This figure was reproduced
from ref 25, copyright 2007, with permission from the American
Chemical Society.
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that seen in the liquid slabs (Figure 9). In the presence of
the electric field, the potential distribution is distorted.
As mentioned before, in slits of this size (4 nm), bulk
behavior is not attained at the center. If it were, there
would be a region of constant potential. The influence of
the wall on the potential as well as on the structure
extends for more than 2 nm.


As we have mentioned earlier, the screening of the field
is important to the action of a dye-sensitized solar cell,
and experimentally, it is found to occur on a picosecond
time scale. Figure 14 shows the decay of the screening
potential when the field is turned off. It can be seen that
the relaxation process is characterized by two regimes: a
fast process, occurring in less than 0.2 ps, that accounts
for 80% of the screening, and a second slower process,
with a decay time of 8 ps. Both of these times are fast
compared to macroscopic diffusion times, which is not
unexpected, because we have seen that the screening is
accomplished by small displacements of ions.


6. Concluding Remarks
Although it is less than 10 years since the first simulations
of room-temperature ionic liquids have been carried out,
it is already apparent that such simulations have given
much insight into the molecular basis of properties of
these interesting and important liquids. Because it is
impractical to perform long and large simulations with
ab initio methods, classical force fields are essential. One
question is how sensitive the results are to the param-
etrization. Many properties should be described by all
force fields, which contain the essential physics, namely,
the charges and shapes of the ions. Other properties, in
particular, exact values of dynamical constants, such as
diffusion, or accurate thermodynamic properties, such as
solubilities, are likely to be more sensitive to the type of
force field and parameters used. However, trends are well-


described by simple classical models, even when the ring
is treated as a rigid unit. We have found that we can
describe the local structure of the liquid around solutes
and at interfaces well and have demonstrated the molec-
ular basis for aspects of solubility and behavior at interfaces.
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ABSTRACT
This Account describes experimental data used to understand the
structure of ionic liquids and solute–solvent interactions of both
molecular solutes and dissolved metal complexes. In general, the
structures of the ionic liquids determined from experimental data
show good agreement with both simulated structures and solid-
state structures. For all ionic liquids studied, strong charge ordering
is found leading to long-range order even in the presence of a
solute. For dissolved metal complexes, the ionic liquid is not
innocent and a clear dependence on the speciation is observed
with variations in both the cation and anion.


Introduction
The structure of liquids has been studied for many years.
Investigations have, in general, been focussed on the
arrangements in molecular solvents such as water, t-
butanol, and simple chlorinated solvents. The field of
molten salts and the structures thereof is much less
studied, and within this field, the study of the structure
of room-temperature ionic liquids is in its infancy. Interest
in ionic liquids stems from their properties (including
effectively zero vapor pressure) and the ease by which
many of these properties may be varied. This area has
been the subject of an increasing number of publications
concentrating mainly on their use for electrochemical


processes or as reaction media, and these have been
subject of a number of recent reviews.1


A variety of experimental techniques have been used
to investigate liquid structure including neutron diffrac-
tion, X-ray scattering and extended X-ray absorption fine
structure (EXAFS), and NMR spectroscopy. The impor-
tance of the elucidation of liquid structures is clear
because this gives an indication as to which interactions
are important within the phase and, therefore, which
dominate many chemical and physical properties of the
liquid, for example, solvation, density, viscosity, and
polarity. With respect to the study of molten salt/ionic
liquid structure, Enderby and co-workers were the pio-
neers and clearly demonstrated that the structure of
molten NaCl, for example, was dominated by alternating
anion and cation interactions.2 In this case, the local order
extended out to three to four anion–cation pairs and the
molten salt is a highly structured liquid. Since this time,
experimental determination of ionic media has expanded
significantly with the examination of a wide range of
single-component and two-component salts.


Neutron diffraction has been used to examine the
structure of alkali haloaluminates of the type
(MX)y(AlX3)1–y , where M is an alkali metal and X is a
halogen (Cl or Br).3 For KBr- and KCl-based systems where
y ) 0.25 and 0.33, the diffraction clearly showed good
agreement with Raman and infrared data4 in that for both
bromide and chloride salts, [Al2X7]- anions dominated the
aluminium speciation. Furthermore, strong agreement
was found between the liquid structure and crystal
structures of related materials such as K[Al2Br7]. Badyal
et al. also examined the structure of binary mixtures of
AlCl3 and NaCl and LiCl from excess to a 1:1 mixture.5 In
this case, as the mixture became more ionic, that is, with
the addition of the alkali halide, the number of Al–Cl–Al
linkages decreased resulting in the formation of [AlCl4]-


species. Importantly, this also coincided with a decrease
in the long range order within the liquid despite the
presence of a high degree of charge ordering in the system.
The structure proposed from neutron scattering was in
good agreement with the X-ray diffraction performed by
Takahashi et al.6 on 1:1 binary mixtures of AlCl3 with LiCl
and NaCl. Therein, long-range order was found in the
liquid with [AlCl4]- tetrahedra surrounding a central
[AlCl4]- anion at distances of 6.75 and 6.98 Å for LiCl and
NaCl, respectively. X-ray diffraction was also employed by
Igarashi et al.7 to examine the liquid structure of a
LiF–NaF–KF eutectic mixture. For the ion pairs Li–F, Na–F,
and K–F, the nearest neighbor coordination and distances
were almost identical to those found in the individual
melts of the component salts.


Ionic liquids have also been examined, namely, AlCl3–N-
butylpyridinium chloride,8 AlCl3/1-ethyl-3-methylimida-
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zolium chloride ([C2mim]Cl),9 HCl/1-ethyl-3-methylimi-
dazolium chloride Cl,10,11 and AlCl3/LiSCN12 mixtures. In
these cases, X-ray and neutron scattering provided infor-
mation about the specific interactions between the anions
and cations; however, little data about the long-range
correlation beyond the first coordination sphere is de-
scribed. For example, in the mixtures containing HCl and
[C2mim]Cl, first-order differences using hydrogen/deute-
rium substitution on both the imidazolium ring and the
HCl indicated the presence of [HCl2]- as an asymmetric
species. In the case of AlCl3/LiSCN liquids, the aluminium
was modeled with tetrahedral coordination by three
chlorines and an isocyanate group. This complex clearly
showed that the nitrogen coordinated (as opposed to
sulfur) forming an AlCl3NCS- species, which is consistent
with a hard base–hard acid interaction compared with the
softer sulfur donation. A symmetric tetrahedral chloride
environment was also found around the lithium. X-ray
diffraction has been used to examine the liquid structure
of binary ionic liquids of 1,3-dialkylimidazolium fluoride
with HF.13 Again, the solid state and liquid structures are
closely related with each showing the presence of the
[HF2]- anion. In contrast, Shodai et al. reported that the
structure of liquid [(CH3)4N]F·nHF (n ) 3–5) had a range
of anion structures of the form [(HF)xF]- (x ) 1–3). In this
case, structures with x ) 4 or 5 were not found in the
liquid phase although similar compositions have been
found in the solid state.14


In contrast with X-ray and neutron scattering, to date,
EXAFS has only been used to examine the structure of
high-temperature molten salts in detail. EXAFS has a
number of limitations with regard to the study of liquid
structure, in that it is restricted in the coordination shell
that can be examined but conversely can give specific
information about an X-ray absorbing center. The detailed
arrangement of atoms within coordinated complexes
contained by the molten salts can be determined. In this
respect, Crozier et al. reported the use of EXAFS to
examine the detailed manganese and bromine coordina-
tion within the structure of solid and liquid [Bu4N][MnBr3]
and [Bu4N]2[MnBr4] between room temperature and
400 K.15 In the molten state, Mn–Br bond distances of 2.46
and 2.50 Å were found for [Bu4N][MnBr3] and
[Bu4N]2[MnBr4], respectively. In addition, approximately
three bromines were found to coordinate around the
manganese in the liquid state of [Bu4N][MnBr3] compared
with six for the solid-state structure. The relationship
between molten and solid Rb2ZnCl4 with ZnCl2/RbCl has
also been studied using EXAFS.16 On melting ZnCl2, zinc
is found to have tetrahedrally coordinated chlorines and
is linked by those at corner-sharing sites in a weak
extended network. In RbCl, significant disorder in the
chloride shell around the rubidium is evident and indi-
cates considerable movement of the Rb+ and Cl- in the
molten state. In the crystal structure of Rb2ZnCl4, the
chlorine coordination number around the Rb is between
8 and 9, whereas the Zn is found in isolated [ZnCl4]2-


units. In the molten state, the EXAFS also indicates
isolated [ZnCl4]2- units with a chlorine coordination of


7.6 around the Rb. This may be compared with a chlorine
coordination of 4.8 in liquid RbCl. The EXAFS clearly
shows that the solid and liquid structures of Rb2ZnCl4 are
similar and that the melt does not rearrange into a simple
combination of the component parts. These studies
highlight the fact that although there can be good cor-
relation between the liquid- and solid-state structures for
some systems, this is not always the case.


EXAFS analysis has been shown to provide important
information concerning the ionic character of the bonding
with molten salts. Cu and Br K-edge EXAFS has been used
to study the structure of molten CuBr.17 The fact that there
was little contribution to the Cu EXAFS data of Cu–Cu
distances and only a small contribution to the Br EXAFS
data of Br–Br distances indicated that the melt contained
nearly total covalent bonding similar to that found in the
solid. Similar results have also been found for AgBr where
the liquid state showed almost complete absence of the
Ag–Ag correlation distances in the Ag EXAFS data observed
in the liquid state.


Our interest has been in understanding the relationship
between the crystal and liquid structures of representative
room-temperature ionic liquid materials. In addition, the
interactions of solutes in ionic liquids have been examined
with the ultimate goal of providing insights into the ability
of these media to control selectivity, reactivity, and
solubility of molecules and catalysts, for example.


Structures of Dimethylimidazolium Salts
A range of 1,3-dimethylimidazolium ([dmim]+) salts have
been examined using neutron diffraction as analogues for
the longer chain length derivatives.18–20 These salts are
symmetric (Figure 1) and were used in the experimental
studies in order to simplify the analysis. Although they
have higher melting points than the ionic liquids based
on asymmetric alkyl chain substitution on the ring
nitrogen atoms, they still provide useful generic informa-
tion about ionic liquids. Figure 2 shows the probability
distribution of chloride around a central imidazolium
cation in [dmim]Cl,17 determined from modeling the
neutron data using the empirical potential structural
refinement (EPSR) process based on fitting the experi-
mental data with a reverse Monte Carlo procedure.21


Strong charge ordering was found to be present in this
ionic liquid with the anions and cations alternating in the
radial distribution function in agreement with that previ-
ously reported for alkali halide molten salts. Similarly,
probability distribution functions have also been deter-
mined for the corresponding ionic liquids with hexafluo-
rophosphate([PF6]-)18andbis{(trifluoromethyl)sulfonyl}imide
([NTf2]-)19 anions as shown in Figure 2. Differences are
observed between each of the distributions as a result of


FIGURE 1. Schematic of the 1-alkyl-3-methylimidazolium structure,
where for n ) 1 the structure represents the [dmim]+ cation.
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the differing anions present. An examination of the
cation–cation contacts shows that in [dmim]Cl the cations
are separated by 5.5 Å, while for the hexafluorophosphate
and bis{(trifluoromethyl)sulfonyl}imide analogues, the
spacings are 6.3 and 7.0 Å, respectively, that is the cation
to cation contacts become larger as the size of the anion
is increased, Cl- < [PF6]- < [NTf2]-. Similarly, the
anion–cation distances are expanded with anion size: 4.2
Å (Cl-), 4.5 Å ([PF6]-), and 5.2 Å ([NTf2]-). Although in
each case charge ordering was observed, the anion–ca-
tion–anion alternating pattern is less pronounced in the
case of [dmim][NTf2] than for either the [dmim]Cl or
[dmim][PF6] liquids as shown by the almost coincident
position of the second shells of the cations and anions in
[dmim][NTf2] at ∼13 Å.


From the EPSR model, the spatial probability distribu-
tion maps of the anions and cations may be examined in
detail. These are shown for each ionic liquid in Figure 3,
where it is clear that a gradual change is observed in the
space that the anions and cations occupy. The main
observations are that progressing from chloride to hexaflu-
orophosphate to bis{(trifluoromethyl)sulfonyl}imide, the
anions interact less with the ring hydrogens and the
cations and anions start to occupy different positions.
These effects are the result of the size and charge
distribution on the anion changing. The point-charge-like
behavior decreases as the anion size increases and the
charge becomes more delocalized. This has the effect of
reducing the hydrogen bonding accepting ability of the
anion, and thus the interaction with the ring hydrogens
reduces. A further consequence of this delocalization of


the charge is that ionic bonding in the liquid becomes
softer and results in increased overlap of the anions and
cations in the radial distribution of [dmim][NTf2]. More-
over, as the anion size increases, the anions and cations
must occupy mutually exclusive positions in order to pack
most efficiently, and thus it is only in the chloride liquid
that an onion-skin structure may be achieved.


As discussed, of key interest is the relationship between
the solid-state and liquid structure. In the case of [dmim]Cl
and [dmim][PF6], a remarkable similarity between the
reported crystal structure data and the interactions found
in the liquids is found. For example, in the solid-state
structure of [dmim]Cl, hydrogen–anion contacts dominate
the interactions with each cation interacting with six
anions, which is also found in the EPSR model of the
liquid structure. In the crystal structure, the closest
distance between the cations is found to be a van der
Waals contact distance between two methyl hydrogens in
adjacent cation dimers at 2.5 Å. This is not associated with
an attractive interaction, and the anion–cation interactions
control the structure, as expected. Importantly, this is the
shortest cation–cation distance in the liquid structure. In
contrast, a correspondence between the crystal structure
and liquid structure is not found for [dmim][NTf2]. This
is most clearly shown by the differences in the conforma-
tion of the anion between the solid and liquid states. The
bis{(trifluoromethyl)sulfonyl}imide anion can adopt either
cis or trans conformers, shown in Figure 4, and occupies
the cis form in the crystal.22 A distribution of forms is
found in the liquid with the trans most predominant as
shown in Figure 5.


The [dmim][NTf2] crystal structure is unusual because
most [NTf2]--based structures show the trans form. It is
possible that the reported structure of [dmim][NTf2] is
only one of a number of polymorphs one of which may
match the liquid structure more closely. Polymorphism
has been demonstrated for a wide range of ionic liquids,


FIGURE 2. Comparison of the partial radial distribution functions for
(a) the cation–cation distribution and (b) the cation–anion distribution
for the 1,3-dimethylimidazolium chloride, hexafluorophosphate, and
bis{(trifluoromethyl)sulfonyl}imide salts derived from the EPSR model.
Each radial distribution function is calculated from the center of the
imidazolium ring, from the phosphorus atom in the case of [PF6]


–,
and from the nitrogen atom in the case of [NTf2]


-.


FIGURE 3. Probability distributions of (a) the anions and (b) the
imidazolium cations around an imidazolium cation derived from the
EPSR model for liquid [dmim]Cl, [dmim][PF6], and [dmim][NTf2]. For
anion distributions in panel a, the contour level was chosen to
enclose the top 5% of the molecules, while for the cation distributions
in panel b, the contours enclose the top 20% of molecules each in
the distance range 0–9 Å.
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for example, 1-alkyl-3-methylimidazolium tetrachloropal-
ladate(II) salts ([Cnmim]2[PdCl4], n ) 10–18)23 and short24


and long25 alkyl chain halide-based methylimidazolium
salts. In the latter, large differences are observed in the
structures on heating the salts. These changes are associ-
ated with relaxation of alkyl chain conformers in the
cation. In the long chain salts, the liquid and the solvent
crystallized structures show completely different X-ray
scattering patterns with the interlayer spacing being
approximately twice as big in the crystal; however, after
relaxation the liquid and crystal structures are similar.


Although experimental data on ionic liquid structures
is limited, a wide range of simulations have been


applied to this media originally pioneered by the
seminal work of Lynden-Bell and co-workers.26 Com-
parison of simulation data with models produced from
the neutron diffraction show good general agreement.
For example, Figure 5 shows the cis/trans distribution
of the bis{(trifluoromethyl)sulfonyl}imide anion derived
from the EPSR-determined structure from experimental
data and that derived from Lopes and Padua using a
molecular dynamics simulation combined with a mo-
lecular force field approach to obtain the potentials.27


However, some differences are commonly observed; for
example, the simulated data can show greater structur-
ing of the lobe associated with the hydrogen at the C(2)
position, whereas the experimental data shows some
propensity for anions to position themselves above and
below the plane of the imidazolium ring.


The surface structure of long and short alkyl chain
length imidazolium-based ionic liquids has also been
investigated. With use of neutron and X-ray reflectivity
measurements,28 a lamellar structure of the ionic liquids
is found. While this is expected for the long chain
materials, which form liquid crystalline phases,29 segrega-
tion for the [C4mim]+-based ionic liquids was more
surprising. The reflectivity data, as well as sum frequency
generation spectroscopy30 and surface simulations,31 for
example, are valuable in modeling the interaction of ionic
liquids with surfaces, which is vital if surface-driven
processes such as heterogeneous catalysis32 or tribological
applications33 are to be understood in detail. Interestingly,
this type of behavior has also now been found in simula-
tions where hydrocarbon-rich and ion-rich areas are
separated. Although further research needs to be per-
formed in this area, this structural representation of the
system provides important data in the control of selectivity
and activity for transformations in ionic liquids.


Solute–Solvent Interactions
A good understanding of solute–solvent interactions is
vital if a comprehensive understanding of ionic liquid
chemistry is to be obtained. This is particularly important
where differences arise between reactions performed in
ionic liquids and in molecular solvents. An illustration of
the effect of the ionic liquid has been shown by the
examination of water solvation in ionic liquids using
simulation34 and vibrational spectroscopy.35 A clear de-
pendence on the dispersion of water in ionic liquids with
respect to its concentration has been established. At low
concentration, the water is molecularly dispersed, whereas
at higher concentrations, aggregated water is also present.
In contrast, in mixtures of water in alcohols, for example,
the liquid phase separates on a microscopic scale to form
hydrophobic regions and hydrophilic regions.36 This
detailed description has provided an explanation as to why
some “wet” ionic liquids can stabilize hydrolytically
unstable solutes.37


Molecular Solutes. Few experimentally determined
detailed structures of solute–ionic liquid structures have
been reported to date. In most cases, the solvent interac-


FIGURE 4. Models showing (a) the trans and (b) the cis conforma-
tion of the bis{(trifluoromethyl)sulfonyl}imide anion.


FIGURE 5. Comparison of the distribution of the CF3 · · · CF3 distances
as a function of the number of anions in liquid [dmim][NTf2] derived
from the EPSR model, shown as bars, with that derived from the
molecular force field method developed by Lopes and Padua,27


shown as a solid line.
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tion with the solute has been examined rather than the
effect of the solute on the extended structure of the
solvent. The latter has been probed using neutron scat-
tering for mixtures of benzene with [dmim][PF6].38 As
expected, the addition of the solute expands the ion–ion
structure; however, more surprisingly, the long-range
charge ordering in the system is still present. This is a
consequence of the distinct ordering of the ions around
the benzene. Figure 6 shows the spatial distribution of
[PF6]- anions and [dmim]+ cations around a benzene
molecule derived from the EPSR simulation. Figure 6a,c
represent the spatial distribution of the ions in the first
coordination shell around a central benzene molecule. In
this first shell, the anions are found in the plane of the
benzene ring interacting with the slightly positively charged
ring hydrogens, whereas the cations are found above and
below the aromatic ring interacting with the electron-rich
π-system. In the second coordination shell, shown in
Figure 6b,d for the cation and anion, respectively, the
positions of the ions reverse with the anions above and
below the ring and the cations in the plane of the ring.
This is due to the cation–anion charge ordering forming
the alternating charge-ordered structure found in the pure
ionic liquid. Molecular dynamics simulations of this
system have also been examined by Lynden-Bell and co-
workers.39 Similar distributions were found around the
benzene molecule. Moreover, for the higher order shells,
alternating cation–anion layers are still observed. As found
with other comparisons of theory and experiment, some
differences are observed, and these relate to the changes
in structure with benzene concentration. In the simula-


tions, the same structure was observed irrespective of
whether one benzene, 33 mol % benzene, or 67 mol %
benzene was present in the simulation box. In contrast,
the EPSR model of the neutron data only showed clearly
defined distributions for the cations/anions where the
ion–ion interactions were minimized, that is, in benzene-
rich samples.


As with the pure solvents, it is informative to compare
crystal structures with the liquid structure where ap-
propriate. A crystal structure has been obtained for
[dmim][PF6]·0.5C6H6, which shows clathrate behavior with
the benzene molecules occupying channels in the salt
crystal.40 A comparison of the structure of the solid for
the benzene incorporated and pure salt material shows
that there is a huge reorganization of the cations, and this
is clear from the liquid structure in the cation spatial
distribution pattern. Furthermore, as found in the molten
state of the benzene with [dmim][PF6], short contacts are
also found between the cation hydrogens and the benzene
hydrogens in the crystal structure dominated by the
methyl hydrogen contacts. Despite these similarities
between the liquid and solid-state structures, the correla-
tion between the phases is weak in comparison with that
found for the pure salt and is likely to reflect the increased
complexity of the system. Lachwa et al. have also
been able to relate inclusion compounds in
[C2mim][NTf2]–benzene mixtures to their phase behavior
and postulate at least three different structures present
in the liquid dependant on the solute concentration.41


This shows the importance of the relative ratio of ion–ion,
ion–solute, and solute–solute interactions as discussed in
the case of [dmim][PF6] and benzene.37


As well as benzene, glucose has been examined in
[dmim]Cl.42 This is of particular interest due to the
discovery that cellulose dissolved in the IL 1-methyl-3-
butylimidazolium chloride at high concentrations.43 The
subsequent ionic liquid process allows facile material
manufacture of cellulosic products and the possible
replacement of the solvents traditionally employed, which
have high environmental impact. In this case, neutron
scattering experiments were used to validate molecular
dynamics simulations, which provided a detailed picture
of the glucose–ionic liquid interaction used as an analogue
for the practical system.


Figure 7 illustrates the probability distribution of
chloride ions around a glucose molecule from a molecular
dynamics simulation of 96 [dmim]Cl ion pairs and a single
glucose molecule. The chlorides, shown in red, are found
to hydrogen bond to the hydroxyls in the glucose, denoted
O1, O2, O3, O4, and O6. In contrast, the cations are only
found to bind weakly to the solute, and thus the anion
interaction is of primary importance in the solubilization
of the solute. On average, the number of hydrogen bonds
to the glucose is more than the coordination number of
anions around the solute within a radius of 6.0 Å. Using
a chronological map of H-bonds between specific chloride
anions and glucose hydroxyl groups, one can determine
the number of hydrogen bonds involving the glucose
molecule and average coordination number. Taking the


FIGURE 6. Probability distribution of (a, b) the imidazolium cation
and (c, d) the hexafluorophosphate anion around a benzene molecule
derived from the EPSR model in a mixture containing 1:2 [dmim][PF6]/
benzene. For distributions a and c, the contour level was chosen to
enclose the top 5% of the ions in the distance range 0–8 Å, while
for distributions b and d, the contours enclose the top 25% of ions
in the distance range 0–12 Å.
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definition that only Cl · · · O distances <3.5 Å and Cl · · · H–O
angle >150.0° constitute hydrogen bonds, on average 4.39
hydrogen bonds are formed compared with 3.86 anions
in the first shell. The consequence of this is that some of
the hydroxyls must be bridge bound to anions as shown
in Figure 8 for a 3:5 chloride/hydroxyl ratio. Overall, the
most common configuration is a 4:5 chloride/hydroxyl
ratio where only one anion “bridges” two hydroxyl groups.
These simulations were performed using a single solute
molecule in 96 [dmim]Cl ion pairs. However, the poten-
tials used are consistent with the neutron scattering data.
This is shown by the excellent agreement between ex-
perimental and simulated curves in terms of peak position
and the overall shape of the data in Figure 9 for a much
higher concentration of glucose, namely, a 1:5 glucose/
solvent mixture. Preliminary analysis of this data shows
that the effect of the increased glucose concentration has


variable influence on the ionic liquid structure. The
immediate cation–anion interaction remains largely unaf-
fected by the inclusion of the glucose in the system. Small
differences in the second anion shell in the radial distri-
bution function are observed with this peak decreasing
in intensity due to the presence of the glucose interrupting
the alternating cation–anion structure of the ionic liquid.
A similar decrease is also found in the intensity of the first
peak in the anion–anion radial distribution function
compared with that of the pure ionic liquid.


For this system, although there are no crystallographic
data available, NMR has been used to examine the local
interactions between glucose and [C4mim]Cl.44 In agree-
ment with the simulation, the cations do not interact
strongly with the solute, and the main interaction is with
the anion. Remsing et al. used the variation of 35/37Cl NMR
line broadening as a function of the glucose concentration
to estimate the coordination number of the anions. A
significant difference between the simulation, and the
NMR data is found with the latter showing a 1:1 correla-
tion of hydroxyls with anions compared with a calculated
value of ∼5:4. It has been suggested that this difference
may be associated with the determination of a coordina-
tion number compared with the number of hydrogen
bonds. The NMR data is not sensitive enough to distin-
guish between two OH groups hydrogen bonding to two
separate chlorides and two OH groups bound to the same
chloride and thus overestimates the coordination number.


In both studies, the importance of anion–solute inter-
actions has been clearly shown by theory and spectros-
copy for a range of solutes. Due to the large number of
atoms in most ionic liquids and the fact that neutron
scattering relies on the contrast between samples with
isotopically exchanged atoms, in particular, hydrogen/
deuterium, to provide a number of scattering profiles that
may be fitted and analyzed, the number of systems that
can be studied practically is limited. Currently, to enable
a difference to be observed between samples, 2–3% of the


FIGURE 7. Two views, (a) top face of molecule and (b) looking down
onto the ring oxygen, of the three-dimensional spatial distribution of
chloride anions around the glucose molecule in the chair conforma-
tion. The distribution was calculated in the local frame of the glucose
and drawn at five times the bulk density from the molecular dynamics
simulation of a single glucose molecule in 96 [dmim]Cl ion pairs.
Reprinted with permission from ref 42. Copyright 2006 Wiley-VCH.


FIGURE 8. Probability distribution of chloride around glucose
showing the structure associated with a 3:5 chloride/hydroxyl ratio
calculated in the local frame of the glucose and drawn at five times
the bulk density from the molecular dynamics simulation of a single
glucose molecule in 96 [dmim]Cl ion pairs. Reprinted with permission
from ref 42. Copyright 2006 Wiley-VCH.


FIGURE 9. Total structure factors from a 1:5 glucose/[dmim]Cl
solution as measured by small-angle neutron scattering (black), the
fit to data from the empirical potential structure refinement procedure
(red), and the calculated curve from molecular dynamics simulations
(blue). Reprinted with permission from ref 42. Copyright 2006 Wiley-
VCH.
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total number of atoms in a sample must be H–D ex-
changed, for example. If the purpose of the experiment is
to investigate the solute–solvent interaction, the exchange-
able atoms should also be on the solute. Obviously, the
contrast is greatest where the difference in neutron
scattering length between the isotopes is greatest, and
hence, H–D exchange is most commonly used. X-ray
scattering patterns may also be used to supplement the
data and will provide useful information regarding heavy
solutes. Therefore, the neutron scattering is limited to
samples where high mole fractions of solutes are possible
and that can undergo isotopic exchange where the dif-
ference in the neutron scattering length is high. Clearly,
if the solute causes a large change in the ionic liquid
structure this can be probed without the need to use
isotopically exchanged solutes.


Dissolved Metal Complexes. EXAFS has been exten-
sively employed to examine the structure of metal
complexes in both first and second generation ionic
liquids both in situ during reactions and ex situ.45 Dent
et al. were among the first to employ the technique to
study the dissolution of [C2mim][MCl4] in
[C2mim]Cl–AlCl3 binary mixtures, for M ) Mn, Co, and
Ni, as a function of AlCl3 mole fractions.46 Importantly,
this study showed the noninnocent nature of the ionic
liquid on the dissolved species for the first time.
Therein, the coordination of Ni, Co, and Mn was found
to change from [MCl4]2- to [M(AlCl3)4]- as the mole
fraction of AlCl3 increased.


Our interest has been to examine the speciation of
complexes during and following reaction using EXAFS.
For example, the catalytically active species formed
during the Ni-catalyzed dimerization of but-1-ene in a
range of chloroaluminate ionic liquids has been studied
in detail.47 In situ Ni K-edge data was taken for
NiCl2(PiPr3)2 and [Ni(MeCN)6][BF4]2 in basic and acidic
chloroaluminate ionic liquids using mixtures of AlCl3


and [C2mim]Cl in the absence and presence of ethyla-
luminium chloride and correlated with the reaction
kinetics. Irrespective of the system examined here,
[Ni[AlCl4]3]- was found in all the solutions that showed
high activity over extended reaction times. Deactivation
of the catalysts over time was attributable to the gradual
transformation to an inactive tetrachloronickel species
or by reduction to metallic nickel.


The Heck reaction catalyzed by palladium salts and
complexes in room-temperature ionic liquids has also
been examined in detail using in situ EXAFS.46,48 In this
case, the importance of correlating the structural data
with the reaction kinetics was clearly illustrated. For
example, on dissolution of palladium acetate in non-
halide-based ionic liquids formation of ∼1 nm pal-
ladium nanoparticles, which showed good activity, was
observed, as shown by the pseudo-radial distribution
functions in Figure 10. In constrast dissolution in
chloride-based ionic liquids resulted in the formation
of [PdCl4]2- in general, as shown for the ionic
liquid 1-hexyl-2,3-dimethyl imidazolium chloride


([C6mmim]Cl) in Figure 10c. In this ionic liquid, the C(2)
position is capped by a methyl group; however, in
1-hexyl-3-dimethyl imidazolium chloride ([C6mim]Cl),
this position is occupied by an acidic hydrogen, which
can be abstracted by the base present in the Heck
reaction and results in the the formation of a bis-
carbene palladium complex. The Heck reaction in the
chloride-based ionic liquids showed poor reactivity but
in the presence of the reagents did gradually form
palladium metal, and at this point, the reaction was
initiated. The correlation between the induction period
and the nanoparticle formation was strong, and al-
though the metal may not be the active site for the
catalysis,49 the presence of Pd(0) is clearly important.
Carbene complexes have also been identified by EXAFS
in the Suzuki reaction catalyzed by [NiCl4]2--based ionic
liquids.50 Interestingly, in this case, Zhong et al. showed
that pretreatment with base prior to reaction to form
the carbene complex improved the reaction.


EXAFS has also been invaluable in understanding
speciation of actinides and lanthanides in ionic liquids.51


For example, in the extraction of heavy metals from
aqueous streams using ionic liquids, the mechanism of
the separation has been examined in detail.52 EXAFS has
been used to understand the coordination of uranium
using extractants such as carbamoylphosphine oxide
(CMPO) and tri(n-butyl)phosphate. In [C4mim][PF6] or
[C8mim][NTf2] as the extracting solvent, two uranium
species are formed both containing uranyl oxygens with
either 4–4.5 equatorial oxygens or the formation of
[UO2(NO3)(CMPO)]+. In contrast, in dodecane complexes
with six equatorial oxygens due to the coordination of two
monodentate CMPO molecules (PdO bound) and two
bidentate nitrate anions were observed. The difference
was attributed to the coordination of water. From the data,
a mechanism whereby ionic liquid cation exchange with
ions in the aqueous phase was proposed. From EXAFS
studies, an analogous mechanism was also proposed for
the extraction of Sr2+(aq) using ionic liquids using cis-


FIGURE 10. Comparison of the experimental (solid line) and fitted
(dashed line) pseudo-radial distribution functions from palladium
acetate dissolved in (a) [C4mim][PF6], (b) [C6mmim]Cl, and (c)
[C6mim]Cl at 80 °C.
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syn-cis-dicyclohexyl-18-crown-6 as the ligand.53 In both
cases, irrespective of the hydrophobicity of the ionic liquid
used, significant dissolution of the ionic liquid in the
aqueous phase was found.


The speciation of uranium in the electrochemical repro-
cessing of nucelar fuel has been studied using UV–vis
combined with EXAFS. Following anodization of uranium
metal in [C2mim]Cl, the U LIII-edge EXAFS showed a mixture
of uranium(IV) and uranium(VI) oxidation states corre-
sponding to a 1:1 mixture of [UCl6]2- and [UO2Cl4]2-


species.54 The presence of the high oxidation states was
unexpected and was attributed to the presence of water in
the ionic liquid. More complex speciation was observed
following the oxidative dissolution of uranium(IV) oxide in
[C4mim][NO3] using concentrated nitric acid as the oxidizing
agent.55 Therein, a dinuclear dioxouranium(VI) salt contain-
ing a bridging oxalate ligand, 1-butyl-3-methylimidazolium
µ4-(O,O,O ′ ,O ′ -ethane-1,2-dioato)-bis{bis(nitrato-
O′,O)dioxouranate(VI)} ([C4mim]2[{UO2(NO3)2}2(µ-C2O4)]), as
well as UO2(NO3)2·6H2O are formed in 15:85 mononuclear
nitrate/dinuclear oxalate dimer molar ratio in solution.


It should be noted that although the solvation of metal
complexes in ionic liquids has been investigated by a
number of groups, further research is needed in order to
understand the properties of these systems in, for ex-
ample, catalysis and electrochemistry. This is particularly
true in third generation ionic liquids where few studies
have been reported.


Summary
Our understanding of ionic liquid systems both in terms
of the structure of the liquid and ionic liquid–solute
interaction is becoming more established. Clear charge
ordering is found in the ionic liquids; however, as ex-
pected, with increased delocalization of the charge in the
anion the ionic bonding becomes softer, which results in
increasing overlap of the anion/cation coordination shells.
In the presence of benzene, the long-range order found
in the pure solvent still exists, and the anions and cations
initially solvating the molecule in the plane of the benzene
and above and below the ring, respectively. For glucose,
strong hydrogen bonding between the hydroxyl groups
and chloride is observed, which is thought to be the reason
the chloride-based ionic liquids are able to dissolve
cellulose efficiently. In this case, bridging chloride anions
are present in the predominant structure resulting in the
4:5 chloride/hydroxyl ratio being most prevalent. Solvation
of metal-containing species in first and second generation
ionic liquids shows a wide range of structures and EXAFS
has been instrumental in understanding the structure-
–activity relationships in both catalytic and extractive
systems. For example, in the Heck reaction, the reaction
was only found to be efficiently catalyzed in the presence
of palladium nanoparticles. Therein the growth of the
particles directly correlated with the rate of reaction. In
the presence of chloride, the palladium was stabilized as
either [PdCl4]2- or a bis-carbene complex, which pre-
vented nanoparticle growth and resulted in low activity


for the Heck coupling process. However, despite the
insight gained from these studies, the number of experi-
mental reports is still relatively low compared with
theoretical studies. Although there is still a lack of
experimentally determined data available that may be
compared with the simulations, where it exists, there
appears to be good agreement between the theory and
experiment.
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