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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 Bronsted acids interact with ionic liquids leading
to the formation of hydrogen-bonded anions.

l. 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
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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.

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.! 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
electrosprays? or with modern beam techniques.® Fur-
thermore, the recent experimental demonstration that
RTILs possess a thin but detectable vapor phase* 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.” 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.®

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.”?
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FIGURE 2. Cohesive energy per ion of neutral and singly charged
[bmim][Tf] clusters as a function of 1/N"? . 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.

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.’ Such topics are discussed in section IV.

Finally, we consider the complexes that Brensted 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.'° 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.

Il. 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]).! 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,'" and involved both a fine-tuned
simulated-annealing Monte Carlo algorithm and the basin
hopping technique.'?

Figure 2 shows the cohesive energy per ion for neutral
and charged clusters as a function of N"'/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,
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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.

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.! 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 C,'-C,’
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].'3 4
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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 U;;,, = 0.35T was subtracted from
each curve. Reproduced with permission from ref 1. Copyright 2007
American Chemical Society.

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], T,, = 286 K.»® 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 transition'® (T, ~ 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, IDI[Jalthough
at the lowest temperature the distribution of dipole
lengths, P(IDI), shows a dipole fluctuating around a small
but non-negligible residual value. In the liquid range (7,
~ 250 K), P(IDI) 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(ID)) 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
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FIGURE 5. Total pressure as function of T at two different densities:
(a) p; = 10~° mol/m3, (b) o, = 107 mol/m>. Molar fraction of neutral
and charged species in the gas phase at (c) p; = 10~ mol/m* and
(d) p; = 1077 mol/m?. 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.

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].* 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, p; = 107> mol/
m?® and p, = 107" mol/m?. 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.
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lIl. 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.'® 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,'” 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.'® 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,
that was closely followed by the work of other groups
arriving to similar conclusions.'®2°

We performed an extensive study of dimethylimida-
zolium chloride ([mmim][Cl]) using the SIESTA DFT
code.?! 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.?> 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 ClI- 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 CI™ above the plane of the ring,
in a configuration quite different from that assumed in
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FIGURE 6. Sitesite radial distribution functions, g,,(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][CI] 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.

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 CI™ 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 A, and the H---Cl bonds turn
out to be quite directional. This, together with experi-
mental evidence,'® 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

VOL. 40, NO. 11, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 1159
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FIGURE 7. Probability distribution of CI~ around mmim*. The isosurface corresponds to a density level of 0.03 A~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.
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FIGURE 8. Crystal structure of (a) [emim][PF], (b) [bmim][PF], and
(c) [ddmim][PF]. Note the arrangement of the alkyl chains.

(lul) in the liquid phase.® In the case of mmim™, the
origin was set at the geometric center of the imidazo-
lium ring. The most likely value of |ul 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 CI™ 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,

1160 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 40, NO. 11, 2007

a) 2.0
1.9

1.8

gl.'?
1.6
1.5
14
1.3

00 710 120 130 140 150 160 170 180

FIGURE 9. (a) Joint probability distribution P(/;,), for the two
hydrogen—chlorine bond lengths, /; and /, in CIHCI™ and (b)
distribution of bending angles, P(c). Reproduced with permission
from ref 10. Copyright 2006 American Chemical Society.

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,?® obtaining radial and angular distributions
in better agreement with ab initio distributions than
other force fields of the same functional form.
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Table 1. Zero-Pressure Equilibrium Volume (A3) of the RTIL Crystals®

comp [mmim][PF] [emim] [PFg] [bomim][PF] [ddmim][PFg] [bmim][C1]-I [bmim][C1]-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)

¢ 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 (7)) of the sample, the number of neutral ion pairs in the unit cell
(Z), and the experimental volume extrapolated to the limit of 7'= 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.

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).”?

Starting with the experimental crystal structure, we
performed a long series of geometry optimizations using
the local** (LDA) and one semilocal approximation® (PBE-
GGA) to DFT, as implemented in the SIESTA code.?! 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.’

Computations were performed on (i) a sequence of
[R-mim][PFg] salts, where R represents methyl
(Immim][PF]), ethyl ([emim][PFg]), butyl ([bmim][PFg]),
and dodecyl ([ddmim][PFg]) 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][PFy]/
[mmim][Cl] and [bmim][PFg]/[bmim][Cl]). The experi-
mental crystallographic structures of some PFq 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][PF;], [emim][PF4] and [bmim][PF]
but increases significantly for [ddmim][PFg], 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, E_.,;,, reported in Table 2. The difference
in E_,;, between LDA and PBE-GGA is very large (around
1 eV per ion pair) and increases with the length of the
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Table 2. Computed cohesive energy (in eV per
neutral ion pair) of alkyl-imidazolium crystals.®

LDA GGA FFM
[mmim] [PF] 2.372 1.637 2.257
[emim][PFg] 2.420 1.546 2.296
[bmim][PF] 2.480 1.445 2.237
[ddmim][PF] 3.113 1.510 2.803
[nmim][C]] 2.258 1.478 2.392
[bmim][Cl]-I 2.252 1.2855 2.480
[bmim][Cl]-IT 2.308 1.349 2.401

* E.., 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.

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 lonic 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.>!*2 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 Bronsted
acid molecule to a molten salt, specifically HCI 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.?! We
observed that the HCI molecule in [mmim][Cl] im-
mediately binds to a CI™ ion forming a CIHCI™ 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 NO;~, BF,~, PFs~, SO,H™, 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 1°.333% 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 CIHCI™, where
a single maximum indicates that the proton is sym-
metrically located at 1.55 A from each Cl atom. The
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Cl,

FIGURE 10. The old molecule is Cl,HCI, . Cl; enters and displaces
Cl, forming a new molecule Cl,HCl;™. & is defined as /; — /,. Note
that if a distortion with negative ¢, occurs then Cl, and Cl, change
roles. Reproduced with permission from ref 10. Copyright 2006
American Chemical Society.

geometry of the complex is barely modified from that
of the gas phase, at variance with observations in some
ionic crystals.**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 CI™ enters the sphere of the
CIHCI™ 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 CIHCI™ 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
CIHCI™ is asymmetrically stretched, a third CI™ anion
approaches the proton perpendicular to the axis of the
molecule forming a highly asymmetric Cl;H ? 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 CIHCI™ 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
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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 Brensted 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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