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ABSTRACT: We extend our previous molecular dynamics analysis of confined aqueous
electrolytes within cylindrical hydrophobic pores of nanometric dimensions [Videla et al. J.
Chem. Phys. 2011, 135, 104503] to the case of room temperature ionic liquid (RTIL)
solutions, with concentrations close to ¢ ~ 1 M. Equilibrium and dynamical characteristics
of two imidazolium-based RTILs, differing in the hydrophobicity of the corresponding
anionic species, were considered. The solutions within the pore were modeled in contact
with “bulk-like” reservoirs, which served as reference systems to gauge the magnitude of the
modifications observed in the global densities and in the transport coefficients. The density
fields associated to the ionic species present a marked enhancement near the pore walls; this
leads to increments of the global RTIL concentration within the pores, which are
intermediate between 2 and 3 times the ones observed in the bulk reservoirs. These
modifications are more marked in solutions containing more hydrophobic anionic species.
In both cases, selective adsorption of imidazolium groups at the pore walls prevails; these

wall-solvation states are characterized by a parallel orientation of the imidazolium ring, with respect to the pore surface. Mass and
charge transport were also investigated. The segregation of the ionic species towards the pore wall promotes a sharp drop in the
individual ionic diffusion coefficients. Nonuniform trends in the modifications of the ionic conductivity were found. Our results
show that charge transport is the result of a complex interplay between competing effects involving modifications in the local
concentrations, retardations in the ionic mobility, and dynamical cross-correlations, as well. A physical interpretation of the latter
effects is provided in terms of the differences in the spatial correlations of the ionic species within the interior of the pore.

I. INTRODUCTION

Room temperature ionic liquids (RTILs) are molten salts that
combine organic cations—such as alkyl-substituted imidazo-
lium, pyridinimum, or phosphonium groups—and organic or
inorganic anions ranging from simple ionic species (e.g, Cl7,
Br™) up to more bulky and hydrophobic moieties, like BF,~ or
PFs". Compared to classical organic solvents, these liquids
exhibit several appealing physicochemical properties that make
them suitable to host reactive processes in an “environmentally
friendly” fashion. The list includes: low melting point, low
volatility and flammability, high chemical and thermal stability,
and high polarity, to cite a few relevant characteristics.

The incorporation of water to ionic liquids leads to a wide
variety of new phases determined, to a large extent, by the
range of miscibility of each particular salt. In the vast majority
of cases, the miscibility is controlled by the corresponding
anion.' From a microscopic perspective, the structure of these
ionic phases is far from being simple.””” In many cases, the
amphiphilic nature of the cationic species leads to spatial
heterogeneities at the mesoscopic level involving clustering® ™'
and self-organization phenomena."'™'® Aqueous solutions of
ILs present a series of practical applications in a variety of areas
such as extraction processes in analytical chemistry,'”'®
synthetic routes,'® and cooling cycles.*’
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The presence of a macroscopic solid/liquid or gas/liquid
interface brings more complexities in the microscopic scenario.
Most notable are those associated with local concentration
fluctuations™ ~>* and enhancement of orientational correlations
involving different molecular groups at the vicinity of the
interfaces.>> >’ These modifications, in turn, also have
important consequences in the dynamical behavior of the
different species”*’ and may give rise to interesting catalytic
applications.>**'

It is also of interest to examine how the resulting structures
of these binary solutions can be even further modified when
they are confined within pores or slits,***> with nanometric
linear dimensions. For example, using a combination of
differential scanning calorimetry and spectroscopic measure-
ments, Sing et al.>* detected changes in phase equilibria of
imidazolium-based ionic liquids confined in a silica gel matrix
with nanometric dimensions. In addition, Coasne et al.>* have
examined the structure and dynamics of RTILs, tightly bound
to the walls of silica pores at different filling conditions. Iacob
and collaborators have reported results from dielectric
spectroscopy and magnetic resonance experiments that reveal
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up to 10-fold reductions in the diffusion coefficients of ionic
liquids in oxidized nanoporous silica membranes.*®

Yet, the information about microscopic characteristics of
confined water—RTIL solutions is still very scarce. To gain
physical insight about the subject, we undertook a series of
molecular dynamics experiments involving aqueous solutions of
two imidazolium-based RTILs, confined within cylindrical
hydrophobic pores with radius close to 1 nm. To clearly
identify the modifications introduced by the confinement, the
solution within the pore was brought into contact with a
reference, “bulk-like” reservoir. In a broader context, the
present work extends a recent analysis®” that we performed, in
which we examined aqueous NaCl solutions within similar
pores. Although these two systems could be cast within the
same conceptual framework, this new set of simulation results
reveals that the structural and dynamical features of the
confined RTIL solutions differ from those observed in simpler
aqueous electrolytes at a qualitative level.

The organization of the paper is as follows: in Section II, we
briefly describe the model and technical details of the
simulation procedure. Equilibrium and time-dependent charac-
teristics of confined RTIL solutions are presented in Section IIL
The last section includes a summary of the main conclusions of
the present work.

Il. MODEL

The systems under investigation were similar to the ones
examined in our earlier work, so the description here will be
restricted to their main features. A more detailed presentation
can be found in ref 37. We considered a model cylindrical pore
of length I = 33 A and radius R = 12.5 A, in contact with
reservoirs containing RTIL solutions, with a global concen-
tration close to ¢ ~ 1 M. The pore was placed at the central part
of a fully periodic system, with its longitudinal axis aligned
along the z-axis. The boxlengths of the simulation box were set
toL,=L,=51 Aand L, ~ 87 A (see Figure 1). Two different

Figure 1. Snapshot of the model system comprising the central pore
and the lateral bulk reservoir. For clarity purposes, water molecules
have been removed.

solutions, differing in the “hydrophobic” characteristics of their
corresponding anions, were considered: (i) 1-butyl-3-methyl-
imidazolium chloride [BMIM]*[CI]” and (ii) 1-butyl-3-
methylimidazolium tetrafluoroborate [BMIM]*[BF,]”, here-
after referred to as IL1 and IL2, respectively.

The pore was constructed from a fused, silica-like,
rectangular block with linear dimensions L, = L, = 51 A and
L, = 33 A, previously equilibrated at T = 8000 K for about 1 ns.
During this initial stage, all particles contained within a
cylindrical section along the z-axis, of radius R = 12.5 A,
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remained immobile.***® The silica sample was then quenched
down to ambient conditions, and the central resist was
removed. The resulting structure presented dynamical charac-
teristics similar to an amorphous solid phase.

The bored block was brought adjacent to previously
equilibrated samples of RTIL aqueous solutions, which were
allowed to permeate through the pore. The liquid phases of IL1
(IL2) comprised N,, = 4172 (4123) water molecules and Ny, =
102 (130) ion pairs. To facilitate the initial pore filling, the
temperature was raised up to T = 473 K for about S ns and was
slowly brought down to T = 323 K, until the global density of
the solutions remained practically unchanged. During this last
stage, the length of the simulation box along the z-axis was
modified to bring the local water and salt concentrations in the
z ~ =+ L2, “bulk region”, in reasonable agreement with
experimental information. With this procedure, we could adjust
the bulk salt concentrations to cfs ~ 0.87 M and cfjs ~ 0.77 M
and local water molar fractions to x5X = 0.98 and x5 = 0.98.
The latter values coincide reasonably well with the data
reported in refs 40 and 41.

Dynamical trajectories were generated using the NAMD
package*” and corresponded to microcanonical runs. In most
cases, very long runs—involving, typically, five statistically
independent trajectories, each one lasting ~20 ns—were
required, to obtain reasonable statistical averages. Concerning
Hamiltonian details, the total energy was assumed to be pair
decomposable. For water, we adopted the well-tested SPC/E
model.* Solute species were modeled as fully flexible
molecules, with intermolecular site—site interactions involving
Lennard-Jones and Coulomb contributions. Inter- and intra-
molecular parameters were taken from ref 44. To reduce
computational costs and be able to collect statistics along
sufficiently long simulation runs, effects from polarization
fluctuations were neglected. This is a delicate issue since it has
been reported***¢ that such approximations sometimes may
lead to poor estimates, especially for dynamical properties. In
addition to the explicit incorporation of dipole—dipole
interactions, several modifications in the potential parameters,
including the scaling of the site charges, have been recently
proposed to improve simulation predictions.*” Despite these
drawbacks, we will show in the next section that our
nonpolarizable Hamiltonian still provides reasonable estimates
for diffusion constants of the water—IL solutions that we will
examine. Interactions between pore sites and the rest of the
fluid phase were of the Lennard-Jones type, exclusively. Details
about the parameters can be found in our previous work.>” The
usual arithmetical and geometrical means were adopted to
model length and energy cross interaction parameters. Ewald
sums were implemented to handle the long-range nature of
Coulomb interactions.*®

lll. RESULTS

A. Equilibrium Solvation Structures. The starting point
of our analysis will be the consideration of different density
fields along the z-direction, namely

2 (Blzg = 2))

i (1)
where (x}, ¥, z,) corresponds to the coordinates of the center
of mass of the ith particle of species (« = W, [BMIM]*, [Cl]~,

[BF,]”) with respect to a coordinate system centered at the
center of mass of the pore and (..) denotes an equilibrium

1
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p(x(z) - LxLy
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ensemble average. Results for the different pZ(z) normalized by
the corresponding bulk values, pt* = pZ(L,/2), are shown in
the top panels of Figures 2 and 3, for IL1 and IL2 solutions,

respectively.

Figure 2. Top panel: Normalized density fields along the z-axis for
confined [BMIM]*[Cl]~ aqueous solutions with s = 0.87 M and T =
323 K. Bottom panel: Same as the top panel, for a restricted sampling
along a central cylinder volume of radius R (see text). The error bars
correspond to standard deviations obtained from five statistically
independent, 20 ns trajectories (see text). The vertical dashed lines
denote the pore boundaries.
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Figure 3. Same as Figure 2 for confined [BMIM]*[BF,]”

solutions with cf§ = 0.78 M and T = 323 K.

aqueous

The most prominent density fluctuations in the top panels
correspond to cationic densities which show two peaks at z ~
+19 A, revealing a ~S-fold increment of the local densities with
respect to the corresponding bulk values. The positions and
magnitudes of these peaks suggest a tight adsorption of
[BMIM]" groups, at the lateral walls of the solid slab which are
in contact with the bulk solutions. The profiles for the anionic
species show much broader and smaller peaks located at z ~
+22 A for [Cl]” and a doubly picked structure for [BF,]”
groups, shifted ~1 A with respect to the positions of the
[BMIM]* maxima, away from the walls and into the liquid
phase.

As such, the profiles of p%(z) inside the pore depend on the
linear dimensions L, and L, of the simulation box. To get rid of
that dependence, more insightful information about the
characteristics of the densities can be gained, if one restricts
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the sampling to a cylindrical volume of radius similar to the
pore one, namely

oy = L i
20 = 5 T oek- )

where (..)p denotes a statistical sampling restricted to those
molecules whose distances to the z-axis are less than R.

Results for pJ'(z) are depicted in the bottom panels of
Figures 2 and 3. Compared to bulk results at z ~ +L/2, in both
RTIL solutions, the water content within the pores decreases
~10—20%, whereas salt concentrations show clear enhance-
ments, somewhat more marked in the IL2 case. Average values
of the ionic densities computed along the lz| < 16.5 A interval
yield global concentrations within the pores close to cf® ~ 2.1
M and cf%° ~ 2.8 M and water molar fractions xf;* = 0.96 and
xf5¢ = 0.93. We remark that these features contrast sharply with
the ones observed for confined aqueous solutions of NaCl,
where the global salt concentrations within hydrophobic pores
were found to be smaller than the values observed in the bulk.>’

A close inspection of the two sets of plots presented in
Figures 2 and 3 reveals important fluctuations of the ionic local
densities, not only at the vicinity of the lateral wall of the bock
but also at the pore rims. The case of IL1 solutions is perhaps
the most evident: note that in the bottom panel of Figure 2 the
[BMIM]* profile presents two minima at ~+20 A, where the
normalized density drops down to 0.8; moreover, as we move
toward the interior of the pore, these two minima are followed
by two maxima close to 3.5, at z ~ +15 A. Given the linear
dimensions of the pore, we tend to believe that predictions for
the confined liquid phase based on results obtained from these
coupled pore—bulk systems will be affected by finite size effects
to a non-negligible extent.

As a simple alternative to minimize these effects, and to move
forward in our analysis of structural characteristics and
dynamics of confined RTIL solutions, we proceeded by
performing two kinds of independent simulation experiments:
(i) on one hand, we undertook pore-like simulations (hereafter
referred to as experiments of type %) comprising RTIL
solutions, with IL global concentrations and water molar
fractions taken from these previous experiments, confined
within [ = 66 A, longer tubular pores, periodically replicated
along the z-direction; (ii) on the other hand, and as reference
systems, we also performed standard, bulk-like, simulations
experiments (hereafter referred to as type B) of fully periodic
aqueous solutions of RTILs, with concentrations and water
molar fractions taken from ¢ and x}¥, respectively.

The analysis of results from experiments of type # showed
that the interiors of the pores also represent inhomogeneous
environments for the ionic solvation. In Figure 4 we present
results for p2y(r), the distributions along the radial direction of
the different species, namely

1
Pf:d(’) = L. Z (80" — r))p

z ©)
where r{" represents the distance of the ith particle of species a
to the axis of the pore and (..)p represents averages collected

along experiments of type .

Similarly to what we have found in the results for pZ(z), for
both RTILs, the most prominent fluctuations are those
observed for the [BMIM]" species, which remain tightly
adsorbed to the wall of the hydrophobic pores (see the peaks at

dx.doi.org/10.1021/jp211101a | J. Phys. Chem. C 2012, 116, 5394—5400



The Journal of Physical Chemistry C

12

[BMIM]'[BF,]-

8

blk
o

(r)/p,

Ly

rad
Po

[BMIM][CIT

4 3y
0 5 10

r(A)

Figure 4. Normalized radial density fields for different species of
confined RTILs within hydrophobic pores of radius R = 12.5 A at T =
323 K. Water, solid line; cations, triangles; anions, circles.

r ~ 12 A). As we move to shorter radii, the profiles exhibit
shoulder-like structures at r ~ 9—10 A, followed by an
intermediate, S A < r < 8 A, inner region practically deprived of
[BMIM]" ions. Finally, one arrives to the central region, where
the local concentrations attain practically bulk values.

To gain additional insight about the nature of wall-solvation
states of the [BMIM]* ions, we also computed local
orientational correlations of the imidazolium rings with respect
to the r direction, in terms of the angles

cos 0; = fi;-F

(4)

In the previous equation, fi; represents a unit vector
perpendicular to the i-th imidazolium ring and ¥ a unit vector
along the r direction. More specifically, we focused attention on
distributions of the type

Nr
Py(cos 0)(r) = NL z 'P,(cos 6;)
"i=1

©)

where P,(x) = (32> — 1)/2 and the prime denotes a sum
restricted to [BMIM]* cations which lie in a Ar = 0.5 A
interval, centered at r, containing N, molecules. The results

appear in Figure.S. In both RTILs, the profiles for P5(cos 6)(r)
suggest that wall-solvation states are characterized by cations
with their ring planes parallel to the interface, i.e, cos €; ~ 1.
Moreover, the plots also show a secondary preferential
orientation §; ~ 60° for those cations lying at the 8 A<rg
10 A inner interval and a complete loss of orientational
correlation for the rest of the groups, localized at the center of
the pore.

The normalized distributions of the anions in Figure 4
present distinctive features: (i) on one hand, the plot for Cl
presents a broad peak of magnitude ~5, adjacent and practically
segregated from the [BMIM]* one. The peak spans the S A < r
< 10 A, more central region of the pore and reveals the absence
of wall-solvation states for these species; (ii) on the other hand,
the plot corresponding to the more hydrophobic [BF,]™ anions
is dominated by a peak of magnitude ~8, centered at r = 11.5 A
that would be compatible with, at least, partial wall-like
solvation. As we will see in the next section, these structural
differences, i.e., adjacent-segregated vs partially overlapped-wall

5397

solvation structures, might be indicative of modifications in the
mechanisms that control transport properties in the two RTIL
solutions that we investigated.

B. Dynamical Analysis. Our dynamical analysis will be
focused on the examination of mass and charge transport
coefficients along the axial direction of the pore. In particular,
individual diffusion coefficients, Dtl)l,, were computed from the

limiting slopes of Ré, the root-mean-square displacements,
namely

Ra _ o (zalt) = z(O)P)p
2t

t— 00

D(|)|( = lim

t— 00

(6)

Results for Ré(t) for water and the ionic species are depicted in
Figure 6, whereas results for D! are listed in Table la. At a first

1
a—A L1
0.8l o—o L2
0.6}
5
@ 0.4
e
ot 0.2

r(A)

Figure S. Local orientational correlations for the imidazolium rings of
[BMIM]* groups along the radial direction for confined RTILs, within
hydrophobic pores of radius R = 12.5 A at T = 323 K. The error bars
correspond to standard deviations taken from five statistically
independent, 20 ns trajectories (see text). For clarity purposes, error
bars are restricted to the r > 8 A interval.

glance, the plots reveal that the root mean displacements of the
confined ions remain in the sublinear temporal regime over
time spans unusually long for standard liquid phases. Yet, these
time scales are those required for the different species to travel
distances comparable to their molecular sizes. For the particular
case of adsorbed [BMIM]* groups, even after 1 ns, the linear
regime seems to be only marginally satisfied. Given the
characteristics of the wall-solvation already described, we
cannot discard that this sublineal temporal regime might reflect
the presence of mechanisms akin to highly correlated “single-
file-diffusion” motions, in which surpassing episodes between
different particles are severely hindered.

In Table 1b, we have included reference bulk results from
simulations of type B. As we mentioned before, despite the
approximations involved in neglecting polarization fluctuations
in our model Hamiltonian, simulation predictions compare
experimental data.*’ Confinement promotes a drop in the
diffusion coefficients of water and [Cl]™ by a factor of ~2.
Modifications in the transport of bulkier and more hydrophobic
ions are much more dramatic: upon confinement, the diffusion
coefficient of [BF,]” drops a factor of ~7—8, whereas the ones
for [BMIM]" get reduced by up to a factor of ~20. Note that
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Figure 6. Root mean square displacements for different species
comprising confined RTIL solutions within hydrophobic pores of
radius R = 12.5 A at T = 323 K. Water, circles; anions, squares; cations,
triangles. The dashed lines correspond to asymptotic linear plots, with
slope one.

these modifications in the transport correlate reasonably well
with the magnitude of the structural modifications operated in
the local density fields described in the previous section. More
interestingly, these effects seem to be also controlled, to some
extent, by the presence of nearby bulkier anions which—as in
the case of heavier [BF,]” groups—may reinforce the
retardation effects imposed by the presence of a nearby static,
solid interface.

The analysis of the charge transport in terms of the time
correlation function of the parallel current provides additional
insights into the mechanisms that control the translational
modes of the confined RTILs In the sixth column of Table 1,
we present results for o', the ionic conductmty, computed from
the time correlation functlon of JI, namely*°

llepy.qll
o= Jo v o
) = 3 Zge 24(0)

i, (7)
where V represents the volume of the pore; ky is the Boltzmann
constant; and Ze is the charge of species a. The direct
comparison between confined and bulk results for o' does not
allow us to establish conclusive trends, in particular because,

quite unexpectedly, the ionic conductivity for confined IL1
solutions was found to be greater than the one recorded in the
bulk.

In principle, one could be tempted to invoke a delicate
balance between the increment in the number of charge carriers
within the pores and the retardations observed in the
translational modes to account for the variations in o,
Although this is true, we will shortly show that additional
effects will also need to be considered. To move forward in our
analysis, it will be useful to perform the standard decomposition
of the expression of the conductivity, namely*°

oll = GQ\IE(I + A) (8)
where o represents the so-called Nerst—Einstein (NE)
approximation. For an [M]*[X]™ aqueous solution containing
N ion pairs, the expression for oyg is

kBTV M (9)

As such, the NE expression neglects contributions from cross-
dynamical correlations between pairs of particles which, in turn,
are included in the A term.

Usually, A is a negative quantity; in other words, the
incorporation of correlations between velocities of different
particles leads to an overall reduction in the electrical
conductivity. While this feature holds for pure RTILs®' and
for aqueous solutions as well (see entries in column 7 of Table
1b), the simulation results listed in Table la reveal that this
characteristic is not satisfied in confined solutions. We remark
that such positive deviations have also been reported in molten
salts comprising noble-metal halides. 2755

Looking for clues to rationalize this peculiarity, we further
decomposed the expression of A into contributions from three

distinct, cross-diffusion coefficients of the type
A=Ayt + Ay — 28—
d d _apd
D+ D — 2D -
B [ I
DM+ + Dy~

d _ ® iy
Dy =N [ (0 2{w)a -

Results for A,, (a = M7, X7) are listed in the last three
columns of Table 1. In IL1, the largest contribution to the A
term comes from cross-correlations between [Cl]™—[Cl] ™ pairs
(which are the fastest), whereas in the IL2 solution, the
contributions from the three cross-terms are much more
comparable. As a result, deviations from the NE behavior are

Table 1. Transport Coefficients for Confined and Bulk Ionic Liquid—Water Solutions at T = 323 K

Dy D} Dl

RTIL G

IM]*[X]™ M 10~° cm? 7! Q'm! A Axx At Ayt
a. Pore results”
[BMIM]*[CI]" 2.1 17 0.67 013 9.6 0.67 12 0.17 035
[BMIM]*[BE,]~ 2.9 1.4 0.21 0.046 3.3 0.29 0.65 0.17 0.27
b. Bulk results”
[BMIM]*[CI]- 0.87 2.8 14 0.96 6.5 —0.07 —0.03 —0.03 0.004
[BMIM]+[BF4]7 0.77 2.8 1.7 1.0 54 —-0.24 —0.14 —0.08 0.008

“Results from experiments of type P (see text). bResults from experiments of type B (see text).
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somewhat more marked in the IL1—about ~70%—than in the
IL2 case, ~25%.

The physical interpretation of these changes is not always
straightforward. Still, in the present context, one could
speculate that some clues could be obtained from the simple
consideration of the differences in the spatial correlations of the
different species within the pore shown in Figure 4. More
specifically, in IL1 solutions, we recall that the gross features of
p24(r) can be cast in terms of the segregation of the two ionic
species within adjacent, coaxial sections. As such, correlated
motions between pairs of ions with the same charge should
prevail upon those involving neutral, [Cl]7[BMIM]", pairs.
Contrasting, in IL2 solutions, the overlap between the p=¢(r)
distributions would indicate a larger extent of cancellations
between the different A,, leading to a smaller, albeit still
positive, value of A. Incidentally, similar connections between
segregation and transport within nanocavities have been
established in a recent analysis of cross fluxes of mixtures of
protic—aprotic solvents.>

IV. CONCLUDING REMARKS

The results presented in this paper shed light on new features
related to structural and dynamical characteristics of aqueous
solutions of RTILs, confined within hydrophobic cylindrical
pores of nanometric dimensions. We start by pointing out that
the presence of a hydrophobic, solid-like substrate promotes
enhancements of the local densities of bulky ionic groups—
such as [BMIM]* and [BF,] —at its close vicinity. Such
segregation is akin to the concentration fluctuations of large
groups reforted at liquid—air interfaces in RTIL—water
solutions.”* Within a more general framework, the phenomen-
on could also be ascribed to the well-documented tendency of
water to stay away from large hydrophobic-like solutes.””
Although the concept of “hydrophobicity” applied to groups
such as [BMIM]" or [BF,]™ may still be subjected to a certain
extent of ambiguity, in the present context, we are referring to
groups with two distinctive characteristics: (i) a molecular size
well beyond the one of a water molecule and (ii) an overall
weak Coulomb coupling with the aqueous environment, due
also to the large length scales characterizing their corresponding
charge distributions.

Our results reveal a preferential wall adsorption of [BMIM]*
groups and a somewhat more attenuated propensity for [BF,]”
anionic species. Moreover, the solvation of the former groups is
characterized by strong orientational correlations of their
imidazolium groups, which remain practically parallel to the
pore walls. To preserve electroneutrality, the excess of the
positive charge at the interface goes hand in hand with local
increments of the concentrations of the corresponding
counterions. As a result, these modifications lead to overall
concentrations of the ionic species which, for pores with R ~
1-2 nm, are between 2 and 3 times larger than the ones
prevailing in bulk regions.

In passing, we remark that this structural description
contrasts sharply to the complementary one found in simpler
confined aqueous electrolytes, where the first solvation shells of
each individual ion are preserved and the ionic species are
segregated away from the walls, into the central, “bulk-like”,
region of the pores. As such, the presence of an outer aqueous
shell deprived from ionic species leads to a net depletion of
global pore salt concentration. Interestingly, the scenario in IL1
solutions could be pictured as a “hybrid” one, characterized by
[BMIM]" groups exhibiting wall-like solvation states and [Cl]~
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ions lying at inner regions of the pore, segregated from the
more external shell occupied by the [BMIM]* groups.
Concerning transport properties, the localization of a sizable
fraction of the ionic species in outer regions of the pore brings
down pore diffusion coefficients by a factor of ~0.5 for the
fastest [Cl]™ ions. For bulkier groups such as [BMIM]" and
[BF,]”, the drop may go down by practically 2 orders of
magnitude. Modifications in ¢! are not uniform and seem to be
a result of a complex interplay in which intervene, at least, three
competing effects from: (i) the already mentioned retardations
of the diffusive motions; (ii) the net increment in the
concentrations of charge carriers within the pore; and (ii)
cross-dynamical correlations, which would be dictated, in part,
by the characteristics of the different local ionic densities within
the pores. In IL1 solutions, the combined effects (ii) and (iii)
would prevail upon the retardations. By “dissecting” the A term
into its three contributions A,, we found that the overall
effects of cross dynamical correlations are dominated by
contributions from velocities of nearby [Cl]™—[Cl]~ pairs that
would be positively correlated. This behavior would clash with
the one observed in pure and aqueous solutions of binary
RTILs, where cation—cation and anion—anion distinctive
diffusive coefficients are usually negative. As a plausible
argument to account for these differences, we tend to believe
that the segregation of [Cl]™ and [BMIM]" groups in adjacent,
concentrical shells with boundaries perpendicular to the z-
direction could reinforce cooperative effects between the
equally charged ions. As an additional element to support
this line of reasoning, we remark that, in IL2 solutions, the
larger overlap between pfiy and pffé at the outer, r > 10 A,
region would render the three distinctive diffusion coefficients
much more comparable in size, bringing down the value of A.
Although additional experiments oriented to the identifica-
tion of microscopic mechanisms controlling mass and charge
transport in pores are surely called for, we believe that this first
physical interpretation based on the characteristics of the
segregations of the ionic species is physically sound. As such,
the simulation results described in this paper represent a body
of new and interesting behaviors concerning structural and
dynamical characteristics of confined RTIL aqueous solutions
that differ at a qualitative level not only from those found in
bulk phases but also from those observed in simpler aqueous
electrolytes under similar conditions of confinement. A deeper
analysis based on the time characteristics of the different cross
correlation functions is currently underway in our laboratory.
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