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Diffusion mechanisms in smectic ionic liquid crystals:
insights from coarse-grained MD simulations†

Giacomo Saielli,*a Gregory A. Vothb and Yanting Wangc

We present the results of MD simulations, using a coarse grained force field, concerning the mechanism

of diffusion in ionic liquid crystals. The dynamical properties of the recently characterized (G. Saielli, Soft

Matter, 2012, 8, 10279) model system of 1-hexadecyl-3-methylimidazolium nitrate in the smectic A

phase are analysed in detail. Comparison is made with the dynamical behaviour of thermotropic non-

ionic smectic liquid crystals (LCs) and with that of lamellar phases of surfactant–water mixtures. The self-

diffusion anisotropy, that is the ratio between the parallel and perpendicular diffusion coefficients, is

consistent with that of non-ionic smectic LCs, though a significant contribution to the parallel diffusion

is given by “pore” defects, similarly to what was observed in lamellar phases.
Introduction

Thermotropic ionic liquid crystals (ILCs) are mesophases, i.e.
liquid crystal (LC) phases, formed by ions. The most common
cases reported in the literature are those where the salt is
composedof aquaternizednitrogen cation, suchas imidazolium,
pyridinium, guanidinium, pyrrolidinium, and an inorganic
anion, such as halides, PF6

�, BF4
�, (CF3SO2)2N

�. These systems
are oen Ionic Liquids (ILs) but in cases where one or more alkyl
chains are sufficiently long, microphase segregation occurs
between the ionic moieties and the hydrophobic chains. There-
fore smectic, that is layered, mesophases are observed, with an
alternation of ionic and hydrophobic layers1–15with a few notable
exceptions where a nematic phase has been reported.14,16–18

Recent reviews highlight the state of the art in this eld.19–21

Molecular dynamics (MD) simulations of ILCs are particu-
larly demanding since these systems are usually very viscous
due to the combination of long range electrostatic interactions,
as in ILs, with the ordered structure typical of the liquid crystals.
Not surprisingly, novel Coarse-Grained Force Fields (CGFFs)
continue to appear in the literature both for the MD simulations
of ILs22,23 as well as for the MD simulations of LCs.24–28 An easy
prediction is therefore that CGFFs are going to play an impor-
tant role in the description of the structural properties of
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thermotropic ILCs, as is already the case for the analogous class
of compounds, surfactants and membranes.29–33 An interesting
review summarises the state of the art in coarse-graining
techniques.34

In a recent paper we have reported the structural properties
of the crystal B, smectic A and isotropic phases of the model
ionic liquid crystal 1-hexadecyl-3-methylimidazolium nitrate
obtained using MD simulations.35 The force eld used was a
CGFF model recently developed for the isotropic phase of ionic
liquids, that is short chain imidazolium salts.36,37 The results of
the simulation demonstrated that the CGFF exhibits meso-
morphism; in particular, as found for the real salt, the bilayered
ionic smectic A mesophase is observed, though in a range of
temperatures higher than the experimental case; this might be
expected, since, as thoroughly discussed in ref. 35 the repro-
duction of the transition temperatures of LC phases requires a
very careful adjustment of the parameters of atomistic FFs.38,39

In a second paper, a detailed investigation of the depen-
dence of the structural features of 1-alkyl-3-methylimidazolium
salts as a function of the alkyl chain length, using the same
CGFF, has been performed.40 The results obtained conrmed
that this CGFF model potential is capable of capturing the
essential features that drive the formation of ionic mesophases.

Dynamical properties obtained from coarse-grained MD
simulations suffer from an unphysical acceleration due to the
smoothening of the potential energy surface introduced by the
coarse-grainingmapping. Indeed amore faithful representation
of the dynamics using a CGFF has been obtained using a mul-
tiscale formalism.41 Nevertheless, we still use here the original
CG implementation as in ref. 35 for two reasons: rst in this way
we complete the characterization of the behaviour of the CGFF
also from a dynamical point of view, aer the structural char-
acterization; and secondly we believe that the relative values
of the dynamical properties or mechanisms of diffusion in
This journal is ª The Royal Society of Chemistry 2013



Fig. 1 Schematic representation of (a) neck and (b) pore defects in lamellar
phases of surfactant–water mixtures.

Paper Soft Matter
anisotropic environments are still correct at a semi-quantitative
level, thus providing a description of the dynamics of ionic
smectic mesophases.

Diffusion in smectic A phases of thermotropic non-ionic LCs
has been widely investigated by experiments,42–46 theories47–50

and computer simulations.51–56 In all these works, special
attention has been paid to the diffusion anisotropy, that is the
ratio of the parallel, Dk, vs. perpendicular, Dt, diffusion coef-
cient. The former accounts for the diffusion across the layers
(parallel to the director) while the latter one for the diffusion in
the plane of the layers (perpendicular to the director). The
molecular motion parallel to the director is affected by a peri-
odic potential that is expected to slow down the dynamics. In
several cases, however, a nematic-like behaviour has also been
observed in the smectic A phase, that is a behaviour where Dk >
Dt.46,57 This behaviour has also been conrmed by MD simu-
lations of model mesogens.53,58 In other cases the opposite
result (Dk < Dt) has been found.42 More generally, in the SmA
phase, the activation energies of the parallel and perpendicular
diffusions are different, therefore, if the phase is stable for a
sufficiently large temperature range, an inversion of the Dk/Dt

ratio can be observed as a function of the temperature, with the
parallel diffusion coefficient being larger than the perpendic-
ular one close to the smectic A–nematic (or –isotropic) transi-
tion and the opposite at lower temperatures.43 A striking
example of the dependence of the Dk/Dt ratio on the details of
the molecular structure can be found in ref. 44 where the
replacement of the cyano group by a triuoromethoxy group in
a 4-octyloxy-N-(4-X-benzylidene)aniline, X ¼ CN, CF3O, led to an
inversion of the self-diffusion anisotropy. In any case, no matter
which is the larger diffusion coefficient, the ratio has been
oen observed to be not too far from unity, usually between
about 0.3 and 3.

A different situation is found, instead, for lamellar phases of
surfactant–water mixtures. Here the layers are not only physi-
cally separated but also chemically distinct: a hydrophobic layer
of the surfactant molecules, typically with a long alkyl chain, is
followed and preceded by a water/ionic layer. The potential
opposing the parallel diffusion is now expected to be much
larger since it is requested that either a water molecule crosses a
hydrophobic layer or that a hydrophobic molecule crosses a
water layer. In fact, experimental data on several surfactant–
water systems in the lamellar phase point to a large diffusion
anisotropy, with the parallel diffusion coefficient smaller by a
factor of about 25–30 or more than the perpendicular diffusion
coefficient, both for the water and the surfactant molecules.59

Another important issue discussed in the literature is the
mechanism of diffusion, especially that one parallel to the
director. For thermotropic smectic A phases two different
processes are conceivable: a direct “permeation” through the
layer's boundary or a “parking-lot”mechanism wheremolecules
rst move in between the layers, orienting perpendicularly to
the director, and then diffuse into the adjacent layer (or back
into the original one).60 The former mechanism has received
larger credit, including the recent direct experimental observa-
tion in the smectic phase of lamentous bacteriophage fd.61 The
diffusion proceeds through “jumps” between adjacent layers,
This journal is ª The Royal Society of Chemistry 2013
rather than following a Brownian motion. This also accounts
for two, at rst sight contradictory, facts: (i) existence of layers
and (ii) the faster, or at least comparable, parallel diffusion
compared to the perpendicular diffusion. The other mechanism
has been suggested to become important for mixtures of hard
rods and spheres, where the spheres arrange themselves at the
boundary of the smectic phase thus facilitating the population
of the interlayer region by rods oriented roughly perpendicu-
larly to the director. This result obtained by Cinacchi and de
Gaetani58,62 is particularly interesting concerning ILCs that,
apart from the presence of charges, are usually composed of
stoichiometric mixtures of rod-like cations, though highly ex-
ible, and more or less spherical anions.

In the case of lamellar phases of surfactant–water mixtures
the slower parallel diffusion is thought to proceed mainly
through defects in the structure. “Necks” and “pores” are the
two primary point defects that can be formed in a lamellar
phase. The former type connects two hydrophobic layers while
the latter one connects two water layers, as in Fig. 1.

Constantin and Oswald63 have investigated the diffusion in
the lyotropic system C12EO6–H2O using hydrophobic and
hydrophilic probe molecules and found that the parallel diffu-
sion coefficient for both probes is much smaller than the
perpendicular one, by 10 to 40 times, depending on the
temperature. However Dk of the hydrophobic probe increases
exponentially close to the transition to the isotropic phase while
Dk of the hydrophilic probe remains constant. This observation
suggests that, in this system, neck-type defects develop on
increasing the temperature.

Results and discussion
The model system and computational details

The basic ingredients of the CGFF model system have been
described in ref. 36 and 37 while ref. 35 contains the details of
the generation of the trajectory les used here for the analysis of
the dynamical properties.

Briey, the ion pair 1-hexadecyl-3-methylimidazolium
nitrate is composed of 65 atoms. The CGFF reduces the number
of particles to 19 by replacing each methyl and methylene unit,
the imidazolium ring and the anion with single interaction
sites, see Fig. 2. The gure shows the imidazolium ring (A); the
methyl group on nitrogen 3 (B); the methylene group on
Soft Matter, 2013, 9, 5716–5725 | 5717



Fig. 2 Coarse-grained model of 1-hexadecyl-3-methylimidazolium nitrate with
site labelling.36,37

Soft Matter Paper
nitrogen 1 (M1) and the next three methylene groups (M2, M3,
M4) of the alkyl chain; the remaining 11 methylene groups of
the chain (C); the methyl group C16 (E); and the anion (D).

Simulations have been run in the NPT ensemble with the
soware DL_POLY Classic.64 Each trajectory le used for the
analysis contains 1000 congurations saved every 27 ps.
Fig. 3 Mean square displacements along the (red) x, (blue) y and (back) z coor-
dinates of sites (top) A, (middle) D and (bottom) E for the crystal B phase at 450 K.

Table 1 Diffusion coefficients (10�11 m2 s�1) in the three phases

T/K DA
z DD

z DA
xy DD

xy

450 0.0 0.0 0.6 � 2 4.8 � 2
505 12 � 4 18 � 4 24 � 4 36 � 4
600 66 � 6 105 � 6 75 � 6 108 � 6
Results

We briey recall here the phase behaviour of the model system
under investigation. A detailed description can be found in ref.
35. The model system exhibits three phases: a crystal B phase,
up to ca. 500 K; a bilayered smectic A phase, between ca. 500 K
and ca. 560 K; and an isotropic phase for temperatures higher
than 560 K. A snapshot of the three structures can be found in
Fig. 1 of ESI.†

We should mention that in the simulations we used
orthorhombic periodic boundary conditions, where the ratio
of the z box length and the x or y box length (box anisotropy)
was xed based on experimental layer thickness of the SmA
phase.35 Thus, these boundary conditions are fully compatible
with the symmetry of the smectic and isotropic phases. Clearly
we cannot reproduce here the triclinic structure of the low
temperature crystal phase experimentally observed for long-
chain imidazolium salts,65 which is, however, beyond the
scope of the present investigation. Thus the crystal B phase
exhibited by the model system under orthorhombic periodic
boundary conditions will serve as an interesting ordered phase
for comparison with the smectic phase. A snapshot of the
hexagonal arrangement in the CrB structure is shown in Fig. 2
of ESI.†

In Fig. 3 we show the mean square displacement functions,
eqn (1), in the crystal B phase, for the A site (the cation head),
the D site (the anion) and the E site (the cation tail) along the
three box axes corresponding to the layer plane (x and y) and to
the director (z). From eqn (1) the diffusion coefficients along the
directions x, y and z can be calculated as the slope at long times
of MSDa/2t, where t is the time. Here we have consistently
evaluated the diffusion coefficients by linear tting in the range
2.5–15 ns. To estimate the errors in the values of the diffusion
coefficients we have compared the two in-plane coefficients, Dx

and Dy. They should be the same in all phases, since the director
is along z in the crystal B and smectic A phase and for the
isotropic phase there is no preferred direction. The discrepancy
observed from the two ttings has been taken as an estimate of
the error. Three temperatures have been selected corresponding
5718 | Soft Matter, 2013, 9, 5716–5725
to the crystal B phase at T ¼ 450 K, the smectic A phase at T ¼
505 K and the isotropic liquid phase at 600 K.

MSDa ¼ h|ra(t) � ra(0)|
2i, a ¼ x, y, z (1)

In Table 1 we report the values of the diffusion coefficients
obtained as mentioned above.

In the crystal B phase neither the cation nor the anion can
escape from the ionic layer, at least not during the 27 ns of the
production run, since this would require crossing a well ordered
hydrophobic region of alkyl chains arranged in a hexagonal
fashion. Thus, the MSD of A and D sites along z at 450 K shows
an upper limit. In contrast, the in-plane diffusion is not limited
by a mean eld potential and the MSD function has a clear
linear behaviour. The anion diffusion coefficient DD

xy(450 K)
appears to be about eight times larger than the corresponding
value of the cation site A. Cation tails, site E, have similar
dynamics to the cation heads.

It is then instructive to analyse the mechanism of partial
diffusion of cations along the z direction. In Fig. 4 we show the
This journal is ª The Royal Society of Chemistry 2013



Fig. 4 Trajectory of the z coordinate of two molecules (in blue and red) in the
crystal B phase at 450 K. (Left) Cation tail, site E; (right) cation head, site A. In black
the density profile, r(z), of (left) cation tail, site E; (right) cation head, site A.

Fig. 5 Mean square displacements along the (red) x (blue) y and (back) z
coordinates of sites (top) A, (middle) D and (bottom) E. Smectic A phase at 505 K.
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trajectory of two molecules: the rst one (blue) was, at time
t ¼ 0, fully laying in the ionic layer, thus essentially oriented in
the xy plane, while the second one belonged to the top layer,
oriented along the director. We stress here that the choice of the
two molecules has been done aer visual inspection of the
trajectories, both for the CrB phase here and the SmA phase
below; no particular meaning should be attributed to the
selected molecules except that their detailed description will
offer useful insights and an easier understanding of the diffu-
sion mechanisms and their dependence on the phase structure
and director orientation.

As we can see aer about 11.3 ns the rst molecule pushes
the second one out of its layer into the ionic layer above and
replaces it in the hexagonal packing of the chains. In Fig. 3 of
ESI† we show the snapshots corresponding to this mechanism.
It is clear, then, that a cation having the head in a given ionic
layer is only allowed to displace its alkyl chain between the two
adjacent layers without allowing the pivotal site A to change its
position, except within the limited region of its ionic layer.
Therefore any cation that changes its hydrophobic layer also
inverts its orientation by 180�.

More interesting is the dynamics observed in the smectic A
phase. As reported in ref. 35 the order, both orientational and
translational, of the phase obtained from the model system is
rather low compared to real non-ionic smectic phases made by
rigid or only partly exible molecules. The imidazolium cation
is, instead, very exible and lacks a real rigid anisotropic core.
The orientational order parameter obtained from the simula-
tions is, in fact, close to that one observed in phospholipid
membranes.35,66,67 Thus the smectic phase is formed essentially
because of micro-segregation between ionic and hydrophobic
regions; in contrast, an important mechanism in the stabiliza-
tion of non-ionic smectic phases is the increased orientational
order of the rigid core which enhances the translational order.68

Moreover, in non-ionic smectic phases there is just one kind of
molecules, therefore the layers of the rod-like particles are
separated only by a more or less well dened boundary region.
In contrast, in smectic ionic phases there is an alternation of
This journal is ª The Royal Society of Chemistry 2013
layers (the hydrophobic one and the ionic one) both having a
nite thickness and a different chemical composition. Here the
thickness of the ionic layer is about 13.7 Å (the width at half
height of rA(z) ¼ rD(z)) while the width of the hydrophobic layer
is 25.2 Å (as measured from the rC5(z) density prole, the rst
uncharged methylene group of the alkyl chain).35 The two layers
have rather blurred boundaries: it is possible to nd alkyl
chains in the ionic layer, as already observed for the crystal B
phase, and also, at variance with the previous case, anions and
cation heads in the hydrophobic layers.

The MSD functions in the smectic A phase at 505 K are
shown in Fig. 5. Again the x and y components are almost
overlapped and different from the z component, as expected for
a uniaxial symmetry. The MSD functions are linear, except for
the very beginning (up to ca. 2.5 ns). From the values in Table 1
we note that the anion diffusion coefficients, both the parallel
and the in-plane component, are about 1.5 times larger than the
corresponding values of the cation head, site A. For common
ionic liquids based on short-chain quaternary nitrogen salts, in
their isotropic phase, the anion is usually found to diffuse
slightly slower or similarly to the cation.69–74 Due to the strong
electrostatic interactions, clusters, rather than single ions, exist
in the liquid.75–80 Thus the diffusion of cations and anions is not
independent but strongly correlated so that both ions strongly
affect the diffusion of their partner. However, in this case,
because of the signicantly different size and molecular weight
of the cation and anion of [C16mim][NO3], it is not surprising
that the anions diffuse slightly faster than the cations. It is
Soft Matter, 2013, 9, 5716–5725 | 5719



Fig. 6 Trajectory of the z coordinate of two molecules (in blue and red) in the
smectic A phase at 505 K. (Left) Cation tail, site E; (right) cation head, site A. In
black the density profile, r(z), of (left) cation tail, site E; (right) cation head, site A.

Fig. 7 Mean square displacements along the (red) x (blue) y and (back) z
coordinates of sites (top) A, (middle) D and (bottom) E. Isotropic liquid phase
at 600 K.
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noteworthy that in the smectic A phase, in contrast to the
behaviour observed in the crystal B phase, the crossing of the
hydrophobic layer by the charged species is allowed, as will be
shown below.

Another relevant result is the relative value of the in-plane
and parallel diffusion coefficients, for both cation and anion:
the diffusion within the layers (x and y components) is twice as
fast as the diffusion along the director (z component). This is
expected, as mentioned already, because of the presence of a
modulatedmean eld potential along the director. This result is
in agreement with the behaviour observed in thermotropic non-
ionic smectic LCs, having a self-diffusion anisotropy not far
from unity while, as mentioned in the Introduction, the
anisotropy in the lamellar phase of surfactant–water mixtures is
much larger.

As far as the mechanism of diffusion is concerned we rst
highlight the behaviour of two molecules selected from the
trajectory, see Fig. 6.

In contrast to what was found in the crystal B phase there is
no concerted mechanism here, with one molecule replacing
another one in the hexagonal lattice, since the chains in the
hydrophobic layers are completely melted. As an example
(snapshots can be found in Fig. 4 and 5 of ESI†), the rst
molecule (blue) in Fig. 6 is initially roughly aligned with its head
in the middle ionic layer (see Fig. 6, right) and the tail in the top
hydrophobic layer (Fig. 6, le). Aer about 8.5 ns the tail
changes its position moving in the other hydrophobic layer
while the head remains in the same ionic layer up to about 15
ns. The reorientation is similar to the only mechanism observed
in the crystal B phase where the cationic head plays a pivotal
role. However aer about 15 ns the cation head begins to
migrate through the hydrophobic layer rather smoothly with no
apparent jumps reaching, at the end, the other ionic layer at the
bottom of the box. Thus this molecule, during the 27 ns length
of the simulation, crosses one layer and keeps its original
orientation. The other trajectory selected (red) shows a different
behaviour: it is initially roughly aligned with the tail in the top
5720 | Soft Matter, 2013, 9, 5716–5725
hydrophobic layer and the head in the top ionic layer. Aer
about 14.5 ns the tail moves down into the ionic layer below,
pulling the head in the same layer, but then recoiling inside the
original hydrophobic layer. The entire process amounts to a
complete head–tail reorientation within one layer. However,
aer about 23 ns the alkyl chain is shied to the other hydro-
phobic layer while keeping the head in the same ionic region,
thus again the head acts as a pivot for the cation reorientation of
the alkyl chain.

Finally, in Fig. 7, we show the mean square displacements
obtained along the x, y and z directions of the box axis for the
isotropic case. As expected they appear almost superimposed,
though a slight divergence is observed at long times. However
diffusion coefficients agree within the error of the numerical
estimation. The anion diffusion is about 1.5 times faster than
the cation, exactly as observed in the SmA phase both for the
parallel as well as for the perpendicular diffusion coefficients.

Despite the fact that we are using a CGFF, the results
obtained for the diffusion coefficients in Table 1 are compa-
rable with experimental data of similar compounds. For
example, the diffusion coefficients of octylcyanobiphenyl (8CB)
in the SmA phase at room temperature are of the order of 2 and
1 � 10�11 m2 s�1 for Dk and Dt, respectively;57 at higher
temperatures (456 K) the diffusion coefficients in the smectic A
phase of terephtal-bis-4-n-butylaniline (TBBA) were found to be
4.6 and 14 � 10�11 m2 s�1 for Dk and Dt, respectively;42

signicantly lower values are reported for the diffusion of
This journal is ª The Royal Society of Chemistry 2013
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surfactant molecules in lamellar phases.63,81 Therefore the
model potential used here seems to give very reasonable results
concerning the dynamical properties.

The examples discussed above for the diffusion in the SmA
phase suggest that the pivot mechanism, the only one available
in the crystal B phase (and that can only switch the position of a
molecule between two adjacent hydrophobic layers having the
ionic layer in common), is also operative and likely to occur in
the smectic A phase, see the blue trajectory in Fig. 6; never-
theless also a direct permeation through the layers seems to
occur, see the red trajectory in Fig. 6.

To have a more quantitative description of these processes in
the SmA phase we can analyse more in detail the distribution of
molecules aligned in a well dened direction (the z direction,
that is along the director n) at time zero, and how this distri-
bution changes with time. However it is very difficult to analyse
just the “orientation” of a cation since the molecule is highly
exible: a cation may have an “orientation” as dened by the
orientation of the vector joining the imidazolium ring with the
methyl carbon of the hexadecyl chain exactly aligned with
the director but being signicantly coiled as in Fig. 8(a). On the
other hand, the arrangement of the chain as in Fig. 8(b), though
the same vector is at an angle with the director n, corresponds to
a cation more aligned, as our intuition suggests, than in case
(a). To overcome these difficulties in the evaluation of the cation
orientation we proceed as follows.

The distance between the methyl carbon of the hexadecyl
chain and the middle of the imidazolium ring in the all-trans
arrangement is 20.9 Å (gas phase geometry optimized at the
AM1 level). We select, from the history le, all the molecules
that in the short initial time interval dt, between t¼ 0 and t¼ dt,
have a projection on the z axis of the head-to-tail vector larger
than half the full length of the molecule. This implies that the
cations are at the same time mostly elongated and oriented
along the director. For these molecules we evaluate the proba-
bility distribution of the above projection averaged over the
time interval dt. Then we calculate the same probability (still
Fig. 8 Schematic representation of two possible orientations of the head-to-tail
molecular vector.

This journal is ª The Royal Society of Chemistry 2013
averaged over a time interval of length dt) for the very same
molecules that were initially selected, but now at later times, t1,
t2, ., tn. So, for example, the probability at tj is the distribution
of the projections of the orientational vector, as dened above,
in the time interval between tj and tj + dt, for the samemolecules
that at the beginning had a projection larger than half the
molecular length. In Fig. 9 we show the evolution of such
probability distributions in the three phases for a choice of dt ¼
270 ps and the times tj of 0, 270 ps, 2.97 ns and 24.57 ns.

We discuss rst the most obvious cases of the crystal B phase
and the isotropic phase. In the crystal B phase (top panel of
Fig. 9), according with the high order and viscosity of the system
there is no appreciable variation of the distribution within the
rst ca. 25 ns of simulation. The distribution is strongly peaked
(and it remains so) at a value corresponding to the length of the
cation (the minus sign is due to the fact that we have focussed
our attention on the molecules with a head-to-tail vector
pointing downward). The opposite is true for the isotropic
phase (bottom panel of Fig. 9). The initial distribution is, by
denition, in the lower quarter of the allowed range. However,
immediately in the second interval considered, from dt to 2dt, it
spreads up to the opposite border. The nal distribution,
already at equilibrium aer less than 3 ns, is symmetrical and
has a maximum at zero, that is for the head-to-tail vector laying
in the plane, consistent with a completely random distribution
of orientations and chain conformations.
Fig. 9 Probability distribution p of the molecules having initially a z projection
of the head-to-tail vector larger than half a molecular length (and here
pointing to �z) at time (red) t ¼ 0; (green) t ¼ 270 ps; (blue) t ¼ 2.97 ns; and
(black) t ¼ 24.57 ns.

Soft Matter, 2013, 9, 5716–5725 | 5721
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In the SmA phase the prole of the distribution is more
complex (middle panel of Fig. 9). The initial distribution is
observed to spread towards the opposite range of values;
however it does so by rst increasing in the middle region where
the projection of the head-to-tail vector is around zero. This
corresponds to molecules that have lost their alignment and are
now either strongly coiled, as in Fig. 8(a), or partly aligned
perpendicularly to the director n. Only at later times the prob-
ability increases markedly in the range between about 10 and 22
Å to assume, eventually, a bimodal distribution consistent with
the presence of smectic layers of molecules each comprising
two possible orientations. Such equilibrium distribution is
reached with few tens of ns. It is interesting to note that the
number of molecules, whose head-to-tail vector's projection is
close to zero, is roughly constant during this process. This result
supports the mechanism of diffusion coupled with a reor-
ientation of the molecules.

However, a direct permeation is also possible: as mentioned
in the Introduction, the presence of defects, either “necks” or
“pores”, connecting the hydrophobic and polar layers of a lyo-
tropic lamellar phase may play an important role in the diffu-
sion process. Therefore we have investigated whether the
parallel diffusion of cations and anions occurs through a simple
single molecule mechanism without a signicant rearrange-
ment of the local structure or if defects or restructuring of the
environment do take place which favour and drive the layer
crossing. To this end we have calculated the radial pair distri-
bution function of sites A–D (the cation head and the anion), in
the SmA phase at 505 K, separately for two sets of cations: (i)
those cations whose site A is in the middle of the hydrophobic
layer (presumably these are the molecules instantaneously
involved in the diffusion across the layers, such as that one with
the red trajectory in Fig. 6) and (ii) those cations whose site A is
well within the ionic layer (presumably these are the molecules
not involved, at that particular time, in a diffusion process along
the director). Whether a cation belongs to one group or the
other can be easily estimated from the density prole rA(z), see
Fig. 10 Partial (lines) and total (symbols) pair correlation functions gAD(r).
(Empty circles) Isotropic liquid at 600 K; (solid line) SmA phase at 505 K, for cations
with the head in the hydrophobic layer. (Empty squares) CrB phase at 450 K;
(dashed line) SmA phase at 505 K, for cations with the head in the ionic layer.

5722 | Soft Matter, 2013, 9, 5716–5725
ref. 35. These two pair distribution functions, called hereaer
partial gAD(r), are compared (lines in Fig. 10) with the analogous
functions obtained without restrains on the molecule's posi-
tion, the total gAD(r), in the isotropic phase and crystal B phase
(symbols in Fig. 10) aer the former two have been properly
normalized so that they approach unity at long distances.

As we see in Fig. 10 the cation–anion correlation in the two
phases, crystal B and isotropic liquid, as judged by the pair
distribution function, is not strikingly different. A degree of
similarity can be expected since the main process occurring, as
the temperature is increased, is the melting of the alkyl chains,
while the local arrangement of ions is known to be still relatively
ordered, on a short length-scale, even in the isotropic phase of
ionic liquids.76,77 Nevertheless the total gAD(r) in the crystal B
phase is more strongly peaked and has a maximum shied lo
larger separations (4.71 Å) compared to the total gAD(r) of the
isotropic liquid phase (4.45 Å). Interestingly, the partial gAD(r) in
the SmA phase for the molecules belonging to the hydrophobic
layer is almost perfectly overlapped with the total gAD(r) of the
isotropic liquid, while the partial gAD(r) in the SmA phase for the
molecules belonging to the ionic layer is almost perfectly over-
lapped with the total gAD(r) of the crystal B phase. Small
discrepancies can be attributed to the different temperatures. In
other words, in the SmA phase those cations whose head resides
in the ionic layer have a similar environment to the crystal B
phase, while those cations whose head resides in the hydro-
phobic layer (the ones which are diffusing through the layers)
have a similar environment to the isotropic liquid. This result,
while conrming that the transition from the crystal B phase to
the smectic A phase essentially amounts to amelting of the alkyl
chains, also highlights the fact that the diffusion process of
cations through the layers is accompanied by a local iso-
tropization of the structure. Such defects, called pores in the
terminology of lyotropic lamellar phases, which create channels
for the communication between water layers (here, for this
thermotropic smectic phase, the ionic layers) favour the
crossing of the hydrophobic layers by the charged species. At
the same time they are expected to slow down the in-plane
diffusion of the alkyl chains since they interrupt the continuum
hydrophobic layer.81 In a different context, analogous “nemati-
zation”, that is loss of translational order of the SmA phase
during the parallel diffusion, was observed by computer simu-
lations of mixtures of rods and spheres in ref. 58.
Conclusions

We have investigated the dynamical properties of a model CGFF
of 1-hexadecyl-3-methylimidazolium nitrate. Despite the
approximations intrinsic in the CGFF, the results obtained are
in very reasonable agreement with the experimental data
available for similar systems. We should mention, however, that
a compensation of errors is likely to contribute to the good
performance: while a CGFF has a faster dynamics compared to
the corresponding atomistic FF,82–84 it is well known that non-
polarizable FFs for ionic liquids (such as that one from which
our CGFF has been derived) suffer from a slower dynamics
compared to experiments.74,85 Nevertheless we believe that
This journal is ª The Royal Society of Chemistry 2013
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relative values of parallel and perpendicular diffusion coeffi-
cients, as well as the mechanisms of diffusion, are qualitatively
correct and offer a microscopic view of the dynamical processes
occurring in the SmA phase of ILCs.

We have observed that both types of parallel diffusion
mechanisms discussed in the literature concerning LCs take
place: a “parking-lot” mechanism where the cation molecules
rst exit their hydrophobic layer, uctuate inside the ionic layer
and then can enter into the adjacent hydrophobic layer. This is
not surprising since this mechanism, though unlikely in pure
rod systems,60,61 is strongly enhanced when rods are mixed with
spheres.58,62 It is noteworthy that the above reports are only
concerned with non-ionic systems. An ILC is clearly not a simple
mixture of rods and spheres but it does have indeed two
components: the cation, rod-shaped, though highly exible,
and the anion, usually of a smaller and roughly spherical shape
and, at variance with the rod–sphere mixtures mentioned
above, there is a strong electrostatic attraction between unlike
moieties and a strong electrostatic repulsion between like
particles. Thus, the anions constitute a layer, together with the
cation heads, in between the hydrophobic layers of the alkyl
chains, exactly as the hard spheres microphase separate from
the hard rods and arrange themselves in between the rod
layers.58,62

On the other hand, we have observed the existence of defects
in the layered structure, similar to what was reported for
surfactant/water lamellar phases, which provide channels for
diffusion through the layers by a local isotropisation of the
structure. Such features are typical of charged species or
strongly alternating polar/hydrophobic layers and are usually
not observed in non-ionic mesophases.

These observations indicate that ILCs share structural and
dynamical features with both non-ionic LC smectic phases and
lamellar phases of surfactant–water mixtures, making them
interesting new materials for applications in the eld of solar
cells,86 membranes for water desalination,87 battery materials88

and electrochemical sensors.89,90 In all these cases the micro-
scopic arrangement of the ILC molecules and the conductive
properties of the ionic mesophase have been found to have a
signicant impact on the performance of the ILC based devices
compared, for example, to analogous devices based on isotropic
ionic liquids. In turn this behaviour can only be rationalized
and improved aer we obtain a detailed understanding, at the
molecular level, of their structure and dynamics and of the
differences and similarities compared to the related
compounds non-ionic LCs and lyotropic surfactants.
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J. Phys. Chem. B, 2004, 108, 11877–11881, DOI: 10.1021/
jp047619y.

86 M. Yoshio, T. Ichikawa, H. Shimura, T. Kagata, A. Hamasaki,
T. Mukai, H. Ohno and T. Kato, Bull. Chem. Soc. Jpn., 2007,
80, 1836–1841.

87 M. Henmi, K. Nakatsuji, T. Ichikawa, H. Tomioka,
T. Sakamoto, M. Yoshio and T. Kato, Adv. Mater., 2012, 24,
2238–2241, DOI: 10.1002/adma.201200108.

88 M. Yoshio, T. Kagata, K. Hoshino, T. Mukai, H. Ohno and
T. Kato, J. Am. Chem. Soc., 2006, 128, 5570–5577, DOI:
10.1021/ja0606935.

89 A. Safavi and M. Tohidi, J. Phys. Chem. C, 2010, 114, 6132–
6140, DOI: 10.1021/jp9114354.

90 N. V. Shvedene, O. A. Avramenko, V. E. Baulin,
L. G. Tomilova and I. V. Pletnev, Electroanalysis, 2011, 23,
1067–1072, DOI: 10.1002/elan.201000632.
Soft Matter, 2013, 9, 5716–5725 | 5725


	Diffusion mechanisms in smectic ionic liquid crystals: insights from coarse-grained MD simulationsElectronic supplementary information (ESI) available: Snapshots of the simulations discussed in the text. See DOI: 10.1039/c3sm50375e
	Diffusion mechanisms in smectic ionic liquid crystals: insights from coarse-grained MD simulationsElectronic supplementary information (ESI) available: Snapshots of the simulations discussed in the text. See DOI: 10.1039/c3sm50375e
	Diffusion mechanisms in smectic ionic liquid crystals: insights from coarse-grained MD simulationsElectronic supplementary information (ESI) available: Snapshots of the simulations discussed in the text. See DOI: 10.1039/c3sm50375e
	Diffusion mechanisms in smectic ionic liquid crystals: insights from coarse-grained MD simulationsElectronic supplementary information (ESI) available: Snapshots of the simulations discussed in the text. See DOI: 10.1039/c3sm50375e
	Diffusion mechanisms in smectic ionic liquid crystals: insights from coarse-grained MD simulationsElectronic supplementary information (ESI) available: Snapshots of the simulations discussed in the text. See DOI: 10.1039/c3sm50375e

	Diffusion mechanisms in smectic ionic liquid crystals: insights from coarse-grained MD simulationsElectronic supplementary information (ESI) available: Snapshots of the simulations discussed in the text. See DOI: 10.1039/c3sm50375e
	Diffusion mechanisms in smectic ionic liquid crystals: insights from coarse-grained MD simulationsElectronic supplementary information (ESI) available: Snapshots of the simulations discussed in the text. See DOI: 10.1039/c3sm50375e


